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ABSTRACT 
The Ewing Sarcoma breakpoint region 1 protein (EWSR1) is a member of the FET (FUS, 
EWSR1, and TAF15) family of proteins, implicated in several aspects of cell biology and found 
mutated in multiple diseases. Primarily, EWSR1 attracted broad attention as one of the most 
susceptible genes to breakage/translocation, originally identified because of the 
t(11;22)(q24;q12) chromosomal translocation, characteristic of Ewing sarcoma. Interestingly, 
EWSR1 contains two functional domains: a potent N-terminal transcriptional activation domain 
(NTD), with several conserved serine-tyrosine-glycine-glutamine (SYGQ) repeats, revealed in 
the context of oncogenic EWSR1-fusions, and a C-terminal domain (CTD), modulating different 
aspects of RNA processing. Although extensive studies on oncogenes generated in Ewing 
sarcoma, only limited information was available about the function of EWSR1 protein itself. It is 
only until recently, that various EWSR1 cellular functions have been revealed, but the exact 
mechanisms are not yet understood. Importantly, EWSR1 was identified as a multifunctional 
protein implicated in transcriptional and post-transcriptional mechanisms. Considering its 
implication in post-transcriptional regulation, we decided to investigate whether EWSR1 might 
also be involved in mRNA translation. 
 
In this work, we highlight that EWSR1 is a repressor of translation of a specific subset of mRNA 
and decipher the molecular mechanisms underlying this function. We show that this new activity 
is mediated by the RGG2-ZnF-RGG3 region of the CTD. Interestingly, we evidence that this 
region is also implicated in the association of EWSR1 with the 40S ribosomal subunit. Therefore, 
we conclude that EWSR1-mediated repression of translation is correlated with its ability to 
associate with the 40S. Importantly, we show that EWSR1 activity in the repression of translation 
is crucial for the regulation of lipid homeostasis. This function is primordial to maintain normal 
endoplasmic reticulum (ER) shape and function, but also to properly activate the unfolded protein 
response (UPRER). In the future, these findings might lead to novel therapeutic opportunities for 
diseases in which EWSR1 is implicated, especially that the CTD region, which is responsible for 
the translational regulation, was reported to be mutated in several diseases or totally lost in 
oncogenic EWSR1-ETS fusions, such as Ewing sarcoma. Verily, unraveling EWSR1 at the 
molecular level is not only important for understanding gene expression, but is also of medical 
relevance, as aberrant function of the protein is the basis of many human diseases.  
 
 
Keywords: EWSR1, FET family, Ewing sarcoma, multifunctional protein, mRNA translation, 
40S, lipid metabolism, ER, UPRER, diseases. 
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RÉSUMÉ  
La protéine de la région 1 du point d’arrêt du sarcome d’Ewing (EWSR1) est un membre de la 
famille des protéines FET (FUS, EWSR1 et TAF15), impliquée dans plusieurs aspects de la 
biologie cellulaire et mutée dans de multiples maladies. Principalement, EWSR1 a attiré une 
large attention comme l’un des gènes les plus susceptibles à la rupture/translocation, qui a été 
identifié à l’origine à cause de la translocation chromosomique t(11;22)(q24;q12), caractéristique 
du sarcome d’Ewing. De manière intéressante, EWSR1 contient deux domaines fonctionnels: 
un puissant domaine d’activation de la transcription en position amino-terminale (NTD), avec 
plusieurs répétitions conservées de sérine-tyrosine-glycine-glutamine (SYGQ), révélées dans le 
contexte de fusions oncogéniques d’EWSR1, et un autre domaine en position carboxy-terminale 
(CTD), qui module différents aspects du processing d’ARN. Bien qu’il y a eu des études 
approfondies sur les oncogènes générés dans le sarcome d’Ewing, seules des informations 
limitées étaient disponibles sur la fonction de la protéine EWSR1 elle-même. Ce n’est que 
récemment que diverses fonctions cellulaires d’EWSR1 ont été révélées, mais les mécanismes 
exacts ne sont pas encore compris. De manière importante, EWSR1 a été identifiée comme 
étant une protéine multifonctionnelle impliquée dans les mécanismes transcriptionnels et post-
transcriptionnels. Compte tenu de son implication dans la régulation post-transcriptionnelle, 
nous avons décidé d’étudier si EWSR1 pourrait également être impliquée dans la traduction de 
l’ARNm. 

Dans ce travail, nous mettons en évidence qu’EWSR1 est un répresseur de la traduction d’un 
sous-ensemble spécifique d'ARNm et déchiffrons les mécanismes moléculaires sous-jacents à 
cette fonction. Nous montrons que cette nouvelle activité est médiée par la région RGG2-ZnF-
RGG3 du CTD. De manière intéressante, nous montrons aussi que cette région est impliquée 
dans l’association avec la sous-unité ribosomale, la 40S. Par conséquent, nous concluons que 
la répression de la traduction médiée par EWSR1 est corrélée à sa capacité de s’associer avec 
la 40S. De manière importante, nous montrons que l’activité d’EWSR1 dans la répression de la 
traduction est cruciale pour la régulation de l’homéostasie lipidique. Cette fonction est 
primordiale pour maintenir la forme et la fonction normales du réticulum endoplasmique (RE), 
mais aussi pour activer proprement la unfolded protein response (UPRER). Dans l’avenir, ces 
découvertes pourraient conduire à de nouvelles opportunités thérapeutiques pour les maladies 
dans lesquelles EWSR1 est impliquée, surtout que la région CTD, qui est en charge de la 
régulation de la traduction, a été rapportée comme étant mutée dans plusieurs maladies ou 
totalement perdue dans les maladies de fusions oncogéniques de EWSR1-ETS, comme le 
sarcome d'Ewing. En vérité, le fait de démêler EWSR1 au niveau moléculaire n’est pas 
uniquement important pour comprendre l’expression des gènes, mais ceci est également d'une 
pertinence médicale, car la fonction aberrante de la protéine est à la base de nombreuses 
maladies humaines. 
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1 INTRODUCTION  
 

1.1 The EWSR1 protein 
 

The Ewing sarcoma breakpoint region 1 protein (EWSR1) is a multifunctional protein involved in 
several steps of DNA and RNA processing and is implicated in maintaining various physiological 
mechanisms. Structurally, it can be divided in two main regions: the N-terminal domain (NTD) 
and the C-terminal domain (CTD), dictating its diverse functions. In addition to its implication in 
the regulation of multiple layers of gene expression, EWSR1 has gained broad attention due its 
association with neurodegenerative diseases and cancer, notably through its involvement in 
oncogenic gene fusions. The best characterized fusion, EWSR1-FLI1, is responsible for Ewing 
sarcoma (EwS), an aggressive tumor of adolescents and young adults. Despite the extensive 
study of the functions of oncogenes that trigger Ewing sarcoma, it is only recently that a growing 
number of studies is focusing on the characterization of EWSR1 itself in DNA and RNA 
processing. 
 
In this chapter, we will start by presenting the FET protein family and its implication in the 
regulation of gene expression. Next, we will describe the structural organization of EWSR1. 
Then, we will discuss its involvement in the modulation of transcriptional and post-transcriptional 
mechanisms. Finally, we will review EWSR1 physiological roles and its association with 
neurodegenerative diseases, as well as with Ewing sarcoma.  
 

1.1.1 FET proteins 
 

1.1.1.1 An overview 
 

The heterogeneous nuclear ribonucleoprotein particle (hnRNP) proteins are specific RNA 
binding proteins (RBPs) that impact several steps of nucleic acid metabolism, including 
transcription, splicing, nuclear-cytoplasmic transport, translation, and degradation1. They are 
generally present in the nucleus but also able to shuttle between the nucleus and the cytoplasm2. 
hnRNP proteins frequently undergo post-translational modifications, including methylation, 
phosphorylation, ubiquitination and sumoylation, important to regulate changes in their biological 
activity and subcellular localization3. Given their involvement at many stages of mRNA life cycle, 
it is very crucial to understand their roles in mRNA biogenesis and function.  
 
A notable family of hnRNP proteins is the highly conserved FET protein family, which in 
vertebrates consists of FUS (fused in liposarcoma), EWSR1 (Ewing sarcoma breakpoint region 
1) and TAF15 (TATA binding associated factor 15)4. FET proteins are DNA and RNA binding 
proteins involved in multiple steps of DNA and RNA processing5. They are expressed in almost 
all human fetal and adult tissues and are mainly located in the nucleus but can also translocate 
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to the cytoplasm6. They share a common domain organization, including an N-terminal 
transcriptional-activation domain (NTD), largely characterized in Ewing’s family oncoproteins 
when fused to various transcription factors7, and a C-terminal domain (CTD) implicated in 
different aspects of RNA biogenesis8. The CTD contains an RNA recognition motif (RRM), the 
most conserved region within the FET protein family, a zinc finger (ZnF) domain, RGG-rich 
domains and a nuclear import and retention signal (nuclear localization signal, or NLS)9 (Figure 
1). Although FETs share similarities in their organization and overall sequences, they present 
specific non-redundant biological and pathological functions. The molecular basis for this 
specialization is largely unknown but can be explained in part by sequence variations. For 
instance, TAF15 NTD has a significant negative charge in comparison with EWSR1 and FUS. It 
has also unique RGG boxes within prevalent YGGDR(G/S)G repeats that are unable to repress 
transcription due to the conserved aspartate residues10. Another layer of specialization could be 
explained by a divergence in methylation patterns, which might allow differential interactions 
between FET members and some of their protein partners. Indeed, the aspartate residue in 
YGGDR(S/G)G repeats of TAF15 confers poor binding to the protein arginine methyl 
transferases PRMT1 and might contribute to its biological specialization10. Interestingly, PRMTs 
such as PRMT3 and PRMT8 interact only with specific RGG-boxes in EWSR111,12. These 
observations highlight the important impact of arginine methylation on the regulation of FET 
function and biology at post-translational level. 
 
1.1.1.2 FET proteins and gene expression regulation 
 
FET proteins are involved in several aspects of gene regulation13 and interact directly or 
indirectly with numerous other proteins14. The unique qualities of FET family members to bind 
both DNA and RNA suggest that they function as “nonclassical” transcription factors. Indeed, 
FET proteins interact with transcription pre-initiation complex (RNA Polymerase II (RNAPII) and 
TFIID complex)15  and with several gene-specific transcription factors, suggesting a gene-
specific regulatory role in the regulation of gene expression16. In addition to transcription, they 
also affect splicing of pre-mRNAs and can interact with various splicing factors17–19. For instance, 
EWSR1 can regulate alternative splicing (AS) of genes important for DNA damage20 and FUS 
binds the alternatively spliced exons of genes associated with neurodegeneration21.  
Early studies have documented important roles of FET proteins in miRNAs processing8,22 and 
their ability to co-immunoprecipitate with the Microprocessor23. For example, FUS is recruited to 
chromatin to facilitate Drosha loading and can affect the biogenesis of miRNAs implicated in 
neuronal function, activity, and differentiation24. 
 
The fact that FET proteins cycle in and out of the nucleus raises the possibility of their implication 
in RNA transport. Accordingly, it was reported that EWSR1 can induce the nuclear retention of 
CFL1 mRNA25. Nucleocytoplasmic shuttling of RBPs can be regulated at multiple levels, 
including post-translational modifications such as phosphorylation, ubiquitination, and arginine 
methylation26. Indeed, it has been reported that arginine methylation and tyrosine 
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phosphorylation near PY-NLS sequence regulate FET proteins localization27,28. Further, it has 
been suggested that FUS can carry roles in translation repression through its association with 
polyribosomes29, as well as in the regulation of mRNA stability 30. 
Finally, several studies demonstrated that FET members are implicated in DNA damage repair. 
Recently, it has been shown that FUS interacts with numerous factors implicated in both 
replication-dependent and -independent pathways of DNA repair31, and EWSR1 is important for 
removing PARP1 from damaged chromatin to ensure cellular and organismal survival32.  
 
Taken together, these studies emphasize the intimate implication of FET proteins in most 
aspects of gene expression regulation to maintain various biological functions. Consequently, it 
is unsurprising that they contribute to various human pathologies, as will be further discussed 
below. 
 

 
Figure 1: Domain organization of FET proteins. The N-terminal domain (NTD) consists of a SYGQ-rich domain. 
The C-terminal domain (CTD) is composed of RRM domain, ZnF domain, RGG boxes and a nuclear localization 
signal (NLS). 

 
1.1.1.3 Self-assembly of FET proteins 
 
FET proteins are intrinsically disordered proteins (IDPs) that are able to oligomerize to form 
higher-order self-assemblies9. IDPs are functional proteins that can be found in all organisms 
and are characterized by a biased amino acid composition, polyvalency, low sequence 
complexity and inability to fold into stable secondary and/or tertiary structures33. IDPs play an 
important role in modulating signaling pathways and cellular processes34. They contain 
intrinsically disordered regions (IDRs)33 which can be classified into molecular recognition 
features (MoRFs), short linear motifs (SLiMs) and low complexity (LC) sequences35. The latter 
is rich in amino acids having a charged or polar side group, as well as glycine and proline, but 
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poor in hydrophobes. LC domains with specific enrichment in uncharged polar residues are 
termed prion-like domains (PrLDs)36,37 (BOX1). 
 
The ability of FET proteins to form fibrous assemblies arises from their LC and RGG domains. 
Particularly, FET NTD belongs to the LC class and consists of degenerated hexapeptide repeats 
(DHRs), defined by the prion-like SYGQQS motif. The aromaticity of the LC NTD is essential for 
the transcriptional and transforming activity of FET proteins38. Intrinsic disorder also plays a 
critical role in “liquid-liquid phase separation” (LLPS) or condensation phenomena (BOX1). In 
particular, LLPS underlies the formation of membrane-less organelles (e.g., Cajal bodies, 
processing bodies (PBs), nucleolus, stress granules (SGs), centrosomes, and aggresomes)39. 
Phase separation of FET proteins can be dynamically modulated by various post-transcriptional 
modifications including tyrosine phosphorylation40, O-GlcNAcylation41, arginine methylation42 
and arginine citrullination43. Under physiological conditions, phase separation is a reversible and 
critical process that underlines FET molecular functions. For instance, fibers of FUS proteins 
bind RNA Pol II through its CTD and mutations in FUS LC domain abolish its ability to form 
fibers, but also to promote transcription in vivo44 (Figure 2). In stress conditions, FET phase 
transition play an important role in the formation of cytosolic membrane-less RNA granules9,45. 
 
 
 
BOX1: Some Definitions 

• Prion-like domains (PrLDs): PrLDs are domains of low complexity enriched in 
uncharged polar amino acids and glycine that assemble into higher-order structures by 
adopting beta-sheet rich conformations. They play a key role in regulating the solubility 
and folding state of proteins and present a common feature of many human disorders 
such as Alzheimer’s and Parkinson’s disease46. 
 

• Liquid-liquid phase separation (LLPS): LLPS is a thermodynamically driven, 
reversible phenomenon that consists in de-mixing into two distinct liquid phases, with 
distinct solute concentrations. The equilibrium between mixing and de-mixing depends 
strongly on the component concentrations, temperature, pressure, pH, and crowding 
agents. LLPS preferentially involves IDPs/IDRs because of their peculiar 
conformational properties, however, it has also been observed for ordered, globular 
proteins39. 
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1.1.2 Domain structure and function of EWSR1 
 
1.1.2.1 EWSR1 domain structural organization 
 
The EWSR1 gene spans a ~ 40 kb region on chromosome 22q12.2 with 17 exons interrupted 
by 16 introns. The gene encodes a 656-amino acid protein and is composed of several domains. 
The first 7 exons in the N-terminal region encode the EWSR1-activation domain (EAD), and 
exons 8 to 17 encode the C-terminal domain (CTD)47. EWSR1 is expressed in several isoforms. 
In addition to EWSα and EWSβ isoforms expressed in Ewing sarcoma family tumor (ESFT), a 
splicing variant (EWS-b) completely lacking exons 8 and 9 and a brain-specific variant have been 
reported48. EWSR1 is ubiquitously expressed in most human cell types, excluding cardiac 
muscle cells and melanocytes6, highlighting its importance in differentiation, development and 
cellular homeostasis. 
 

Figure 2: Model for RNA-nucleated assembly of FUS proteins and subsequent recruitment of RNA 
polymerase II (Pol II). FUS proteins bind to RNA. This complex forms the seed for fiber growth. FUS fibers can be 
formed by a seed of FUS proteins bound or not to RNA. The CTD of RNA Pol II interacts with this fiber either by 
intercalating into the growing fiber or by binding alongside the fibrous structure. From9. 
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1.1.2.2 EWSR1 is a DNA and RNA binding protein 
 
Little is known about EWSR1 nucleic acid recognition specificity. So far, it has been shown that 
EWSR1 has DNA-binding abilities and binds preferentially to G-quadruplexes with longer 
loops49. Interestingly, the first EWSR1 ChIP-seq showed its association with a subset of actively 
transcribed genes, often downstream the poly(A)-signal50. Most of these genes were involved in 
RNA regulatory processes. 
 
Consistently with its role as an RNA-binding protein, PAR-CLIP analysis has shown that EWSR1 
associates with 3’ splice sites in pre-mRNA, preferentially in both G-rich and AU-rich 
sequences51. However, a separate CLIP study in HeLa cells showed enriched RNA binding near 
EWSR1-regulated exons 5’ splice sites 52. Another group performed EWSR1 CLIP-seq libraries 
and noted prevalent interaction with many expressed pri-miRNAs, suggesting an important role 
in enhancing pri-miRNA processing53. 
 
1.1.2.3 The EAD and CTD 
 
The EAD contains 30 copies of the degenerate hexapeptide repeat with the consensus 
sequence SYGQQS, in which tyrosines are always conserved38. In addition, the EAD contains 
two autoregulatory regions, IQ and SF1 (splicing factor 1). The IQ domain of EWSR1 is 
phosphorylated by protein kinase C (PKC) and interacts with calmodulin. Interestingly, PKC 
phosphorylation of EWSR1 inhibits its binding with its RNA targets, suggesting that the IQ 
domain may provide a regulatory link between Ca2+ signal transduction pathways and RNA 
processing54. The association with SF1 inhibits the EAD and negatively modulates the target 
genes of EWSR155.  
Progress in understanding structure/function relations for EAD has been limited by its IDP 
properties56, DHR sequence which has not been amenable to mutagenesis and lack of 
information regarding its cognate partners38. However, functional studies of EWSR1 gene 
fusions, where EAD is perceived as a transcriptional activator, have provided a better 
acknowledgement of its sequence-function relationship. In concordance with its transactivation 
activity, the EAD can interact with transcriptional components including the RNA polymerase II 
subunits, rpb757 and rpb558, the coactivator CBP59 and multiple TBP-associated factors (TAFs)58. 
However, its activation function is significantly repressed by FET RGG-boxes60 via 
intramolecular masking of the EAD56. 
 
On the other side, the C-terminal domain (CTD) contains an 87-amino-acid RNA recognition 
motif (RRM), a ZnF motif, three Arg-Gly-Gly (RGG)-rich regions (RGGs) and a nuclear 
localization signal (NLS)9 (Figure 1). All FET proteins present a ZnF domain with four cysteines 
coordinating the zinc ion. The RNA-recognition motif (RRM) is the most abundant and conserved 
RNA-binding domain in higher vertebrates (Table 1). Notably, the RRM of FET proteins differs 
from other hnRNP RRMs because of the extended “KK-loop” between α1 and β2 and the lack 



INTRODUCTION                                                                         Chapter 1. The EWSR1 protein       

 7 

of two aromatic amino acids on β39. The arginine/glycine-rich (RGG) domains, which are 
intrinsically disordered, present the second common RNA-binding domain (RBD) in the human 
genome, after the RRM61. They play diverse functional roles and influence numerous 
physiological processes. Therefore, they have been associated with several diseases including 
neurological and neuromuscular diseases and cancer62. FET proteins were shown to bind 
nucleic acids through the RRM and the RGG2-ZnF-RGG3 motifs. Particularly, the RGG2-ZnF-
RGG3 domain of FUS and EWSR1 possesses significant affinity for RNA and ssDNA9. Although 
the individual specific role of each RGG has not been extensively studied, it has been reported 
that RGG motifs allow self-association in EWSR163. 
 
Remarkably, EWSR1 binds with G-quadruplex DNA and RNA via Arg residues of its RGGs49. In 
addition, these RGG motifs are targets for methylation by protein arginine methyl transferases 
(PRMTs)64. Indeed, pulldown experiments showed that endogenous EWSR1 protein is a strong 
substrate for PRMT1 but less for PRMT311. Another report showed that arginine residues of 
RGG3 are intensively methylated by PRMT865. As mentioned above, EWSR1 engages many 
transcripts, suggesting “promiscuous” or non-specific binding. Interestingly, a study conducted 
by Ozdilek et al.66 shed new lights on RGG domains binding features. They showed that FUS 
RGG/RG domains alone have substantial RNA binding activity as opposed to the RRM and ZnF 
domains, and that when coupled to adjacent domains (ZnF/RRM), they can achieve affinities 
approaching that of the full length FUS. They also added that RGG domains are not wholly 
indiscriminate, as they might prefer specific sequences, such as GC-rich sequences; therefore, 
RGG domains present a certain degree of flexibility in their recognition of RNA sequences and 
structures. This addresses new questions about the specificity of EWSR1 RGG domains, which 
will be important to understand the cellular functions of target RNAs by characterizing their 
interactions with EWSR1. 
 

 
Table 1: FET proteins are highly related. Amino acid similarity and identity compared over the whole protein 
(total) and within the NTD, CTD and RRM for FUS, EWSR1 and TAF15. NTD: N-terminal domain, CTD: C-terminal 
domain, RRM: RNA recognition motif. 
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1.1.3 EWSR1 functions in DNA and RNA metabolism 
 
1.1.3.1 EWSR1 and transcription 
 
Several studies documented the association of EWSR1 with integral components of the 
transcriptional pre-initiation complex. Specifically, EWSR1 interacts with the C-terminal domain 
of RNA Pol II44 and with different subunits of TFIID complex58. These interactions associate 
EWSR1 to early transcriptional initiation and elongation regulation. 
Some reports have linked EWSR1 with several gene-specific transcription factors (activators 
and repressors) suggesting a more specialized, gene-specific regulatory role in modulating gene 
expression. Indeed, EWSR1 binds the family of transcription factors containing the POU (Pit-
Oct-Unc) domains, widely involved in regulating vertebrate development67. For instance, 
EWSR1 binds Oct-4, a transcriptional regulator of genes involved in maintaining the 
undifferentiated pluripotent state, through its POU domain and stimulates its transcriptional 
activity68. EWSR1 can also interact with Brn-3a and blocks Brn-3a-mediated activation of Bcl-x 
promoter, proposing a transcriptional repressor role of EWSR169.  
 
Another layer of EWSR1 transcriptional regulation is revealed by its interaction with major 
chromatin-modifying enzymes such as BRG1-associated-factor (BAF) ATP-dependent 
chromatin remodeling complex70 and CBP/p300 proteins. CBP/p300 are large nuclear phospho-
proteins that function as cofactors to various transcriptional factors and participate in many 
physiological processes including proliferation, differentiation, and apoptosis71. Intriguingly, 
EWSR1 notably forms a complex with this coactivator and activates c-fos, Xvent-2, and Erb2 
promoters, suggesting a potential role of EWSR1 in development72. Another study has shown 
that EWSR1 interacts with CBP and with the hypo-phosphorylated RNA polymerase II to 
enhance HNF4-mediated transcription73, suggesting that EWSR1 may function as a co-activator 
of CBP-dependent transcription factors.  
 
Taken together, these data provide several insights about EWSR1 association with both general 
and specialized factors for the modulation of transcription. The implication of EWSR1 in 
transcriptional regulation underlines its importance in maintaining physiological homeostasis, as 
transcription is a very critical biological process and a principal target of most of signaling 
pathways in human disorders. 
 
1.1.3.2 EWSR1 and DNA repair and genome surveillance 
 
Although DNA is highly susceptible to chemical modifications by endogenous and exogenous 
agents, cells are equipped with sophisticated systems to preserve its genomic sequence 
information, by instigating robust DNA damage response (DDR) pathways74. Environmental 
factors such as ionizing radiation (IR), Ultraviolet (UV), environmental mutagen and metabolic 
products represent the exogenous sources of DNA damage. On the other hand, replication 
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errors, DNA base mismatches, spontaneous base deamination and oxidative DNA damage 
represent endogenous sources of DNA damage74. Importantly, it is becoming clear that both 
transcriptional and post-transcriptional layers of gene expression regulation are involved in 
stress responses75.  
 
Many reports have shown the implication of EWSR1 in DNA repair and genome surveillance 
pathways. Indeed, EWSR1 knockout in mice resulted in disrupted B-cell development, 
decreased meiotic recombination, extreme sensitivity to ionizing radiation, and premature 
senescence of embryonic fibroblasts76. Additionally, two genetic screens determined EWSR1 as 
a gene required for resistance to ionizing radiations (IR)77, and to the topoisomerase I inhibitor, 
camptothecin (CPT)78. Another study revealed that EWSR1 and EWSR1-FLI1 become 
phosphorylated at Thr79 in response to either mitogens or DNA-damaging agents79, highlighting 
the involvement of EWSR1 in genome stability.  
 
A major control of the expression of critical genes implicated in the DDR is played by 
mechanisms regulating their splicing profile. This splicing reprogramming can depend on the 
expression and activity of specific RNA binding proteins (RBPs)75. Interestingly, several studies 
have associated genotoxic stress with EWSR1-mediated regulation of alternative splicing. 
Indeed, EWSR1 regulates alternative splicing of several genes implicated in DNA repair and 
genotoxic stress signaling, including CHEK2, ABL1 and  MAP4K220. Another report indicates 
that genotoxic stress induces a disruption in the interaction between EWSR1 and the 
spliceosome-associated factor, YB-1, contributing to co-transcriptional MDM2 exon skipping80. 
This suggests that genotoxic stress impairs the activity of EWSR1 in coupling transcription to 
splicing. 
 
To ensure normal mitosis, checkpoints have evolved to induce cell-cycle arrest and detect 
defects that may have arisen during the steps leading to mitosis. Thus, defective mitosis is a 
hallmark of human cancer81. Strikingly, mounting evidence showed the implication of EWSR1 in 
checkpoint control and mitosis progression. Firstly, knockdown of EWSR1 orthologs in zebrafish 
resulted in mitotic defects followed by p53-dependent apoptosis, and embryonic lethality82. 
Secondly, EWSR1 interacts with the BARD183, a component of the BRCA1/BARD1 complex84, 
which may couple EWSR1 to DNA repair and possibly also to checkpoint control. Thirdly, 
EWSR1 recruits Aurora B kinase to the midzone through its RGG3 domain85 and regulates 
mitotic progression by affecting microtubule acetylation through HDAC686. Interestingly, the 
EWSR1 gene was identified as a novel MSI (microsatellite instability) target locus, showing 
important sensitivity and specificity in detecting mismatch repair-deficient cancers87. 
Accordingly, these results provide a functional connection between EWSR1 functions in DNA 
repair and cell cycle progression. 
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Altogether, these results highlight the key role of EWSR1 in homologous recombination, DNA 
damage response, and maintenance of genome integrity. 
 
1.1.3.3  Splicing  
 
Splicing is the process of removing intronic regions and joining exons. It is catalyzed by the 
spliceosome, which is a multi-megadalton ribonucleoprotein complex, characterized by a highly 
dynamic conformation and composition, and is assembled from the U1, U2, U5, and U4/U6 
snRNPs and numerous non-snRNP proteins88.  
 
Increasing data have shown the implication of EWSR1 in the splicing regulation of specific 
transcripts. Initially, EWSR1 was shown to interact with the branchpoint recognizing protein 
BBP/SF155. Subsequent studies have highlighted multiple interactions between EWSR1 and the 
splicing machinery: 1) enhanced mass spectrometric tools identified EWSR1 as a co-purifying 
protein with splicing complexes assembled on pre-mRNAs89, 2) yeast two-hybrid screens 
revealed that EWSR1 interacts with U1C (a component of the U1snRNP, important in the early 
stages of spliceosome formation)90 and with tuftelin-interacting protein 11 (TFIP11)91, involved 
in alternative splicing regulation92, 3) EWSR1 was also able to associate with a variety of splicing 
factors such as SR, TASR-1, TASR-2, and YB193,94. Based on RNA-seq analysis, EWSR1 was 
shown to alter splicing for many gene products involved in DNA repair and genotoxic stress 
signaling (ABL1, CHEK2, and MAP4K2)20. EWSR1 also recruits U1snRNP and U2AF to the 
flanking splice sites of FAS/CD95 exon 6, which enhances exon inclusion and therefore FAS-
mediated apoptosis52. Additionally, EWSR1 showed co-localization to speckled nuclear 
domains95 and with survival motor neuron protein (SMN), a component of Cajal bodies involved 
in snRNP biogenesis96. These co-localization studies suggest an interesting contribution of 
EWSR1 in RNA splicing events. 
 
In eukaryotes, transcription is functionally coupled to splicing97. Two main mechanisms have 
been proposed to explain the nature of coupling between transcription and alternative splicing: 
a) recruitment coupling, by recruitment of splicing factors by the transcription machinery and b) 
kinetic coupling directed by changes in RNAP II elongation rate that influence alternative splicing 
choices98. Based on current data, EWSR1 proteins probably function as an adapter molecule 
coupling transcription to RNA splicing for multiple genes. On one hand, it binds to hyper-
phosphorylated RNAP II through its EAD and recruits serine-arginine (SR) splicing factors 
through the RNA-binding domain94. Thus, it affects the recruitment coupling mechanism. On the 
other hand, it has been shown that EWSR1 regulates Cyclin D1 transcripts transcriptionally and 
by modulating its splicing through the alteration of RNAP II dynamics (phosphorylation and 
speed) over the CCND1 gene99. Finally, as described above (see section “1.1.3.2. DNA repair 
and genome surveillance”), many reports have also linked genotoxic stress with EWSR1-
mediated regulation of alternative splicing (AS).  
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Altogether, these results underscore the critical implication of EWSR1 in splicing and in 
connecting transcription to splicing events. 
 
1.1.3.4 EWSR1 and processing of non-coding RNA (ncRNA) 
 
ncRNAs analysis has become a frontier research trend because of their participation in multiple 
biological and developmental processes100, and their tightly association with chromosome-
rearranged cancers101. Based on their sizes, ncRNA can be divided into two categories: small 
ncRNAs (sncRNAs) and long ncRNAs (lncRNAs). MicroRNAs (miRNAs) are small noncoding 
RNAs of ~ 22 nucleotides (nt) in length and play important roles in regulating gene expression102. 
The canonical biogenesis pathway of miRNAs-processing requires the RNA binding protein 
DiGeorge Syndrome Critical Region 8 (DGCR8) and the ribonuclease III enzyme, Drosha102. 
 
Growing evidence are linking EWSR1 to ncRNA processing. Interestingly, EWSR1 was identified 
in the complex containing Drosha23. EWSR1 deficiency results in elevated Drosha expression, 
upregulation of miR-29b and miR-18b and decreased expression of Col4a1 and CTGF, which 
contributed to the deregulation of dermal development in EWSR1 KO mice22. Moreover, EWSR1 
deficiency leads to increased level of Mir125a and Mir351, which directly target Uvrag resulting 
in the deregulation of autophagy103. EWSR1 can also affect the maturation of let-7g (the first 
phylogenetically conserved miRNA)104. Indeed, EWSR1 depletion in osteosarcoma U2OS cells 
results in the accumulation of precursor let-7g and down-regulation of mature let-7g105. Several 
studies also showed that EWSR1 regulates pri-miRNA processing via distinct mechanisms53, 
enhances the recruitment of Drosha to chromatin to regulate miRNA biogenesis106 and 
modulates miRNA processing in the spinal cord107.  
 
lncRNAs are cellular RNAs longer than 200 nucleotides in length, implicated in several 
regulatory roles and exhibiting various disease associations108,109. Although they can interact 
with other biomolecules including DNA, RNA, and RBPs to modulate their activities, most 
lncRNAs have unknown or poorly understood functions. Several reports have connected 
EWSR1 to lncRNA. First, the carboxy-terminal RGG domain of EWSR1 can bind to TERRA, a 
lncRNA component of telomeric heterochromatin, through the G-quadruplex RNA in a structure-
specific manner, leading to transcriptional regulation110. Second, a binding site for EWSR1 on 
the housekeeping ncRNA, 7SL, has been detected, suggesting that EWSR1 may aid in the 
displacement of HuR and further the downregulation of the tumor suppressor, TP53111. Third, a 
study has shown that primordial, primary and small antral follicles express several lncRNAs and 
high expression of FUS, TAF15, and EWSR1 components of the paraspeckles, suggesting 
potential functions of FET proteins in oocyte physiology and development112.  
 
These findings illustrate the emerging concept of a EWSR1-ncRNA regulatory network in 
maintaining important and vital cellular functions. 
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1.1.3.5 EWSR1 and RNA transport and translation 
 
In addition to its localization in the nucleus and cytosol, EWSR1 is exposed on the cell surface 
of different cells, where its arginine residues are extensively and asymmetrically dimethylated. 
These findings suggest that EWSR1 shuttles between nucleus, cytoplasm and cell surface and 
can act as a carrier for export of RNA constituents64. Furthermore, EWSR1 sediments to 
ribosomal fractions when dissociated from Pyk2 protein kinase113, raising the possibility of its 
implication in RNA transport and translation. EWSR1 accumulates in the nucleolus114, a key 
organelle implicated in ribosomal RNA (rRNA) transcription, rRNA processing and ribosome 
subunit assembly115. In this context, it was reported that EWSR1 is an interacting protein with 
nucleolar Karyopherin Alpha2 (KPNA2) protein, demonstrated to be crucial for cell growth 
related to rRNA and protein synthesis under starvation conditions116. Moreover, electron 
microscopy of U2OS osteosarcoma cells with siRNA-mediated depletion of EWSR1 showed 
disrupted nucleoli117. This may suggest a potential role of EWSR1 in rRNA processing and 
ribosome biogenesis. 
 
Stress granules (SGs) are important players in the modulation of translation. They are dynamic 
membraneless cytoplasmic RNA granules, formed in response to various stresses and 
containing translationally stalled mRNAs, multiple RNA-binding proteins (RBPs) and initiation 
factors. They are cell type- and stress-specific and participate in various biological functions, 
thus they are involved in many human diseases like cancers, neurodegenerative diseases and 
viral infections118. Emerging evidence has shown that EWSR1 localizes to stress granules (SGs) 
upon environmental stress119 and that it is expressed in the cytoplasm of secretory cell types6. 
This suggests potential activities in translational regulation. Moreover, two studies indicated that 
EWSR1 binds the 3’UTR of PRAS40120 and cofilin 1 (CFL1)6 mRNAs and suppresses their 
protein expression, proposing that it can modulate either mRNA nuclear export or translation, or 
both. It is very important to mention that many reports have demonstrated the implication of FUS 
in translational regulation121, NMD (non-mediated decay)122 and mTOR-dependent inhibition of 
translation29, which might encourage research regarding EWSR1 function in translational 
regulation, as both proteins are very related.  
 
1.1.4 Physiological roles of EWSR1 
 
The previously described functions of EWSR1 in DNA and RNA metabolism and processing 
point towards an essential role for the protein in many physiological processes123. Indeed, 
insights on the in vivo importance of EWSR1 have been mostly determined by the generation of 
EWSR1 knockout (KO) murine models76. Homozygous knockout mice were born smaller than 
their littermates and remained small through weaning76. Detailed analysis of surviving mice 
showed that loss of EWSR1 led to a defect in pre-B lymphocyte development (specifically during 
the pro-B to pre-B cell transition) and deficient gametogenesis by affecting the formation of XY 
bivalent and meiotic crossovers76. Moreover, EWSR1 loss leads to 1) infertility in both sexes, 2) 
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development of small testis and ovary compared to littermate wild type (WT) mice and 3) 
premature cellular senescence that could be explained by decreased lamin A/C expression and 
function, which may lead to nuclear lamina dysfunction76. EWSR1 is also crucial for determining 
brown fat lineage during development, by binding with YBX1 (Y-box binding protein 1) to activate 
the transcription of Bmp7124, the earliest known brown adipogenic determination factor. 
Interestingly, EWSR1 modulates the stability of PGC-1α (Peroxisome proliferator-activated 
receptor γ Coactivator) protein, thus it regulates mitochondria function and cellular energy 
homeostasis125. Other studies showed that EWSR1 has an important role in maintaining the 
hematopoietic stem cell lineage126, and it also regulates autophagy via an epigenetic modulation 
of the level of autophagy-promoter UVRAG127. 
 
Much knowledge about the role of EWSR1 is derived from studies of oncogenic fusion proteins 
arising from chromosomal translocations with multiple partners. Besides these oncogenic 
translocations, an independent role for EWSR1 in cancer is under investigations. Given its 
above-reported functions, it is unsurprising that EWSR1 is crucial to preserve the genome 
integrity and protect cells from neoplastic transformation. Indeed, as described in the previous 
section (“1.1.3.2. DNA repair and genome surveillance”), EWSR1 plays a critical role in the 
DDR and is essential for a proper response to genotoxic agents. It regulates the alternative 
splicing of genes implicated in oncogenesis, among others BRCA1 (breast cancer 1 gene: a 
tumor suppressor)128, and ABL120. Intriguingly, transcriptional properties of EWSR1 in human 
cancers could be regulated through mitogenic signaling of oncogenic STRAP (a WD40 domain-
containing protein). EWSR1 and STRAP are up-regulated in colorectal and lung cancers, and 
their cooperation block EWSR1-induced p300-mediated transactivation129. These data suggest 
a potential involvement of EWSR1 in tumor progression. Finally, mutations in EWSR1 have been 
demonstrated to be associated with several neurodegenerative disorders including amyotrophic 
lateral sclerosis (ALS), and frontotemporal dementia (FTD) (see below).  
Overall, these observations highlight the role of EWSR1 in diverse physiological functions. 
 

1.1.5 FET proteins and neurodegenerative disorders 
 
Neurodegenerative disorders such as Alzheimer disease (AD), frontotemporal dementia (FTD), 
amyotrophic lateral sclerosis (ALS), Parkinson disease (PD), Huntington's disease (HD), and 
multiple sclerosis (MS), are characterized by progressive loss of selectively vulnerable 
populations of neurons and have variable clinical symptoms and pathological features130.  
 
Several studies identified mutations causative of neurological disorders in the genes encoding 
the FET family of proteins, documenting their involvement in the pathology of ALS, FTD, 
essential tremor (ET) and other neurodegenerative diseases (Table 2), where they have been 
found in cytoplasmic aggregates131. The specific mechanism leading to their cytoplasmic 
mislocalization is under investigation, but some studies are pointing to nucleo-cytoplasmic 
transport defects132, and precise post-translational modifications affecting FET proteins in 



INTRODUCTION                                                                         Chapter 1. The EWSR1 protein       

 14 

neurodegenerative disease28. Notably, bioinformatics analysis revealed that FET proteins, 
contain predicted “prion-like” domains133. Therefore, when mutated these aggregation-prone 
FET proteins can form misfolded protein assemblies and act as seeds of aggregation leading to 
the disease phenotype. This mechanism resembles the replication of infectious prions and is 
often termed “prion-like”134.  
 

          FET 
 
N.P. 

 
FUS 

 
EWSR1 

 
TAF15 

 
Ref. 

 
 
 
 
 
 
 
 
 
 

ALS 

G515C 
E516V 
P18S 

S57del 
N63S 

S96del 
S115N 
S142N 

G144-Y149del 
G156E 
N159Y 

G173-G174del 
G174-G175del 

G187S 
G191S 
G206S 
Q210H 
R216C 
G222- 

G223insG 
G223del 
G225V 
G226S 
G228- 

G229insG 
G230delG 

G230C 
R234C/L 
R244C 
G245V 
M245V 
R383C 
G399V 
S462F 
M462F 
M464I 
G464I 

G466VfsX14 
R522G 

R524R/S/T/W 
 

H517D/P/Q 
R518G/K/del 
G472VfsX57 

R487C 
R491C 

G492EfsX527 
R495X 

R495EfsX527 
R495QfsX527 
G497AfsX527 
R502WfsX15 
G503WfsX12 
G504WfsX12 

G507D 
G509D 

K510WfsX517 
K510E/R 
S513P 

R514G/S 
P525L 

X527YestX 
Q519X 

R512S/G/C/H/L 
 

G511A 
P522L 

A31T 
M368T 
R385H 
G391E 
R395Q 
R408C 
G452E 
G473E 

 
 
 
 
 
 
 

123 

FTD p.P106L p.Gly174-Gly175 
deletion GG 

p.M254V n.d. n.d.  

87,122,124 

ET p.Q290X p.M392I p.R377W p.R471C n.d.  

119 
Table 2: FUS, EWSR1 and TAF15 mutations identified in ALS, FTD and ET patients. del = deletion; ins = 
insertion; fs = frameshift; X = stop, n.d. = not defined, N.P. = neurological pathologies. ALS: amyotrophic lateral 
sclerosis, FTD: frontotemporal dementia, ET: essential tremor. 

1.1.5.1 Amyotrophic lateral sclerosis (ALS) 
 
Amyotrophic lateral sclerosis (ALS), first described in 1869, by the French neurologist Jean-
Martin Charcot, is a fatal motor neuron disorder affecting motor neurons with an incidence of 
about 1/100,000. It is characterized by progressive loss of the upper and lower motor neurons 
(LMNs) at the spinal or bulbar level135.  
 
Over 20 genes have been associated with ALS. C9orf72, SOD1, TARDBP and FUS have been 
reported to be major ALS-related genes136,137. More than 50 autosomal dominant FUS variants 
have now been identified in ALS patients (Table 2). The majority of these variants are missense 
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mutations, but also insertions, deletions, splicing, and nonsense mutations have been reported 
in rare cases138,139. Several ALS-associated FUS mutations occur within the nuclear localization 
signal (NLS) and lead to the redistribution of FUS to the cytoplasm131. A more general role for 
FET proteins in neurodegeneration has been supported by the presence of genetic variants in 
TAF15 and EWSR1 genes in a small number of ALS patients. Notably, none of ALS-FUS cases 
showed co-accumulation of EWSR1 and TAF15 in the FUS-positive pathological inclusions, 
moreover, their cellular distribution was not altered119. Genomic sequencing in ALS-individuals, 
of exons (15-18) of EWSR1 allowed the identification of 2 missense mutations located in the first 
(G511A) and second (P552L) RGG of EWSR1123,140 (Table 2). Remarkably, transfection of wild 
type EWSR1 into primary motor neurons cultured from rat embryos revealed that it is primarily 
localized to the nucleus, while its ALS-specific variants showed elevated cytoplasmic and 
neuritic accumulation123. 
  

1.1.5.2 Frontotemporal dementia (FTD) 
 
Frontotemporal dementia (FTD), one of the most common neurodegenerative conditions after 
Alzheimer’s Disease (AD), is a heterogeneous neurodegenerative disorder, characterized by a 
series of changes in several neurotransmitter systems, including serotonin, dopamine, GABA 
and, above all, glutamate. It is characterized by behavioral abnormalities, language impairment, 
and deficits of executive functions141 and presents a strong genetic component, and autosomal 
dominant inheritance in 10%-25% of patients142. Selective degeneration of the frontal and 
temporal lobes is a common feature of FTD, therefore frontotemporal lobar degeneration (FTLD) 
is often used143. 
 
The neuropathology underlying clinical FTLD is subclassified based on the identity of the major 
protein that forms cellular inclusions. Therefore, in addition to FTLD-Tau or FTLD-TDP (with 
abnormal intracellular accumulation of either tau protein or the transactive response DNA-
binding protein MW 43-TDP43, respectively), several other neuropathological depositions have 
been defined, including FTLD-FET119, FTLD-UPS (with inclusions of proteins of the ubiquitin-
proteasome system) and FTLD-ni (with no inclusions observed)144. Furthermore, other 
uncommon genetic mutations have been described, including valosin containing protein (VCP), 
sequestosome 1 (SQSTM1) and FUS mutations145. 
 
FTLD-FUS comprises cases with ubiquitin-positive inclusions (FTLD-U), neuronal intermediate 
filament inclusion disease (NIFID) and basophilic inclusion body disease (BIBD)146. A limited 
number of FUS mutations (p.P106L, p.Gly174-Gly175deletion GG, p.M254V) have been 
determined in FTLD patients without concomitant ALS147 (Table 2). It was demonstrated that the 
pathological inclusions in all these FTLD subtypes also contain EWSR1 and TAF15 and 
transportin 1 (Trn1), the protein responsible for their nuclear import119. Although, it is still debated 
what causes FET protein translocation in FTLD, several studies have shown that FET species, 
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accumulating in FTLD, have undergone a common abnormal post-translational modification that 
may be related to the pathogenesis of FTLD-FET119. Hypomethylation of the arginine residues 
in the arginine-glycine rich region, immediately adjacent to the nuclear localization signal, results 
in abnormally strong binding of FET proteins to Trn1. This results in a molecular, indissociable 
and mislocalized complex that forms insoluble inclusions within the cell28. This would explain 
why the inclusions in FTLD-FET contain all of the FET proteins and Trn1, and also suggests that 
FET proteins are particularly sensitive to alteration of transportin-mediated nuclear import119. 
 
1.1.5.3 Essential tremor, Parkinson, and Alzheimer diseases 
 
Essential tremor (ET) is a progressive, neurological disease characterized by postural and/or 
kinetic tremor148. Exome sequencing revealed 3 ET variants in FUS: 1) a stop mutation 
(p.Q290X), 2) (p.M392I) mutation identified as potential ET susceptibility factor and 3) a non-
sense mutation, (p.R377W), in one patient with family history of disease. Additionally, a rare 
p.R471C substitution in a single subject with familial ET was identified after sequencing of the 
EWSR1 gene119 (Table 2). This suggests that FET proteins are implicated in ET pathology. 
Importantly, sequencing specific regions of FUS gene did not identify any novel non-
synonymous variant affecting the subjects susceptibility to Parkinson’s disease149, and no 
mutations in FET genes have been reported in Alzheimer disease patients. 
 
Interestingly, a recent research reported the first implication of EWSR1 in the central nervous 
system (CNS). Indeed, EWSR1 can play an important role in the neuronal morphology and motor 
function. Moreover, its deficiency leads to impairments of neuronal morphology, dopaminergic 
signaling pathways, and motor function in mice150.  
 
Collectively, these studies show that mutations in FET proteins alter their cellular distribution 
and lead to aberrant regulation of their expression and activity, contributing to disease onset and 
progression. 
 

1.1.6 EWSR1 and sarcomas 
 
1.1.6.1 Sarcomas 
 
Sarcomas are rare malignant tumors of soft tissue and bone (World Health Organization 
classification)151. Soft tissue sarcomas can be formed in the body’s muscles, joints, fat, nerves, 
deep skin tissues, and blood vessels, while bone tumors are found throughout the bones of the 
body and in the cartilage152. Sarcomas are a heterogeneous group of more than 100 cancer 
subtypes, comprising 1-2% of adult cancers worldwide. They represent 6-15% of childhood 
cancer (< 15 years) and 11% of adolescent and young adult cancers (15-29 years)153.  
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Although the pathogenesis of many sarcomas is poorly understood, some sarcomas arise in 
patients with cancer predisposition syndromes. For instance, patients with Li Fraumeni 
syndrome, with germline mutations in TP53, have increased susceptibility for osteosarcoma and 
rhabdomyosarcoma154, others with mutations in the retinoblastoma (RB) gene are at increased 
risk for osteosarcoma155. Importantly, about a third of sarcomas, such as Ewing sarcoma, arise 
from characteristic chromosomal translocations, leading to fusion proteins, which are often the 
primary driver of disease pathogenesis151 (see below). 
 
1.1.6.2 EWSR1 and Ewing sarcoma 
 

§ Description of Ewing sarcoma: 

In 1921, James Ewing described a group of bone tumor notably different from that of osteogenic 
sarcoma156, he called "diffuse endothelioma of bone", which was subsequently named Ewing 
sarcoma. 
 
Ewing sarcoma (EwS) is the second most frequent type of bone tumor following osteosarcoma. 
EwS primary tumors can virtually originate from any anatomical sites but are located mainly in 
bones and soft tissues and arise preferentially in adolescents and young adults157,158, with a 
reported incidence of 1-3 cases per million of population per year159. These tumors are often 
aggressive and may metastasize to additional areas of the body, such as lungs, bone and bone 
marrow160,161. It has been reported that four to six alternating cycles of VDC/IE (vincristine, 
doxorubicin, cyclophosphamide/ifosfamide and etoposide) have been used as the current 
chemotherapy for patients with localized and metastatic disease162. Unfortunately, even patients 
who do successfully recover, often suffer from late effects of therapy163. Therefore, it is very 
crucial to develop treatments that especially target the biological drivers of EwS162,164.  
 
Unlike other sarcomas presenting some lineage-specific differentiation, Ewing sarcoma 
histologically appeared as uniformly undifferentiated small round cells, containing an oval 
hyperchromatic and granulated nuclei and a narrow cytoplasm within a sparse intercellular 
stroma. When first reported by James Ewing, endothelial origin for the sarcoma was first 
proposed on the basis of its cellular morphology and the rareness of stroma156. Since then, 
different theories regarding ES progenitor165 have been advanced, but increasing evidences 
have supported the theory of mesenchymal stem cells as putative cells of origin166. Specific 
candidate progenitors include bone marrow-derived mesenchymal stem cells167, neural crest-
derived stem cells168, bone progenitors169, and osteochondrogenic progenitors170. 
 

§ Genetics: 

Genetically, EwS is mainly characterized by FET-ETS gene fusions, associating a member of 
the FET family with one of the members of the ETS family of transcription factors (TFs) (ERG, 
FLI1, ETV1, ETV4, and FEV)171–174 (Figure 3a,b), a family characterized by a conserved DNA-
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binding domain that recognizes GGAA or GGAT motifs175. Particularly, FET-ETS gene fusions 
encode fusion proteins that retain the N-terminal transactivation low complexity region of FET 
proteins to the C-terminal DNA-binding domain of ETS TFs. Although, these fusions have long 
been considered to result from a balanced translocation (i.e., the phenomenon of transposition 
of chromosomal material without the loss of genetic material)176, recently, it was reported that 
EWSR1-derived gene fusions can also arise in the context of chromoplexy177 (i.e., the 
phenomenon of complex genome restructuring, characterized by multiple inter- and intra-
chromosomal translocations and deletions178). 
 
In ~85% of Ewing sarcoma (Figure 3b), a somatic reciprocal t(11;22)(q24;q12) chromosomal 
translocation results in a fusion gene, EWSR1-FLI1, involving EWSR1 and friend leukemia virus 
integration 1 genes (FLI1)179 (Figure 3a). Both of EWSR1 and FLI1 domains are required for the 
oncogenic function of EWSR1-FLI1180 fusion, in which the weak N-terminal transcription 
activation domain of FLI1 is replaced by the stronger activation domain of EWSR1. The 
remaining 15% include EWSR1 or FUS fused to other ETS members (ERG, FEV, ETV1 and 
ETV4)171–174,181–185. Recently, TAF15 was discovered to be implicated in EwS186.  
 
Besides EWSR1-ETS gene fusions, EWSR1 can also be fused to non-ETS proteins in the cases 
of “EwS-like” tumors (Table 3, see187–189 for detailed “EwS-like tumors” descriptions). Ewing-like 
sarcomas lack the pathognomonic molecular hallmark of Ewing sarcoma, they morphologically 
resemble classical EwS, and so far, have been classified in four main types: i) CIC-rearranged 
sarcomas, ii) BCOR-rearranged sarcomas, iii) sarcomas with a fusion between EWSR1 and a 
gene not belonging to the ETS family members, and iv) unclassified round cell sarcomas189. 
 
EWSR1-FLI1 includes a set of highly related isoforms or subtypes with many breakpoints 
occurring in a variety of introns of EWSR1 and FLI1 genes190–192, with the fusion of EWSR1 
exons 1 to 7 and FLI1 exons 6 to 9 being the most common isoform. A disruption of processing 
of EWSR1-FLI1 fusion RNA alters the expression of the fusion protein193. CD99, a heavily O-
glycosylated transmembrane, is a diagnostic marker for Ewing sarcoma that has been reported 
to affect migration, invasion and metastasis of tumor cells194,195. Recently, BCL11B and GLG1 
were identified as high specific markers for EWSR1-FLI1-positive Ewing sarcoma196.  
 

§ EWSR1-FLI1 regulates epigenetic, transcriptional, and post-transcriptional 
mechanisms: 

Despite EwS remarkable paucity of somatic mutations (low mutational rate of 0.15 mutations/Mb 
compared to other malignant neoplasms197), it presents a strong propensity to progress and 
metastasize, suggesting powerful adaptation properties of EwS cancer cells. Various studies 
have endeavored to determine the role of EWSR1-FLI1 fusion protein in Ewing sarcoma 
oncogenesis198,199. Interestingly, EWSR1-FLI1 gene fusion can transform mouse cells such as 
NIH3T3200, C3H10T1/2180 and primary mesenchymal stem cells201. Genomic approaches 
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showed that thousands of genes are dysregulated by EWSR1-FLI1 in Ewing’s sarcoma cell 
lines, linking this fusion protein to a complex transcriptional program202. Indeed, EWSR1-FLI1 
activates genes implicated in proliferation, cell differentiation, and cell survival and suppresses 
others implicated in apoptosis and cell cycle203.  

Recent data suggest that EwS-induced transformation is driven by reprogramming the 
epigenome (DNA methylation or histone marks)204 and transcriptional heterogeneity205. Thus, 
these mechanisms are now recognized as critical oncogenic hubs in EwS tumorigenesis206. 
Strikingly, EWSR1-ETS fusions have been shown to impact the actions of polycomb group, 
histone deacetylase (HDAC) and nucleosome remodeling complexes that modulate gene 
expression by altering chromatin structure207. EWSR1-FLI1 has a major impact on chromatin 
states and remodeling events. It represses target genes by displacing wild type ETS factors from 
mesenchymal enhancers208 and interacts with the BAF complex, which contributes to target 
gene activation70. Additionally, it is now emerging that EWSR1-FLI1 can actively remodel 3D 
chromatin architecture, creating oncogenic transcription hubs within super-enhancer regions209. 

Although, EWSR1-FLI1 is crucial for the growth and survival of Ewing sarcoma and  
transformation in vivo and in vitro210, several lines of evidence suggested that alone it cannot 
fully explain the Ewing sarcomagenesis. This implies parallel pathways and cooperating 
mutations. Indeed, BMI-1 and Forkhead Box Q1 (FOXQ1) have been identified as novel 
cooperative transcription factors interacting with EWSR1-FLI1 to maintain the 
transformation211,212. In addition, many studies have identified insulin-like growth factor 1 (IGF-
1) and its receptor (IGF-1R)213 and CD99214 (also called MIC2) as parallel pathways contributing 
to the oncogenesis in Ewing sarcoma. Additional reports indicated that EwS/PNET (peripheral 
primitive neuroectodermal tumor) show INK4A deletion215 and p53 alteration216, highlighting the 
importance of these parallel genetic alterations in the in vivo biologic behavior of EwS/PNET. It 
is also important to note that a part of EWSR1-FLI1 function comes from an interference with 
wild-type EWSR1 function, adding another layer to explain Ewing sarcomagenesis82,217. 
 
EWSR1-FLI1 not only binds to DNA, but also directly interacts with the transcriptional apparatus: 
RNA polymerase II94, hsRBP757, CREB-binding protein (CBP)/p300218, and RNA helicase A 
(RHA)219. Moreover, it was reported that EWSR1-FLI1 binds RNA70, interacts with SF1 and U1C 
splicing factors220,221 and affects alternative splicing221. Indeed, several studies demonstrate that 
EWSR1-FLI1 generates the cyclin D1b oncogenic isoform by modulating the rate of RNA 
polymerase activity222 and leads to preferential splicing of ARID1A-L by modulating the splicing 
of ARID1A, a specific protein component of the BAF complex223. Furthermore, EWSR1-FLI1 
modulates the expression of microRNAs (miRNAs) and long non-coding RNAs, which 
contributes to EwS tumorigenicity and therefore provides a potential therapeutic target224. For 
instance, lncRNA Ewing sarcoma associated transcript 1 (EWSAT1) has been identified as a 
downstream target of  EWSR1-FLI1 that facilitates tumor progression225, and another report 
showed that EWSAT1 is implicated in the proliferation and invasion of glioma by sponging miR-
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152-3p226. Other studies identified high expression of pncCCND1_B RNA, a previously 
uncharacterized CCND1 promoter-associated noncoding (pnc) transcript227 and HULC lncRNA 
in Ewing Sarcoma, which correlates with EwS aggressiveness228. Finally, multiple studies have 
connected EWSR1-FLI1 to DNA damage response, cell cycle checkpoint control229,230 and R-
loops formation231.  
 
Taken together, these findings illustrate the diversity and the complexity of EWSR1-FLI1 roles. 
They suggest a model whereby EWSR1-FLI1 might drive tumorigenesis by deregulating 
epigenetic processes and transcriptional and post-transcriptional programs. This stresses on the 
importance of investigating the precise molecular functions of EWSR1-FLI1, which might offer 
therapeutic opportunities for Ewing sarcomagenesis. 
 

 
 

 
 
 

Figure 3: Schematic representation of the EWSR1-FLI1 fusion gene. (a) The EWSR1-FLI1 rearrangement is 
caused by the fusion of the N-terminal transactivation domain of the EWSR1 gene with the C-terminal DNA binding 
domain of the FLI1 gene. Schemes of chromosomes 11 and 22 were created with BioRender.com. (b) About 85% 
of EWSR1-ETS fusions involve the FLI1 gene. ERG is the next most common fusion partner accounting for about 
10 % of cases. T: translocation. 
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Fusion Protein TF partner Translocation Tumor type 

EWSR1-FLI1 
EWSR1-ERG 
EWSR1-ETV1 
EWSR1-FEV 
EWSR1-ETV4 

FLI1 

ERG 

ETV1 

FEV 

ETV4 

t(11;22)(q24;q12) 

t(21;22)(q22;q12) 

t(7;22)(p22;q12) 

t(2;22)(q33;q12) 

t(17;22)(q21;q12) 

Ewing sarcoma/ESFT 

EWSR1–WT1 
EWSR1–ERG 

WT1 

ERG 

t(11;22)(p13;q12) 

t(21;22)(q22;q12) 

Desmoplastic small round cell tumor 

EWSR1–DDIT3 DDIT3 t(12;22)(q13;q12) Myxoid liposarcoma 

EWSR1–ATF1 
EWSR1-CREB1 

ATF1 

CREB1 

t(12;22)(q13;q12) 

t(2;22)(q33;q12) 

Clear cell sarcoma 

EWSR1–NR4A3 NR4A3 t(9;22)(q22;q12) Extraskeletal myxoid chondrosarcoma 

EWSR1–ATF1 
EWSR1-CREB1 

ATF1 

CREB1 

t(12;22)(q13;q12) 

t(2;22)(q33;q12) 

Angiomatoid fibrous histiocytoma 

EWSR1-NFATC2 NFATC2 t(20;22)(q13;q12) ESFT-like 

EWSR1-ZNF278 ZNF278 t(22;22)(q12;q12) 

 

Askin-like, CD99 neg. 

EWSR1-POU5F1 
EWSR1-PBX1 
EWSR1–PBX3 
EWSR1-ZNF444 
EWSR1-KLF17 
 

POU5F1 

PXB1 

PBX3 

ZNF444 

KLF17 

t(6;22)(p21;q12) 

t(1;22)(q23;q12) 

t(9;22)(q33.2;q12) 

t(19;22)(q13;q12) 

t(1;22)(p34.1;q12) 

 

Myoepithelial tumor of soft tissue 

EWSR1-ZNF384 ZNF384 t(12;22)(p13;q12) 

 

Acute lymphoblastic leukemia 

EWSR1-CREB3L1 CREB3L1 

 

t(11;22)(p11;q12) 

 

Low-grade fibromyxoid sarcoma/sclerosing 

epithelioid fibrosarcoma 

Table 3: Some of EWSR1 gene fusions in cancer. TF: transcription factor, ESFT: Ewing sarcoma family tumor, 
t: translocation. 
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1.2 mRNA Translation  
 
mRNA translation is a ubiquitous process that occurs across all prokaryotic and eukaryotic 
kingdoms. It consists in the translation of the genetic codons from processed and mature mRNA 
into polypeptide chains by ribosome translocation. It is conceptually divided into four stages, 
initiation, elongation, termination, and ribosome recycling, and commonly involves three main 
players: the mRNA (genetic template), the ribosome (assembly machinery), and the aminoacyl 
transfer RNAs (tRNAs).  
 
In this chapter, we will start by presenting the translation as a highly regulated layer of the 
complex regulatory pathways of gene expression. Next, we will describe the different steps of 
cap dependent translation and their regulation by different mechanisms. Then, we will briefly 
discuss the alternative translation mechanisms. We will subsequently review diverse emerging 
concepts about ribosomes and their importance in the regulation of translation. Finally, we will 
cover the principles of the main translatomics methods implicated in the study of the translatome. 
 
1.2.1 Gene expression: a highly regulated process 
 
Gene expression is a highly complex process comprising many steps, each with elaborate 
regulation (Figure 4) to properly convert the encoded information in a gene into a functional 
product. It is regulated at many levels by a diversity of participating factors, such as transcription 
factors (TFs), RNA binding proteins (RBPs) and miRNAs. Indeed, the human genome encodes 
about 2,000 TFs232, more than 1,542 RBPs233 and approximately 2,600 mature miRNAs234, 
which underlies the tremendous complexity of transcriptional and post-transcriptional 
regulations. Additional processes that add further complexity to gene regulation have been 
identified, including alternative pre-mRNA splicing, alternative translation initiation and 
termination. Moreover, once a protein is produced, it can further undergo post-translational 
modifications, including phosphorylation, acetylation, ubiquitination, and SUMOylation, affecting 
its interaction with other proteins and its catalytic activity to give rise to phenotypes232. Gene 
expression regulatory pathways are further complicated by feedback mechanisms and diverse 
coupling between individual processes. These are connections which have emerged as an 
economic strategy to respond robustly to environmental cues235.  
 
The emergence of high-throughput methods and next-generation sequencing in the past two 
decades have allowed tremendous discoveries in gene expression regulation. For example, 
chromatin immunoprecipitation followed by sequencing (ChIP-seq) and assay for transposase-
accessible chromatin sequencing (ATAC-seq) are used at the genomic levels to understand the 
contextual behavior of DNA-binding proteins or epigenomic markers. On the other hand, next-
generation RNA sequencing (RNA-seq) and mass spectrometry-based proteomics can 
respectively profile the transcriptome and the proteome of cells even at single-cell resolution236. 
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Figure 4: Overview of gene expression pathways. Processes conferring regulatory control are indicated at the 
bottom. From236.  

1.2.2 Cap-dependent translation in eukaryotes 
 
1.2.2.1 Initiation step 
 
Most cellular mRNAs are translated by cap-dependent mechanism. This canonical initiation of 
translation is dependent on the presence of both the 5’cap structure (7-methylguanylate 
structure, m7G) and the 3’poly (A) tail on mRNAs and requires a plethora of eukaryotic initiation 
factors (eIFs) for the attachment of ribosomes on mRNA. The 5’cap allows the specific 
recruitment of a tripartite complex eIF4F, which comprises i) the eIF4E cap-binding protein, ii) 
an RNA helicase eIF4A and iii) a large platform protein eIF4G. This binding permits the further 
recruitment of the so-called 43S pre-initiation complex (PIC), comprising the small 40S ribosomal 
subunit, the ternary complex (TC) containing eIF2-GTP-Met-tRNAMet, the small translation 
factors eIF1, eIF1A, and eIF5 and the multi-subunit eIF3 factor237. The recruitment of the 43S 
PIC to the 5’cap is possible through a protein-protein interaction between eIF4G and eIF3238. 
eIF4G also interacts with PABP, which promotes mRNA circularization239. However, mRNA 
circularization is not observed for all messenger mRNAs240. Then, the PIC undergoes a 5’à3’ 
sliding that consumes ATP to reach the AUG start codon; this step is called “scanning”. Since 
5’UTRs often contain secondary structures that might block the scanning step, the RNA helicase 
eIF4A is employed to unwind them. The scanning process ends at AUG start codons, embedded 
in an optimal context GCC(A/G)CCAUGG called the Kozak sequence241; the complex is then 
called 48S PIC. After 48S complex formation, eIF5 and eIF5B promote the hydrolysis of eIF2-
bound GTP thereby inducing the displacement of eIFs, which allows the joining of the 60S 
subunit and the formation of an elongation-competent 80S ribosome. The assembled 80S 
complex is now ready to accept the appropriate aminoacyl-tRNA into the A (aminoacyl) site of 
ribosome and synthesize the first peptide bond237 (Figure 5). 
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Figure 5: Model of the canonical pathway of eukaryotic translation initiation, elongation, termination, and 
ribosome recycling. Post-TC: post-termination complex, m7G: 7-methylguanylate structure. From242.  

1.2.2.2 Elongation step 
 
Translation elongation is conserved in all kingdoms of life, with key steps shared between 
eukaryotes and bacteria. It is a multistep sequential process encompassing aminoacyl-tRNA 
(aa-tRNA selection), peptide bond formation, and translocation (i.e., the process of shifting of 
mRNA-tRNA complexes within the ribosome). The aa-tRNA selection relies on the correct 
Watson-Crick base complementary between the codon of the mRNA in the A site and the 
anticodon of the incoming tRNA243. Interestingly, the ribosome undergoes a series of major 
structural rearrangements during translocation 244 (see below). 
 

Figure 6: Model of eukaryotic translation elongation. The large ribosomal subunit is drawn transparent to allow 
the visualization of tRNAs, factors, and mRNA binding to the decoding center. Green ball represents GTP and red 
ball is GDP. E: exit site, P: peptidyl site, A: aminoacyl site. From245. 
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Following translation initiation, the 80S eukaryotic ribosome is positioned on the mRNA, with the 
AUG start codon base-paired with the anticodon of tRNAMet in the P-site. Elongation commences 
with the delivery of the cognate elongating aminoacyl-tRNA to the decoding site (A site) of the 
ribosome with the eukaryotic translation elongation factor, eEF1A. eEF1A is activated upon 
binding to GTP to form eEF1A•GTP•aminoacyl-tRNA complex. Following GTP hydrolysis and 
release of an eEF1A•GDP binary complex, the aa-tRNA is accommodated into the A site, and 
the eEF1A•GDP is recycled to eEF1A•GTP by the exchange factor eEF1B. During peptide bond 
formation, the A- and P-site tRNAs shift from “classic” to “hybrid” states: the acceptors ends of 
tRNAs move to the P and E sites and the anticodon ends stay in their original A and P sites245. 
This rotated state of the ribosome undergoes further conformational changes in preparation for 
translocation246. Then, eEF2•GTP binds in the A-site and promotes translocation of the tRNAs 
into the canonical P and E sites. Finally, eEF2•GDP is released, and the next cycle of elongation 
commences with release of the deacylated tRNA from the E site245 (Figure 6). 
 
1.2.2.3 Termination step 
 
Termination of mRNA translation occurs when the ribosome reaches the stop codon in the A-
site. It is mediated by the eukaryotic release factors eRF1 and eRF3. eRF1 consists of 1) an 
amino-terminal domain (N) responsible for recognition of the stop codon in the A site247, 2) a 
middle domain (M), with a conserved GGQ motif that induces the release of the nascent 
polypeptide from peptidyl-tRNA in the ribosomal P site248, and 3) a carboxy-terminal domain (C) 
for binding to eRF3 and ABCE1, it also contains a mini-domain affecting stop codon specificity249 
(Figure 7a). 
 
eRF3 consists of (1) C-terminal region comprising a canonical guanosine triphosphate (GTP)-
binding domain (G) and two β-barrel domains (2 and 3), which have strong structural homology 
to GTP-binding translation factors such as EF-Tu, eEF1A, and the carboxy-terminal region of 
the ribosome rescue factor Hbs1, and 2) a non-conserved N-terminal domain, dispensable for 
termination, that binds to the poly(A)-binding protein (PABP) and UPF3b (the nonsense-
mediated decay (NMD) factor)250 (Figure 7b). Although, free eRF3 is unable to bind GTP 
because of the disorder of Switch I and Switch II regions (contained in its G domain), it 
undergoes conformational changes upon binding to eRF1 and gains its ability to bind GTP251.  
 
The pre-termination complex (pre-TC) contains peptidyl-tRNA in the P site. eRF1 enhances the 
eRF3 binding to GTP, leading to the formation of a stable eRF1/eRF3•GTP complex, which binds 
to the A site of the pre-TC, where eRF1 recognizes the stop codon. Then, the M domain of eRF1 
dissociates from eRF3’s Switch I/Switch II elements and accommodates in the peptidyl-
transferase center (PTC), after GTP hydrolysis by eRF3. This promotes the peptide release. 
eRF1 and eRF3-GDP can remain bound with the post-termination complexes (post-TCs)250 
(Figure 7c). 
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1.2.2.4 Recycling step 

Post-termination ribosomes recycling is initiated by the conserved protein ATP-binding cassette 
E1 (ABCE1) and depends on the presence of eRF1 in the A site.                                                      
ABCE1 protein consists of two nucleotide-binding domains (NBD1 and NBD2) which form 
sandwich-like nucleotide-binding sites (NBSs) for two ATP molecules, a helix-loop-helix (HLH) 
motif in NBD1 and a unique extra N-terminal region FeS domain containing two [4Fe-4S]2+ 
clusters, connected to the NBD core by a characteristic antiparallel β-sheet called the cantilever 
arm along with a flexible linker, the cantilever hinge250 (Figure 8a,b). 

Figure 7: Translation termination in eukaryotes. Ribbon representations of (a) human eRF1 and (b) 
Schizosaccharomyces pombe eRF3. (c) Schematic representation of the different steps of translation termination 
process in eukaryotes. Post-TC: post-termination complex. From250.  

a                                                                   b    
 
 
 

c                                                             
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ABCE1 binds to eRF1 on the post-TC. Cycles of binding of ATP to the NBD sites in ABC proteins, 
hydrolysis of ATP and release of ADP, induce conformational changes in these proteins that are 
thought to generate power strokes, resulting in splitting the post-termination ribosome. This 
yields a 60S subunit, eRF1, ABCE1, and a 40S subunit bound to mRNA and deacylated tRNA250 
(Figure 8c).  

 
 

 
 
 
 
 
 
 
 

Figure 8: Translation recycling in eukaryotes. (a, b) Ribbon representations of ABCE1 from Pyrococcus abyssi. 
(a) top and (b) front views. (c) Schematic representation of the different steps of translation recycling process in 
eukaryotes. Post-TC: post-termination complex. From250.  

a                                                                     b    
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1.2.3 Regulation of translation steps 
 
1.2.3.1 Regulation of translation initiation 
 

§ Regulation of translation initiation by uORFs: 

Genome-wide sequencing of 5’UTRs reveals that ~50% of mammalian mRNAs, have at least 
one upstream open reading frame (uORF) fully residing within the 5’UTR or partially overlapping 
with the main coding sequence (CDS). Interestingly, uORFs are important regulators of 
translation initiation and mRNA level252.  
 
Under normal cellular conditions, uORFs typically reduce protein expression by 30-80%253. 
Several factors influence suppressive capacity of uORFs on CDS translation, such as the 
number and length of the uORFs, the distance between an uORF and the downstream CDS, 
and the start codon of uORF and its context254. Under stress conditions, the reduced availability 
of the ternary complex (TC) results in the scanning ribosomes to bypass inhibitory uORFs, which 
allows the translation of certain stress-responsive transcripts, such as ATF4255. In the other 
hand, some uORFs, such as uORF1 of GCN4, present a positive role in the translation of the 
downstream CDS. GCN4 is a transcriptional activator of amino acid biosynthetic genes. GCN4 
mRNA translation is activated in response to low TC levels, through a re-initiation mechanism 
involving four uORFs (uORFs 1-4). Indeed, functional interaction between the N-terminal domain 
(NTD) of eIF3a and sequences 5’ of uORF1 is important to promote scanning and re-initiation 
of the 40S ribosomal subunit after the termination of translation256.  
 
In addition, uORFs may direct start codon selection of the main CDS to generate different protein 
isoforms. This can be exemplified by CEBPB, which has four AUG initiation codons encoding 
three different protein isoforms (liver-enriched activating proteins (LAP* and LAP) and liver-
enriched inhibitory protein (LIP)) and one uORF257. Therefore, uORF-mediated translation can 
determine cell fate through balancing the expression of protein isoforms. 
 

§ Regulation of translation initiation by initiation factors activities:  

Regulation of translation initiation can also be mediated by the control of the availability of active 
eIF2 and eIF4F by reversible protein phosphorylation.  
 
Phosphorylation of the α subunit of eukaryotic initiation factor eIF2 is a main mechanism for 
translational control, which causes a reduction in global protein synthesis with selective 
translation of specific genes including ATF4. Without this phosphorylation, eIF2 is incapable of 
forming the ternary complex. There are four different mammalian Serine/Threonine (S/T) eIF2α 
kinases, acting as early responders for different exogenous and endogenous stresses: 1) GCN2 
(EIF2AK4), induced in response to nutritional stresses, 2) PKR-like ER kinase (PERK) activated 
by ER stress, 3) protein kinase R (PKR) (EIF2AK2) participating in antiviral defense pathway 
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involving interferon and 4) heme-regulated eIF2α kinase (HRI) (EIF2AK1) activated by heme 
deprivation in erythroid cells (Figure 9). These kinases have critical roles in alleviating 
environmental stress, as their dysfunctions are linked with pathologies in multiple organs. They 
constitute the sensors of the integrated stress response (ISR), an evolutionarily conserved 
intracellular signaling network activated to maintain cellular homeostasis258. 
 
Furthermore, the mRNA cap-binding protein, eukaryotic translation initiation factor 4E (eIF4E) 
of the EIF4F complex has a central role in the regulation of translation initiation. Its activity is 
regulated via two mechanisms. First, the translational repressor 4E-binding protein (4E-BP) 
inhibits the formation of the eIF4F complex, by binding to eIF4E, thus, preventing eIF4E-eIF4G 
interaction. When 4E-BP is phosphorylated by the mechanistic target of rapamycin complex 1 
(mTORC1), 4E-BP/eIF4E interaction is reduced, which allows the formation of eIF4F complex 
at the mRNA cap and the stimulation of translation259.  
Second, eIF4E activity can also be regulated by phosphorylation of its sole phosphorylation site 
(Ser 209), by MAP kinase interacting Ser/Thr kinase 1 (MNK1) and MNK2, downstream of the 
extracellular-signal-regulated kinase (ERK) and the p38 MAPK signaling pathways. MNK1/2 are 
recruited to the eIF4F complex by binding eIF4G’s C-terminus, where they phosphorylate eIF4E. 
Therefore, eIF4E integrates inputs from the mTOR and ERK signaling pathways for translational 
control linked to several cellular processes, including cell cycle progression, cell survival, cell 
motility and tumorigenesis259.  

Other eIFs (eIF1, eIF2β, several eIF3 subunits, eIF4G, eIF4B, eIF4H, eIF5 and eIF5B) have 
been reported to be phosphorylated. In many cases, they presented increased phosphorylation 
under conditions of activation of translation. However, there is no solid evidence that translation 
activation is caused by these phosphorylations242.  
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§ Regulation of translation initiation by 5’UTRs mRNA structures:  

UTRs have especially expanded in length during evolution from invertebrates to humans. 
Whereas 3’UTR length increased during eukaryotic evolution, the 5’UTR conserved a median 
length of approximately 53-218 nucleotides. As they are not coated with translating ribosomes, 
UTRs can interact with a plethora of regulatory factors260. Interestingly, various mRNA structures 
have been identified in the 5’UTR to regulate the initiation of translation (Figure 10).  

Typically, eukaryotic translation starts at the 5’ end of the mRNA, harboring the 5’ cap and a 
UTR to allow the entry of the ribosome. On the one hand, some mRNAs completely lack a 5’UTR, 

Figure 9: Schematic representation of the integrated stress response (ISR). Various stress signals activate the 
four ISR regulators: PERK, PKR, HRI, and GCN2 kinases. This converges on the phosphorylation of eIF2α, the core 
of ISR, leading to global attenuation of cap-dependent translation and the preferential translation of ISR-specific 
mRNAs, such as ATF4. ATF4 controls the expression of genes implicated in cellular adaptation. CReP and GADD34 
dephosphorylate eIF2α, which terminate the ISR. From258. 
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for instance all mRNA species in mammalian mitochondria are leaderless261. Additionally, a 
sizable number of genes with basic cellular functions, present an extremely short 5’UTR, known 
as translation initiator of short 5’UTR (TISU), with 12 nt median length and undergo scanning-
free initiation262. On the other hand, some 5’UTRs have complex structures and can block 
translation initiation. This can be exemplified by 5’UTR structural element, the iron responsive 
element (IRE), regulating mRNA translation important for ion homeostasis263. In low-iron 
conditions, iron-regulatory protein 1 (IRP1) or (IRP2) binds to IRE stem-loop, prevents the 43S 
pre-initiation complex from associating with the mRNA, which represses translation 
initiation264,265 (Figure 10a). The DEAD-box RNA helicase eukaryotic initiation factor 4A (eIF4A) 
plays an important role in unwinding 5’UTR complex structures to allow ribosome scanning. This 
activity is sensitive to both local RNA structures and sequence motifs266. For example, the 
5’UTRs of eIF4A-sensitive mRNAs contain (CGG)4 motifs267 (Figure 10b). In addition to eIF4A, 
other helicases present redundant function in translation, such as the DExH-box protein DHX29, 
which rescues the unwinding of structured 5’UTRs in the absence of eIF4A activity. In addition, 
ribosome profiling analysis showed that the eIF4A cofactor, eIF4B, stimulates translation of 
many mRNAs with heightened propensity for 5’UTR secondary structure268. These observations 
indicate that RNA helicases and initiation factors target specific mRNAs with structured regions 
to allow ribosome scanning and translation initiation.  

RNA G-quadruplex (RG4) structures in mRNAs are also important for mRNA processing and 
translation regulation. Indeed, RG4s in 5’UTRs lead to translation repression by preventing 
mRNA binding to the 43S pre-initiation complex or by slowing down translation scanning. A 
stable RNA G-quadruplex element situated relatively proximal to the 5’UTR, within the first 50 
nt, of the NRAS proto-oncogene contributes to repress translation269. In addition, scanning 
inhibition can be increased by recruitment of RG4-stabilizing proteins such as FMRP, which is 
suggested to repress the translation of pp2acβ mRNA270 (Figure 10c). Another RBP, CCHC-
type Zinc Finger Nucleic Acid Binding Protein (CNBP/ZNF9) preferentially binds G-rich elements 
in the target mRNA coding sequences and destabilizes RG4 structures to promote translation271. 
These studies highlight the diverse functions of tertiary stable structures in regulating the 
translation.  

Higher-order structures mRNA, such as pseudoknots, can also affect the translation. 
Pseudoknots are complex intramolecular RNA structures, originally defined as structures formed 
by base-pairing of a single-stranded region of RNA in the hairpin loop to complementary 
nucleotides elsewhere in the RNA chain. They are increasingly recognized in viral and cellular 
RNAs and present various functions in their gene expression272. PKR is an interferon IFN-γ-
inducible protein kinase, which is activated depending on dsRNA produced during replication of 
viruses or cellular stress and inhibits translation by activating eIF2α phosphorylation. 
Interestingly, IFN-γ mRNA uses its 5’UTR conserved pseudoknot structure to activate PKR and 
to regulate its own translation yield273 (Figure 10d). Finally, RNAs can form complexes with 
trans-acting long non-coding RNAs (lncRNAs) for post-transcriptional regulation. For example, 
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antisense Uchl1 lncRNA increases ubiquitin carboxy-terminal hydrolase L1 (UCHL1) protein 
synthesis, through a base pairing with Uchl1 mRNA 5’UTR274 (Figure 10e). 

 
Figure 10: Regulatory 5’UTR RNA structures that influence translation initiation by promoting or inhibiting 
cap-dependent translation. Adapted from275. 
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§ Regulation of translation initiation by RBPs: 

In addition to the regulation of global translation through changes in the phosphorylation status 
of eIFs, the recruitment of trans-acting factors, such as RNA binding proteins (RBPs), to cis-
acting elements in the mRNA has a major impact on mRNA-specific translation276. To date, over 
1500 RBPs have been identified with diverse cellular functions233. They bind RNA by RNA 
binding domains (RBDs), which recognize specific RNA sequences or structures. Basic 
mammalian canonical RBDs include RNA recognition motif (RRM), K-homology domain (KH 
domain), zinc finger binding domain (ZnF) and double-stranded RBD (dsRBD)277. Interestingly, 
cooperative binding of different RBPs also expands RNA sequence recognition to function in a 
specific manner278. The most common used RNA motifs include TOP motifs, uORFs, internal 
ribosome entry segments (IRES), cytoplasmic polyadenylation elements (CPEs), AU rich 
elements (ARE), and microRNA target sites276 (Figure 11). 
 
 

Mammalian RBPs can have both positive and negative effects on the mRNA translation by 
interacting with specific RNA motifs. For instance, La-related protein 1 (LARP1) regulates the 
translation of mRNAs that contain 5’ TOP motifs. A recent crystallographic data demonstrated 
that the DM15 region of LARP1 binds specifically to the m7GTP cap and the first cytidine of TOP 

Figure 11: Trans-acting factors interacting with their specific RNA motifs. Schematic representation of the 
binding of several RBPs to their sequence-specific mRNA to regulate the translation. Terminal oligopyrimidine 
motifs: TOPs, internal ribosome entry sites: IRESs, miRNA-responsive: MREs, AU-rich: AREs, and cytoplasmic 
polyadenylation: CPEs. From276. 
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mRNAs, thus it prevents eIF4E from interacting and blocks the assembly of eIF4F complex on 
TOP-containing mRNAs279. LARP1 had also a higher affinity for mRNAs containing TOP than 
eIF4E, which is consistent with its role as a repressor of translation initiation280. Another example 
of RBPs is that of the poly(A)-binding proteins (PABPs), first identified as a protein protecting 
mRNA poly(A) tails from deadenylation281. However, it presents several roles in the regulation 
of translation especially in cap-dependent translation initiation. Indeed, PABP can interact with 
the eIF4F cap-binding complex via the eIF4G subunit, leading to the stabilization of bound 
mRNAs into a closed loop conformation. In addition, PABP enhances both pre-initiation complex 
assembly and post-termination ribosome recycling282,283.  
 

§ Regulation of translation initiation by miRNAs: 

miRNAs are widely expressed and modulate transcriptional and translational programs. 
Therefore, they affect both physiological and pathological processes like cell differentiation, 
proliferation, apoptosis, and tumor growth. Interestingly, miRNAs can repress translation at the 
initiation, post-initiation and elongation steps284. For instance, a study showed that a motif (MC) 
within the Mid domain of Ago proteins presents a significant similarity to the m7G cap-binding 
domain of eIF4E and is required to repress translation initiation of a specific subset of mRNAs; 
likely by precluding the recruitment of eIF4E285. Other studies demonstrated that the CCR4-NOT 
deadenylation complex can inhibit mRNA translation independently of its deadenylation 
activity286 and that miRISC inhibits 43S scanning by impairing eIF4F function287.  
 

§ Regulation of translation initiation by ribosome concentration:  

The second hypothesis, other than the specialized ribosome hypothesis (see below; 1.2.5.4 
Ribosome heterogeneity), to explain tissue-specificity of ribosomopathies (see below; 
Ribosomopathies) is the ribosome concentration hypothesis. It was originally proposed by 
Lodish288 but was recently re-popularized by Mills and Green289. The ribosome concentration 
hypothesis postulates that low concentrations of ribosomes only marginally attenuate the 
translation of mRNAs with high initiation rates (e.g., mRNAs encoding RPs or hemoglobin), while 
translation of poorly initiated (e.g., mRNAs encoding hormones, transcription factors, certain Hox 
proteins, and GATA1 mRNAs) is greatly attenuated289,290. Thus, the sensitivity of specific cells 
to RP mutations can be the result of a selective reduction in the translation of specific mRNAs 
with low translational efficiencies. mRNA-specific features, such as 5’ untranslated region (UTR) 
length or structural elements, open reading frame (ORF) length, Kozak context, and internal 
ribosome entry site (IRES) elements can influence the translation initiation rate. Therefore, they 
can influence specific gene expression because of even modest changes in ribosome 
concentration291. 
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1.2.3.2 Regulation of translation elongation 
 

§ Regulation of translation elongation by aminoacyl-tRNA abundance: 

Transfer tRNAs (tRNAs) are small non-coding RNAs, which allow decoding of codons into amino 
acids. Their secondary structure resembles a cloverleaf with four stem-loops: 1) the anticodon 
loop that recognizes the codons, 2) the deoxyuridine loop (D-loop) close to the 5’ end of tRNA, 
3) the TΨC stem-loop close to the 3’ end and 4) the variable loop (V-loop)292. They are catalyzed 
by aminoacyl-tRNA synthetases (Figure 12). Interestingly, the availability of aminoacyl-tRNAs 
(aa-tRNAs) influences the rate, efficiency and accuracy of translation, and many efforts were 
made to quantify and characterize tRNA pools for a better understanding of their landscape in 
cells under different conditions293. Several studies showed that tRNA pools differ among tissues 
in humans294, between proliferating and differentiating cells295, as well as during different cell 
cycle stages296. This highlights that the variation of tRNA landscapes under different conditions 
can lead to gene expression specificity, by modulating translation elongation parameters. 

 

§ Regulation of translation elongation by tRNA modifications: 

tRNAs and their anticodon stem loops are known for their abundant modifications that influence 
their function and structure297 (Figure 13). Indeed, several modifications identified in the 
anticodon loop can affect the decoding efficiency of tRNAs. For example, loss of U34 
modifications in the anticodon wobble position, in yeast and C. elegans, leads to ribosome 

Figure 12: Secondary structure and amino-acylation of tRNAs. D: dihydrouridine; T: thymidine; ψ: 
pseudouridine; C: cytidine. Aminoacyl-tRNA synthetases enzymes conduct the amino-acylation of tRNAs. During 
translation, tRNAs undergo de-aminoacylation and re-enter the pool of free tRNA to undergo another 
aminoacylation cycle. From293. 
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pausing events298. Another modification, m5C38 mediated by DNMT2 influences the accuracy 
of translation299. 

 
§ Regulation of translation elongation by codon usage bias and amino acid 

composition: 

There are 61 sense codons for only 20 amino acids, which explains why each amino acid can 
be encoded by multiple synonymous codons. Codon usage bias, the phenomenon of preferential 
use of certain synonymous codons, is found in all genomes. Notably, “preferred or optimal 
codons” are preferentially used synonymous codons, whereas “nonoptimal or rare codons” are 
less used. Mammals prefer C/G at wobble positions, but budding yeast prefer A/U codons, 
probably due to different mutation biases in each organism. Several studies demonstrated that 
codon usage influences elongation speed, translation efficiency, initiation, and termination, as 
well as accuracy and co-translational protein folding300. Strikingly, the development of ribosome 
profiling has uncovered several interesting aspects of codon usage and translation. A novel 
analysis of the ribosome profiling data of four organisms revealed a correlation between tRNA 
concentrations and the putative codon-decoding rate, both in prokaryotes and in eukaryotes, 
supporting the idea that tRNA levels influence translation efficiency301. Interestingly, dwell times, 
defined as the time spent by a ribosome on a specific position of a transcript are codon-
specific302,303, for instance, they can be influenced by codon pairs in mouse liver304.  
 

Figure 13: Modifications within the tRNA anticodon region. tRNA anticodon is depicted in cartoon 
representation with individual modifications. From297. 
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Translation elongation rates can also be influenced by the amino acid composition of the 
synthesized peptide. Indeed, a recent study in yeast showed that negatively charged proteins 
are synthesized at up to ∼2-fold higher rates, compared with positively charged proteins and 
that amino acids with small side chains are associated with faster elongation305. 
 

§ Deregulation of translation elongation during stress and disease:  

Although highly expressed genes are encoded predominantly by optimal codons, growing 
evidence are showing regulatory roles for non-optimal codons in translation dynamics under 
stress conditions. For example, in E. coli, genes encoding amino acid biosynthetic enzymes use 
codons adapted to starvation-induced tRNA pools306. A similar mechanism was demonstrated 
in mammalian cells, where non-optimal codons were used in promoting ubiquitin-proteasome 
pathway (UPP) mRNAs translation during amino acid starvation307. Codon optimality and tRNA 
levels are also involved in tumors. A recent study analyzing the tRNA abundance of more than 
8,000 tumor samples from The Cancer Genome Atlas (TCGA), together with their paired mRNA-
seq and proteomics data, showed an altered tRNA landscape in different cancerous tissues, 
mainly affected by cellular proliferation state308.  
 

§ Ribosome stalling and pausing: 

Ribosomes dwell times vary along the mRNA and depend on several parameters such as codon 
optimality, peptide-bond formation efficiency, availability of tRNA and elongation factors (Figure 
14a), amino acid charge (Figure 14c) and limitation (Figure 14b) and nascent chain properties 
and poly(A) stretch (Figure 14d). When the dwell time is prolonged, the ribosome stops during 
elongation leading to a phenomenon referred to as “ribosome stalling”. Although ribosome 
stalling can be regulatory, stalled ribosomes can be signals that alert for the presence of 
defective mRNAs or altered physiological states, eliminated by the ribosome-associated protein 
quality control (RQC)* (see below). The emergence of several techniques helped to map 
ribosomal stop sites for better understanding of causes and fates of stalled ribosomes and 
showed the enrichment of certain motifs and the implications of some factors in the regulation 
of stalling309. 

A well-studied example of ribosome stalling is that of ribosomes stall when they encounter 
poly(A) (Figure 14d). Biochemical and structural approaches in mammalian systems solved the 
structure of the ribosome translating a poly(A) stretch. In this work, they showed that poly-lysine, 
encoded by poly(A) favors a consequent rearrangement of the conformation at the decoding 
center. The reconfigured decoding center clashes with incoming aminoacyl-tRNA, thereby 
preventing elongation310. In addition, limitation of some amino acids can cause ribosomes to stall 
during elongation (Figure 14c). A recent study described that a selective loss of arginine tRNA 
charging regulated translation through ribosome pausing at two of six arginine codons (Figure 
14b). However, limitation for leucine, resulted in little or no ribosome pausing. These 
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observations reflect an amino acid- and codon-specific stalling effect in elongation311. Other 
features such as charge and structure of the nascent polypeptide, slow release of ribosomes at 
the stop codons were identified as causes of ribosomes pausing and stalling312,313. Interestingly, 
the eukaryotic initiation factor 5A (eIF5A), the sole protein in the eukaryotic proteome to undergo 
the post-translational modification known as hypusination314, presents important function during 
translation elongation. Indeed, it was described to affect the elongation of poly-proline motifs315. 
Once present in a protein, a poly-proline stretch could slow down elongation, creating a ribosome 
stall. In this case, eIF5A recognizes the stalled conformation and the hypusine residue can reach 
the PTC, therefore stabilizing the prolines and facilitating the peptide-bond formation316. 
Recently, eIF5A function in elongation was also confirmed in mammalian cells317.  

 

*Ribosome-associated protein quality control (RQC) 
 
Faithful interpretation of the genetic code is essential to generate functional protein products, 
participating in all areas of cellular physiology318. Hence, every step of protein production is 
subject to quality control to degrade aberrant mRNAs319, detect mutant or damaged rRNAs and 
ribosomes320, ensure appropriate tRNA amino-acylation321, monitor the kinetic proofreading 
during codon-anticodon recognition322 and ensure the proper folding of nascent polypeptides 
during and after protein synthesis323.  
 

Figure 14: Factors that influence translation elongation. Adapted from293. 

a                                                             
 
 
 

b                                                             
 
 
 

c                        d                                           
 
 
 



INTRODUCTION                                                                             Chapter 2. mRNA translation 

 40 

Particularly, stalling of ribosomes results in the production of truncated polypeptides with 
deleterious effects on cells, which in eukaryotes, are eliminated by a dedicated surveillance 
mechanism known as ribosome-associated protein quality control (RQC). The RQC consists of 
two sequential steps, each sensing a unique defect. During the first step of ribosomal rescue, 
ribosomes stalled at the mRNA 3’ end are sensed by Hbs1 in yeast (or HBS1L and GTPBP2 in 
mammals) and Dom34 (pelota (PELO) in mammals). In addition, recognition of stalled 
ribosomes can involve the E3 ubiquitin-protein ligase Hel2/ZNF598, Asc1/RACK1 and Slh1. 
Then, Rli1 (ATP-binding cassette protein subfamily E member 1 (ABCE1) in mammals) is 
recruited by Dom34/PELO, leading to the separation of the 40S and 60S ribosomal subunits. 
With the rescue reaction, released 40S ribosomal subunits can be recycled, and the truncated 
mRNA is degraded by the 5’-3’ exoribonuclease Xrn1 and the exosome complex to repress 
mRNA translation and keep low levels of proteins. Another product of the rescue reaction is the 
aberrant 60S subunit attached to an obstructing nascent-chain-tRNA conjugate. Sensing of the 
obstructed 60S ribosomal subunits is mediated by the RQC complex subunit Rqc2 (NEMF in 
mammals) that recruits E3 ligase Ltn1/listerin and stabilizes its binding to the 60S. Then, the 
ubiquitin (Ub) chain is polymerized by Ltn1 on the nascent polypeptides. This signals the 
recruitment of the AAA ATPase Cdc48 (VCP or p97 in mammals) and its cofactors. This 
recruitment also involves the Rqc1 subunit of the RQC complex. Finally, Cdc48 extracts nascent 
polypeptides from the 60S subunit and delivers them to the proteasome for degradation. This 
occurs after these polypeptides have been released from the conjugated tRNA by Vms1 
(ANKZF1 in mammals), which is a paralog of eRF1324 (Figure 15). 

Figure 15: The detailed steps of the ribosome-associated protein quality control (RQC) pathway. From324. 
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1.2.3.3 Regulation of translation termination  
 

§ Regulation of translation termination by trans-acting factors: 

Translation termination can be regulated by various trans-acting factors. Numerous observations 
suggest that NMD (i.e., the surveillance mechanism of destruction of mRNAs harboring 
premature termination codons (PTCs)325) factors influence termination, possibly in an organism-
specific manner. For instance, ATP hydrolysis by UPF1 is important for efficient termination at 
PTCs in yeast326, whereas human UPF1 does not appear to bind eRF1 and eRF3a directly and 
had no effect on termination327. eIF5A can also affect the termination, as ribosome profiling in 
eIF5A-depleted S. cerevisiae showed impaired termination328. In addition, retroviral reverse 
transcriptase (RT) of Moloney murine leukemia virus (MoMLV) interacts with the C-terminal 
domain of eRF1, occluding the binding of eRF3 to eRF1 and thereby promoting stop codon read-
through329 (see below). 
 

§ Regulation of termination by cis-acting RNA elements:  

Stop codon read-through is the phenomenon that a ribosome goes past the stop codon of a 
transcript and continues translating in the same frame, adding a peptide extension to that 
instance of the protein. Although, it can alter the protein function, it can be beneficial under 
certain circumstances330. Readthrough depends on particular mRNA sequences and structures 
that can be located close to the stop or lying hundreds of nucleotides downstream from it331. For 
example, in murine leukaemia virus (MLV), a pseudoknot downstream from the gag stop codon 
can promote read-through332. Although read-through is common in viruses as it increases 
functional versatility in their compact genome, a handful of eukaryotic wild-type genes were 
shown to exhibit this process333. In the case of the Drosophila hdc stop codon, an 80-nucleotide 
long sequence downstream of UAA can form a secondary structure that can function in 
heterologous mRNAs. This readthrough is necessary for hdc function as a branching inhibitor 
during tracheal development334. Vascular endothelial growth factor-A (VEGFA) mRNA in 
mammalian endothelial cells can also undergo programmed translational read-through (PTR) to 
generate VEGF-Ax. A cis-acting element in the VEGFA 3’UTR directs the PTR. In addition, 
heterogeneous nuclear ribonucleoprotein (hnRNP) A2/B1 binds this element and promotes the 
read-through335. 
 

§ Regulation of translation termination by post-translational modification: 

Components of the translation termination apparatus can be post-translationally modified to 
regulate the termination of translation, but functional consequences of these modifications 
remain largely uncharacterized. For instance, a study showed that an uncharacterized JmjC 
2OG oxygenase, Jmjd4, optimizes translational termination via lysyl hydroxylation of the stop 
codon recognition domain of eRF1336. 
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1.2.4 Alternative translation initiation mechanisms  
 
Although eukaryotic mRNAs were historically known to rely exclusively on cap-dependent 
translation, there is now emerging evidence that they also undergo non-canonical modes of 
translation initiation337. 
 

§ Translation of H4 mRNA by tethering mechanism:  

Histones are very conserved proteins in the eukaryotic kingdom, massively produced during the 
S phase of cell cycle. Their 5’UTRs are very small, ranging from 20 to 60 nt, with the mouse 
histone H4-12 presenting a 9 nt 5’UTR and their 3’ end lack a poly (A) tail. Instead, they end in 
a highly conserved 26 nt sequence, containing a 16 nt hairpin structure recognized by the stem-
loop binding protein (SLBP)338,339. This structural organization do not conform to the conventional 
scanning-initiation model. Indeed, the ORF of Histone H4 mRNA harbors two structural elements 
critical for translation initiation: 1) the eIF4E-sensitive element (4E-SE) allowing the recruitment 
of eIF4E without the need of the cap and 2) the Three-Way Junction (TWJ), located 19 
nucleotides downstream from the AUG codon and sequestering the cap by forming a Cap-
Binding Pocket (CBP). Therefore, Histone H4 mRNA adopted a ribosome tethering mechanism, 
combining canonical features (cap-dependent) and viral strategy (lack of scanning)340. The 
interaction between an AGG triplet located upstream of the TWJ and the loop of eukaryotic helix 
h16 of the 18S ribosomal RNA leads to the correct positioning of the AUG codon in the P-site, 
but also stabilizes the 48S binding on this codon340 (Figures 16a,b).  

 
§ Translation by 3’ cap independent translation elements (3’CITEs) in plant RNA 

viruses: 

Another example of atypical translation initiation occurs in the plant viral mRNAs harboring 
3’CITEs. Cap independent translation elements (CITEs) have been identified in the 3’ ends of 

Figure 16: Histone h4 mRNA localization on the 80S ribosome. (a) Overview of the h4/80S complex stalled in 
the pre-translocation state. h4 and eEF1A are in red, A/T-site tRNA in magenta, P-site tRNA in green, 60S ribosomal 
subunit in blue and 40S ribosomal subunit in orange. (b) Localization of h4 mRNA between the tip of ribosomal 
helix h16 and proteins eS3 and eS10. TWJ: Three-Way Junction. From340. 
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members of the Tombusviridae and Luteoviridae plant virus families lacking both 5’ cap and 3’ 
poly(A) elements. To date, seven different classes of 3’CITEs have been categorized, based on 
their different RNA structures: 1) Translation Enhancer Domain (TED), 2) Barley Yellow Dwarf 
Virus (BYDV)-like element (BTE), 3) Panicum mosaic virus-like Translational Enhancer (PTE), 
4) T-Shaped Structure (TSS), 5) I-Shaped Structure (ISS), 6) Y-Shaped Structure (YSS) and 7) 
CXTE341 (Figure 17). They generally regulate the formation of the translation initiation complex 
(TIC) by various mechanisms. The eIFs bound to the viral 3’CITEs are thought to be brought to 
the 5’end of translation initiation complex by a “kissing-loop” interaction, based on sequence 
complementarity between the 3’CITE and the 5’end341. Some 3’CITEs bind eukaryotic translation 
initiation factors. For example, BTE interacts with eIF4G342 and PTE with eIF4E343. 
 

 
§ Translation regulation by adenosine methylation (m6A): 

RNA molecules undergo a vast number of modifications. N6-Methyladenosine (m6A) has been 
considered as the most abundant mRNA internal modification, regulating multiple steps of gene 
expression, including splicing, export, stability, and translation344. The mechanisms by which 
m6A regulates the translation are dependent on the binding of reader proteins to protein factors 
implicated in the translation and m6A modification locations in different RNA regions. 
Interestingly, the m6A reader protein, human YTHDF1, directly promotes the translation of 
methylated mRNAs, as YTHDF1 knockdown led to reduced translation efficiency of its target 
transcripts345.  
In vitro reconstitution approaches and translation assays showed that mRNAs containing m6A 
in their 5’UTRs are translated in a cap-independent manner, through a direct binding of 
eukaryotic initiation factor 3 (eIF3) to nucleotide m6A, allowing the recruitment of the 43S 
complex in the absence of eIF4E346. However, when present in the mRNA coding sequence, 
m6A modifications induce aberrant tRNA selection, therefore causing a reduction in elongation 
dynamics347.  

Figure 17: 3’CITE translation initiation used by plant RNA viruses. Lighter-shaded loops of 3’CITEs structure 
show sequences known or predicted to base-pair to the 5’end of the plant viral genome. ISS: I-Shaped Structure, 
TED: Translation Enhancer Domain, BTE: Barley Yellow Dwarf Virus (BYDV)-like element, PTE: Panicum mosaic 
virus-like Translational Enhancer, YSS: Y-Shaped Structure. Adapted from710. 
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§ Translation initiation mediated by eIF3: 

The eukaryotic initiation factor 3 (eIF3) is the largest and most complex eukaryotic initiation factor 
(800 kDa, approximately), comprising 13 subunits (eIF3a-m). eIF3a, eIF3b and eIF3c were 
conserved through evolution, whereas eIF3e, eIF3f and eIF3h were not. This protein is important 
in translation initiation and termination, and in ribosomal recycling. Therefore, its deregulation is 
associated with different pathological conditions, including cancer348. eIF3 is a multitasking factor 
coordinating the progress of most of the initiation steps, including scanning, start codon 
recognition, and termination349.  
Interestingly, several studies described non-canonical roles of eIF3 in translation. For instance, 
the m6A reader, YTHDF3, can join YTHDF1-eIF3 complex through its binding to YTHDF1 and 
promote the translation350. In addition, the m6A writer METTL3 forms a complex with eIF3, 
augmenting the translation of some mRNAs involved in tumor progression and apoptosis351. 
 

§ Translation regulation of circular RNA (circRNA): 

Circular RNAs (circRNAs) are closed noncoding RNAs, without 5’ and 3’ ends, that can regulate 
gene expression by associating with RNA binding proteins and miRNAs. They are usually stable 
because of their resistance to the degradation mediated by exonuclease and can be translated 
into proteins352. At first, circRNAs were thought to be noncoding. However, recent studies are 
suggesting their association with polyribosomes IRES elements and m6A modified nucleotide 
sequences for cap-independent translation initiation. Indeed, circRNAs with IRES, such as 
circZNF609, can be associated with polyribosomes and generate proteins by IRES-mediated 
translation mechanisms353 (Figure 18a). Moreover, circRNAs bearing the m6A motif “RRACH” 
(R = G or A; H = A, C or U) in their 5’UTRs can associate with YTH domain family protein 3 
(YTHDF3; m6A reader) and recruit the translation initiation complex to initiate the translation354 
(Figure 18b). 

a  
 
 
 
 
 
b                                     
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Figure 18: CircRNA in cap-independent translation. (a) CircRNAs with IRES or (b) with m6A modifications that 
associate with YTHD3, recruit translation initiation complex to initiate the translation. CircRNA: circular RNA, IRES: 
internal ribosome entry site. From352. 

§ Translation by internal ribosome entry site (IRES): 

Internal ribosome entry site (IRES) elements are one of the cap-independent mechanisms, 
responsible for 3-5% of all translation initiation events355. They were discovered originally in the 
late 1980s, in 5’UTRs of Poliovirus (PV) and encephalomyocarditis virus (EMCV); two 
picornavirus family members targeting the host translation factors to shut down its translation238.  
 
Later, cellular IRES mRNAs were discovered. They function when canonical cap-dependent 
translation is compromised under many physiological, pathophysiological and stress conditions. 
Such conditions include endoplasmic reticulum (ER) stress, hypoxia, nutrient limitation, mitosis, 
and cell differentiation. Cellular IRESs structures are complex and include stem loops and 
pseudoknots. Nevertheless, no common sequence and/or structural motifs have been detected 
among them. Cellular IRESs can be located in the 5’UTR, downstream of the initiation codon or 
in the coding regions of the message and are likely to interact with components of the 
translational machinery (IRES-trans-acting factors (ITAFs), canonical initiation factors, and 40S 
ribosomal subunits)356.  
 
There has been an increased focus on viral IRESs, which can be classified into four 
types/classes based on their eIFs recruitment, their structure, and their mode of action. 
 

- Type 1: PV IRES is the best characterized among the type 1. The PV 5’UTR is 743 nt-
long, with the first 100 nucleotides being a cloverleaf (CL) structure required for replication 
of both positive and negative viral RNA strands. It also contains RNA structural elements 
that have been grouped into six domains (I–VI). PV IRES requires all the eIFs except 
eIF4E to assemble the PIC upstream of the coding region238. The PV RNA genome 
encodes a viral protease 2A that cleaves eIF4G, leading to the loss of the eIF4E-binding, 
thereby inhibiting cap-dependent translation357. An AUG codon, at positions 586-588 is 
the ribosome entry site. Then, the ribosome scans the RNA to reach a second AUG codon 
at position 743 and initiates the translation. PV IRES also requires another ITAF, PCBP2, 
a viral replication and translation trans-acting factor358 (Figure 19a). 
 

- Type 2: IRESs from type 2 are found in Picornaviridiae family in the genera of Cardiovirus, 
such as encephalomyocarditis virus (EMCV), and Aphtovirus such as foot and mouth 
disease virus (FMDV). IRESs of these two viruses have a comparable size (439 nt for 
EMCV and 445 nt for FMDV) and same domain organization (domains I-V), whereas their 
nucleotides sequences are not identical359,360. Domain I is required for viral replication. 
Domain II contains a pyrimidine tract, recruiting PTB in EMCV and FMDV IRESs, and 
Domain III encompasses two conserved motifs GNRA and RAAA required for IRES 
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structural and functional organization238. Both IRESs have two in-frame AUG codons: 
EMCV only uses the second AUG for translation initiation, but FMDV uses both361. IRESs 
of this type are independent of eIF4E and do not require further scanning step242 (Figure 
19b). 
 

- Type 3: Type 3 IRESs were described in the Flaviviridae family-like hepatitis C virus 
(HCV), classical swine fever virus (CSFV) and some members of the Picornaviridae, such 
as porcine teschovirus and porcine enterovirus 8 (PEV8) or simian virus 2 (SV2)362. HCV, 
belonging to the Flaviviridae family, is the best characterized member of this type. Its 
5’UTR is highly conserved and contains four domains (I-IV)363. Domain I contains two 
binding sites for miR-122, activating HCV replication364. Domain II is a long hairpin 
encompassing two subdomains: IIa containing a multinucleotide bulge hinge and IIb 
harboring an E motif internal loop and the apical hairpin365. Domain III is more structured 
with six subdomains (a-f). Domain IV is a stem loop structure containing the AUG start 
codon and is unfolded when the IRES is located in the ribosomal mRNA channel. IRES 
spans domain II and III, orchestrating the 40S recruitment. After this recruitment, the HCV 
IRES interacts with eIF3, which itself interacts with the ternary complex, leading to the 
formation of the 48S238. Interestingly, HCV translation does not require scanning, 
suggesting that eIF3 may have a role of “mediator” of translation238,366 (Figure 19c). 
 

- Type 4: The Dicistroviridae family contains in its viral genome two open reading frames 
(ORF1 and ORF2). Translation from the second ORF is driven by an IRES, localized 
between the two ORFs, in the intergenic region (IGR). Type 4 IRESs are found exclusively 
in the IGR of the Dicistroviridae family. Therefore, they are called IGR. These IRES 
present a simple mode of action238. Indeed, i) they do not need any eIFs, ii) do not use 
the initiator Met-tRNAMet and iii) they initiate translation on a non-AUG start codon367–369. 
The most characterized member in this type is cricket paralysis virus (CrPV) but others 
have also been investigated such as Platia Stali instestine virus (PSIV), or Taura 
syndrome virus (TSV). CrPV IRES harbors three domains, each domain containing an 
essential pseudoknot structure named PKI, PKII, and PKIII. Domains I and II are required 
for ribosome recruitment. Domain III containing the pseudoknot PKI, is important for 
efficient translation initiation as PKI mimics a codon-anticodon complex to establish the 
correct reading frame in the viral messenger upon interaction with the ribosome238 
(Figure 19d). 
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1.2.5 Ribosomes  
 
1.2.5.1 Ribosome’s structure and organization 
 
In the 1950s, George Palade first described the ribosome, when he observed dense intracellular 
particles using electron microscopy (EM). Then in 1974, he was awarded the Nobel Prize for this 
discovery, along with Albert Claude and Christian de Duve370.  
At the simplest level of description, the ribosome is a ribonucleoprotein assembly that 
synthesizes the proteome in all living cells. It consists of two unequal subunits: the large subunit 

Figure 19: Translation initiation mediated by IRES. The four types of IRES use different mechanisms, based on 
non-canonical interactions with eukaryotic initiation factors (eIFs) and/or 40S subunits. (a) Type 1, (b) Type 2, (c) 
Type 3, (d) Type 4 IRESs. IRES: internal ribosome entry site. From242. 

a                                                             b 
 
 
 
                                     
 

c                                                            d 
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(LSU) and the small subunit (SSU), in which the former is about twice the size of the latter371. 
Ribosome components size is given in Svedberg units (S), which is a measure of the rate of 
sedimentation during centrifugation370. Ribosome subunits contain ribosomal RNA (rRNA) and 
ribosomal proteins (RPs)372. Functionally, LSU, which houses the peptidyl transferase center 
(PTC), catalyzes the formation of peptide bond, whereas SSU serves as the decoding center to 
bring together mRNAs and tRNAs in order to translate the genetic code373.  
Despite its universality, the compositions of the subunits of different species are not identical 
(Figure 20). Specifically, the 40S subunit (SSU) of eukaryotes comprises 18S rRNA and 33 
different RPs (referred to as RPS or S), while the 60S subunit (LSU) contains 5S rRNA, 5.8S 
rRNA, 25S/28S rRNA, and 46 (in yeast)/47 (in human) RPs (referred to as RPL or L). Together, 
40S and 60S subunits constitute the 80S ribosome, which ranges in size from 3.5 MDa in lower 
eukaryotes to 4.0 MDa in higher eukaryotes371,374. In contrast, ribosomes from bacteria and 
archaea consist of a large (50S) (containing 23S and 5S rRNAs) and a small (30S) subunit 
(containing a 16S rRNA), which interact with 60-70 RPs375. Together, they constitute the 70S 
ribosome of approximately 2.5 MDa374.  

Figure 20: Composition of bacterial and eukaryotic ribosomes and the common core. The common core is 
formed by RNA (light blue) and proteins (light red) and is shared between bacterial and eukaryotic ribosomes. Both 
extensions and insertions in conserved proteins are presented in red and extension segments in ribosomal RNA 
are in blue. Dashed lines around the core show positions of flexible stalks of the ribosomes. The yeast 80S structure 
is shown in gray (instead of the human ribosome structure) and the dashed lines indicate the positions of human-
specific long rRNA expansion segments. From376. 
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Despite the conservation of many ribosome components across the three kingdoms of life 
(Bacteria, Archaea and Eukarya), their composition varies considerably between them, reflecting 
the functional divergence of ribosomes. Indeed, throughout evolution, the ribosome has 
encountered a concomitant increase in both size and complexity. Apart from the core, which 
refers to structurally conserved part of 70S ribosomes (from T. thermophilus and Escherichia 
coli) and 80S ribosomes (from S. cerevisiae), each of the ribosomes contains its own set of 
specific moieties376 (Figure 20). 
 
Remarkable advances have been made in full-ribosome crystallography, which helped 
researchers to better understand ribosomal complexes and their functions. As described 
previously, the 70S and 80S ribosomes are asymmetric assemblies. Each ribosomal component 
is present in the ribosome as a single copy, except for P-stalk proteins, presenting several 
copies. Early genetic data, corroborated by structural studies, demonstrated that the bacterial 
and eukaryotic ribosomes share a common structural core, consisting of 34 conserved proteins 
(15 in the small subunit and 19 in the large subunit) and approximately 4,400 RNA bases. This 
common core bears the major functional centers of the ribosomes, such as the decoding site, 
tRNA-binding sites and the peptidyl transferase center376. Besides this core, ribosomes from 
different species contains domain-specific proteins, insertions and extensions of conserved 
proteins and expansion segments of rRNAs. These rRNA and ribosomal proteins envelop the 
core from the solvent side and are therefore accessible for potential interactions with molecular 
partners377,378.  
 
The 30S and 40S ribosomal small subunits have similar structural landmarks known as the 
“head”, “body”, “platform” and “beak”. On the subunit interface, are located the mRNA- and the 
three tRNA-binding sites (A, P and E). The 50S and 60S subunits also share similar overall 
crown-like shapes, including the “central protuberance (CP)”, “L1-stalk” and the “L7/L12-stalk” 
(“P-stalk” in eukaryotes). As ribosomal proteins from Escherichia coli were the first to be 
described, their archaeal and eukaryotic homologues were assigned E. coli names:  
 

- Prefix “u” (for universal) designate ribosomal proteins shared in all three domains 
(bacteria, archaea, and eukaryotes).  

- Prefix “b” (for bacterial) designate bacterial proteins without eukaryotic homologues. 
- Prefix “e” (for eukaryote) designate eukaryotic proteins without bacterial 

homologues374,376 (Figures 21a,b). 
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Figure 21: Architecture of the 40S (left site) and 60S (right site) ribosome subunits with new protein 
nomenclature. (a) Interface and (b) solvent side views of the 40S and 60S subunits. Body: Bd, platform: Pt of 40S, 
central protuberance: CP. U: universal, e: eukaryote. From374. 
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b                                                    
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1.2.5.2 Ribosome biogenesis 
 
Ribosome biogenesis is a fundamental process providing cells with the molecular factories that 
are important for cellular protein production. It is one of the most energetically demanding of 
cellular activities, which comprises processing and folding of pre-rRNAs and their concomitant 
assembly with the ribosomal proteins (Figure 22).  
 

This process is tightly regulated according to the cellular environment; hence it is linked to 
cellular processes, including growth and cell division. Eukaryotic ribosome biogenesis relies on 
a large number (> 200) of non-ribosomal factors and the coordinated activity of all three RNA 
polymerases. The plethora of non-ribosomal factors include various families of energy-
consuming enzymes, notably ATP-dependent RNA helicases, AAA-ATPases, GTPases, and 
kinases379.  
 
Briefly, in mammals, Pol I transcribes the nucleolar ribosomal DNA loci, generating the 47S 
rRNA precursor (pre-rRNA). The latter is subjected to specific processing into three mature 

Figure 22: Representation of the different steps of eukaryotic ribosome biogenesis. Ψ: Pseudouridylation and 
m: 2’-O methylation of ribose. From380. 
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rRNAs: the 18S, 5.8S and 28S. Pol III transcribes the 5S and Pol II transcribes loci encoding 
ribosomal proteins of the large and the small subunits, as well as the snoRNAs, which are 
involved in adding modifications to rRNAs, such as pseudouridylation (Ψ) and 2’-O methylation 
of ribose (m). Subsequently, modified rRNAs are assembled with imported cytoplasmic 
ribosomal proteins (RPLs and RPSs) into the pre-60S (28S rRNA, 5.8S rRNA, 5S rRNA, and 
RPLs) and the pre-40S (18S rRNA, and RPSs). These pre-subunits are exported into the 
cytoplasm, where they are subjected to additional maturation and quality control steps, including 
the addition of the stalk structure for the 60S subunit and the formation of the beak structure for 
the 40S subunit. Before the subunits become competent for translation, they also undergo 
further quality control steps380 (Figure 22). 
 
1.2.5.3 Types of ribosomes and their localization 
 
Ribosomes are mainly located in the cytoplasm, where they can be 1) associated with the ER to 
facilitate the translation of luminal, secretory, transmembrane and a subpopulation of cytosolic 
proteins, or 2) free in the cytosol to synthesize cytosolic proteins381.  
 
Beyond these “cytosolic eukaryotic ribosomes”, additional ribosomes were found within 
semiautonomous eukaryotic organelles of bacterial ancestry: mitochondria (ribosomes are 
referred to as “mitoribosomes”), as well as chloroplasts (ribosomes are referred to as 
“chlororibosomes”) for the Archaeplastida kingdom382. Specifically, mammalian mitoribosomes 
sediment as 55S particles, with mitochondrial rRNAs transcribed from mtDNA genes. They are 
constituted of a 28S small subunit (mtSSU), formed by a 12S rRNA and 29 mitoribosomal 
proteins (MRPs), and 39S large subunit (mtLSU), formed by a 16S rRNA and 50 MRPs383.  
 
Mitoribosomes primarily locate in the matrix of the organelle and are attached to the inner 
membrane to facilitate co-translational insertion of highly hydrophobic nascent polypeptides. 
They are essential for the synthesis of polypeptides, predominantly implicated in facilitating ATP 
production aerobically and oxidative phosphorylation. Owing to evolution, mitoribosomes differ 
in composition, function, and structure from ribosomes of their bacterial ancestors, but also 
among different species. Interestingly, they have been involved in human pathologies, including 
cardiomyopathies and developmental abnormalities, cancer, and hearing loss384.  
 
1.2.5.4 Ribosome heterogeneity  

As we described previously, gene expression can be regulated at multiple levels (transcription, 
splicing, translation, mRNA and protein stability). Analysis of ribosome occupancy, mRNA and 
protein levels by genomics and proteomics technologies revealed that protein abundance is 
better predicted by ribosome occupancy than by transcript expression levels385. This suggests 
that translational control has an important role in the regulation of gene expression, particularly 
of a plethora of mRNAs underlying tissue-specific developmental processes386. Furthermore, we 
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have already described that translational regulation is an area of intense research that can be 
regulated through diverse mechanisms, including proteins binding to UTRs, uORFs and RNA 
structures within the mRNA.  

Interestingly, recent work revealed that the ribosome itself has become a part of this regulatory 
system. Indeed, although ribosomes have been considered as uniform molecular factories with 
little regulatory capacity, an exciting literature on functional ribosome heterogeneity is extending 
rapidly. Thus, functional ribosome heterogeneity is defined as “variations in ribosome 
composition that influence its activity, thereby changing the output of translation”290. This results 
in the generation of “specialized ribosomes”, which comprise specific protein and/or rRNA 
components and are tailored to translate specific groups of mRNAs387. Cell investment in 
translational regulation through ribosome modification could be beneficial. Indeed, this layer of 
translational regulation has the advantage to occur extremely quickly, while transcriptional 
regulation occurs within minutes. It can also allow the generation of different cellular outputs, 
depending on different stimuli290.  

The conceptual origins of ribosome specialization can be traced back to the 1950s, when Palade 
observed differences in ribosome size and shape and when Francis Crick discussed his “one 
gene-one ribosome-one protein” hypothesis. Later in 2002, the theory of “ribosome filter 
hypothesis” emerged. This model considers ribosomal subunits as regulatory elements or filters, 
which mediate interactions between specific mRNAs and components of the translation 
machinery, resulting in differential rates of mRNA translation388. It was then proposed the 
existence of a “ribosome code”, analogous to “histone code”, based on the discovery that 
different ribosomal proteins paralogs have distinct roles in specific translation regulation389. After 
the emergence of the concept of “specialized ribosomes” in 2011, numerous studies have 
identified different heterogeneous ribosomes across multiple species and model systems387 
(Figure 23). 

Six sources of generating ribosome heterogeneity have been described: 1) substitution of RP 
paralogs, 2) differential stoichiometry of RPs, 3) ribosome associated factors, 4) post-
translational modification of RPs, 5) rRNA variation and 6) rRNA modifications387 (Figure 24). 
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Figure 24: Schematic representation of different types of ribosomes heterogeneity. RP: ribosomal protein. 
From387. 

 

Figure 23: Timeline of evolution of the concept of specialized ribosomes. From387. 
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§ rRNA heterogeneity: 

The best example of rRNA heterogeneity was shown with the malaria parasite Plasmodium, 
expressing three different forms of rRNA over different phases of its life cycle390. rRNA 
heterogeneity can also arise from ribosome biogenesis (see Figure 22). In eukaryotes, the 5.8S, 
18S, and 28S rRNA are processed from a single transcript, whereas the 5S is transcribed 
separately. Interestingly, rDNA loci are present in many hundreds of copies and different rRNA 
variant alleles can be expressed, which provides a source of ribosome heterogeneity391. 

Another layer of ribosome heterogeneity can be resumed by eukaryotic rRNAs expansion 
segments (ESs), which exhibit high sequence and length variability between species392 and 
tissues393. A study reported that the maternal-type of 5.8S, 18S, and 28S rRNA sequences of 
zebrafish embryos, differ from those of the somatic-type. In addition, in silico analyses suggested 
that expansion segments (ES) in 18S rRNA, may interact preferentially with specific mRNA 
genes394. This would be a classic case of the regulatory model put forth by the ribosome filter 
hypothesis. Another study on ribosome-mRNA interaction showed that large expansion 
segments 7, 15, and 27 of human 28S rRNA present much higher density and numbers of mRNA 
matches than in other 28S rRNA parts395. Moreover, a structural report revealed an interaction 
between ES9S, on the 40S small ribosomal subunit and Hoxa9 5’UTR IRES-like element396. 
These experiments showcase the critical importance of mRNA-rRNA binding for accurate 
translational control.  

Strikingly, rRNA can be post-transcriptionally modified, which constitutes another prominent 
source of ribosome heterogeneity. The two most abundant modifications that account for 90% 
of all rRNA modifications in human ribosomes397 are: i) 2’-O-methylation (2’-O-me) of ribose 
(which can occur on any nucleotide) and ii) pseudouridylation (Ψ) (the isomerisation of uridine 
to pseudouridine). These 2’-O-methylations and pseudouridines are mostly installed by 2 
classes of small nucleolar (sno)RNPs, termed C/D box snoRNAs (SNORDs) and H/ACA box 
snoRNAs (SNORAs), respectively398. Other identified rRNA modifications include acetylation 
and methylation of the nucleotide base. rRNA modifications distributions are not random and 
most of them occur in conserved regions of the two ribosomal subunits, which imply their 
influence on the structure and the function of the ribosome399. Indeed, recently, RiboMeth-seq 
demonstrated that dynamic changes in rRNA 2’-O-methylation in human cells, at distinct sites, 
occur in response to upstream signaling pathways, such as MYC oncogene expression400. In 
addition, Dyskerin (a pseudouridine synthase) mutation or knockdown resulted in reduced 
translational fidelity and IRES-mediated translation in yeast and mammalian cells401. Whilst 
these modifications are a clear source of ribosome heterogeneity, the precise mechanisms by 
which they may influence ribosome function remain unknown. 

Finally, a growing number of evidence suggests that cancer cells harbor a specialized class of 
ribosomes, “onco-ribosomes”, that confer preferential translation of oncogenic and prosurvival 
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genes, modulating cellular functions under cancer progression402. While mutations in ribosomal 
protein (RP) genes (e.g., RPS15 (uS19) C’-terminal mutations in chronic lymphocytic 
leukemia403) are known drivers of oncogenesis, oncogenic rRNA variants have been shown to 
be implicated in the tumorigenesis. Babaian et al., identified a cancer-specific single-nucleotide 
variation, affecting more than 45% of patients with colorectal carcinoma (CRC), in 18S rRNA at 
nucleotide 1248.U, at the decoding core of the ribosomal peptidyl (P) site. Particularly, this is the 
site of a conserved RNA modification, 1-methyl-3-α-amino-α-carboxyl-propyl pseudouridine 
(m1acp3Ψ). Therefore, a subset of CRC tumors is called hypo-m1acp3Ψ, unlike normal control 
tissues404. 

§ RP heterogeneity:  

Although the catalytic functions of the ribosome are conducted by the rRNA, most ribosomal 
proteins (RPs) are essential for its function: some RPs promote structural integrity, others 
present important roles in the binding of initiation, elongation, and release factors. However, 
functions of most RPs remain unclear290. Multiple studies have shown that varying the 
complement of core RPs can give rise to the formation of heterogeneous ribosomes. Indeed, 
ribosomes lacking specific RPs are present in cells. For instance, RP content from mouse 
embryonic stem cells (ESCs) varied in ribosomes isolated from distinct translational pools405. In 
addition, RNA regulons embedded in Homeobox (Hox) 5’UTRs facilitate ribosome recruitment 
and require RPL38 for their activity406. This study provided strong evidence that this regulation 
relied on RPL38’s presence on the ribosome, which is important in lending support to the 
specialized ribosome hypothesis, as some RPs act in an extra-ribosomal capacity407. IRES 
translation can also be mediated by specialized ribosomes. In yeast and mammalian cells, 
RPS25 from the 40S subunit is essential to initiate translation from two viral IRESs: CrPV and 
HCV408. Subsequent work showed that cells lacking RPS25 present defective initiation from 
certain cellular IRESs409. 

Eukaryotic genome duplication created paralog pairs of RPs, showing high sequence 
similarity/identity but conferring vastly distinct effects upon cellular processes. Therefore, 
ribosomes can also be specialized through integration of different paralogs. Recently, a study, 
using translatome analysis, showed that yeast lacking RPL1b exhibited a downregulation of 
mitochondrial proteins, required for normal mitochondrial function. This function was not 
compensated by the paralogous RPL1a410. Another example is present in mice, where RPL22 
is thought to down-regulate the expression of its paralog, Rpl22l1411. Rpl22/eL22 knockout mice 
are viable but exhibit abnormal T cell development412, whereas knockout of its paralogue 
Rpl22l1/eL22l1 is embryonic lethal413. This suggests that different RPs are expressed at different 
times and places during development. Additional examples of RP paralog heterogeneity in 
vertebrates are discussed in414. 
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So far, we have focused on RPs with the understanding that they are present in equimolar ratio 
(1:1 ratio) on the ribosome; implying that a subset of ribosomes in the cellular pool exhibits the 
same incorporation of distinct RPs. However, P proteins which are highly acidic RPs, are present 
in the stalk of the 60S subunit, formed by a pentameric complex, with two copies of RPLP1 and 
RPLP2 heterodimers bound to the C-terminal region of RPLP0415. Disrupting ribosomal P 
complex in human cells leads to stress-induced autophagy416.  

Another layer of heterogeneity can be introduced by post-translational modifications of RPs. 
Proteomics studies have identified several modifications in yeast, Arabidopsis and human 
cells380. These modifications include acetylation, methylation, hydroxylation, phosphorylation 
and O-GlcNAc. However, the functional significance of modified ribosomes was less described. 
For many years, the most well-known RP modification was the phosphorylation of RPS6, but its 
functional relevance remains poorly understood417. One recent example is the link between the 
phosphorylation of RPS15 and the pathogenesis of Parkinson’s disease418. Another example of 
modulating protein synthesis is ubiquitination. Ribosomes with polyubiquitinated L28 present 
higher protein synthesis rate compared with ribosomes with monoubiquitinated L28419.  

Besides RPs and rRNAs composition, a plethora of factors can also bind to ribosomes and 
contribute to their heterogeneity. One of the most well-known ribosome-associated factors is 
FMRP that binds directly to ribosomes and translationally represses specific group of mRNAs 
by stalling ribosome translocation420. 

1.2.5.5 Ribosomopathies 
 
Ribosomopathies are heterogeneous disorders caused by mutations in RP genes, rRNA 
processing genes, or ribosome biogenesis factors, leading to haploinsufficiency of the protein 
concerned, therefore, impacting ribosome abundance, function, or both. They can be inherited 
or sporadic disorders289.  
 
These conditions typically manifest themselves in specific cell and tissue types, strengthening 
the idea that ribosome specialization has tissue-specific importance. The mechanism(s) through 
which these mutations lead to disease manifestations remain an area of discussion. As 
expected, modest reduction in overall protein synthesis have been documented in a majority of 
studies421. This may lead to the possibility that impaired translation of global or specific mRNAs 
in certain tissues gives rise to tissue-specific phenotypes422,423. Other studies have suggested 
that ribosomopathy phenotypes occur independently of effects on protein synthesis and are not 
a consequence of ribosome specialization. Instead, they can be attributable to aberrant p53 
activation. Recently, Mills et al. suggested a revised model (Figure 25) for tissue-specific 
phenotypes of RP mutations, governed by tissue-specific differences in the effectiveness of 
compensatory processes, rather than being simply and broadly explained by loss of specialized 
ribosomes or increased translation rates in affected tissues.  They suggested that p53 activation 
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arises after such compensatory processes are overwhelmed, mediating cell cycle arrest and 
apoptosis289.  
 
Examples of ribosomopathies include Diamond-Blackfan anemia (DBA)424, Shwachman-
Diamond syndrome425, Treacher Collins syndrome426, chromosome 5q syndrome427, North 
American Indian childhood cirrhosis428, and isolated congenital asplenia429.  

 

 
  
 
 
 
 
 
 
 

Figure 25: A revised model for tissue-specific phenotypes of RP mutations. RP mutations may cause allele 
silencing or defective ribosomes. Together these processes lead to translational dysfunction, involving reduced or 
normal global protein synthesis levels and failure to translate certain key mRNAs. The impact of this dysfunction is 
balanced in unaffected cells (left), by compensatory processes (pink ‘weights’), like allelic compensation and 
ribosome rescue. However, in affected cells (right) balancing mechanisms are overwhelmed. From289. 
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1.2.6 Methods of translatome profiling 
 
As there has been an appreciation for the role of translation in the regulation of gene expression, 
development of methods inferring the translatome (i.e., the entirety of mRNAs associated with 
ribosomes for protein synthesis) become mandatory. Here, we briefly review the four main 
methodologies for translatome analysis, with a focus on the ribosome profiling approach (Figure 
26). 
 

 

 

Figure 26: Main translatomic methods investigating the translatome. Overview of the principles of (a) polysome 
profiling, (b) ribosome nascent-chain complex-bound RNA sequencing (RNC-seq), (c) ribosome profiling and (d) 
translating ribosome affinity purification (TRAP). Translation ratio: TR, elongation velocity index: EVI, SSU: small 
subunit, LSU: large subunit. From431. 
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1.2.6.1 Polysome Profiling  

Polysome profiling, developed in the 1960s, is a technique of separation, based on sucrose 
gradient centrifugation, of actively translated mRNAs bound by several ribosomes (polysomes) 
from the “free” mRNA, the small (40S) and the large (60S) ribosomal subunits and the 80S 
monosomes. After sucrose gradient centrifugation and due to their density, mRNAs bound by 
more ribosomes sediment faster in the sucrose gradient, whereas free RNA and proteins float 
on the top of it430. The mRNAs in the fractions are then analyzed by northern blot or reverse-
transcription quantitative polymerase chain reaction, or on a global level using cDNA 
microarrays, or with RNA-seq. In addition, polysome profiling allows monitoring of proteins 
associated with translation machineries by immunoblot-blot analysis and/or proteomics431 
(Figure 26a). 

The technique was commonly used in studying translational changes. Indeed, analysis has been 
carried out to study diverse stress conditions and drug action. For example, it was used to 
investigate the translatome under different physiological conditions in yeast432, but also in 
mammalian cells to interrogate the response to diverse stress conditions, like apoptosis433, ER 
stress434, hypoxia435 and viral infection436. It also revealed that the antiproliferative effect of 
metformin is mediated by selective translational suppression of mRNAs encoding cell-cycle 
factors via the mTORC1/4E-BP pathway437. The main drawbacks of the polysome profiling 
include i) requirement of specialized and expensive equipment and large sample size, ii) 
contamination of polysomal fractions with non-ribosomal complexes and iii) necessity of more 
elaborate precipitation steps to isolate quality RNA for microarray/RNA-seq analysis430. 

1.2.6.2 RNC-seq 
 
Profiling of full-length translating mRNA, or ribosome nascent-chain complex-bound RNA 
sequencing (RNC-seq), may better reflect protein synthesis and abundance438. Briefly, the 
technique starts by loading of cell lysate on 30% cushion, then all the translating mRNA bound 
to ribosomes are separated from free mRNA and other cellular components by 
ultracentrifugation. Finally, the RNC-mRNA can be recovered from the pelleted sedimented 
RNC. Higher RNC recovery rate can be reached by optimizing the centrifugation and the sucrose 
cushion. The technical difficulty of RNC-seq consists of separation of intact RNC, as they are 
fragile, which may lead to ribosome dissociation and mRNA degradation, and therefore to 
subsequent biased analyses of RNC-mRNAs431 (Figure 26b). 
 
1.2.6.3 TRAP-seq 

Ribosome affinity purification (RAP) or translating RAP (TRAP) is a unique approach, allowing 
to evaluate translational regulation in a cell-specific manner439. It requires the generation of 
genetically modified cells/organisms that contain an affinity-tagged ribosomal protein of the large 
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60S ribosomal subunit. Cell specific incorporation of the tagged RPs can be directed by a tissue-
specific promotor, such as the Gal4-UAS system in D. melanogaster or the Cre-lox system in 
mice, which allows affinity tagging of the ribosomes of specific populations of cells. Cells are 
then collected and tagged ribosomes are purified by affinity selection (beads or columns), 
allowing capturing of only expressed ribosomes in the cells of interest. Finally, isolated RNA from 
the captured ribosomes can be quantitatively measured with qPCR, microarrays and/or RNA-
seq430,440 (Figure 26d). 

In comparison to ribosome and polysome profiling, TRAP does not require large amounts of 
starting material. Interestingly, ribosomes isolated by TRAP-seq should not be contaminated 
with non-ribosomal mRNPs, as the technique does not require ultracentrifugation. However, 
TRAP-seq is time-consuming, costly and needs a stably transfected cell line to produce tagged 
ribosomes. Additionally, expression of tagged ribosomes can alter their structure and properties, 
thus the system is no more under physiological conditions431. 

1.2.6.4 Ribosome profiling (RIBO-seq) 
 
Ribosome profiling, first described in 2009, is a deep-sequencing-based tool to monitor 
translation in vivo, at near nucleotide resolution309. The technique exploits the classical 
molecular method of ribosome footprinting and is based on deep sequencing of ribosome 
protected fragments (RPFs, i.e., footprints of ∼30 nucleotides) that persist after treatment of cell 
lysate with nuclease (typically, RNase I or micrococcal nuclease) (Figure 26c). This enables to 
define the exact location of translating ribosomes and to measure their densities along all RNA 
molecules present in a cell441.  
 
Ribosome profiling requires: 1) collection of a physiological sample, 2) inhibition of translation to 
freeze translating ribosomes, 3) nuclease digestion of ribosome-bound mRNAs, isolated by size, 
to generate RPFs, 4) isolation of ribosomes and ribosome footprints, 5) conversion of these 
ribosome footprints to a strand-specific library for next-generation sequencing and 6) mapping 
of these fragments to the appropriate reference genome441. 
 
Typically, ribosome footprints are characterized by precise positioning between the start and the 
stop codon of a gene. Changes in RPFs number can be used as a proxy to quantify translational 
regulation of the encoded protein. However, mRNA abundance of the transcript is likely to affect 
the probability of ribosome occupancy, and thus, translational regulation. This explains the 
importance of constructing parallel libraries of mRNA-seq for measuring mRNA abundance and 
determining the translational efficiency (TE) for each mRNA (Figure 27a). TE is defined as the 
number of ribosomes per transcript (i.e., the ratio of the RPFs over mRNA counts within a gene’s 
CDS). Therefore, differential translation efficiency genes (DTEGs), which are translationally 
regulated, are genes presenting changes in the number of RPFs independently of the changes 
in mRNA read counts between conditions (Figure 27c). However, differentially transcribed gene 
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(DTG), which are transcriptionally regulated, present concordant changes in RPFs and mRNA 
counts (Figure 27b). Beside DTEG and DTG, a gene can be regulated transcriptionally and 
translationally, thus, categorized as translationally intensified or buffered depending on the 
direction of the regulation442 (Figure 27d,e). 
 
Since the development of the technique by the Weissman lab in the yeast Saccharomyces 
cerevisiae309, it became widely adapted to different cellular systems and organisms, including a 
variety of bacteria, yeast, parasitic protozoa, zebrafish, flies, nematodes, mice, rats, plants, 
viruses to understand translational control under diverse conditions. For instance, ribosome 
profiling approach was used to: 
 

- study the translational control under oxidative stress or during yeast meiosis. 
- decipher translational response of mammalian cells to heat shock and proteotoxic stress. 
- investigate the impact of trans-acting factors (e.g., RBPs and miRNAs) on 

translation430,441. 

Furthermore, ribosome profiling allowed the discovery of valuable translational features such as 
uORFs, non-AUG initiation codons, novel coding transcripts, codon usage bias, translational 
pausing landscape, measurement of elongation rates and the study of co-translational folding431. 
However, notable weaknesses and caveats should be considered when using ribosome 
profiling. It is costly and requires a large amount of starting material. The technique mainly 
analyzes the CDS, leaving the UTRs, implicated in the regulation of translation, with no efficient 
analysis. Recently, variants of ribosome profiling, such as translation complex profiling (TCP-
seq) introduced in yeast443 and ribosome complex profiling (RCP-seq)444, have been introduced 
to capture footprints from all ribosome-associated mRNAs. Another drawback is the shortness 
of RPF sequences. This requires exaggerated sequencing throughput to obtain sufficient 
coverage of medium-abundance mRNAs431.  
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Figure 27: Transcriptional and translational regulation of gene expression. (a) Representation of the 
quantification of mRNA counts (using RNA-seq) and RPFs (using ribosome profiling). (b) Representation of 
differentially transcribed gene (DTG) with concomitant change in mRNA counts and RPFs and (c) differential 
translation efficiency gene (DTEG) with change in RPFs independent of change in mRNA counts, leading to a 
change in translation efficiency (TE). (d-e) Genes classification based on fold changes of RPF, mRNA, and TE. A 
gene can be either DTG, DTEG or both, based on the direction of change and can fall into one of the eight gene-
regulatory possibilities. sig: significant, n.s.: not significant, RPF: ribosome protected fragment. From442. 
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1.3 The endoplasmic reticulum (ER) 
 
The endoplasmic reticulum is a continuous membrane system present in all eukaryotic cells and 
serves multiple functions including calcium storage, protein synthesis and lipid metabolism. The 
diversity of ER functions is performed by distinct domains; consisting of tubules, sheets and the 
nuclear envelope, each of which is associated with a specific function or functions. As the ER is 
an important site in protein synthesis and folding, it is equipped with a brunch of surveillance 
mechanisms to prevent misfolded proteins from transiting the secretory pathway and to ensure 
that persistently misfolded proteins are associated with a degradative pathway. Moreover, these 
processes are regulated by an adaptative intracellular signaling pathway known as the unfolded 
protein response (UPRER), which permits an appropriate adaptation of cells to proteins 
alterations. In addition to its role in protecting the ER, the UPRER has been presenting emerging 
critical physiological roles outside the realm of protein misfolding.  
 
In this chapter, we will discuss several aspects of ER functions, structure and shaping and its 
contact sites with other organelles. Next, we will describe protein quality control systems 
associated with the ER, with a focus on the unfolded protein response signaling pathway. Finally, 
we will briefly cover some ER stress associated diseases, as well as UPRER modulating 
compounds. 
 
1.3.1 ER functions 
 
In 1902, Emilio Veratti made the most accurate description of a reticular structure in the 
sarcoplasm445. However, it took the scientific community another 50 years to rediscover the 
endoplasmic reticulum (ER). Since then, more advanced techniques, including three-
dimensional electron tomography and confocal fluorescence microscopy, have revealed that the 
ER is a single continuous membrane-enclosed organelle, which is among the most 
architecturally striking of all eukaryotic organelles. It has a remarkable complex structure made 
up of the nuclear envelope (NE) and the peripheral ER. The latter consists of a network of tubules 
and sheets spread throughout the cytoplasm. This dynamic structure has a biological 
significance as it serves many roles in the cell, such as translation, protein synthesis and folding, 
calcium storage and lipid metabolism446.  
 
1.3.1.1 ER function in translation, protein synthesis and folding 
 
There are two primary identified populations of ribosomes in eukaryotic cells: 1) free ribosomes 
dispersed through the cytoplasm, implicated in cytosolic protein synthesis, and 2) ER-bound 
ribosomes for protein synthesis of secreted and integral membrane proteins, but also of a 
subpopulation of cytosolic proteins447. Interestingly, considerable data now reveal multiple roles 
of the ER in mRNA translation, in addition of being a prominent site of mRNA localization (Figure 
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28). Indeed, half of all ribosomes and a similar fraction of the total mRNA are ER-associated in 
HeLa and HEK cells381. Moreover, ~75% of all cellular translation activity, in yeast, was found to 
be associated with the ER448. This indicates the magnitude of compartmentalization of mRNA 
translation to this structure. Therefore, the ER represents a biochemical environment (distinct 
from that of the cytosol) for translation, protein synthesis and folding, with numerous ER-
localizing- regulatory factors and translational components, such as: translational regulators, 
ribonucleases, and RNA-binding proteins447.  
 
The translation of mRNAs encoding secretory, or membrane proteins initiates in the cytosol, 
then the mRNA-ribosome complexes are recruited to the endoplasmic reticulum membrane, with 
simultaneous emergence of a topogenic signal. Targeting of the ribosome-mRNA-nascent 
polypeptide chain complex is directed via the signal recognition particle (SRP) (Figure 28a) that 
binds to the hydrophobic core domain of topogenic signals, early in translation449. Then, the 
emerging polypeptide can enter the ER through the translocon. However, ribosomes engaged 
in the translation of cytosolic proteins, lacking topogenic signals, remain in the cytosol. 
There is a confusing picture of ribosome binding to the endoplasmic reticulum. While SEC61 
was accepted as the only ribosome receptor450, substantial experimental evidence supports 
ribosome-binding activity for many ER proteins. One example of receptors is that of p180451, an 
ER membrane protein, identified as an important protein for both ribosome binding and protein 
translocation (Figure 28b,c). 
 
If the protein is destined to be an integral membrane protein, it will be anchored within the 
phospholipid bilayer where it remains, whereas proteins destined to enter the secretory pathway 
or the lumen of membrane-bound organelles, will be directed for transport452. In addition, 
following their protein synthesis and translocation into the ER lumen, secretory proteins undergo 
proper folding and modifications, including N-linked glycosylation, disulfide bond formation and 
oligomerization453.  
 
To protect themselves against the accumulation of misfolded and mistargeted proteins in the 
early secretory pathway, eukaryotic cells have developed extensive quality control processes 
that center on the endoplasmic reticulum. Canonical pathways include ER-associated 
degradation (ERAD) and ER-phagy454, as will be further discussed below (“1.3.5 Protein quality 
control systems of the ER”). 
Besides its role in protein synthesis, an emerging body of work demonstrated that the ER is also 
the central site for siRNA processing and silencing activity455 (Figure 28d). 
 
Overall, these studies reveal a fundamental role of the ER in mRNA translation for both secreted 
and non-secreted proteins, and that this membrane system is a critical hub of post-transcriptional 
gene regulation.  
 



INTRODUCTION                                                      Chapter 3. The endoplasmic reticulum (ER) 

 66 

 
Figure 28: The implication of the ER in RNA translation. (a) Cytosolic ribosomes are targeted to the ER via the 
signal recognition particle (SRP) pathway. (b) Many mRNAs, like those encoding secretory and cytosolic proteins 
undergo direct initiation on stably ER-bound ribosomes. (c) Shown are diverse ribosome receptors. (d) The ER is 
involved in miRNA-mediated silencing. From447 . 

1.3.1.2 ER function in lipid synthesis 
 
In addition to its role in protein synthesis, the ER is also a site for lipid biogenesis. It has key 
roles in membrane production, lipid droplet/vesicle formation and fat accumulation for energy 
storage. Lipid synthesis occurs at membrane interfaces and organelle contact sites (see below; 
“1.3.4 Membrane contact sites between ER and organelles”). Interestingly, the membrane 
structure of the ER changes regularly to adapt to the changing cellular lipid concentrations. The 
ER produces several types of lipids, such as phosphatidylcholine (PtdCho) and 
phosphatidylethanolamine (PtdEtn), as well as less abundant membrane lipids, such as 
phosphatidylinositol (PtdIn) and basic sphingolipid structures456. In addition, the ER ensures 
cholesterol homeostasis, as it contains the sterol regulatory element-binding protein family of 
cholesterol sensors457.  
 
1.3.1.3 ER function in calcium (Ca2+) metabolism 
 
Ca2+ binds to thousands of proteins, therefore it is involved in many intracellular and extracellular 
signaling networks, crucial for gene expression, protein synthesis, cell proliferation, 
differentiation, metabolism, and apoptosis458. The ER is the major store of intracellular Ca2+, thus 
it regulates Ca2+ levels, and reciprocally many ER functions are controlled in a Ca2+-dependent 
way459 (Figure 29a). The ER contains several calcium channels/pumps452 to regulate Ca2+ 
levels: 

- Inositol 1,4,5-trisphosphate (IP3) receptors (IP3R), responsible for releasing Ca2+ from 
the ER into the cytosol, when intracellular levels are low.   

- Ryanodine receptors (RyRs) that bind Ca2+ in response to increased cytoplasmic levels 
of Ca2+. 
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- Dyhydropyridine receptors (DHPRs), which are voltage dependent Ca2+ channels that 
activate RyRs, leading to Ca2+ release.  

- Sarcoendoplasmic reticular Ca2+ ATPases (SERCAs) that pump back Ca2+ into the ER.  
- STIM1 proteins cluster in regions of ER apposition to the plasma membrane, after the 

depletion of luminal Ca2+. At these regions, clustered STIM1 traps Orai1 subunits and 
assembles them into active Ca2+ release-activated channels (CRAC), allowing for uptake 
of extracellular Ca2+ into the ER lumen452 (Figure 29b). 

 
Figure 29: Homeostasis of Ca2+ in the ER. (a) The nascent polypeptide is translocated through the SEC61 pore. 
Chaperone assistance is provided by lectin chaperones such as calnexin (CNX) and calretculin (CRT), and the 
ATP-driven chaperone BiP (GRP78). Calnexin and calreticulin bind Ca2+ with high capacity. (b) Toolkit implicated 
in the ER Ca2+ homeostasis. IP3R: inositol 1,4,5-trisphosphate (IP3) receptors, RyR: ryanodine receptor, Ca2+: 
calcium. From460. 

1.3.2 ER structure 
 
The two major domains of ER are 1) nuclear envelope (NE) and 2) cytoplasmic cisternae and 
tubules, which form the interconnected peripheral ER. The NE is a distinct domain of the ER, 
made up of two flat ER membrane bilayers, which stack to form the inner and outer nuclear 
membranes (INM and ONM), separated by the perinuclear space (PNS)461. Various molecules, 
including RNAs and proteins, are transported through hundreds of nuclear pores spanning the 
ONM and INM of the NE. Many mechanisms go into shaping the nuclear envelope (NE), 
including linker proteins between the INM and the ONM, nuclear pores, and the cytoskeleton462. 
On the other side, the peripheral ER branches out of the ONM into the cytosol, all the way to the 
plasma membrane (PM), as an extensive network of cisternae and tubules (Figure 30). 
 

§ Peripheral endoplasmic reticulum domains:  

The peripheral ER is an interconnected network of two domains: flat sheet-like cisternae, and a 
polygonal array of tubules. An ER sheet presents a consistent luminal spacing of ∼30 nm in 
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yeast and 50 nm in animal cells and exhibits low membrane curvature463. In contrast, ER tubules 
are long cylindrical units, spread throughout the cytoplasm, with high membrane curvature in 
cross-section. The morphology of the ER was originally classified by electron microscopy, which 
found that sheets tended to be “rough” (due to the presence of membrane bound ribosomes), 
thus they form the rough ER (RER), whereas tubules were largely devoid of ribosomes and 
therefore “smooth”464, forming the smooth ER (SER). The SER is often more convoluted than 
RER that tends to be more granular in texture (Figure 30a). The RER performs functions 
associated to translation, translocation, post-translational modification, biosynthesis of 
membrane and secretory proteins and their folding465. However, the functions of SER are less 
understood, but they can be associated with several processes like lipid synthesis and signaling 
between the ER and other organelles463 (Figure 30b). Both sheet and tubular domains are 
present in all eukaryotes, but their relative amounts and organizations vary depending on cell 
type, which reflects the different functions of these cells463. For example, cells with high capacity 
to secrete proteins, such as pancreatic secretory cells and B cells are made up of sheets, 
whereas cells involved in lipid synthesis, calcium signaling and sites of contact for other 
organelles, such as neurons, muscle cells, and epithelial cells, possess an ER composed of 
tubules452.  
 
An additional configuration of the peripheral ER includes cortical ER, which refers to regions of 
the peripheral ER that are closely apposed to the plasma membrane (PM). This displays an 
intermediate phenotype between sheets and tubules, with regions that are flat and others with 
high curvature463. Interestingly, the cortical ER presents a hybrid ribosome density: there is no 
bound ribosomes on the side that faces the PM, whereas the side facing the cytosol has 
ribosomes466. These contact sites are very important for exchanging small molecules such as 
lipids and signals. For example, in budding and fission yeast, the ER is closely apposed to ∼40% 
of the PM466. Another example is that of muscle cells, having invaginations of the PM, called T-
tubules that are closely opposed to the ER. At these contact sites, calcium signaling occurs 
during muscle contraction467.  
Overall, it is evident that the type and amount of ER structures, as well as the ratios of these 
structures to one another, reflect the function of a particular cell type. Further studies are needed 
to uncover the signaling pathways that determine the biogenesis of each ER type in a specific 
cell type.  
 
Strikingly, recent super-resolution microscopy studies discovered the nanoscopic ER structures, 
characterized by 10- to 100-nm internal length scales. The four ER membrane nanostructures, 
imaged in considerable detail, include: 1) ER tubular matrices which are densely packed tubular 
arrays, previously thought of as flat sheets468 (Figure 31a), 2) ER sheet nanoholes that are 
circular dynamic pores of about 100 nm diameter, coexisting with uniform sheet regions469 
(Figure 31b), 3) internal membranes of ER Exit Sites (ERES) (Figure 31c), and 4) ER transport 
intermediates470. Recently, a common physical mechanism of shaping of all these currently 
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known ER nanostructures was proposed, based on two factors: 1) membrane curvature 
mechanisms and 2) ultra-low membrane tensions471.  
Taken together, these studies challenge the dogma that the peripheral ER consists only of two 
distinct morphologies (flat sheets and curved tubules), but they also help to address other key 
issues regarding ER function in healthy cells and during disease pathogenesis.  

Figure 30: Structures and functions of the endoplasmic reticulum (ER). (a) Subdivision of the ER in three 
domains: the nuclear envelope, the sheet-like ER, the tubular ER. The sheet-like ER rich in ribosomes is called rough 
ER, whereas the tubular ER with fewer ribosomes is commonly called smooth ER. The latter can elongate, fuse and 
branch inside the cell. (b) The diverse functions of the ER in the cell: calcium homeostasis, lipid and protein synthesis, 
quality control and degradation of proteins, cell trafficking and regulating the functions of other organelles, such as 
mitochondria. MAM: Mitochondria-associated ER membrane, SERCA: sarcoendoplasmic reticular Ca2+ ATPase, RyR:  
ryanodine receptor, IP3R: inositol 1,4,5-trisphosphate (IP3) receptors. From711. 

a  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
b              
 
 
 
 
 
 
 
 
 
 
 
 
                                                   
 
 
 
                                     
  



INTRODUCTION                                                      Chapter 3. The endoplasmic reticulum (ER) 

 70 

 
 

 
 
1.3.3 ER shaping and remodeling 
 
1.3.3.1 Formation of ER tubules  
 
Several proteins that promote ER tubules shape have been identified, perhaps the reticulon 
family of proteins (Rtns) is the most well-studied group of proteins472. The Rtns (four genes in 
mammals) contain a reticulon homology domain (RHD), composed of two tandem hydrophobic 

Figure 31: Nanoscopic level of organization of the ER. (a) Super-resolution imaging showing the peripheral ER, 
formed of densely clustered tubule-shaped structures. Upper right = an ER protein marker, lower left = internal cellular 
lipids, and upper left = electron microscopy reconstruction of tubular matrices. From712 . (b) ER sheet nanohole image 
showing confocal (left) and Stimulated Emission Depletion Microscopy (STED) of magnified boxed region (right) 
images of ER sheets and tubules in mammalian cells. From469. (c) Model showing the formation of Endoplasmic 
Reticulum Exit Sites (ERESs), and the distributions of COPII and COPI and ERES associated transport carrier. ERES 
are presented as intertwined tubules in continuity with the ER by a narrow neck. This tubular structure has a diameter 
of ∼350-390 nm, with COPII placed closer to the neck and COPI nearer to its rims, as these two proteins orchestrate 
the secretory pathway. When the secretory cargo is released into ERESs, their overall size is enlarged. From470. 

a                                                              b                
 
 
 
 
 
 
 
 
 
 
 
 
                                                   
 
 
 
                                     
  

c               
 
 
 
 
 
 
 
 
 
 
 
 
                                                   
 
 
 
                                     
  



INTRODUCTION                                                      Chapter 3. The endoplasmic reticulum (ER) 

 71 

segments. These proteins contribute to the bending of the membrane, which displaces lipids in 
the outer leaflet of the bilayer leading to curvature of the membranes. Overexpression of some 
reticulon isoforms leads to more ER tubules at the expense of sheets, whereas their deletion or 
depletion has the opposite effect473. Tubule promoting factors also include 1) proteins with 
tandem transmembrane hairpins (TMHs), such as ADP-ribosylation factor-like 6 interacting 
protein 1 (Arl6IP1) and family with sequence similarity 134, member B (FAM134B)474, 2) the 
small GTPase Rab10475, 3) members of the DP1/Yop1/REEP5/6 and 4) REEP1-4 family476. 
Interestingly, an amphipathic helix (APH) C-terminal to Yop1p RHD is also important for tubule 
formation and may insert into membrane as an additional wedge477 (Figure 32a). 
 
1.3.3.2 Formation of ER Sheets 
  
Sheets can be formed through three mechanisms. First, membrane at the edge of ER sheets 
presents a curvature similar to that of a tubule, assuming that curvature of sheets and tubules is 
likely generated in the same way and with same proteins478. Second, Climp-63, localized 
exclusively in sheets, bridges the two apposed membranes using its luminal coiled coil (CC) 
domain, which leads to a fixed thickness of an ER cisterna479. Third, the sheet-enriched integral 
membrane proteins kinectin and p180 are likely important to maintain flattened the surface of 
ER sheets478 (Figure 32b). 
 

 
Figure 32: ER-shaping determinants shown in either tubules or sheets. Representation of molecules 
implicated in ER tubules (a) or ER sheets (b) formation. ER: endoplasmic reticulum, RHD: reticulon homology 
domain, Rtns: reticulon family of proteins. From480. 

 
1.3.4 Membrane contact sites between ER and organelles 
 
A whole new field of investigating the molecular mechanisms, cell biology, physiological and 
pathological implications of close proximities between organelles defined as “membrane contact 
sites (MCSs)”, is now emerging. This field gained momentum when several examples of 
functional apposition between membranes became obvious481. One example of well-studied 
contacts involved the ER, the most abundant membrane compartment of the cell, which forms 
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several MSCs with multiple membrane systems: the ER-mitochondria, ER-PM (plasma 
membrane), ER-Golgi, ER-peroxisomes, and ER-lipid droplets (LDs) contacts480 (Figure 33). 
These contacts involve protein-protein interactions and/or protein-phospholipid interactions and 
are dynamic in term of shapes and areas to correlate with the functional demands of the contact.  
 
A typical contact site is formed of resident proteins (termed tethers), effectors, and regulators. 
Tethers are the physical basis for the contact sites, effectors fulfill the functional roles and 
regulators mediate the characterization of contact sites482.  
 

 
Figure 33: ER contact sites in mammalian cells. Several examples of proteins mediating these contacts are 
shown. From483 . 

1.3.4.1 ER-plasma membrane contact sites 
 
The ER makes extensive contacts with the plasma membrane (PM), providing an ideal platform 
for non-vesicular transport of signaling molecules. Many pairs of interactions have been 
identified for ER-PM contacts. For instance, upon Ca2+ depletion in the ER, STIM1 oligomerizes 
and becomes activated, leading to its accumulation at ER-PM contacts to bind and trap Orai1.  
This binding is important to open Orai1 channels, allowing extracellular Ca2+ to flow into the cell. 
STIM1 can also bind with PI(4,5)P2 on the PM to enhance contact formation480. Additionally, 
numerous lipid transfer proteins can mediate ER-PM tethering, and facilitate exchange of lipids, 
including glycerolipids, phospho-inositides, and cholesterol. Examples of lipid transfer proteins 
include extended synaptotagmins (ESyts), TMEM24, oxysterol-binding protein (OSBP)-related 



INTRODUCTION                                                      Chapter 3. The endoplasmic reticulum (ER) 

 73 

proteins (ORP) 5 and ORP8, and GRAM domain-containing proteins (GRAMDs). This high 
number of molecules mediating the ER-PM contacts have revealed the importance of the 
communication between the ER and the PM, in many physiological processes such as: the 
regulation of intracellular Ca2+ dynamics and signaling, refilling of intracellular Ca2+ stores via 
store-operated Ca2+ entry (SOCE), and the control of lipid traffic and signaling484. 
 
1.3.4.2 ER-mitochondria contact sites 
 
In the early nineties, when purifying mitochondria, researchers found that mitochondrial fractions 
were consistently “contaminated” by ER-derived membranes. This was the first evidence for an 
intimate relationship between the ER and the mitochondria485. Subsequent studies showed that 
mitochondria-ER contact sites (MERCSs) are abundant in various tissues and cell types and are 
hubs for the exchange of metabolites. Indeed, they play critical roles in various biochemical and 
signaling functions like Ca2+ homeostasis, lipid transfer, and regulation of organelle dynamics486.  
Additionally, both ER and mitochondria harbor enzymes to synthesize lipids, thus apposition of 
ER and mitochondria is a logical strategy to facilitate lipid transport through the aqueous 
cytosol487. MERCSs have also been suggested to define sites of mitochondrial DNA replication 
and mitochondrial fusion488 and constitute a platform for autophagosome biogenesis489. In order 
to regulate this wide variety of functions, several ER-mitochondrial tethers are recruited to these 
unique contact sites. Indeed, in eukaryotic cells, a large variety of proteins regulating MERCS 
formation have been identified, such as Mfn1/Mfn2, Bap31 and VDAC486. 
 
1.3.4.3 ER-Golgi contact sites 
 
ER-Golgi contact sites are important to regulate lipid homeostasis and trafficking. Indeed, a lipid 
gradient across the ER-Golgi MCS is orchestrated by various families of lipid transfer proteins, 
including oxysterol-binding proteins (OSBPs) that deliver sterol to Golgi and transfer PI(4)P for 
degradation by Sac1490. Additionally, CERT factor transports ceramide from the ER to the Golgi 
for sphingomyelin synthesis, in a non-vesicular manner491. 
 
1.3.4.4 ER-endosomes contact sites 
 
Recent studies have revealed the existence of numerous contact sites with numerous functions, 
between the endoplasmic reticulum and endosomes in mammalian cells. Interestingly, some 
contact sites share common features, such as containing 1) VAP-A, an ER protein, as a 
structural component or as a targeting factor, 2) cholesterol-binding proteins and 3) confirmed 
or putative phosphoinositide-binding domains492. ER-endosome contact sites are important for 
endosome positioning, cholesterol transfer, receptor dephosphorylation, endosome fission, 
negative control of endosome fusion and contact sites in Ca2+ transfer493. 
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1.3.4.5 ER-lipid droplets contact sites 
 
Numerous identified proteins are enriched or exclusively located at the interfaces between lipid 
droplets (LDs) and the ER. These proteins have fulfilled a broad range of functions, including LD 
biogenesis, and maintenance of lipidic connections between LDs and ER494. 

 
1.3.5 Protein quality control systems of the ER 
 
One-third of the eukaryotic proteome (e.g., secretory and membrane proteins) is synthesized in 
the endoplasmic proteome495. Therefore, to maintain ER proteostasis, several dedicated protein 
quality control systems working in concert are employed to monitor protein biogenesis. These 
systems are summarized in Figure 34 and include 1) ER chaperones, 2) the unfolded protein 
response (UPRER), 3) ERAD, and 4) ER-phagy. 
 

Figure 34: Overview of mammalian ER protein quality control mechanisms. Unfolded protein response 
(UPRER), ER-associated degradation (ERAD) and ER-phagy systems are depicted. From495. 
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1.3.6 ER chaperones 
 
1.3.6.1 ER chaperones implicated in protein folding 
 
Newly synthesized proteins moving into the ER undergo post-translational modifications and 
folding to achieve their native conformation with the help of numerous chaperones and folding 
enzymes (Figure 35). They include members of both Hsp70 and Hsp90 families of molecular 
chaperones that are present in the ER495. For instance, binding immunoglobulin protein (BiP), a 
heat shock protein (HSP) 70 chaperone family member, is one of the most abundant ER 
chaperones playing a critical role in protein folding in the ER. BiP substrate binding domain 
(SBD) interacts with the exposed hydrophobic or aggregation-prone regions of client proteins, 
whereas its nucleotide binding domain (NBD) binds and hydrolyzes ATP to control the substrate-
binding affinity. BiP assists folding via ATP-dependent cycles of binding and release, where 
ADP-bound BiP exhibits a high affinity for client proteins, thus allowing their efficient folding and 
shielding them from aggregation. BiP activity is further regulated by diverse co-chaperones of 
the HSP40 family of ER-localized DnaJ (called ERdjs) and HSP110 family of nucleotide 
exchange factors (NEFs). In addition to its role in protein folding, BiP has been implicated in 
other quality controls such as UPRER, ERAD, and ER-phagy454. Another abundant ER-resident 
Hsp90 that mediates ATP hydrolysis, is Grp94, required for the folding of a select pool of 
substrates496 (Figure 35a,b). 
 
1.3.6.2 ER chaperones implicated in glycosylation 
 
Glycosylation is a ubiquitous modification of newly synthesized proteins, playing important roles 
in the regulation of protein folding and quality control497. The biosynthesis of the lipid-linked 
oligosaccharide (LLO) starts on the cytosolic side of the ER membrane by OST 
(oligosaccharyltransferase), as the nascent polypeptide exits the translocon. Glycoproteins then 
undergo trimming by ER luminal glucosidases I and II to form monoglucosylated glycan 
(Glc1Man9GlcNAc2), which is the substrate for the ER lectin chaperones Cnx (calnexin) and its 
soluble orthologue Crt (calreticulin). Calnexin and calreticulin, combine a lectin-like glycan-
binding domain with a flexible arm, the P-domain that recruits other chaperones, to regulate 
quality control of glycoproteins in the endoplasmic reticulum498. Once the terminal glucose 
residue is trimmed, calreticulin and calnexin are released, and folded glycoproteins can be 
exported from the ER. However, if a protein is not properly folded, the UGGT (UDP-
glucose:glycoprotein glucosyltransferase) catalyzes the re-addition of glucose to a nearby 
glycan, subjecting the monoglucosylated protein to additional calreticulin/calnexin-mediated 
folding cycles499 (Figure 35d,e). Other ER lectin chaperones include osteosarcoma amplified 9 
(OS9), XTP3-transactivated gene B protein (XTP3-B), and ER degradation-enhancing 
mannosidases (EDEM) that participate in eliminating misfolded glycoproteins via the ERAD 
mechanism495 (Figure 35f). 
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1.3.6.3 ER chaperones implicated in formation of disulfide bonds 
 
The formation of disulfide bonds between cysteine residues is also important for the proper 
folding and function of ER proteins and is catalyzed by the protein disulfide-isomerase (PDI) 
family. More than twenty mammalian oxidoreductases of the PDI family have been identified 
with multiple structural features and enzymatic activities, mediating them to function in several 
aspects of ER quality control mechanisms, such as UPRER signaling and ERAD. For the 
formation of disulfides, PDI can be oxidized by ER-resident peroxidases such as the thiol oxidase 
Ero1 (ER oxidase 1) and PrxIV (Peroxiredoxin IV)454 (Figure 35c). 
 
Overall, molecular chaperones are the primary mediators of ER quality control. They help 
polypeptides to fold and evaluate the conformations of their substrates. 
 

 
Figure 35: ER chaperones and foldases implicated in protein quality control. (a) Protein translocation. (b) 
Chaperones. (c) Disulfide-bond formation. (d) Calnexin (Cnx)/calreticulin (Crt) cycle. (e) Protein export. (f) ER-
associated degradation (ERAD). From454. 

 
1.3.7 The unfolded protein response (UPRER) 
 
1.3.7.1 Key players of the UPRER 

Perturbation of ER homeostasis caused by Ca2+ depletion, hypoxia, altered glycosylation or viral 
infection leads to the accumulation of unfolded proteins, which activates the unfolded protein 
response in the ER, UPRER500. In mammals, the UPRER has evolved into a complex network of 
signaling events that target various cellular responses. UPRER is mediated by the activation of 
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at least three classes of sensors of ER stress: inositol-requiring enzyme 1α (IRE1α) and (IRE1β), 
protein kinase RNA-like ER kinase (PERK) and activating transcription factor 6 (ATF6; both α 
and β isoforms) (Figure 36). Each unique sensor includes i) an ER luminal domain that senses 
aberrant conditions within the ER lumen and/or membrane compositions, ii) an ER-
transmembrane domain, and iii) a cytosolic domain that transfers information to transcriptional 
and translational machineries. The most plausible explanation of such elaborate complexity of 
vertebrate UPRER pathways in comparison to yeast, which is defined by a single linear pathway 
initiated by Ire1p and the downstream transcription factor Hac1p501, is that an expanded UPRER 
provides greater flexibility. Therefore, a wider range of inputs can be accommodated by the 
multiple overlapping and distinct pathways, leading to multiple cellular outputs that finely tune 
cellular needs502. 

 

§ IRE1: 
 
IRE1 branch is the most evolutionarily conserved UPRER branch. Both human IRE1 isoforms 
(IRE1α and β) share a structural similarity consisting of an N-terminal ER luminal sensor domain 
and a C-terminal cytosolic effector region. The latter contains both kinase and endoribonuclease 
(RNase) domains. Although structural similarity, IRE1α and IRE1β display differential activities. 
Interestingly, it has been reported that human IRE1β mediates the site-specific cleavage of 28S 
rRNA and translational attenuation of protein synthesis503. Furthermore, IRE1α is expressed 

Figure 36: Schematic representation of the three pathways of unfolded protein response (UPRER) and their 
downstream effects. (a) IRE1, (b) PERK and (c) ATF6 pathways. From510. 
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ubiquitously whereas its paralog, IRE1β, is restricted mainly to the gastrointestinal tract and the 
pulmonary mucosal epithelium504.  
 
IRE1α has two distinct enzymatic activities, mediated by cytosolic kinase and RNase domains. 
Upon activation, under ER stress conditions, IRE1α dimerizes and trans-autophosphorylates 
(Figure 36a). The phosphorylation in the activation loop of IRE1α kinase domain, is not only 
necessary to activate its cytosolic RNase domain but is also important to initiate the recruitment 
of tumour necrosis factor receptor-associated factor 2 (TRAF2) and JNK pathway signaling. 
IRE1α’s RNase domain induces a selective cleavage of dual stem loops within the X-box binding 
protein 1 (XBP1) mRNA. Therefore, it catalyzes the excision of 26 nucleotides intron from XBP1 
mRNA and produces a frameshift that allows the translation of a longer isoform called spliced 
XBP1 (XBP1s). XBP1s is a basic leucine zipper (bZIP) transcription factor that translocates to 
the nucleus to direct the transcription of a wide range of targets including the expression of 
chaperones, foldases and components of the ER-associated protein degradation (ERAD) 
pathway, leading to relieve ER stress and restore its homeostasis504. Moreover, XBP1s 
modulates phospholipid synthesis, which is required for ER membrane expansion under ER 
stress505. 
 
The IRE1α nuclease can also act on a broader range of substrates through a mechanism called 
regulated IRE1-dependent decay (RIDD)506. RIDD is a conserved mechanism in eukaryotes by 
which IRE1α cleaves transcripts at a defined consensus sequence (CUGCAG) accompanied by 
a stem-loop structure504. It is required to maintain ER homeostasis by reducing the load of newly 
synthesized peptides entering the ER or by promoting apoptosis507. 
 

§ PERK: 

PERK is an ER-resident transmembrane protein with an ER luminal domain as well as a 
cytoplasmic kinase domain. Like IRE1α, PERK also oligomerizes and trans-autophosphorylates, 
when activated upon sensing ER stress. Once activated, PERK phosphorylates the ubiquitous 
translation initiation factor eIF2α on serine 51, which inhibits eukaryotic translation eukaryotic 
initiation factor 2B (eIF2B) and thereby downregulates global protein synthesis. This helps to 
reduce the flux of protein entering the ER in order to alleviate ER stress. However, eIF2α 
phosphorylation allows translation of a specific set of mRNAs containing short open reading 
frames in their 5’untranslated regions (5’UTRs)508. One of these encodes the transcription factor 
ATF4, playing key roles in autophagy, amino acid metabolism and the synthesis of stress-
induced proteins258 (Figure 36b).  
 
The 5’UTR of ATF4 contains two upstream open reading frames (uORFs), the second of which 
overlaps the start codon of the protein-coding sequence. Under normal conditions, when eIF2-
GTP is abundant in non-stressed cells, uORF1 is translated and initiation at uORF2 is efficient. 
Therefore, the peptide encoded by uORF2 will be translated with high efficiency, preventing the 
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translation of ATF4. However, during stress conditions, eIF2α is phosphorylated and the levels 
of ternary complex (TC) are reduced, resulting in leaky scanning of the 40S ribosome subunit, 
and therefore the ternary complex bypasses the uORF and allows ATF4 translation509 (Figure 
37). Notably, ATF4 regulates the expression of genes implicated in the apoptosis such as the 
pro-apoptotic factor CCAAT/enhancer-binding protein (C/EBP) homologous protein (CHOP) and 
growth arrest and DNA damage-inducible 34 (GADD34)510. 

§ ATF6:  

ATF6 is a type II transmembrane protein that belongs to an extensive family of leucine zipper 
proteins. In humans, it is encoded by two different genes: ATF6A for ATF6α (670 amino acids) 
and ATF6B for ATF6β (703 amino acids). Biochemical and physiological characteristics of 
ATF6α are significantly better documented than ATF6β. Although the two ATF6 paralogs share 
high homology, ATF6α has been described as a potent transcriptional activator, whereas ATF6β 
is a poor transcriptional activator that may inhibit activation by ATF6α511.  
 
ATF6 is cleaved, through regulated intermembrane proteolysis (RIP) process by releasing its 
cytoplasmic domain, which then regulate gene expression by entering the nucleus500. Indeed, 
after activation in the ER, ATF6 is transported to Golgi where it is cleaved by two Golgi-resident 
proteases membrane bound transcription factor peptidase: site-1 protease (S1P) and site-2 
protease (S2P), leading to ATF6 cytosolic N-terminal portion (ATF6f) that enters the nucleus 
and induces UPRER gene expression504 (Figure 36c). ATF6f comprises a transcriptional 
activation domain (TAD), a bZIP domain, a DNA-binding domain and nuclear localization 
signals512. Among others, ATF6α induces the expression of genes involved in ERAD machinery, 
ER and Golgi biogenesis, chaperones and UPRER mediators including BiP and X-box binding 
protein 1 (Xbp1), which contribute to maintain proteostasis and to increase the regulatory output 
of the IRE1 arm, respectively511. 
 
Additional ER-resident bZIP transcription factors with ill-defined functions are also involved in 
ER stress signaling, such as Luman, cAMP responsive element-binding protein 3 like 1 (OASIS), 
cAMP responsive element-binding protein 3 like 2 (BBF2H7), CREB3L3 and CREB504.  
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1.3.7.2 UPRER and apoptosis 
 
As described in the previous section (see above; “1.3.7.1 Key players of the UPRER”), the 
UPRER alters the transcriptional and translational programs, to deal with the accumulation of 
aberrant or misfolded proteins. Indeed, two distinct waves of adaptative cellular responses are 
induced by UPRER. As an immediate reaction, i) inhibition of general translation by PERK, ii) 
selective degradation of mRNA encoding for certain ER-located proteins induced by IRE1 
through the RIDD mechanism, and iii) ER-phagy reduce the influx of proteins into the ER to re-
establish its homeostasis. The second wave triggers a massive gene expression response 
through the regulation of UPRER transcription factors, leading to the upregulation of UPRER target 
genes: i) IRE1α activates XBP1s, implicated in ER-associated degradation (ERAD) and ER 
membrane expansion under ER stress, ii) ATF6f directly controls genes encoding ERAD 
components and XBP1, and iii) ATF4 controls the levels of genes related to redox balance, 
amino acid metabolism and protein folding. If these numerous UPRER-induced mechanisms fail 
to alleviate ER stress, both intrinsic and extrinsic apoptosis pathways can become activated.  
 
Physiological processes demanding high rate of protein synthesis and secretion sustain UPRER’s 
adaptive programs activation without leading to cell death pathways (see below; “1.3.7.7 Roles 
of UPRER in physiological processes”). However, above a certain threshold, conditions of 
irreversible ER damage results in apoptosis and involve a series of complementary pathways513. 
The B cell lymphoma 2 (BCL-2) protein family is important for the regulation of ER stress-induced 
apoptosis514. Once activated, BCL-2 homology 3 (BH3)-only proteins, such as BCL-2-interacting 
mediator of cell death (BIM) and p53, regulate the activation of BAX and/or BH antagonist or 
killer (BAK) to trigger apoptosis515. Sustained PERK signaling upregulates the pro-apoptotic 
transcription factor C/EBP-homologous protein (CHOP), leading to the downregulation of the 
anti-apoptotic protein BCL-2 and inducing the expression of some BH3-only proteins and DNA 

Figure 37: Upstream open reading frames (uORFs) translation regulation of ATF4 under normal and 
stressed conditions. CDS: coding sequence. Created with Biorender.com. 
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damage-inducible 34 (GADD34)513. Therefore, reactive oxygen species (ROS) induced by 
GADD34, in addition to altered calcium homeostasis owing to inositol-1,4,5- trisphosphate 
receptor (IP3R) activation, may open the mitochondrial permeability transition pore (PTP), which 
promotes apoptosis516. Moreover, CHOP, ATF4, and p53 can regulate the expression of a 
subset of BH3-only proteins515. IRE1α may also lead to apoptosis by activating JNK and RIDD 
pathways517. Other complementary mechanisms have also been proposed to induce cell death 
under ER stress, including the participation of Caspase 2 in cleaving the BH3-only protein BH3-
interacting domain death agonist (BID), which activates BAK and BAX516 (Figure 38). 
 

 
 

Figure 38: Distinct cell fate decisions observed under ER stress. Cells can either adapt to ER stress or undergo 
to apoptosis phase depending on duration and intensity of ER stress. Dashed arrows indicate steps of transition 
from adaptive responses to apoptosis. Dotted arrows indicate events that mediate apoptosis. Question marks 
indicate an unclear mechanism. From516. 

1.3.7.3 Sensing proteotoxic ER stress 
 
Three established models have been reported to explain how misfolded proteins, referred to as 
proteotoxic stress, induce the UPRER:  i) direct association, ii) BiP competition and iii) BiP 
allosteric models518 (Figure 39). As IRE1 is the most conserved UPRER branch, it will be 
illustrated to describe these 3 models. 

§ Direct association model: 

This model postulates that misfolded proteins bind directly to the luminal domain (LD) of IRE1, 
which mediates conformational changes that result in the oligomerization of IRE1 LD, thereby 
activating UPRER signaling518 (Figure 39a). This model emerged from the crystal structure of the 
conserved core region of the LD that resembles the peptide-binding groove of major 
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histocompatibility complexes (MHCs)519. Additionally, mutation of residues within this groove 
leads to impairment of IRE1 signaling, in yeast 519 and a recent structural and biochemical 
analysis showed that human IRE1 LD can bind to both peptides and unfolded proteins in vitro520.  

The role of BiP in this model is to fine-tune the activity of IRE1 sensor. Indeed, a study suggested 
that mutation of BiP binding site displayed reaction kinetics, consistent with BiP acting as a buffer 
of IRE1 activity in yeast521.  

A recent crystal structure of PERK LD, bound to misfolded peptide suggests that its 
oligomerization is dependent on the direct binding of unfolded proteins to activate the UPRER 522. 
Moreover, PERK LD had flexible binding regions that have been reported for several molecular 
chaperones. This suggests that the peptide binding groove of PERK can vary according to the 
size of its peptide ligand, in order to bind a wide range of unfolded proteins523. 

§ BiP competition model:  

In this model, BiP binds the luminal domain of IRE1, as a chaperone-substrate type interaction 
via its substrate binding domain (SBD) to form a repressive complex524. The formation of this 
complex, mediated by ERdj4, stimulates BiP ATPase activity, resulting in ERdj4 dissociation and 
causing IRE1 LD to form monomers, leading to the repression of UPRER signaling525. However, 
under high ER stress, BiP and ERdj4 are occupied with misfolded proteins, which impedes BiP 
association with IRE1 LD525. This allows IRE1 to form dimers, which in turn activates UPRER 
signaling. Therefore, BiP SBD is the same site of binding to misfolded proteins and IRE1 LD, 
resulting in a competition for this site, which is the central tenet of the “competition” model. In 
addition to its binding to IRE1, BiP also binds to PERK and ATF6 in unstressed cells but 
dissociates from them during acute ER stress524.  

Overall, according to this model regulated by nucleotide binding, BiP acts as a negative regulator 
of UPRER signaling, as its binding sequesters the UPRER sensors in an inactive state, whereas 
its dissociation upon ER stress licenses their activation (Figure 39b). 

§ BiP allosteric model: 

The allosteric model indicates an interaction independent of nucleotides, between the nucleotide 
binding domain (NBD) of BiP and IRE1 LD. Under ER stress, misfolded proteins bind exclusively 
to the canonical BiP SBD, which leads to UPR signaling by a dissociation of BiP NBD from IRE1 
LD526. As BiP presents two different sites of binding for misfolded proteins and IRE1 LD, this 
model is not competitive but rather tends to be allosteric (Figure 39c).  
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Figure 39: ER stress-sensing mechanisms. Overview of the (a) direct association, (b) BiP competition and (c) 
BiP allosteric models. SBD: substrate binding domain. From518. 
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1.3.7.4 Lipid-dependent regulation of the UPRER 
 
As described above, the three UPRER branches can be activated by various cellular stresses, 
such as glucose deprivation and disruption of calcium homeostasis, resulting in ER stress 
through the accumulation of misfolded proteins504 (i.e., proteotoxic stress).  
 
Besides proteotoxic stress, firm links between lipids and UPRER signaling were provided by 
several studies in yeast. First, the UPRER transducer IRE1 and its downstream transcription 
factor HAC1/IRE2 (the yeast ortholog of the metazoan XBP1) were required for growth in 
medium deprived of inositol527. Second, UPRER signaling in yeast was strongly activated by 
deletion of genes regulating lipid metabolism528. Additionally, perturbation of cellular lipid 
composition also activates the UPRER in mammalian cells. Indeed, enhanced UPRER signaling 
has been observed in cholesterol-loaded macrophages529, in pancreatic beta cells exposed to 
saturated fatty acids530 after perturbation of sphingolipid metabolism531 and in the liver of mice 
fed with a high-fat diet532.  
 
Lipid composition can affect protein folding in the ER and indirectly activate UPRER transducers. 
Changes in lipid composition can perturb ER calcium homeostasis, which inhibits the function of 
calcium-dependent enzymes and chaperones. For instance, ER stress signaling in the liver of 
obese mice532 and in cholesterol-loaded macrophages533 correlated with an inhibition of the 
SERCA pump and activation of the UPRER. However, several studies have showed that lipid 
changes may also affect UPRER signaling independently of their effect on protein folding in the 
ER. In yeast, depletion of inositol, the phospholipid building block, activated the UPRER without 
causing luminal unfolded protein stress534. Additionally, in C. elegans, deletion of the subunit of 
the transcriptional regulator complex Mediator, mdt-15, led to an increase in membrane lipid 
saturation and the activation IRE1 and PERK, without formation of protein aggregates in the ER. 
This may suggest that IRE1 and PERK activation is mediated via a component that is 
independent of unfolded protein stress535.  Direct evidence of the direct activation of UPRER by 
lipid changes, independently of their effects on unfolded proteins in the lumen of the ER, was 
provided by the observation that IRE1 and PERK lacking their luminal sensing domains were 
activated in yeast deprived of inositol536, or mammalian cells exposed to saturated fatty acid537.  
 
In recent years, it has become clear that atypical lipid compositions of the ER membrane, 
collectively referred to as lipid bilayer stress (LBS), can potently and directly activate the UPRER, 
independently of unfolded proteins, by inserting their transmembrane domain in the ER 
membrane. Indeed, UPRER sensors can be activated in response to ER membrane perturbations 
caused by changes in phospholipids (PL)538 composition, in cholesterol539, sterol540 and 
inositol536 levels and by changes in lipid accumulation541 and saturation537 (Figure 40). LBS 
activation of the UPRER is evolutionary conserved and has been described in worms, yeast, and 
mammals542. 
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1.3.7.5 Sensing lipid bilayer stress 
 
Lipid bilayer stress (LBS) induced by elevated levels of saturated fatty acids within the biological 
membrane can be sensed by IRE1α and PERK, lacking their luminal stress-sensing domain537. 
In this study, they suggested that IRE1α and PERK can sense LBS via their transmembrane 
domains. They also proposed that fatty acid saturation causes a decrease in membrane fluidity, 
which favors IRE1α and PERK oligomerization (Figure 41a). Additionally, the conserved 
amphipathic helix within the luminal domain of yeast IRE1, together with its transmembrane 
domain were proposed to drive local membrane compression and acyl chain disordering, 
contributing to IRE1 oligomerization543. Taken together, these findings suggest that both 
secondary structures of IRE1 and PERK at the membrane, and the biophysical properties of the 
surrounding membrane can drive the LBS sensing mechanism.  
 
ATF6 was also shown to respond not only to protetoxic stressors, but also to sphingolipids: 
dihydrosphingosine (DHS) and dihydroceramide (DHC), while being non-responsive to 
ceramides544. Importantly, a conserved VXXFIXXNY sequence motif within ATF6 
transmembrane domain was shown to be important for the ability of ATF6 to respond to DHS or 
DHC. However, this binding motif was not found in IRE1 or PERK (Figure 41b), suggesting that 
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Figure 40: Illustration of conditions causing lipid bilayer stress (LBS) and unfolded protein response 
(UPRER) activation. Inositol depletion reducing phosphatidylinositol (PI) lipids level (a), increased level of saturated 
fatty acyl chains (b), increased sterol levels (c), decreased PC-to-PE ratio (d), and increased protein to lipid ratio 
(e) tend to activate the UPRER. From542. 
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IRE1 and PERK are tasked with sensing more general membrane characteristics, whereas 
ATF6 is activated by specific sphingolipid inducers.  
 
Finally, other ER-resident proteins can sense specific lipid species to maintain lipid homeostasis. 
For instance, the membrane-bound transcription factor sterol regulatory element binding 
element (SREBP) can regulate cholesterol synthesis at the ER545,546. 
Together, these lipid sensors maintain normal ER lipid homeostasis independently of the UPRER. 
 
 
 

 
 

Figure 41: Proposed models for sensing lipid ER stress. (a) Lipid bilayer stress (LBS) favors the bending of 
IRE1 transmembrane domain, which promotes IRE1 activation. (b) ATF6 can be activated by the increase in 
dihydrosphingosine (DHS) or dihydroceramide (DHC). This favors membrane curvature and ATF6 packing within 
COPII-mediated vesicle, which results in the release of cleaved cytosolic ATF6f. Adapted from523. 

 
1.3.7.6 The “UPRosome”: multiple regulatory checkpoints  
 
Evidence is accumulating for possible mechanisms that control the temporal behavior of UPRER 
signaling and determine cell fate in switching from pro-survival responses to death programs 
under ER stress. Initially, UPRER has been viewed as a direct transduction of ER stress levels. 
However, emerging findings indicate that the three UPRER branches are regulated through post-
translational modifications and association of positive and negative regulators that specifically 
affect their activation (Figure 42). Many laboratories have identified binding modulators of 
UPRER sensors. Most of these studies described binding partners with IRE1α leading to the 
definition of a complex IRE1α signaling platform that has been referred to as “UPRosome”547. 
This platform initiates multiple highly regulated signaling responses to regulate the activation 
status of IRE1α in terms of signaling intensity and kinetics of activation/inactivation. 
 
Several proteins associate physically to IRE1α to regulate the amplitude of its signaling, such as 
the pro-apoptotic proteins BAX and BAK548, the cytosolic chaperone heat shock protein 72 
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(HSP72)549, Protein Tyr Phosphatase 1B (PTP1B), the MAPK-related proteins ASK1-interacting 
protein 1 (AIP1), JNK-inhibitory kinase (JIK), and JUN activation domain-binding protein 1 
(JAB1)516. Most of these regulators enhance IRE1α signaling, whereas other proteins, such as 
Fortilin inhibits IRE1α signaling, increasing cell death resistant under ER stress550 (Figure 42a). 
Many of IRE1α-binding partners have been described. available data about these interactors are 
summarized in551. 
 
The UPRosome may also serve as a platform to allow the crosstalk between the UPRER and 
other signaling pathways. For instance, IRE1 binding to TRAF2 activates the JNK and autophagy 
pathways. However, its binding with the adaptor proteins Nck engages nuclear factor kB (NF-
kB)552.  
 
Furthermore, several post-translational modifications can affect the signaling of IRE1 and PERK. 
Protein kinase A (PKA) phosphorylates IRE1α and engages its RNase domain in the absence 
of ER stress, whereas PP2A and the ER phosphatase PP2Ce lead to its dephosphorylation552. 
PARP16 can ADP-rybosylates IRE1 and PERK, thus enhancing their activities. S-nitrosylation 
of a specific cysteine of IRE1 inhibits its RNase activity, while it enhances PERK signaling552. 
Controlling IRE1α stability is also important to adjust the UPRER. Indeed, IRE1α levels have been 
shown to be regulated by 1) DDRGK1, a critical component of the ubiquitin-fold modifier 1 (Ufm1) 
system, 2) an interaction with the selective autophagy receptor optineurin and 3) the ERAD 
pathway552. 
 
Although less explored, PERK (Figure 42b) and ATF6 can be individually modulated through 
the binding of specific factors. PERK signaling can be enhanced by binding to N-myc 
downstream-regulated gene-2 (NDRG2), canopy homolog 2 (CNPY2), and the small GTPase 
Rheb552. However, the cold-inducible RNA-binding protein 3 (RBM3) inhibits PERK signaling 
through a binding with Nuclear Factor 90 (NF90)553. A few direct regulators of ATF6α have been 
reported, such as Wolfram syndrome 1 (WFS1) that mediates the degradation of ATF6 by the 
proteasome554, NF-Y (also known as CBF), YY1, TATA-binding protein (TBP) and XBP1s516. 
 
Overall, these examples reflect the highly dynamic and complex nature of UPRER signaling, 
which may explain the diversity of the cellular responses controlled by this signaling pathway. 
However, it is still very important to perform systematic interactome screens to define the 
composition of the UPRosome complexes at the level of the three major UPRER stress sensors 
and their assembling dynamic under ER stress conditions and in different cell types.  
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Figure 42: Multiple regulatory checkpoints of the UPRER. Regulation of IRE1 (a) and PERK (b) signaling. UPRER 
stress sensors activity can be regulated by the binding of a diversity of co-factors and post-translational modifications. 
This binding affects their downstream signaling, protein stability, kinetics of activation and attenuation and the 
crosstalk of the UPRER with other signaling pathways. From713. 
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1.3.7.7 Roles of UPRER in physiological processes 
 

As we move forward in our understanding of the UPRER, we are recognizing that UPRER signaling 
has fundamental roles in multiple physiological processes, beyond its role in protecting ER 
physiology555. It is now becoming clear that the UPRER has been drafted into the role of a 
regulator of basal homeostasis, through its activation by different physiological stimuli, far 
outside the realm of protein misfolding502. Indeed, it is increasingly obvious that what began as 
an organelle-specific stress response has expanded into a complex signaling network playing a 
central homeostatic role in normal vertebrate physiology. In this view, the inputs are 
physiological stimuli that activate part or all of the UPRER, leading to physiological outputs from 
innate immunity, energy, and lipid metabolism to cell differentiation, mediated by both 
transcriptional and non-transcriptional mechanisms (Figure 43). 

§ UPRER in immunity and inflammation: 

Several reports showed the crucial functions of UPRER in immunity and inflammation556. XBP1 
was found to be upregulated after the exposure of cells to the pro-inflammatory cytokine 
interleukin-6 (IL-6)557. Moreover, XBP1 deficiency in mice and Caenorhabditis elegans ablates 
their ability to eliminate bacterial pathogens557. Toll-like receptors (TLRs) stimulation specifically 
triggers XBP1 mRNA splicing but represses ATF6 and PERK signaling to enhance the 
transcription of pro-inflammatory cytokines. In fact, some evidence suggested that XBP1 mRNA 
splicing by TLRs is independent of protein misfolding, IRE1α-dependent and is controlled 
through a specific signaling branch involving the adaptor proteins myeloid differentiation primary 
response 88 (MYD88), TIR domain-containing adaptor protein (TIRAP), TRAF6 and NADPH 
oxidase 2 (NOX2)558,559 (Figure 43). 

§ UPRER in glucose and lipid metabolisms:  

The ER is now viewed as an essential apparatus in the coordination of metabolic programs 
linked to it, by its ability to modulate synthetic and catabolic pathways of various nutrients. 
Strikingly, the three UPRER branches intersect with a variety of inflammatory and stress signaling 
systems including the NF-κB-IκB kinase and JNK-AP1 pathways, and with networks activated 
by oxidative stress, all of which can influence metabolism560. 
 
UPRER branches are implicated in glucose metabolism. For instance, PERK-deficient and eIF2α 
mutant mice showed defective gluconeogenesis in the livers. This effect has been linked with 
islet cell dysfunction or death triggered by ER failure561. Further studies demonstrated the role 
of IRE1α activation in the regulation of insulin biosynthesis, in secretory pancreatic β-cells562. 
Particularly, RACK1 mediates the assembly of the complex containing IRE1α, RACK1, and 
protein phosphatase 2A (PP2A), leading to dephosphorylation of IRE1α by PP2A and the 
inhibition of glucose stimulated IRE1α activation563. UPRER is also implicated in the modulation 
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of lipid metabolism507. For instance, in liver cells, XBP1s regulates the transcription of many 
genes implicated in fatty acid synthesis, such as Scd-1 (stearoyl-CoA desaturase-1), Acc2 
(acetyl-CoA carboxylases 2), and Dgat2 (diacyl glycerol acyl transferase 2)564. 
 
It is becoming clear that intersection of the UPRER with different inflammatory and stress 
signaling pathways (lipid metabolism and energy control pathways) is critical in chronic 
metabolic diseases such as obesity, insulin resistance, and type 2 diabetes565. For instance, 
IRE1α activation is involved in insulin resistance in the liver due to signaling crosstalk between 
the IRE1α–JNK pathway and the subsequent phosphorylation of insulin receptor substrate 1 
(IRS1), impairing insulin action566.  
 
Taken together, these findings strongly suggest that UPRER branches can adjust energy 
metabolism by monitoring the metabolic state of the cell (Figure 43). 

§ UPRER in cell differentiation programs:  

Beside its physiological roles in highly secretory cells, UPRER also functions in cell differentiation. 
The roles of UPRER in stem cells, such as embryonic stem cells (ESCs), tissue stem cells, cancer 
stem cells and induced pluripotent cells, have been widely reported. These functions are 
dependent on the stem cell type. Indeed, the UPRER was implicated in the embryonic 
development, differentiation, and pluripotency of ESCs. In addition, it has been involved in the 
regulation of the self-renewal capacities of hematopoietic stem cells (HSCs), and recent studies 
are showing UPRER vital roles in neural differentiation during brain development567.  

Some examples of the implication of UPRER in cell differentiation programs include XBP1 and 
IRE1α. For instance, XBP1 is activated in B cells when they differentiate to plasma cells, possibly 
by inhibiting transcriptional repressors of plasma cell differentiation, like interferon regulatory 
factor 4 (IRF4) and B lymphocyte-induced maturation protein 1 (BLIMP1)568. IRE1α was also 
required in the early and late stages of B lymphopoiesis569. Furthermore, XBP1 is implicated in 
the transcriptional regulation of key differentiation genes, such as muscle, intestine and stomach 
expression 1 (MIST1). XBP1-MIST1 axis was shown to be required for the maturation of gastric 
zymogenic cells570. Finally, the brain-derived neurotrophic factor (BDNF) activates XBP1 splicing 
in the neurites, which contributes to neurite outgrowth. BDNF can also regulate IRE1α as it 
signals through TRKB or p75571 (Figure 43). 
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1.3.8 ERAD 
 
Although correctly folded proteins are transported to their final destination, misfolded or 
unassembled proteins are retained in the ER and subsequently degraded by the “ER-associated 
degradation” (ERAD), a conserved pathway from yeast to mammals. ERAD is essential for 
maintenance of ER homeostasis by degrading misfolded or aberrant proteins but can also 
influence the organization and functions of the ER, and its interactions with adjacent 
organelles572. Briefly, the ERAD process begins by selecting the substrate protein, based on 
either glycosylation tags, mannose trimming status and/or conformational change. This can be 
aided by chaperones, such as 78-kDa glucose-regulated protein (Grp78; known as HSPA5), ER 
degradation-enhancing α-mannosidase-like protein (Edem) family proteins and osteosarcoma 
amplified 9 (Os9). Then, the substrate is retro-translocated into the cytosol through the dislocon 
proteins, such as the polytopic dislocon Hrd1 and degradation in endoplasmic reticulum protein 
(Derlin) family members (Derlin-1, Derlin-2 or Derlin-3). After retro-translocation, Hrd1 
ubiquitilates the substrate, which will be targeted for proteasomal degradation by the ATPase 
valosin-containing protein Vcp (also known as p97) and other ubiquitin-modifying enzymes573. 
 
1.3.9 ER-Phagy  
 
When misfolded ER proteins are not degraded by ERAD, due to the limitation of the size of the 
retro-translocation pore, ER-phagy is applied as a pathway for ERAD-resistant misfolded 
proteins or aggregates. ER-phagy is defined as a group of fundamental biological processes, 

Figure 43: Novel physiological roles of the UPRER. From516 
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leading to lysosomal turnover of selected subdomains of the endoplasmic reticulum (ER). It can 
be classified into three types, termed 1) macro-ER-phagy (in which ER fragments are 
sequestered by double-membrane autophagosomes that eventually fuse with 
lysosomes/vacuoles), 2) micro-ER-phagy (in which ER fragments are directly engulfed by 
endosomes/lysosomes/vacuoles) and 3) LC3-dependent vesicular delivery mediated by the 
fusion of ER vesicles into lysosomes574. ER-phagy is mediated by ER-phagy receptors that may 
be present on distinct ER subdomains. So far, six ER membrane-integrated (RTN3, FAM134B, 
CCPG1, SEC62, TEX264, and ATL3) and three soluble ER-phagy receptors (C53, CALCOCO1, 
and p62) have been identified in mammals495. 
 
1.3.10 ER stress and diseases 
 
Under normal physiological conditions, the ER protein quality control systems are able to 
maintain and sustain ER proteostasis by promoting protein folding, eliminating misfolded 
proteins or aggregates, and expanding the ER capacity when needed. However, these 
mechanisms are perturbated under pathological conditions.  

§ Neurodegenerative diseases: 

The UPRER was observed to be activated in several neurodegenerative diseases such as: 
amyotrophic lateral sclerosis, Parkinson’s disease, Huntington’s disease, prion-related 
disorders, and Alzheimer’s disease, and demyelinating neurodegenerative autoimmune 
diseases such as multiple sclerosis, Pelizaeus-Merzbacher disease, and transverse myelitis575.  

§ Inflammatory diseases: 

ER stress is an important pathway implicated in the development of intestinal inflammation 
associated with Inflammatory Bowel Disease (IBD) and likely other intestinal inflammatory 
disorders576. For example, IRE1β, XBP1 or PERK were activated in Crohn’s disease and 
ulcerative colitis, and IRE1α and the subsequent splicing of XBP1 mRNA were activated by Toll-
Like Receptor 2 (TLR2) and TLR4510. 

§ Metabolic disorders: 

ER stress has been implicated in a variety of metabolic disorders, including obesity, type 2 
diabetes, atherosclerosis, heart and liver diseases577. Several studies showed that IRE1 and 
XBP1 are implicated in metabolic regulation of lipid and glucose homeostasis. Indeed, RNAi-
mediated silencing of IRE1α activity reduced hepatic gluconeogenesis578, and XBP1 deletion in 
the liver of adult mice at early high fat diet feeding leads to glucose intolerance and insulin 
resistance579. Moreover, deletion of IRE1α in liver prompted hepatosteatosis, possibly due to 
decreased TG secretion580. 
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§ Cancer: 

Emerging evidence are supporting the role of ER stress and UPRER in the establishment and 
progression of several cancers, namely breast cancer, prostate cancer and glioblastoma 
multiforme. The UPRER was reported to be implicated in each stage of tumor progression, 
including transformation, unrestricted cell division, angiogenesis, invasion, and metastatic 
spread. Moreover, the effectiveness of chemotherapy can be limited by UPRER activation, as 
this pathway can contribute to the development of chemoresistance. Although sustained UPRER 
activation leads to apoptotic signaling, cancer cells bypass this apoptotic switch to promote 
proliferation and metastasis581. 
 
1.3.11 UPRER modulating compounds 
 
The UPRER has been implicated in the pathogenesis of several human diseases, which has led 
to significant interest in establishing compounds that modulate (activate or inhibit) one or more 
arms of the UPRER. This will provide new opportunities to define the therapeutic potential for 
targeting the UPRER in human diseases. Several reports described the discovery of these 
compounds, their mechanism of action, and their applicability for studying the importance of 
UPRER pathway in cellular and in vivo models582. Figure 44 shows some small molecules 
(inhibitors and activators) targeting specific UPRER signaling components. 

 
Figure 44: Small molecules targeting specific UPRER signaling components. From583. 
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2 AIM 
 
mRNA metabolism is tightly orchestrated by highly-regulated RNA binding proteins (RBPs), 
which allows cells to rapidly adapt to changing environmental conditions. The large repertoire of 
RBPs, with diverse affinity and specificity towards target RNAs, is likely to explicit the 
tremendous complexity of post-transcriptional regulation. Therefore, many studies were 
conducted to investigate the binding properties, RNA targets, and functional roles of these 
proteins.  
 
The FET family is an interesting family of DNA and RNA binding proteins, which consists of FUS, 
EWSR1 and TAF15. These proteins are structurally similar and contain a number of evolutionary 
conserved motifs, such as the SYGQ-rich motif, RRM, ZnF, and RGG domains. In addition, FET 
proteins have both unique and overlapping functions. For instance, they have been associated 
with transcription, RNA splicing, miRNA processing, RNA transport and translation, signaling 
and maintenance of genomic integrity. Particularly, EWSR1 have attracted broad attention 
because of its involvement in tumor-related chromosomal translocations that associate the NTD 
of EWSR1 with various genes encoding transcription factors. Intriguingly, a growing body of 
evidence has described EWSR1 as a multifunctional protein, implicated in transcriptional and 
post-transcriptional regulation. Therefore, EWSR1 concerts a multitude of cellular pathways by 
itself or via multiple interactions with other molecules in a gene-context dependent manner. Due 
to its implication in post-transcriptional regulation, we hypothesized that EWSR1 protein might 
be particularly involved in the control of mRNA translation. Accordingly, in this project, we viewed 
EWSR1 through the lens of translation, which would thereby add another layer of EWSR1-
mediated post-transcriptional regulation and represent an important finding for two main 
reasons. First, it will provide a better understanding of the molecular function of EWSR1, which 
can lead to novel therapeutic opportunities for EWSR1-related diseases. Second, it might 
underscore the importance of translational dysregulation in the emergence of several disorders. 

On this basis, the first aim of this work was to examine whether EWSR1 was able to control 
mRNA translation at the genome-wide level. To address this, we performed ribosome profiling 
(RIBO-seq) experiment in HeLa cell line in the presence/absence of EWSR1. This experiment 
strengthened our assumption that EWSR1 might present a new role in the repression of mRNA 
translation. Next, we aimed at characterizing the molecular determinants of this new function. 
Therefore, we conducted MS2-tethering assays, mutants design and binding experiments (e.g., 
co-IPs, GST-pulldown) to determine the region of EWSR1 responsible for the translational 
activity, but also to assess EWSR1 interaction with the translational machinery. Finally, we 
pursued to explore the biological relevance of our findings. Therefore, we evaluated the effect 
of the translational regulation by EWSR1, on the regulation of lipid homeostasis, ER shape and 
function and UPRER activation, using structural and metabolomics analysis (e.g., transmission 
electron microscopy (TEM), lipidomic analysis). 
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3 RESULTS 
 

3.1 EWSR1 is a repressor of mRNA translation 
 
To decipher a potential role of EWSR1 in the regulation of mRNA translation, we investigated 
genome-wide translational changes in response to EWSR1 depletion using RIBO-seq (Figure 
45). 
 
To this aim, we prepared two independent series of RNA samples from siCTL or siEWSR1#1 
transfected HeLa cells, pre-treated with 100 mg/ml cycloheximide.  
 
We first conducted a series of quality control analyses of our RIBO-Seq experiments. EWSR1 
knockdown (KD) was confirmed by western blotting at the protein level (∼ 85%) for the two 
replicates (Figures 46a,b). Principal Component Analysis (PCA) revealed distinct clustering 
between the siEWSR1#1 and siCTL conditions, both at the RIBO-seq and RNA-seq levels 
(Figures 47a,b). Translating ribosomes create a 3-nucleotide (nt) periodicity, known as 
“phasing”. This triplet periodicity becomes visible when the read alignments are mapped to their 
P-site offsets309. Our data showed that ribosomal phasing against the ribosome protected 
fragment (RPF) length presents a predominant phase 0 enrichment, which is expected in high 
quality ribosome profiling experiments. In addition, distribution of RPF length in our RIBO-seq 
data set is centered around 29-30 nts, which corresponds to the expected fragment size 
protected by 80S ribosomes309 (Figure 47c).  
 
The average percentage content by gene biotype for both RIBO-seq and RNA-seq reads is 
shown in Figure 47d.  The largest number of reads mapped to protein-coding mRNA (51.23%), 
while other alignments mapped to other biotypes including lncRNA (24.37%) and sncRNA, such 
as miRNA (0.88%), snRNA (0.65%), snoRNA (0.5%). Although the high proportion of reads 
mapping to lncRNA in our dataset was surprising, it has already been reported that lncRNA can 
be bound by ribosomes even though they do not code for proteins584. Interestingly, the mRNA 
reads were almost exclusively mapped to the CDS region (97.11%), while the reads mapping to 
untranslated regions or introns, each represented less than 1% of RPFs (0.31% to 3’UTRs, 
0.58% to 5’UTRs and 0.95% to introns) (Figure 47e).  
 
These analyses demonstrated that we generated a high-quality RIBO-seq library suitable for 
subsequent analysis. 
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Figure 45: Overview of the RIBO-seq analysis workflow. Created with BioRender.com. RPF: ribosome protected 
fragments, TSS: transcription start site, TES: transcription end site. 
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a                                                              b 

Figure 46: Verification of EWSR1 KD of the ribosome profiling experiment. (a) Western blotting of EWSR1 and 
GAPDH (loading control). Samples are total cell lysates from HeLa cells transfected with siEWSR1#1 or siCTL. (b) 
The level of EWSR1 was quantified by band densitometry analysis using ImageJ. Results are shown as means ± sd 
(n = 2 independent experiments) after normalization to GAPDH. *P < 0.05 compared to the siCTL condition by one 
sample t test. 
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Figure 47: Quality controls of the ribosome profiling experiment. (a, b) Principal Components Analysis (PCA)  
of RIBO-seq (a) and RNA-seq (b) libraries from siCTL and siEWSR1#1 HeLa cells (n = 2 independent experiments). 
(c) Plot of ribosomal phasing (phase 0, 1 and 2) against the ribosome protected fragment (RPF) length. (d, e) Pie 
charts describing read mapping distribution by gene biotype of both RNA-seq and RIBO-seq datasets (d) and to 
different genomic regions detected by RIBO-seq (e). Percentage of mapping for each gene biotype and each 
genomic region are indicated in the graphs. 
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Based on the RNA-seq analysis, we identified a total of 2,282 differentially expressed genes 
(DEGs), which were almost equally distributed between upregulated (n = 1,189) and 
downregulated (n = 1,093) upon EWSR1 knockdown (FDR < 0.05) (Figure 48). 
 
We used Gene Set Enrichment Analysis (GSEA) (Figure 49a) to identify significantly 
deregulated pathways associated with EWSR1 knockdown, based on the KEGG pathway and 
Gene Ontology databases. This revealed that upregulated DEGs were associated with cancer-
related pathways, including the TGF-b signaling pathway. Interestingly, the downregulated 
DEGs were associated with cell cycle, cell division and G2/M checkpoint, pointing to a pivotal 
role for EWSR1 in the progression through the cell cycle (Figures 49b-d). 
 
Based on these observations, we analyzed cell cycle progression in EWSR1 knocked down 
(EWSR1 KD) Hela cells by flow cytometry. We found that 56.93% and 79.23% of cells were in 
the G1 phase of the cell cycle in siCTL and siEWSR1#1 conditions, respectively. These 
observations suggested a blockage at the G1 phase when EWSR1 is knocked down, which was 
also highlighted by a significant reduction of the proportion of cells in the S (31.63% in siCTL vs 
11.58% in siEWSR1#1) and G2 (13.1% in siCTL vs 7.35% in siEWSR1#1) phases (Figure 50a). 
Blockage of EWSR1 KD cells in G1 was also evidenced by upregulation of the cyclin-dependent 
kinase inhibitor p21Cip1 585 (Figure 50b).These observations indicate that EWSR1 controls cell 
progression through G1 and correlate with a previous study showing that it activates genes 
involved in the G1/S transition in HEK293 cells586. 
 
Defects in cell cycle often lead to alterations in cell proliferation587. Indeed, cell proliferation 
analysis showed that EWSR1 knockdown using 2 different siRNAs (siEWSR1#1 and 
siEWSR1#2) (Figure 50c) resulted in reduced proliferation of HeLa cells (Figures 50d,e). 
Altogether, our results are in agreement with the GSEA analyses and confirm a role for EWSR1 
in the regulation of cell cycle progression. 
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Figure 48: DEG upon EWSR1 KD. Volcano plot of significantly downregulated (blue) and upregulated (red) 
differential expressed genes (DEGs) upon EWSR1 knockdown in HeLa cells, as detected by RNA-seq analysis (n 
= 2 independent experiments, FDR = 0.05). Genes with unchanged expression are in black. Numbers refer to 
numbers of genes either up or downregulated. 
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Figure 49: GSEA. (a) Gene Set Enrichment Analysis (GSEA) of DEG in EWSR1 KD cells. The third column 
represents genes ordered in a ranked list according to their differential expression between siCTL and siEWSR1#1 
conditions. Each vertical bar represents a gene in the ranked list that is included in the pathway ontology of each 
row. (b, c, d) Enrichment plots from GSEA: cell cycle (b), G2M checkpoint (c) and cell division (d). 
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Integration of RIBO-seq data with corresponding RNA-seq data allows assessment of mRNA 
translatability, on a transcriptome-wide basis. Translation efficiency (TE), which is defined as the 
number of RPF mapped to a particular gene, normalized to the transcript abundance (= the ratio 
of the RPF counts over mRNA counts for all reads mapped to the gene) is considered as a good 
proxy for mRNA translatability442.  
Genome wide analysis of TE revealed significant changes in translation of individual mRNA 
between control and EWSR1 KD HeLa cells: from 11,950 detected mRNA, we identified a list of 
595 mRNA showing a significant increase in TE in EWSR1-depleted conditions (i.e., TE up 
genes). In contrast, only 222 genes had a decreased TE upon knockdown of EWSR1 (i.e., TE 
down genes) (Figure 51a). This raised the exciting possibility that EWSR1 could carry roles in 
the regulation of translation. Particularly, the observation that almost 3 times more mRNA 
showed increased TE following EWSR1 KD, pointed towards a repressive role for EWSR1 in 
mRNA translation. 
 
Recently, Li et al. developed a novel tool to analyse RIBO-seq data, called RiboDiPA588. 
RiboDiPA allows identification of transcripts showing statistically significant differences in 
ribosome occupancy patterns between two conditions. By applying this algorithm to our RIBO-
seq data, we identified 1,213 mRNA with significantly differential pattern (DP) of RPF distribution 
between siCTL and siEWSR1#1 conditions. Interestingly, around 40% (38.5%; 229/595) of the 
above TE up mRNAs were found among these (Figure 51b). Complementary to TE analysis, 
RiboDiPA confirms that depletion of EWSR1 correlates with changes of the translational 
landscape. 
 

d                                                                            e 

Figure 50: EWSR1 KD leads to cell cycle arrest and decreased proliferation. (a) Percentage of HeLa cells in 
siCTL and siEWSR1#1 conditions in G1, S and G2/M phases of cell cycle. Results are shown as means ± sd (n = 
3 independent experiments). *P < 0.05; **P < 0.01 compared to the siCTL condition by two-tailed unpaired 
Student’s t test. (b) Western blotting of EWSR1, P21 and GAPDH (loading control). Samples are total cell lysates 
from HeLa cells transfected with siEWSR1#1 or siCTL. (c) Western blotting of EWSR1 and β-Tubulin (loading 
control). Samples are total cell lysates from HeLa cells transfected with siCTL, siEWSR1#1 or siEWSR1#2. (d, e) 
Graphs showing the time-dependent (h) evolution of confluence (% of confluence) of HeLa cells post-knockdown 
of EWSR1 with siEWSR1#1 (d) or siEWSR1#2 (e). Results are shown as means ± sd (n = 3 independent 
experiments). *P < 0.05; ****P < 0.0001 compared to the siCTL condition by two-tailed unpaired Student’s t test. 
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To further investigate the effects of EWSR1 on global mRNA translation, we used a SUrface 
SEnsing of Translation (SUnSET) assay. This assay allows monitoring and quantification of 
global protein synthesis by detecting puromycin-labeled polypeptides upon translation 
elongation blockage589 (Figure 52a). Indeed, puromycin is a structural analogue of aminoacyl-
transfer RNA (aminoacyl-tRNA; specifically, tyrosyl-tRNA) that can be incorporated into 
elongating peptide chains, via the formation of a peptide bond. Because it has a non-
hydrolysable amide bond between the tRNA ribose moiety and the attached amino acid 
molecule, incorporation of puromycin leads to elongation termination and therefore release of 
truncated puromycin-bound peptides590. Western blotting with a monoclonal antibody against 
puromycin did not show an increase in protein synthesis after knocking down EWSR1 using two 
different siRNA (siEWSR1#1 and siEWSR1#2) (Figures 52b-e). This suggests that EWSR1 is 
not a general inhibitor of translation. Next, we performed polysome profiling by sucrose-gradient 
separation technique of translating mRNAs591 (Figure 53a). We observed no significant 
difference between the polysome profiles from siCTL- and siEWSR1#1-transfected HeLa cells, 
indicating that knocking down EWSR1 has no effect on global translation (Figure 53b). 
 
Taking together, our results suggest that EWSR1 is implicated in the repression of translation of 
a specific subset of mRNAs. 
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Figure 51: EWSR1 represses the translation of a specific subset of mRNA. (a) Volcano plot of significantly 
downregulated (blue) and upregulated (red) differential translation efficiency genes (DTEGs) upon EWSR1 KD with 
siEWSR1#1 in HeLa cells (n = 2 independent experiments, FDR = 0.05). The numbers of DTEGs are indicated in 
the graph. Black dots are genes that did not show statistically significant differences. (b) Venn diagram showing 
the overlap between genes with differential RPF patterns along the transcript, as established using RiboDiPA and 
TE up genes. ****P < 0.0001 using Fisher’s Exact Test. 

a 



RESULTS 

 105 

      

 

  

Figure 52: EWSR1 has no effect on global protein synthesis. (a) Schematic representation of the SUrface 
SEnsing of Translation (SUnSET) assay principle. Created with BioRender.com. Puromycin incorporation is 
revealed by western blotting. (b, d) Representative western blot of puromycin, EWSR1 and β-Tubulin (loading 
control). Samples are total cell lysates from HeLa cells transfected with siCTL, siEWSR1#1 (b) or siEWSR1#2 
(d). (c, e) Levels of these proteins were quantified by band densitometry analysis using ImageJ. Results are shown 
as means ± sd (n = 6 independent experiments) (c) or (n = 3 independent experiments) (e) after normalization to 
β-Tubulin. *P < 0.01, ns: not significant compared to the siCTL condition by one sample t test. 
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3.2 EWSR1 translational target mRNAs exhibit specific features 
 
To gain molecular insights on how EWSR1 represses translation of specific transcripts, we 
investigated the sequence features of the TE up mRNA. We observed that on average, 5’UTRs 
of the TE up mRNA had a significantly higher G- and GC-contents compared to a control set 
(unchanged) (Figures 54a,b). Furthermore, the EWSR1 TE up targets also showed higher 
occurrence of G-quadruplex within their sequence (Figure 54c). In light of previous reports 
showing that the RGG domains of EWSR1 specifically binds to G-quadruplex RNA and DNA, 
these observations were highly interesting to us and suggested that EWSR1 might repress 
translation by directly binding to its target mRNAs49,592.  
 
A number of studies highlighted the roles of the 5’ and 3’UTRs as modulators of translation593,594. 
To support the model of EWSR1 being a direct translation inhibitor, we performed an RBP 
enrichment analysis in mRNAs from the TE up dataset using AME, based on the motifs 
highlighted from Ray et al.595.  We found that 5’UTRs of TE up transcripts were enriched in motifs 
associated with PPRC1, RBM4, RBM8A, ZC3H10, LIN28A and the EWSR1 paralog FUS 
(Figure 55a). The 3’UTRs of TE up mRNAs were enriched in different motifs, including those of 
CPEB4, HuR, TIA1 and PCBP1 (Figure 55b). Remarkably, some identified RBPs, notably 
RBM4, FUS, LIN28A and TIA1, have been associated with repression of translation (Figure 
55c). In addition, database curation of the BioGRID4.4 repository revealed that some of the 
identified RBPs are known partners of EWSR1, such as RBM8A, FUS, RALY, HuR, TIA1 and 
U2AF2. This suggests that EWSR1 might repress the translation of its target mRNA by 

a                                                     b 

Figure 53: EWSR1 KD has no effect on polysomes profiles. (a) Schematic representation of the polysome 
profiling analysis. Created with BioRender.com. Ribosome-free and polysome-bound mRNAs are separated on a 
sucrose gradient (15-50%). (b) Polysome profiles of HeLa cells showing no difference between siCTL and 
siEWSR1#1 conditions. 
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collaborating with known translation inhibitors, for instance by enhancing their recruitment onto 
EWSR1 translational targets. An alternative, although not antagonistic model, could be that 
some EWSR1-partner RBP may increase EWSR1 binding to its target mRNAs, as collaborative 
interplay between RBPs is now well-documented596. 
   
Subsequently, we specifically searched for potential EWSR1 binding motifs in TE up mRNAs. 
As the EWSR1 binding motif remains poorly-defined, we turned towards FUS, another highly 
related FET protein family member. Recently, Loughlin et al.597 showed that FUS uses a bipartite 
binding mode with its ZnF binding to GGU and its RRM binding to an RNA stem loop. 
Interestingly, we found such defined FUS bipartite motif to be significantly enriched in TE up 
mRNAs. The enrichement was found to be significant for the 3’ and 5’UTRs, but also for the 
coding sequence (CDS) of EWSR1 translational targets (Figure 55d).  
 
Another study conducted by Van Nostrand et al.598 combined RNA Bind-N-Seq (RBNS) in vitro 
analysis, with enhanced CLIP (eCLIP) to characterize RNA elements associated with a large 
collection of human RBPs, generated as part of the Encyclopedia of DNA Elements (ENCODE) 
project phase III. They identified GGG(G|T|A)G as being the most likely EWSR1-associated 
motif. This motif was also significantly enriched in the TE up mRNAs, specifically in the 3’ and 
5’UTRs (Figure 55e). 
 
Although correlative, these analyses all point towards a model in which mRNAs whose 
translation is inhibited by EWSR1 harbor specific structural and sequence features such as high 
GC- and G-contents, high incidence of rG4 structures, FUS bipartite motifs and EWSR1 RBNS 
sequences, all of which are compatible with direct binding of EWSR1 to its translational targets. 
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Figure 54: Features of EWSR1 TE up targets. (a, b, c) Comparison of the percentage of G content (a), GC content 
(b) and G-quadruplex (c) between unchanged and TE up genes in the 3’ and 5’UTRs, CDS and the entirety of the 
mRNA. *P < 0.05, **P < 0.01; ***P < 0.001, ****P < 0.0001, ns = not significant using Wilcoxon-Mann-Whitney test. 
Results are shown as ± SEM (n = 2 independent experiments). 
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Figure 55: Sequence features of EWSR1 TE up targets are compatible with a model of direct binding of EWSR1. 
(a, b) RNA-binding protein motif enrichment analysis of 5’ (a) and 3’UTRs (b) of EWSR1 TE up targets. These 
sequences were screened for RNA-binding motifs using AME from the MEME suite. Enriched motif(s) of RBPs with an 
adjusted P-value (padj) < 0.05 are shown. (c) Table showing RBPs implicated in the repression of translation with their 
corresponding references. (d, e) Comparison of FUS bipartite motif (d) and EWSR1 RBNS motif (e) occurrences per 
kb between unchanged and TE up genes in the 3’ and 5’UTRs, CDS and the entirety of the mRNA. *P < 0.05, **P < 
0.01; ***P < 0.001, ns = not significant using Wilcoxon-Mann-Whitney test. Results are shown as ± SEM (n = 2 
independent experiments). 
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3.3 EWSR1 binds its translational targets and represses the translation of a 
tethered reporter 

 
To support the model whereby EWSR1 binds to specific mRNA to repress their translation, we 
sought to test the ability of EWSR1 to bind to TE up transcripts. To this aim, we identified EWSR1 
RNA targets based on previously published CLIP-seq data from Hoel at al.51, Paronetto et al.52 
and Van Nostrand et al.598. We defined a "high-confidence dataset" of EWSR1-bound mRNAs 
that consisted of the 2,731 common mRNAs found in the three CLIP-seq datasets. Interestingly, 
more than 20% (22.5%; 134/595) of the TE up mRNAs were found in the set of high-confidence 
EWSR1-bound mRNAs, an overlap that was highly significant (Figure 56a). Because these 
mRNAs can be bound by EWSR1 and their translation is increased in the absence of EWSR1, 
we defined these 134 overlapping transcripts as “direct EWSR1 translational targets”. To cross-
validate the binding of EWSR1 to these mRNA in HeLa cells, we performed RNA 
immunoprecipitation (RIP)-qPCR experiments. We immunoprecipitated EWSR1 with an anti-
EWSR1 antibody (Figure 56b) and assessed the presence of 4 randomly chosen mRNAs from 
the “direct EWSR1 translational targets” list (i.e., SEC61G, KDELR1, ZNF664 and RPL32) in the 
IP by RT-qPCR. Results were normalized to an unrelated 18S rRNA. In contrast to GAPDH, a 
non-target mRNA, we found that 3 of the 4 tested mRNAs (i.e., SEC61G, KDELR1 and ZNF664) 
were indeed enriched in the EWSR1 IP, compared to the IgG control IP (Figure 56c). This 
indicates that EWSR1 has the ability to associate with mRNAs whose it represses translation. 

To validate this model, we used a previously described mRNA tethering assay606. This assay 
uses a Renilla luciferase mRNA (RLuc) reporter harboring in its 3’UTR, either 0 or 4 repeats of 
the binding sequence for the bacteriophage MS2 coat protein (MS2-CP). These reporters are 
designated as RLuc-0 and RLuc-4, respectively. Another Firefly luciferase reporter gene (FLuc) 
is transcribed from the same bidirectional CMV promoter, but does not bear any MS2 binding 
site. This allows FLuc to be used as an internal control for transfection and recovery efficiencies. 
EWSR1 was fused to the MS2-CP peptide, allowing its specific recruitment to the 3’UTR of the 
RLuc-4 reporter transcript (Figure 57a). In contrast, due to the absence of MS2 binding site in 
its 3'UTR, the RLuc-0 mRNA is not tethered by MS2 fusion proteins. 

To test the effect of EWSR1 on the expression of the RLuc reporter mRNA, we transfected HeLa 
cells with FLAG-tagged constructs encoding either MS2-CP alone (as control) or MS2-CP fused 
to the full-length EWSR1 construct (MS2-EWSR1), together with the RLuc-0 (as the control 
reporter) or RLuc-4 (as the tethered reporter). For each condition (i.e., RLuc-0 or RLuc-4), the 
levels of MS2-EWSR1 were comparable (Figure 57b). The results were expressed as ratios of 
normalized RLuc/FLuc activities. As shown in Figure 57c, recruitment of the MS2-EWSR1 
protein to the RLuc transcript specifically reduced the expression of the RLuc protein by more 
than 50% (54%) compared to the MS2-CP control condition. Quantitative mRNA analysis by RT-
qPCR showed no effect on the abundance of the RLuc transcript (Figure 57d), suggesting that 
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EWSR1 protein reduces the production of the Renilla protein when tethered to the coding mRNA, 
without affecting the abundance of the transcript. It was recently suggested that FUS might inhibit 
translation by recruiting the core miRISC component AGO2 to specific transcript607. However, 
our bidirectional reporter has no previously identified miRNAs sites, and knockdown of AGO2 
(Figure 58a) did not affect the ability of MS2-EWSR1 to inhibit translation of the Renilla 
luciferase (Figures 58b,c), suggesting that EWSR1 translational inhibition is not mediated by 
the miRNA machinery. Importantly, we observed no effect when we performed the same assay 
with a non-tethered FLAG-EWSR1 construct, indicating that the reduction of RLuc activity by 
EWSR1 requires its tethering to the reporter mRNA (Figures 59a,b). Altogether, these 
observations support a model whereby EWSR1 represses mRNA translation through its binding 
onto its RNA targets.   

 

 

  

b                                      

c                                     

a                                     
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Figure 56: EWSR1 binds its translational targets. (a) Venn diagram showing the overlap between High 
Confidence (HC) EWSR1 targets curated from literature and TE up genes. ****P < 0.0001 using Fisher’s Exact 
Test. (b) Western blot analysis of EWSR1 after RNA immunoprecipitation (RIP) in HeLa cells. (c) RT-qPCR 
detection of various EWSR1 TE up mRNA targets and control gene (GAPDH) in RIP from HeLa cells (n = 7 
independent experiments). *P < 0.05, **P < 0.01, ns = not significant using one sample t test. 
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c                                                         d 

Figure 57: Tethering of EWSR1 represses translation of a Renilla luciferase mRNA reporter. (a) Schematic 
representation of tethering assay principle. Created with BioRender.com. Protein (X, e.g., EWSR1) fused to the 
MS2-Coat Protein (MS2-CP) recognizes MS2-binding sites in the 3’UTR of the Renilla luciferase mRNA reporter 
with high specificity and affinity. A CMV bidirectional promoter controls the transcription of both Firefly and Renilla 
luciferases. The FLuc and RLuc activities are assayed using the Dual-Luciferase Reporter (DLR) Assay system. 
(b) Western blot analysis of the levels of MS2-EWSR1 with anti-FLAG antibody. GAPDH is used as a loading 
control. Samples are total cell lysates from HeLa cells transfected with MS2-EWSR1 together with the RLuc-0 or 
RLuc-4 reporters constructs. (c, d) Luciferase tethering assays in HeLa cells transfected with MS2-CP or MS2-CP 
fused EWSR1 constructs together with RLuc-4 or RLuc-0 reporters. Results are means of normalized RLuc/FLuc 
activities [(RLuc-4/FLuc)/(RLuc-0/FLuc)] (c) and RLuc mRNA levels, relative to the MS2-CP condition (d) ± s.d. (n 
= 5 independent experiments). ****P < 0.0001, ns = not significant compared to the MS2-CP condition by one 
sample t test.  
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Figure 58: Repression of translation by EWSR1 does not rely on the miRNA machinery. (a) Western blot 
analysis of the levels of AGO2. GAPDH is used as a loading control. Samples are total cell lysates from HeLa 
cells transfected with MS2-CP or MS2-EWSR1 together with the RLuc-0 or RLuc-4 reporters constructs, in siCTL  
or siAGO2 conditions. (b, c) Luciferase tethering assays in HeLa cells transfected with MS2-CP or MS2-CP 
fused EWSR1 constructs together with RLuc-4 or RLuc-0 reporters in siCTL or siAGO2 conditions. Results are 
means of normalized RLuc/FLuc activities [(RLuc-4/FLuc)/(RLuc-0/FLuc)] (b) and RLuc mRNA levels, relative to 
the MS2-CP condition (c) ± s.d. (n = 3 independent experiments). *P < 0.05, **P < 0.01, ns = not significant 
compared to the MS2-CP condition by one sample t test. 
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3.4 The RGG2-ZnF-RGG3 region is responsible for the translational function 

of EWSR1 
 
To gain some molecular insights into its translational function, we thought to determine which 
region of EWSR1 was implicated in the repression of translation (Figure 60a). To this aim, we 
first independently tested the translational repressive activity of the N- and C-terminal moieties 
(CTD and NTD respectively) of EWSR1 in the MS2-tethering reporter assay. We transfected 
HeLa cells with FLAG-tagged constructs encoding either MS2-CP alone (as control) or MS2-CP 
fused to full-length EWSR1, its NTD or CTD regions. As previously shown (see Figures 57c,d), 
tethering of MS2-EWSR1 reduced the expression of the RLuc protein by more than 50%, with 
no effect on the abundance of the RLuc transcript, as assessed by RT-qPCR analysis. This 
translational inhibition of the reporter by full-length EWSR1 could be recapitulated by specifically 
tethering of its CTD region, but not its NTD region (Figures 60b,c), although both EWSR1 
regions were expressed at comparable levels (Figure 60d). As control, inhibition of RLuc 
translation by EWSR1 CTD was not observed when transfecting an untethered version of the 
protein, i.e., not fused to MS2-CP (Figures 60e,f), thus confirming that EWSR1-mediated 
translational repression requires its presence on the target transcript. To further support these 
observations, we used another previously described reporter, RLuc-6xMS2-polyA, containing 6 
MS2 binding sites608 (Figure 60g). Using this alternative reporter, the CTD exhibited an even 
stronger effect, reducing RLuc expression by more than 80% (83%) (Figures 60h,i). Altogether, 
these results identify the CTD as the region of EWSR1 responsible for its translational repressive 
function.  
  
 
 

 

Figure 59: Non-tethered FLAG-EWSR1 does not repress the translation. (a) Luciferase tethering assays in 
HeLa cells transfected with a control empty vector (FLAG-Empty) or a vector expressing FLAG-tagged EWSR1 
together with RLuc-4 or RLuc-0 reporters. Results are means of normalized RLuc/FLuc activities [(RLuc-
4/FLuc)/(RLuc-0/FLuc)] ± s.d. (n = 4 independent experiments). ns = not significant compared to the FLAG-empty 
condition by one sample t test. (b) Western blot analysis of the levels of FLAG-Empty and FLAG-EWSR1 using an 
anti-FLAG antibody. β-Tubulin is used as a loading control. Samples are total cell lysates from HeLa cells 
transfected with FLAG-Empty or FLAG-EWSR1 together with RLuc-0 or RLuc-4 reporters constructs. 
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To better map the sub-region of the CTD implicated in the inhibition of translation, we generated 

g                                                   i                                                   

e                                                  f                                         

Figure 60: EWSR1 represses the translation via its CTD. (a) Schematic domain structure of EWSR1. NTD: N-
terminal domain, CTD: C-terminal domain. (b, c) Luciferase tethering assays in HeLa cells transfected with MS2-
CP or MS2-CP fused EWSR1, NTD or CTD constructs together with RLuc-4 or RLuc-0 reporters. Results are 
means of normalized RLuc/FLuc activities [(RLuc-4/FLuc)/(RLuc-0/FLuc)] (b) and RLuc mRNA levels, relative to 
the MS2-CP condition (c) ± s.d. (n = 6 independent experiments). ***P <0.001, ****P < 0.0001, ns: not 
significant compared to the MS2-CP condition by one sample t test. (d) Western blot analysis of the levels of MS2-
EWSR1, MS2-NTD and MS2-CTD with anti-FLAG antibody. GAPDH is used as a loading control. Samples are 
total cell lysates from HeLa cells transfected with MS2-CP fused EWSR1, NTD or CTD constructs together with 
RLuc-0 or RLuc-4. (e) Luciferase tethering assays in HeLa cells transfected with FLAG-Empty or a vector 
expressing FLAG-tagged CTD constructs together with RLuc-4 or RLuc-0 reporters. Results are means of 
normalized RLuc/FLuc activities [(RLuc-4/FLuc)/(RLuc-0/FLuc)] ± s.d. (n = 4 independent experiments). ns = not 
significant compared to the FLAG-Empty condition by one sample t test. (f) Western blot analysis of the levels of 
FLAG-CTD using an anti-FLAG antibody. β-Tubulin is used as a loading control. Samples are total cell lysates from 
HeLa cells transfected with FLAG-CTD together with RLuc-0 or RLuc-4 reporters constructs. (g) Schematic 
representation of the reporter RLuc-6xMS2-poly(A) with 6 MS2 binding sites used in panel (h). (h) Luciferase 
tethering assays in HeLa cells transfected with MS2-CP or MS2-CP fused EWSR1 or CTD constructs together with 
RLuc-6xMS2-poly(A) and pGL3-Firefly reporters. Results are means of normalized RLuc/FLuc activities ± s.d. (n = 
3 independent experiments). *P < 0.05, ***P <0.001 compared to the MS2-CP condition by one sample t test. (i) 
Western blot analysis of the levels of MS2-EWSR1 and MS2-CTD proteins with anti-FLAG antibody. HSP90 is used 
as a loading control. Samples are total cell lysates from HeLa cells transfected with MS2-EWSR1 or MS2-CTD 
together with RLuc-6xMS2-poly(A) and pGL3-Firefly reporters constructs. 
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a series of 9 mutants lacking specific structural and/or functional domains within the EWSR1 
CTD. We then tested individually each of these mutants CTD in the tethering reporter assay 
(Figure 61a). Among the tested mutants, which were all expressed at comparable levels (Figure 
61b), two had lost the ability to repress expression of the Renilla luciferase, namely the RGG1-
RRM and ΔRGG2-ZnF-RGG3 mutants (Figure 61c). These translationally inactive mutants 
lacked a region of the CTD spanning from the second to the third arginine/glycine/glycine (RGG)-
rich motifs and including the ZnF (i.e., the RGG2-ZnF-RGG3 region). The absence of the ZnF 
only had no effect, as the ΔZnF mutant retained full repressive activity. Strikingly, the presence 
of either RGG2 or RGG3 was sufficient to maintain some translational repression, although not 
to the level of the full CTD.  
To confirm these observations, we deleted this region from the full-length EWSR1 (EWSR1-FL) 
protein (Figure 61d) and found that the resulting mutant (i.e., EWSR1 ΔRGG2-ZnF-RGG3) had 
completely lost the ability to repress expression of RLuc in the tethering assay (Figures 61e,f). 
Based on these analyses, we identified the RGG2-ZnF-RGG3 region as being responsible for 
the repression of translation by the CTD, most predominantly because of the presence of both 
RGG2 and RGG3. 

a                                         
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Figure 61: RGG2-ZnF-RGG3 is the region implicated in the repression of translation. (a) Schematic domain 
structure of CTD-deletion mutants. FL: full length. (b) Western blot analysis of the levels of MS2-CP, MS2-CTD and 
MS2-CTD-deletion mutants proteins with anti-FLAG antibody. GAPDH is used as a loading control. Samples are 
total cell lysates from HeLa cells transfected with MS2-CP or MS2-CP fused CTD or CTD-deletion mutants together 
with RLuc-0 or RLuc-4 reporters constructs. (c) Luciferase tethering assays in HeLa cells transfected with MS2-CP 
or MS2-CP fused CTD or CTD-deletion mutants constructs together with RLuc-4 or RLuc-0 reporters. Results are 
means of normalized RLuc/FLuc activities [(RLuc-4/FLuc)/(RLuc-0/FLuc)] ± s.d. (n = 3 independent experiments). 
*P < 0.05, **P < 0.01, ***P <0.001, ns: not significant compared to the MS2-CP condition by one sample t test. (d) 
Schematic domain structure of EWSR1-deletion mutant. (e) Luciferase tethering assays in HeLa cells transfected 
with MS2-CP or MS2-CP fused EWSR1 or EWSR1-deletion mutant constructs together with RLuc-4 or RLuc-0 
reporters. Results are means of normalized RLuc/FLuc activities [(RLuc-4/FLuc)/(RLuc-0/FLuc)] ± s.d. (n = 3 
independent experiments). ***P <0.001, ns: not significant compared to the MS2-CP conditions by one sample t test. 
(f) Western blot analysis of the levels of MS2-CP, MS2-EWSR1 and MS2-EWSR1-deletion mutant with anti-FLAG 
antibody. β-Tubulin is used as a loading control. Samples are total cell lysates from HeLa cells transfected with MS2-
CP or MS2-CP fused EWSR1 or EWSR1-deletion mutant proteins together with RLuc-4 or RLuc-0 reporters 
constructs. 
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3.5 EWSR1 associates with the 40S ribosomal subunit 
 
Interestingly, database curation of the BioGRID4.4 repository revealed that the EWSR1 
interactome comprises many ribosome related factors, including notably both core ribosomal 
proteins (RPLs like RPL12 and RPL29 and RPSs like RPS10 and RPS18) and ribosome-
associated proteins such as eIF4H and eIF5A. This raised the intriguing possibility that EWSR1 
might associate with ribosomes to regulate translation. To test this hypothesis, we first examined 
whether EWSR1 might be present in the cytoplasm, as suggested by previous studies9. To this 
aim, we prepared nuclear and cytoplasmic fractions from HeLa cells and examined the presence 
of EWSR1 by western blot. As illustrated in Figure 62, EWSR1 was observed both in the nucleus 
and in the cytoplasm. As a control for specificity, the EWSR1 signal was reduced upon 
transfection with siEWSR1#1. Next, we tested whether cytoplasmic EWSR1 could associate 
with ribosomes, as suggested previously113. We conducted subcellular fractionation of HeLa 
cells following a previoulsy described protocol609 leading to S30 (cytoplasmic fraction), S100 
(cytoplasmic fraction free of ribosomes), R (ribosomes with associated factors fraction) and RSW 
(ribosomes without or with very little associated factors fraction) fractions (Figure 63a). As 
expected, core ribosomal proteins such as 40S (RPS6, RPS23 and RACK1) and 60S (RPL26, 
RPL4) components were specifically detected in the R and RSW fractions, but not in the S100 
fraction (Figure 63b). The initiation factor eIF2α was enriched in the R fraction but barely visible 
in the RSW fraction, showing that associated factors, such as initiation factors were efficiently 
detached from the ribosomes by the high salt wash between the R and RSW steps, as expected. 
Cytoplasmic EWSR1 was detected in the S100 fraction indicating that it can be found outside of 
ribosomes. However, a large portion of EWSR1 was also detected in the R fraction, 
demonstrating that it is mostly associated with ribosomes when in the cytoplasm. Because very 
little EWSR1 could be found in the RSW fraction, we concluded that although EWSR1 sediments 
with ribosomal fractions, it is not an integral component of the ribosomes (Figure 63b).  
 
Next, we studied the pattern of sedimentation of EWSR1 extracted from HeLa cells on linear 
sucrose density gradients, using polysome profiling. This approach generated a polysome profile 
including fractions of mRNAs outside of ribosomes (also known as “free mRNA pool”; fractions 
1 to 6 in Figure 63c), isolated 40S (fractions 7 to 11 in Figure 63c), and 60S/80S (fractions 12 
to 16 in Figure 63c) and polysomes (fractions 17 to 26 in Figure 63c).  Gradient fractions were 
analyzed by western blotting. To detect the distribution of the 40S and 60S subunits throughout 
the gradient, we used RPS6 and RPL26, respectively (Figure 63c). EWSR1 was highly present 
in fractions corresponding to the non-translating (“free mRNA pool”), and although it was also 
visible in the fractions corresponding to isolated 40S, it was never observed in the 60S/80S or 
polysomes fractions (Figure 63c). 
 
These results prompted us to assess the association of EWSR1 with cytoplasmic mRNAs. To 
this aim, we conducted an oligo(dT) purification approach. We irradiated HeLa cells with UV to 
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covalently cross-link direct RNA-protein interactions. We then pulled down poly(A)+ mRNPs, 
from both total and cytoplasmic extracts using oligo(dT)-tagged beads. RBPMS, a well described 
RBP610, and GAPDH and Histone H3, both of which have no known mRNP-related function were 
used as positive and negative controls, respectively. As expected, GAPDH was observed in total 
and cytoplasmic fractions, whereas H3 was only detected in total cell lysates. EWSR1 was 
specifically detected in the oligo(dT) pulldowns from both the total and cytoplasmic fractions 
(Figure 64). The presence of EWSR1 was strongly diminished when pulldowns reactions were 
treated with RNase A. These analyses show that EWSR1 can associate to cytoplasmic 
polyadenylated mRNAs. Together with the results of our polysome profiling and in line with the 
results of a previous study611 reporting that EWSR1 was among the RBPs either specifically or 
highly enriched in small, < 40 S mRNP complexes, we concluded that cytoplamsic EWSR1 is 
predominantly associated with non-translating mRNAs. 
 

 
 

 
 

Figure 62: EWSR1 is localized in the nucleus and the cytoplasm. Western blotting of nuclear (NF) and 
cytoplasmic (CF) fractions from HeLa cells transfected with siCTL and siEWSR1#1. GAPDH (cytoplasmic control) 
and Histone H3 (nuclear control). 
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Our observations that EWSR1 i) is found in the R fraction together with ribosomal components, 
ii) co-sediments with 40S on polysome gradient and iii) associates with non-translated 
cytoplasmic mRNA suggest that EWSR1 might inhibit translation by interacting with the small 
ribosomal subunit. To test this hypothesis, we first performed co-immunoprecipitations between 
FLAG-tagged EWSR1 or its isolated NTD or CTD regions and endogenous ribosomal proteins 
from HeLa cells extracts. In these conditions, we found that both EWSR1 and its CTD associated 
with components of the 40S and 60S particles (Figure 65). In contrast, the NTD region of 
EWSR1 showed no association with the tested ribosomal proteins, indicating that the association 
between ribosomal components and EWSR1 is mediated by its CTD. 
 
To discriminate between indirect interactions mediated by mRNAs and RNA-independent 
interactions, we performed co-immunoprecipitations in the presence of RNase A, which is known 
to preserve the integrity of mammalian 80S particles612 (Figure 66a). EWSR1 and its CTD 
readily co-immunoprecipitated with both 40S (RPS6 and RPS23) and 60S (RPL26 and RPL22) 
ribosomal proteins in the absence of RNase A pre-treatment (Figure 66b). However, the levels 

Figure 63: EWSR1 is present in ribosomal fractions. (a) Illustration of the subcellular fractionation protocol. 
Created with BioRender.com. S30: cytoplasmic fraction, S100: cytoplasmic fraction free of ribosomes, R: ribosomes 
with associated factors fraction, RSW: ribosomes without or with very little associated factors fraction. (b) Western 
blotting of S30, S100, R and RSW fractions from HEK293 cells. The presence of the indicated proteins was analyzed 
in each fractions using specific antibodies. (c) Absorbance profiles at 260 nm (above) and western blot analysis 
(below) of sucrose gradient sedimentation of HeLa cell cytoplasmic extracts. Fractions 1 to 6 corresponds to “free 
mRNA pool” not associated to ribosomes, fractions 7 to 11 correspond to isolated 40S particles, fractions 12 to 16 
contain free 60S and 80S and fractions 17 to 26 correspond to polysomes. The distributions of EWSR1, RPS6 and 
RPL26 throughout the different fractions of the sucrose gradient were analyzed by western blotting. 

Figure 64: EWSR1 binds to total and cytoplasmic mRNA. Western blotting of oligo(dT)-RNA bound proteins 
with the indicated antibodies. Samples are total or cytoplasmic HeLa cells extracts transfected with FLAG-EWSR1 
and cross-linked with UV. Samples are nontreated (-) or RNase A treated (+). 
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of RPL22 and RPL26 co-immunoprecipitating with EWSR1 or its CTD were significantly reduced 
under RNase A treatment, while associations with RPS6 and RPS23 remained largely 
unaffected. Similar experiments were repeated using RNase T1 which digests polyribosomes 
into monosomes, without affecting the integrity of the 80S ribosome612. Again, we found an 
RNase-insensitive interaction between EWSR1 or its CTD, with the 40S ribosomal protein, 
RPS6, but not with 60S protein, RPL22 (Figure 66c). Finally, association between EWSR1 and 
the 40S particle was confirmed at the endogenous level (Figure 66d). Altogether, these results 
thus suggest that EWSR1 associates with the 40S ribosomal particle, in an RNA-independent 
manner. 
 
Finally, to further establish the association between EWSR1 and the 40S particle, we performed 
GST pulldown assays with a purified CTD fragment (GST-CTD) produced in E. coli as a GST 
fusion protein (GST-CTD) (Figure 66e). GST-CTD was incubated with 40S or 60S/80S fractions 
purified from polysome gradients. As shown by western blot analysis, the 60S/80S fractions 
contained both 40S (RPS6, RPS5) and 60S ribosomal proteins (RPL26, RPL4), but very little to 
no initiation factors, such as the 43S (eIF3B, eIF3η, eIF4E, eIF5). In contrast, the 40S fraction 
contained 40S ribosomal proteins, various initiation factors, but no detectable 60S ribosomal 
proteins. Analysis of proteins pulled down from the 40S and 60S/80S fractions by GST-CTD 
revealed that it associated specifically with 40S ribosomal proteins, such as RPS6 and RPS5, 
whereas the GST control did not. In contrast, no association was observed between the GST-
CTD and 60S components, such as RPL26 and RPL4 (Figure 66e). Because the 60S/80S 
fraction most likely contains assembled 80S particles, these experiments strongly suggest that 
EWSR1 can bind the 40S particle in the absence of any associated 60S subunit. Initiation factors 
present in the 40S fractions, such as the cap-binding eIF4E, or the 43S preinitiation factor eIF3 
were not pulled down by GST-CTD, suggesting that EWSR1 does not associate with the 43S 
pre-initiation complex (PIC). 
 
The above observations prompted us to more finely map the 40S-interacting region of EWSR1 
within the CTD. To this aim, we performed co-immunoprecipitations using the series of CTD 
deletion mutants that we previously generated (see Figure 61a). We tested the ability of these 
mutants to associate with endogenous 40S ribosomal proteins, such as RPS6 and RPS23. This 
analysis identified two mutants that were unable to associate with the 40S particle, namely the 
RGG1-RRM (lacking the RGG2-ZnF-RGG3-NLS region) and the ΔRGG2-ZnF-RGG3 mutants 
(Figure 67a). The ΔRGG2-ZnF and ΔZnF-RGG3 mutants were severely impaired in their ability 
to associate with RPS6 and RPS23, while the ΔRGG3 and  ΔRGG2 mutants were not 
significantly affected. These results thus identify the RGG2-ZnF-RGG3 region of EWSR1 as the 
minimal region responsible for the interaction with the 40S particle. Indeed, an EWSR1 mutant 
lacking the RGG2-ZnF-RGG3 region did not associate with RPS6 (Figure 67b). Strikingly, the 
RGG2-ZnF-RGG3 region is the same region that we had identified as being involved in EWSR1-
mediated translational repression (see Figure 61c). The observation that the 40S-interacting 
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region overlaps with the region functionally involved in translational repression supports the idea 
that the repression of translation by EWSR1 is correlated to its ability to associate with the 40S 
particle. 
 

  
 
 

Figure 65: EWSR1 binds to the 40S subunit via its CTD. Immunoprecipitation (IP) of FLAG-tagged EWSR1, NTD 
and CTD and anti-FLAG, anti-RPS6, anti-RPS5, anti-RPL26 and anti-RPL22 western blotting. Samples are lysates 
from HeLa cells transfected with FLAG-EWSR1, FLAG-NTD, FLAG-CTD or control FLAG Empty-vector. 

a                                         
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Figure 67: RGG2-ZnF-RGG3 is the CTD region implicated in the interaction with the 40S. (a) 
Immunoprecipitation (IP) of FLAG-tagged CTD and its deletion mutants and anti-FLAG, anti-RPS23 and anti-RPS6 
western blotting. Samples are lysates from HeLa cells transfected with FLAG-CTD, FLAG-CTD-deletion mutants or 
control FLAG Empty-vector. (b) Immunoprecipitations (IP) of FLAG-tagged EWSR1 and its deletion mutant and anti-
FLAG and anti-RPS6 western blotting. Samples are lysates from HeLa cells transfected with FLAG-EWSR1, FLAG-
EWSR1-deletion mutant or control FLAG-Empty vector. 

a                                         

Figure 66: EWSR1 binds to the 40S through RNase-insensitive interaction. (a) Schematic representation of 
RNase A treatment effect on polysomes. Created with BioRender.com. (b) Immunoprecipitation (IP) of FLAG-
tagged EWSR1 and CTD and anti-FLAG, anti-RPS6, anti-RPS23, anti-RPL26, and anti-RPL22 western blotting. 
Samples are nontreated (-) or RNase A treated (+) lysates from HeLa cells transfected with FLAG-EWSR1, FLAG-
CTD or control FLAG Empty-vector. (c) Immunoprecipitation (IP) of FLAG-tagged EWSR1 and CTD and anti-FLAG, 
anti-RPS6 and anti-RPL22 western blotting. Samples are nontreated (-) or RNase T1 treated (+) lysates from HeLa 
cells transfected with FLAG-EWSR1, FLAG-CTD or control FLAG Empty-vector. (d) Immunoprecipitation (IP) of 
endogenous EWSR1 from HEK293 cell lysates followed by western blotting for the indicated proteins. (e) Western 
blotting of GST pulldowns performed with GST-CTD or GST alone on 40S or 60S/80S fractions. GST-tagged 
proteins and the endogenous levels of 40S, 60S markers and initiation factors (IFs) are shown using specific 
antibodies. Asterisks indicate nonspecific bands. 
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3.6 EWSR1 represses translation downstream of ATG scanning 
 
As the rate-limiting step of the translation process, initiation is also often targeted by translation 
regulators613. We thus considered the possibility that EWSR1 might inhibit translation by 
interfering with initiation. First, we tested whether EWSR1 might interact and/or tamper with cap 
recognition using an m7GTP-Agarose binding assay351 (Figure 68a). While we were able to 
efficiently pull down eIF4E, eIF4G and subunits of the initiation factor eIF3, we found no evidence 
that endogenous EWSR1 associates with m7GTP (Figure 68b). Consistent with our GST-CTD 
pulldown assay, in which the CTD showed no binding to eIF4E (Figure 66e), these observations 
support the model whereby EWSR1 does not interact with translation initiation factors to inhibit 
translation. Moreover, knockdown of EWSR1 had no effect on the association of the eIF4F 
components, including the cap-binding subunit eIF4E, the scaffolding subunit eIF4G and the 
associated initiation factors eIF3η and eIF3B to the immobilized m7GTP, indicating that cap 
recognition by the 43S PIC does not require EWSR1 (Figure 68b). 
 
Internal ribosome entry sites (IRES) from viral or rare cellular mRNA drive a non-canonical mode 
of translation initiation termed "cap-independent translation" that does not rely on the m7GTP at 
the 5’end of mRNA, but might depend on few of the canonical initiation factors614. The Poliovirus 
(PV) IRES requires eIF2, eIF3, eIF4A, eIF4G, eIF4B, eIF1A, and a single IRES trans-acting 
factor (ITAF), the poly(C) binding protein 2 (PCBP2)615. The Cricket paralysis virus (CrPv) IRES 
does not require any translation initiation factors616. To more firmly establish that EWSR1 does 
not repress cap-dependent translation by interfering with the initiation step, we tested its effect 
on IRES-driven reporters. We cloned the PV or CrPv IRES in the 5’UTR of our bidirectional RLuc 
reporter with 8 MS2 binding sites and tested the effect of tethering EWSR1 or its CTD on IRES-
driven RLuc translation (Figure 69a). Tethering of MS2-EWSR1 or MS2-CTD to the RLuc mRNA 
significantly reduced luciferase expression from both the CrPv and PV IRES reporters, similarly 
to our observations with cap-dependent reporters (Figures 69b-e). 
 
The ability of EWSR1 to repress both cap-dependent and -independent translation suggests an 
EWSR1-mediated translation repression mechanism, acting downstream of the initiation step. 
Once assembled, the 43S PIC moves in the 3’ direction, scanning for the proximal initiation 
codon. To assess whether EWSR1 might inhibit scanning by the 43S, we used a previously 
described RLuc-6xMS2 reporter whose translation occurs via a scanning-independent 
mechanism, using a TISU motif located in a 9 nt 5’UTR (TISU-RLuc-6xMS2-polyA)617 (Figure 
70a). Upon tethering to the reporter transcript, we found that EWSR1 and its CTD significantly 
inhibited expression of RLuc from this reporter by 20% and 83%, respectively, suggesting that 
inhibition of translation by EWSR1 is independent of 5’UTR scanning by the 43S PIC (Figures 
70b,c). 
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In parallel, we looked whether depletion of EWSR1 might interfere with translation by slowing 
down 5’UTR scanning or increase residency of the 43S PIC at the initiation codon. To this aim, 
we determined read distribution in 5’UTR and P-site occupancy at start codons in all detected 
mRNAs, using our RIBO-seq data and the same approach that was conducted by Sun et al.618. 
These analyses revealed no difference between siCTL and siEWSR1#1 conditions for the 
relative P-site occupancy at start codon or read densities in 5’UTR between siCTL and 
siEWSR1#1 (Figure 71). 
  

 

a                                                                            b                                        

Figure 68: EWSR1 does not interact with the cap or initiation factors. (a) Schematic representation of m7GTP 
pulldown. Created with BioRender.com. Cap binding complex from cell lysate associates to the cap bound to 
agarose beads. (b) Western blotting of EWSR1 and the indicated initiation factors. Samples are m7GTP pulldowns 
from HeLa cells transfected with siEWSR1#1 or siCTL. IFs: initiation factors. m7GTP: 7-methylguanylate structure. 

a                                         
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b                                                                c                                        
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Figure 70: EWSR1 represses scanning-independent translation. (a) Schematic representation of the reporter 
TISU-RLuc-6xMS2-poly(A) with 6 MS2 binding sites used in panel (b). (b) Luciferase tethering assays in HeLa cells 
transfected with MS2-CP or MS2-CP fused EWSR1 or CTD constructs together with TISU-RLuc-6xMS2-poly(A) and 
pGL3-Firefly reporters. Results are means of normalized RLuc/FLuc activities ± s.d. (n = 3 independent 
experiments). *P < 0.05, **P < 0.01 compared to the MS2-CP condition by one sample t test. (c) Western blot 
analysis of the levels of MS2-EWSR1 and MS2-CTD with anti-FLAG antibody. HSP90 is used as a loading control. 
Samples are total cell lysates from HeLa cells transfected with MS2-EWSR1 or MS2-CTD together with TISU-RLuc-
6xMS2-poly(A) and pGL3-Firefly reporters constructs. 

 

a                                         

b                                        

c                                         

Figure 69: EWSR1 represses cap-independent translation. (a) Schematic representation of CrPv/PV IRES 
bidirectional luciferase reporters (with 8 MS2 binding sites). Created with BioRender.com. (b, c) Luciferase 
tethering assays in HeLa cells transfected with MS2-CP or MS2-CP fused EWSR1 or CTD constructs together with 
CrPv-RLuc-8 or CrPv-RLuc-0 (b) or PV-RLuc-8 or PV-RLuc-0 (c) reporters. Results are means of normalized 
RLuc/FLuc activities [(RLuc-8/FLuc)/(RLuc-8/FLuc)] ± s.d. (n = 3 independent experiments). *P < 0.05, **P < 0.01 
compared to the MS2-CP condition by one sample t test. (d, e) Western blot analysis of the levels of MS2-CP, 
MS2-EWSR1 and MS2-CTD with anti-FLAG antibody. HSP90 is used as a loading control. Samples are total cell 
lysates from HeLa cells transfected with MS2-CP or MS2-CP fused EWSR1 or CTD together with CrPv-RLuc-8 or 
CrPv-RLuc-0 (d) or PV-RLuc-8 or PV-RLuc-0 reporters constructs(e). IRES: Internal ribosome entry sites. PV: 
Poliovirus. CrPv: Cricket paralysis virus. 
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3.7 The translational function of EWSR1 is linked to lipid homeostasis in 
cancer cells  

 
To assess the biological relevance of EWSR1 function in translation, we performed Gene 
Ontology (GO) term enrichment analysis of genes whose TE is either up or downreguated by 
EWSR1 KD (i.e., differential translation efficiency genes (DTEGs)). The 222 TE down genes 
were enriched in various RNA processing mechanisms (i.e., RNA splicing, mRNA metabolic and 
catabolic processes, RNA localization and RNP assembly) and translation (i.e., translational 
initiation and ribosomal subunit) related processes (figure 72a). Interestingly, analysis of the 
595 TE up genes revealed significant enrichments in genes related to membrane structure and 
organization (e.g., extracellular matrix organization, collagen-containing extracellular matrix, 
basement membrane, integral component of organelle membrane), lipid metabolism (e.g., 
membrane lipid metabolic process, sphingolipid metabolic process), glycosylation metabolism 
(e.g., glycoprotein metabolic cellular process, protein glycosylation, glycosaminoglycan 
metabolic process, protein-O-linked glycosylation, glycosaminoglycan catabolic process) and 
endoplasmic reticulum (ER) cellular processes (e.g., protein localization to endoplasmic 
reticulum, endoplasmic reticulum lumen) (Figure 72b). Moreover, GO analysis of the 134 “direct  
EWSR1 translational targets” showed a similar enrichment to that of TE up genes (Figure 72c).  
 

Figure 71: P-site occupancy. Average P-site occupancy at start codon between siCTL and siEWSR1#1 conditions 
for all genes (n = 11,929). ns = not significant using Wilcoxon-Mann-Whitney test (n = 2 independent experiments). 
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Interestingly, many of the translational targets of EWSR1 are linked to lipid metabolism. 
Therefore, we hypothesized that knockdown of EWSR1 might change the intracellular lipid 
composition. To test this, we conducted a mass spectrometry-based lipidomic analysis of cells 
treated with siEWSR1#1. We compiled the identified eighteen lipid classes into three major lipid 
categories: storage, membrane and signaling lipids (Figure 73). Storage lipids comprise 
triacylglycerides and cholesterol esters. Glycerolphospholipids, sphingolipids and steroids are 
lipid components of cell membranes. Signaling lipids correspond to numerous classes such as 
LPC (lysophosphatidylcholine), DG (diacylglycerides) and CER (ceramides). 
 
Western blot analysis of the three independent replicates used for the lipidomic experiment 
confirmed knockdown of EWSR1 (Figures 74a,b). At the relative level (when looking at the 
proportions of lipid species relative to the overall lipid composition), PCA revealed no significant 
clustering (Figure 74c). In contrast, clustering was clearly observed between the two conditions 
(siEWSR1#1 vs siCTL), when data were examined at the quantitative level (absolute amounts 
of each lipid species) (Figure 74d). Quantitative data were expressed as nanomoles of a specific 
lipid species, normalized to DNA content to account for differences in cell number between the 
two conditions. Except for CE, LPC, DG, DCER, we observed a significant increase of all lipid 
classes in the siEWSR1#1 treated cells (Figure 75). Strikingly, membrane lipids such as PC, 
PS, PE, PI, PG and SM were among the most highly increased lipids in the EWSR1 KD 
condition.  
 
Triacylglycerides (TGs) are neutral lipids that represent the major form of storage and transport 
of fatty acids within cells. They are deposited in lipid droplets, which play important roles in 
several cellular events619. Remarkably, we found that triacylglycerides were the most 
upregulated lipid class upon EWSR1 depletion, pointing to an important function of EWSR1 in 
the regulation of lipid storage in the cell. This remarkable rise of TGs could be explained by an 
overall increased lipid production, in EWSR1 KD condition, which can be converted into TGs, 
and might be deposited subsequently in lipid droplets. 
 
As shown in Figure 72b, mRNA coding for proteins linked to the cellular lipid metabolism are 
significantly enriched in DTEG upon EWSR1 KD. This connection with lipid metabolism is 
specific to the translational function of EWSR1, as no lipid-related GO was enriched in DEG (see 
Figure 49a). To support the idea that EWSR1 directly controls the translation of transcripts 
related to lipid metabolism, we tested its ability to bind such mRNA. Among the 134 "direct 
EWSR1 translational targets” list, we identified 8 transcripts coding for important factors in lipid 
metabolism: FADS1, FADS2, ELOVL5, ELOVL6, LPCAT1, LAMP1, SLC39 A1, HSD17B12. 

Figure 72: GO analysis of EWSR1 TE targets. (a, b,c) Bubble charts of Gene Ontology (GO) Biological Process 
terms in TE down (blue colored bubbles) (a) or TE up (red colored bubbles) genes (b) or genes from the “direct 
EWSR1 translational targets” dataset (c) (FDR < 0.05). Bubble’s size reflects the number of DTEGs and color scale 
corresponds to P-values. Enrichment analyses were performed with DAVID and P-values were calculated using 
FDR correction. 
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Using RIP-qPCR, we found all tested lipid-related transcripts to be significantly enriched in the 
EWSR1 immunoprecipitation (Figure 76). As control, GAPDH mRNA did not show a significant 
enrichment.  
 
The ER is the main site of lipid biosynthesis. In addition, changes in lipid homeostasis have an 
impact on ER shape and function452,620. In light of our results, we assessed the possible role of 
EWSR1 in ER biology. To this aim, we first performed ultrastructural analysis of ER using 
transmission electron microscopy (TEM) in EWSR1 KD HeLa cells. Interestingly, TEM analysis 
revealed that ER from EWSR1 KD cells had an altered morphology, appearing as dilated 
structures with expended lumen (Figure 77). In contrast, no morphological difference was 
detected for the nucleus, Golgi, lysosomes, or mitochondria between control and EWSR1-
depleted conditions. The specific dilated mophology of the ER in EWSR1 KD condition indicates 
that EWSR1 is a key protein for the maintenance of a normal ER shape.  

 

Figure 73: Lipids classification into three main categories: storage (blue), membrane (green) and signaling 
(orange). Created with BioRender.com. TG: Triacylglyceride, CE: Cholesterol ester, PC: phosphatidylcholine, PS: 
phosphatidylserine, PE: phosphatidylethanolamine, PI: phosphatidylinositol, PG: phosphatidylglycerol, SM: 
Sphingomyelin, LPC: lysophosphatidylcholine, DG: diacylglycerides, CER: ceramides, DCER: dihydroceramides, 
HexCer: hexosylceramides, LPE: lysophosphatidylethanolamine, PC-O: 1-alkyl,2-acylphosphatidylcholine, PC-P: -
alkenyl,2-acylphosphatidylcholine, PE-O: 1-alkyl,2-acylphosphatidylethanolamine, PE-P: 1-alkenyl,2-
acylphosphatidylethanolamine. 
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Figure 74: Quality control of the lipidomic analysis. (a) Western blotting of EWSR1 and β-Tubulin (loading control). 
Samples are total cell lysates from HeLa cells transfected with siEWSR1#1 or siCTL. (b) The level of EWSR1 was 
quantified by band densitometry analysis using ImageJ. Results are shown as means ± sd (n = 3 independent 
experiments) after normalization to β-Tubulin. **P < 0.01 compared to the siCTL condition by one sample t test. (c, d) 
PCA analysis of relative (c) and quantitative (d) lipidomic data (n = 3 independent experiments). 
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Figure 75: Accumulation of lipids upon EWSR1 KD. Refer to Figure 73 for all lipid classes abbreviations. Fold 
change (siEWSR1/siCTL) of the 18 classes of lipids. Results are shown as means ± sd (n = 3 independent 
experiments). *P < 0.05, **P < 0.01; ***P < 0.001, ****P < 0.0001, ns = not significant compared to the siCTL 
condition by two-tailed unpaired Student’s t test. 

 

Figure 76: EWSR1 binds to mRNA targets associated with lipid metabolism. RT-qPCR detection of various 
EWSR1 TE up targets mRNA and control gene (GAPDH) in HeLa cells (n = 7 independent experiments). *P < 0.05, 
**P < 0.01; ***P < 0.001, ****P < 0.0001, ns = not significant using one sample t test. 
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3.8 Deletion of EWSR1 impairs the activation of the unfolded protein 
response of the ER (UPRER) 

Signaling sensors within the ER detect perturbations in ER homeostasis and trigger an adaptive 
stress response known as the unfolded protein response (UPRER)621. Interestinlgy, recent 
findings show that UPRER sensors are also sensitive to perturbations in lipid homeostasis622. 
Based on our observations that EWSR1 affects lipid homeostasis (Figure 75) and ER 
morphology (Figure 77), we investigated the UPRER status in EWSR1 KD cells. 

Activation of the UPRER involves a set of three transmembrane ER-resident proteins, including 
IRE1α, PERK, and ATF6, each of which triggers a specific downstream signaling pathway (see 
Figure 36 in the Introduction). Using classical markers of the three UPRER branches, we 
monitored the UPRER status of siCTL- and siEWSR1-treated cells623. With regards to the PERK 
pathway, we found that KD of EWSR1 correlated with a significant reduction in PERK levels 
(27%). This also correlated with an almost 50% reduction (47%) of the phosphorylation of its 
downstream target eIF2α and a more than 70% decrease (72%) in protein levels of ATF4 
(Figures 78a,b). 

Figure 77: Changes of ER shape upon EWSR1 knockdown. (a-d) TEM images showing ER changes in HeLa 
cells upon knockdown of EWSR1 with siEWSR1#1. Blue arrows points to ER in siCTL condition and red arrows to 
ER in siEWSR1#1 condition. L: Lysosomes, M: Mitochondria, G: Golgi, Nu: Nucleolus. (a) Scale bars: 2 μm; Mag.: 
3000x. (b) Scale bars: 2 μm; Mag.: 4000x. (c, d) Scale bars: 2 μm; Mag.: 6000x. 
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At the translational level, ATF4 expression is controlled by two short upstream open reading 
frames (uORF1 and uORF2) within the 5’UTR of its mRNA509. Higher translation of uORF2 
prevents ATF4 from being properly translated, as it overlaps with the start codon of the ATF4 
CDS. Using our RIBO-seq data, we assessed the ribosome distribution profile across the ATF4 
mRNA and quantified the proportion of RPF within uORF1 and uORF2. While no RPF could be 
mapped to uORF2 in the siCTL condition, ribosomal footprints were detected in uORF2 in 
EWSR1 KD cells, suggesting that ATF4 translation is decreased in cells KD for EWSR1 (Figure 
79a). These observations confirmed our WB analyses (see Figure 78a) and show that lack of 
EWSR1 correlates with a reduction of ATF4 expression through the classical uORF-mediated 
regulation, downstream of PERK. Interestingly, we found that classical ATF4 targets, such as 
HERPUD1, PSAT1, TRIB3, MTHFD2, were downregulated in EWSR1 KD cells (Figure 79b). 
Together, these results show that activation of the PERK/ATF4 branch is reduced in EWSR1 KD 
cells. 
 a 

Figure 78: EWSR1 knockdown impairs the activation of the PERK axis of the UPRER. (a) Representative 
western blot analysis of EWSR1, PERK, p-eIF2α, eIF2α, ATF4 and β-Tubulin (loading control). Samples are total 
cell lysates from HeLa cells transfected with siEWSR1#1 or siCTL. (b) Protein levels were quantified by band 
densitometry analysis using ImageJ. Results are shown as means ± sd (n = 3 independent experiments) after 
normalization to β-Tubulin and relative to siCTL condition. **P < 0.01; ***P < 0.001 compared to the siCTL condition 
by one sample t test. 
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In parallel, we also observed that KD of EWSR1 correlated with an inhibition of the ATF6 branch 
of the UPRER, as assessed by a decrease in protein level of ATF6 (Figures 80a,b). Finally, 
EWSR1 KD cells showed a significant decrease in the phosphorylation of IRE1α and splicing of 
XBP1 (Figures 81a-c). Overall, these results indicate that EWSR1 KD impairs the activation of 
the three branches of the UPRER in HeLa cells. 
 

Figure 79: EWSR1 promotes expression of ATF4 and its downstream targets. (a) RIBO-seq reads of ATF4 at 
uORF1, uORF2 and CDS at genomic position. (b) Fold change (siEWSR1/siCTL) of the four downstream targets 
of ATF4 (HERPUD1, PSAT1, TRIB3, MTHFD2) analyzed from the RNA-seq library. *P < 0.05 compared to the 
siCTL condition by multiple t test. 
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Figure 80: EWSR1 knockdown impairs the activation of ATF6 axis. (a) Representative western blot analysis of 
EWSR1, ATF6 and β-Tubulin (loading control). Samples are total cell lysates from HeLa cells transfected with 
siEWSR1#1 or siCTL. (b) The levels of the proteins were quantified by band densitometry analysis using ImageJ. 
Results are shown as means ± sd (n = 3 independent experiments) after normalization to β-Tubulin and relative to 
the siCTL condition. *P < 0.05 compared to the siCTL condition by one sample t test. 
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To assess if the effects of EWSR1 KD on the UPRER were limited to HeLa cells, we checked the 
consequences of depleting EWSR1 in non HeLa cells. We used two other unrelated human 
cancer cell lines: human osteosarcoma (U2OS) and ovarian cancer (A2780A) cells. As for HeLa 
cells, we observed a global decrease in the UPRER following knockdown of EWSR1 (Figure 
82a). Importantly, these observations were replicated with a second EWSR1 siRNA 
(siEWSR1#2) (Figures 82b,c). 
 
Taken together, our findings suggest that expression of EWSR1 sustains activation of the UPRER 
under basal conditions, pointing towards a role of EWSR1 in the maintenance of basal cellular 
homeostasis in cancer cells.  
 
 
 

 

a                                                         b                                         

Figure 81: EWSR1 knockdown impairs the activation of IRE1α axis. (a) Representative western blot analysis 
of EWSR1, IRE1α axis and β-Tubulin (loading control). Samples are total cell lysates from HeLa cells transfected 
with siEWSR1#1 or siCTL. (b) The levels of the proteins were quantified by band densitometry analysis using 
ImageJ. Results are shown as means ± sd (n = 3 independent experiments) after normalization to β-Tubulin and 
relative to the siCTL condition. **P <0.01 compared to the siCTL condition by one sample t test. (c) MetaPhor® 
Agarose gel (2.5%) analysis showing the amplicons corresponding to unspliced (u) and spliced (s) XBP1 obtained 
by RT-PCR from RNA extracted from HeLa cells transfected with siEWSR1#1 or siCTL. The RT-PCR products are 
illustrated.  



RESULTS 

 146 

 
3.9 EWSR1 KD leads to impairment activation of UPRER under ER stress 
 
Based on the observation that depletion of EWSR1 correlates with defective UPRER in basal 
conditions, we sought to test the ability of EWSR1 KD cells to trigger the UPRER in response to 
stress. Several molecules that induce ER stress through a variety of mechanisms, have been 
identified. ER-stress inducers such as tunicamycin (Tu) inhibits N-linked glycosylation of 
proteins624, whereas thapsigargin (Tg), a sesquiterpene lactone, targets the Sarco/ER Ca2+-
ATPase (SERCA) and reduces	Ca2+ concentrations in the ER, which impairs its protein folding 
capacity625. Besides proteotoxic stresses caused by thapsigargin and tunicamycin523, exposure 
to saturated free fatty acids such as palmitic acid (PA), increases de novo biosynthesis of 
saturated phospholipids leading to aberrant phospholipid metabolism, which may contribute to 
palmitate-induced ER stress and lipotoxicity626. 
 
To investigate the impact of EWSR1 on the stress-induced UPRER, we incubated HeLa cells with 
tunicamycin (Tu, 0.5 µg/ml for 5 hours), thapsigargin (Tg, 500 nM for 24 hours) or palmitic acid 
(PA, 800 µM for 24 hours). As expected, each stress dramatically activated the UPRER, although 
they affected the three branches differently (Figure 83). For instance, the ATF6 branch was 
more activated by thapsigargin than by tunicamycin, in agreement with previous observations627.  
 
Nevertheless, no matter the applied ER-stress, depletion of EWSR1 significantly reduced and 
sometimes completely prevented activation of the UPRER. 
 

Figure 82: EWSR1 knockdown impairs the activation of UPRER in U2OS and A2780A cell lines. (a) Western 
blotting of EWSR1, p-eIF2α, eIF2α, ATF4, ATF6 and β-Tubulin (loading control). Samples are total cell lysates from 
U2OS and A2780A cells transfected with siEWSR1#1 or siCTL. (b) Western blotting of EWSR1, p-eIF2α, eIF2α, 
ATF4, ATF6 and β-Tubulin (loading control). Samples are total cell lysates transfected with siCTL or siEWSR1#2 
from HeLa, U2OS and A2780A cells. (c) MetaPhor® Agarose gel (2.5%) analysis showing the amplicons 
corresponding to unspliced (u) and spliced (s) XBP1 obtained by RT-PCR from RNA extracted from HeLa cells 
transfected with siEWSR1#2 or siCTL. The RT-PCR products are illustrated.  
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C/EBP homologous protein (CHOP), also known as growth arrest and DNA damage-inducible 
protein 153 (DDIT3/GADD153) is a stress-responsive transcription factor onto which converge 
all three branches of the mammalian UPRER, although the PERK/eIF2α/ATF4 axis is thought to 
be predominant in CHOP activation628. Using expression of CHOP as a proxy for distal activation 
of the UPRER, we found that CHOP expression was systematically reduced in EWSR1 KD, both 
in nontreated (NT) or ER-stress induced conditions (Figure 83). When activated by the UPRER, 
CHOP represses the expression of the cell cycle regulator p21Cip1629. In agreement with lower 
levels of CHOP, we found higher levels of p21Cip1 in EWSR1 KD cells, both in the absence or 
presence of ER stresses (Figure 83). 
 
Altogether, these observations demonstrate that EWSR1 is necessary for full activation of 
proximal and distal UPRER signaling and strongly suggest that it might promote the ability of cells 
to respond to ER stress.  

Activation of UPRER is considered as a rapid adaptative response, that can have contrasting 
outcomes on cell survival and be either a pro-apoptotic or pro-survival pathway, depending on 
the nature and duration of the stress, but also on the cell type630. For instance, while chronic 
UPRER usually leads to self-destruction through apoptosis in most cells, it is beneficial to cancer 
cells, as it is thought to enhance their survival, proliferation, metastatic capacity, drug resistance 
and angiogenic properties631. We examined the ability of HeLa cells to cope with ER stress in 
the absence of EWSR1. In the absence of ER stressors, we observed no differences in apoptosis 
between siCTL- and siEWSR1#1-transfected cells using Annexin V staining and flow cytometry 
analysis. This indicates that knockdown of EWSR1 does not significantly affect cell survival in 
the absence of acute ER stress (Figures 84a-c). As expected, thapsigargin, tunicamycin or 
palmitic acid treatments all induced significant apoptosis in siCTL cells632–634.   The effects of 
tunicamycin (Figure 84a) and thapsigargin (Figure 84b) were not statistically different in control 
and EWSR1 KD cells, indicating that depletion of EWSR1 does not sensitize cells towards 
decreased levels of Ca2+ or accumulation of unfolded glycoproteins in the ER. In contrast, cells 
KD for EWSR1 were significantly more sensitive to PA treatment (Figure 84c). A prominent 
event during apoptosis is the selective cleavage of poly (ADP-ribose) polymerase (PARP) by a 
specialized family of cysteinyl-aspartate proteases (caspases), especially by caspase-3635. 
Western blot analysis showed no significant changes in PARP expression, between siCTL and 
siEWSR1#1 in nontreated cells (NT) or following treatments with tunicamycin or thapsigagin 
(Figure 83). In contrast, PARP cleavage induced by PA treatment was more pronounced in 
EWSR1 KD cells compared to control cells (Figure 83), confirming that cells depleted for 
EWSR1 are more sensitive to excess lipids. This specificity towards PA-induced apoptosis is 
remarkable, as it correlates with our above lipidomic observations (Figure 75) and suggests that 
because they are already overloaded with lipids, EWSR1 KD cells might be more sensitive to 
lipitoxicity.  
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       a                                      b                                c                                       

Figure 83: Knockdown of EWSR1 impairs the activation of the UPRER under ER stress. (a, b, c) Western blot 
analysis of markers of the PERK, IRE1α and ATF6 axis of the UPRER, CHOP, p21Cip1, PARP and β-Tubulin (loading 
control) in cells transfected with siEWSR1#1 or siCTL. Samples are total cell lysates from HeLa cells in nontreated 
condition (NT) or treated with tunicamycin (Tu; 0.5 µg/ml – 5 h) (a), thapsigargin (Tg; 500 nM – 24h) (b) or palmitic 
acid (PA; 800 µM – 24h) (c). 
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Figure 84: EWSR1 KD leads to increased apoptosis in PA treated condition. (a, b, c) Bar plots showing the 
percentage of apoptotic and necrotic cells. Samples are HeLa cells transfected with siEWSR1#1 and siCTL, 
nontreated (NT) or treated with tunicamycin (Tu; 0.5 µg/ml – 48 h) (a), thapsigargin (Tg; 500 nM – 48h) (b) or 
palmitic acid (PA; 800 µM – 24h) (c). Results are means ± sd (n ≥ 3 independent experiments). *P < 0.05, ns = 
not significant compared to the siCTL condition by two-tailed unpaired Student’s t test. 
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4 DISCUSSION AND PERSPECTIVES 
In this section, we provide further results that we did not include in the “RESULTS” section but 
are useful for the discussion. We plan not to include them in our publication that will follow the 
same order of the above “3 RESULTS” section. We also cover future perspectives to this work. 
Some aim to consolidate the present findings by suggesting alternative experiments, others 
might provide guidelines for future research projects. 

4.1 EWSR1 is an inhibitor of mRNA translation 
 
Gene expression levels and protein abundance are subjected to a strict regulation that 
determines the appropriate time and place at which transcripts will be translated. This 
sophisticated control is crucial to maintain diverse cellular processes, such as development, 
metabolism and cancer progression636. In contrast to the old-fashion view, gene expression is 
now considered as a streamlined process, in which mRNA synthesis and processing events are 
coordinated to one another. Another emerging concept is that of multifunctionality, which is 
becoming the rule rather than the exception in the world of proteins637. It can be exemplified by 
RNA binding proteins (RBPs) that orchestrate transcription and mRNA metabolism.  
 
Being a multifunctional protein, EWSR1 has been implicated in transcriptional and post-
transcriptional mechanisms123. Particularly, the implication in post-transcriptional regulation 
prompted us to investigate EWSR1 function in mRNA translation. Although previous reports 
pointed towards a possible link between EWSR1 and translation, by showing i) its binding to 
ribosomes113, ii) its role in mRNA nuclear retention or transport25,120, two molecular mechanisms 
that can affect the rate of translation and iii) its localization to SGs6, the cytoplasmic foci in which 
untranslated mRNA are stored; this work represents the first demonstration that EWSR1 is 
actively involved in mRNA translation (Figure 85). Interestingly, our findings show that EWSR1 
is an important repressor of a specific subset of mRNA (Figure 51a). We also identified the 
RGG2-ZnF-RGG3 within the CTD of EWSR1 as the region involved in both functional repression 
of translation (Figures 61c,e) and association with the 40S ribosomal subunit (Figure 67). 
Indeed, a mutant lacking this region (i.e., the ΔRGG2-ZnF-RGG3 mutant) was not able to 
functionally repress the translation, nor to associate with the 40S.  
 
Importantly, we found that EWSR1 by regulating the translation of specific mRNAs (e.g., mRNAs 
related to lipid metabolism) (Figure 72b), affected lipid homeostasis and consequently, impacted 
ER shape (Figure 77) and the unfolded protein response (UPRER) and its downstream effects 
(Figures 78-82). Therefore, our findings provide a better understanding of bona fide roles of 
EWSR1 in maintaining cellular homeostasis, by controlling specific mRNA translation.  
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Particularly, our findings might lead to relevant therapeutic opportunities for EWSR1-related 
disorders for two reasons. Firstly, we uncovered the essential region for EWSR1-mediated 
translational regulation, the CTD (Figures 60, 65, 66), which was associated with many 
diseases. Secondly, we showed that translational dysregulation by EWSR1 was coupled with 
perturbated ER homeostasis (Figure 77) and improper activation of the UPRER (Figures 78-82), 
which were linked to the emergence of many diseases. Indeed, as we previously described (see 
Introduction; “1.3.10 ER stress and diseases”), it is well known that impaired ER homeostasis 
results in aberrant cellular responses, contributing to the pathogenesis of various diseases, and 
that improper activation of the UPRER is dangerous, as it can destroy the cell or protect it against 
death. Overall, this suggests that translational dysregulation by EWSR1, due to CTD mutations 
or loss, might be a critical factor in the emergence of several diseases (see below; “4.6 
Deregulation of EWSR1 translational activity might be implicated in several diseases”). 
 

Figure 85: Illustration of the implication of EWSR1 in transcriptional and post-transcriptional regulation. 
Created with BioRender.com. SG: stress granules, PB: processing bodies. 
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4.2 RIBO-seq: a powerful tool to determine the translational regulation by 
EWSR1 

 
Although many details of post-transcriptional gene regulation (PTGR) remain to be revealed, the 
rapid development of next-generation sequencing-based methods, such as ribosome profiling 
(RIBO-seq) aided to investigate PTGR processes (e.g., transport, stability, translation, 
degradation of RNA) in various cellular systems638. Ribosome profiling has revolutionized the 
field of translation by revealing many of its underlying mechanisms (see Introduction;  “1.2.6.4 
Ribosome profiling (RIBO-seq)”). Therefore, being an ideal method for sensitive in-depth 
quantification of temporal changes in the translatome, we conducted RIBO-seq to characterize 
the translational regulation by EWSR1.  
 
As RIBO-seq allows to measure mRNA abundance by mRNA-seq, we were able to gain 
additional insights about the regulation of mRNA expression by EWSR1. Interestingly, our RNA-
seq data highlighted that EWSR1 showcases promising roles in several cell survival pathways, 
such as signaling, cell cycle and proliferation, by controlling the expression of its RNA targets 
(Figures 48-50), which correlated with previous reports120,123,586. In addition, we used 
translational efficiency (TE) (Figure 51a), which is commonly used in the literature, as a key 
metric of measuring translational control. However, it is important to note that TE is not a direct 
measure of protein output, as RIBO-seq measures “to be translated mRNAs”. Therefore, RIBO-
seq may be more correlated with newly synthesized proteins than total proteins (newly 
synthesized plus pre-existing proteins), which are usually detected with mass spectrometry639, 
as will be further discussed below.  
 
Intriguingly, our genome wide analysis of TE by combining RIBO-seq data with corresponding 
RNA-seq data revealed that 595 mRNA showed increased TE (TE up) and 222 showed 
decreased TE (TE down) (Figure 51a). Remarkably, DTEGs presented enrichment in processes 
(Figure 72) different from that of DEGs (Figure 49) and GO of TE up genes (Figure 72b) were 
different from TE down genes (Figure 72a). Many TE up mRNAs were enriched with several 
processes related to lipid metabolism and ER function (Figure 72b). Accordingly, we showed 
that EWSR1 regulates lipid homeostasis (Figure 75), which impacts ER shape and function 
(Figure 77). On the other hand, TE down genes were related to translation (Figure 72a). This 
was surprising since our results demonstrate that EWSR1 is a translational inhibitor, but this 
might result from compensatory mechanisms.  
 
Overall, RIBO-seq was a valuable approach to study the mRNA translation landscape in the 
presence/absence of EWSR1. 
 
While transcription contributes to coordinated gene expression in time and space, several 
studies have reported the discordance between levels of mRNA (transcriptome) and protein 
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production (proteome), both at the steady state and dynamically640. The discrepancy implies that 
the bulk of gene expression regulation must occur post-transcriptionally, for instance at the 
translational level, which explains the surge of interest in studying the translatome in the recent 
years. Indeed, translatome estimations of gene expression levels correlate better with proteomic 
data than transcriptomic analysis641. However, while the relationship between footprint 
occupancy and protein synthesis has been shown to be largely true in bacteria642, it remains 
less clear in the more complex translational system of eukaryotes643. Therefore, an important 
perspective for this work would be to perform pulsed-SILAC (p-SILAC)644 to directly monitor the 
synthesis of new proteins between siCTL and siEWSR1 conditions. p-SILAC has been widely 
used to monitor new proteins synthesis in various systems using shotgun proteomics 
approaches. It consists of adding to the cellular media, stable isotope-labeled amino acids, which 
are subsequently incorporated into all newly synthesized proteins644. Thereafter, combining 
RIBO-seq and p-SILAC data permits to evaluate to which level ribosome footprint density is 
quantitatively reflective of protein synthesis in our model.  
 
To show how changes in TE could be caused by mRNA up or down or translation up or down, 
or both, a relevant perspective would be to break down the different classes of mRNAs in Figure 
51a, following the analysis of Figures 27d,e. 
 
4.3 FET proteins and the repression of translation 

EWSR1 is a member of the FET family, including FUS and TAF15, which has been implicated 
in several aspects of DNA and RNA regulation9. In this work, we showed that EWSR1 represses 
specific mRNA translation (Figures 51a, 52, 53). An interesting question is whether this activity 
of EWSR1 is also shared with FUS and TAF15. To this aim, we tested the translational functions 
of these two related FET members using the MS2-tethering reporter assay. Interestingly, we 
found that tethering of MS2-FUS or MS2-TAF15 reduced the expression of the RLuc protein by 
77% and 79%, respectively, with no effect on the abundance of the RLuc transcript (Figure 86). 
Moreover, we did not observe an inhibition of RLuc translation when transfecting the untethered 
version of the proteins, thus indicating that FUS-/TAF15-mediated translational repression 
requires their presence on the target transcript (Figure 87). In addition, AGO2 KD did not affect 
the ability of MS2-FUS or MS2-TAF15 to inhibit translation of the Renilla luciferase, suggesting 
that, like EWSR1, the translational inhibition by FUS and TAF15 is not miRNA mediated (Figure 
88). 

For FUS, these results were expected as several studies revealed its involvement in mRNA 
translation, besides its numerous roles in the regulation of transcription645, splicing646, DNA 
damage repair647, RNA transport and stability648 and microRNA processing649. Indeed, previous 
studies reported that ALS-linked FUS mutations were recruited to ribonucleoprotein granules, 
thus FUS was speculated to be involved in protein translation650,651. Another study used three 
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independent experiments (Renilla reporter gene, in vitro 35S-methionine (35S-Met) incorporation 
and SUnSET assays) and showed that  mutant FUS impaired protein translation and activated 
the non-mediated decay (NMD)122. Moreover, stress conditions such as glutamate 
excitotoxicity652, heat shock, sodium arsenite, or sorbitol treatments induce the localization of 
FUS to cytoplasmic stress granules (SGs) composed of messenger ribonucleoproteins and 
stalled mRNAs650,653,654.  

Our results suggest a potential implication of TAF15 in translational control. This is especially 
interesting considering the paucity of evidence pointing to such a role. To date, a single study 
suggested a potential involvement of TAF15 in transport and/or local RNA translation based on 
the observation that it associates with a minor subset of RNA containing granules in the 
cytoplasm of HT22 cells655. Another report showed that FUS and TAF15 localize to SGs in a 
stress dependent manner and to a larger extend than EWSR1656.  

Furthermore, co-immunoprecipitation experiments indicated that FUS, but not TAF15, was able 
to associate with ribosomal components, such as RPS6 and RPL26 (Figure 89). This correlates 
with a recent study showing that FUS mediates translational repression through mTOR-
dependent signaling and its association with polyribosomes29, but also indicates the specificity 
of the binding between EWSR1 or FUS and ribosomal components. At first, the inability of TAF15 
to associate with ribosomal components might seem surprising because of the similarity 
between FET proteins. However, a recent study reported that RGG boxes (which we showed to 
be primordial for the activity of EWSR1 in the repression of translation (Figures 61, 67)) of the 
CTD within FET proteins can be functionally distinguished, with 75% of RGG boxes in TAF15 
were present within prevalent YGGDR(G/S)G repeats that were totally absent from EWSR1 and 
FUS10. This may suggest that TAF15 can repress the translation through a mechanism 
independent of its interaction with ribosomal particles.  
 
As much progress has been done concerning the translational regulation by FUS29, an 
interesting future research project is to better characterize this activity for TAF15. This will give 
an idea about the way these three related proteins exert their effect on translation. A starting 
point could be to determine which region, the NTD or the CTD of TAF15, is implicated in the 
functional repression of translation.  
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Figure 86: Tethering of FUS or TAF15 repress translation of the Renilla luciferase mRNA reporter. (a, b) 
Luciferase tethering assays in HeLa cells transfected with MS2-CP or MS2-CP fused FUS or TAF15 constructs 
together with RLuc-4 or RLuc-0 reporters. Results are means of normalized RLuc/FLuc activities [(RLuc-
4/FLuc)/(RLuc-0/FLuc)] (a) and RLuc mRNA levels, relative to the MS2-CP condition (b) ± s.d. (n = 5 independent 
experiments). ****P < 0.0001, ns = not significant compared to the MS2-CP condition by one sample t test. (c) 
Western blot analysis of the levels of MS2-FUS and MS2-TAF15 with anti-FLAG antibody. GAPDH is used as a 
loading control. Samples are total cell lysates from HeLa cells transfected with MS2-FUS or MS2-TAF15 together 
with the RLuc-0 or RLuc-4 reporters constructs. 

Figure 87: Non-tethered FLAG-FUS or FLAG-TAF15 do not repress the translation. (a) Luciferase tethering 
assays in HeLa cells transfected with a control empty vector (FLAG-Empty) or a vector expressing FLAG-tagged 
FUS or TAF15 constructs together with RLuc-4 or RLuc-0 reporters. Results are means of normalized RLuc/FLuc 
activities [(RLuc-4/FLuc)/(RLuc-0/FLuc)] ± s.d. (n = 4 independent experiments). ns = not significant compared to 
the FLAG-Empty condition by one sample t test. (b) Western blot analysis of the levels of FLAG-FUS and FLAG-
TAF15 proteins using an anti-FLAG antibody. β-Tubulin is used as a loading control. Samples are total cell lysates 
from HeLa cells transfected with FLAG-FUS or FLAG-TAF15 together with RLuc-0 or RLuc-4 reporters constructs. 
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a                                                              b                                                                               

c                                               

Figure 88: Repression of translation by FUS or TAF15 does not rely on the miRNA machinery. (a, b) Luciferase 
tethering assays in HeLa cells transfected with MS2-CP or MS2-CP fused FUS or TAF15 constructs together with 
RLuc-4 or RLuc-0 reporters, in siCTL or siAGO2 conditions. Results are means of normalized RLuc/FLuc activities 
[(RLuc-4/FLuc)/(RLuc-0/FLuc)] (b) and RLuc mRNA levels, relative to the MS2-CP condition (c) ± s.d. (n = 3 
independent experiments). *P < 0.05, **P < 0.01, ns = not significant compared to the MS2-CP condition by one 
sample t test. (c) Western blot analysis of the levels of AGO2. GAPDH is used as a loading control. Samples are 
total cell lysates from HeLa cells transfected with MS2-FUS or MS2-TAF15 together with the RLuc-0 or RLuc-4 
reporters constructs, in siCTL or siAGO2 conditions. 
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Figure 89: FET proteins bind to ribosomal subunits. Immunoprecipitation (IP) of FLAG-tagged EWSR1, FUS 
and TAF15 and anti-FLAG, anti-RPS6 and anti-RPL26 western blotting. Samples are lysates from HeLa cells 
transfected with FLAG-EWSR1, FLAG-FUS, FLAG-TAF15 or control FLAG Empty-vector. 
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4.4 Specific features of EWSR1 translational target mRNAs 
 
To date, studies have suggested that EWSR1 binding is complex and have yet to provide a 
common model regarding the nature of the RNA sequences and structural features bound by 
EWSR19. Interestingly, in this study, we found that several characteristics of EWSR1 
translational targets are compatible with the sequences that EWSR1 is supposed to bind. 
Indeed, we found that EWSR1 TE up targets are enriched with specific structural and sequence 
features, such as high GC- and G-content or high incidence of rG4 structures (Figure 54), which 
correlates with previous data demonstrating that EWSR1, specifically via its RGG3, binds to and 
stabilizes G-quadruplex with structure specificity49. Of note, it has been reported that the high 
GC content causes repression of translation594, and that G-rich sequences facilitate the 
formation of RNA G-quadruplex region (rG4) structures657, which are also implicated in 
translational inhibition658. Overall, these findings suggest that EWSR1 might play the role of an 
rG4-stabilizing protein by binding to folded rG4 structures or by facilitating their formation by 
binding to G-rich sequences, in order to inhibit the translation of its targets. Therefore, EWSR1 
might create a favorable RNA structure to enhance repression of translation. Additionally, our 
bioinformatic analysis indicated enrichment of EWSR1 RBNS (Figure 55e) and FUS bipartite 
motifs (Figure 55d) as two potential RNA-recognition elements for EWSR1 in the context of 
translation inhibition, which might add another layer of EWSR1 binding selectivity to RNA. 
  
Although past studies mainly focused on the action of individual RBPs on their RNA targets to 
control gene expression, we are now observing an increasing amount of evidence describing 
the regulatory interplay phenomenon occurring between RBPs596. Strikingly, our RBP 
enrichment analysis revealed that EWSR1 might collaborate with other RBPs reported to be 
implicated in the repression of translation (Figures 55a-c). Therefore, EWSR1 might also serve 
as a binding platform for RBPs that reinforce EWSR1-mediated repression of translation.  
 
Importantly, our MS2-tethering assay (Figure 57) and RIP-qPCR results (Figure 56c) pointed 
towards a model whereby EWSR1 binding to its RNA targets is crucial for the functional 
repression of translation. Therefore, it will be interesting to first validate this hypothesis and 
second to test whether RNA binding and translational repression by EWSR1 are inseparable 
functions, or in contrast are conducted by different regions. For instance, we can choose some 
RNA from the “direct EWSR1 translational targets” list and evaluate which domain or 
combination of domains of EWSR1 bind to RNA, by performing electrophoretic mobility shift 
assays (EMSAs or band shift assays) using in vitro transcribed RNA as a substrate and the 
expressed and purified domain of EWSR1, as described in659,660. These experiments should be 
followed by tethering assay to test whether in vitro binding studies have implications for the 
repression of EWSR1 mRNA targets in vivo660.  
Additionally, we can test the affinity of the identified binding region to RNA possessing a range 
of sequences and structures, such as G-quadruplex, complex RNA, simple hairpains and single 
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strand RNA (ssRNA)66. This will help to first determine if this region displays a stronger 
preference to a specific RNA sequence, and second if a particular domain presents selective 
binding towards specific RNA sequences and structures.  
 
Other features can be also looked at, such as Gibbs free energy values (dG) and Kozak 
sequence of 5'UTR, which can give more insights about EWSR1 translational targets. 
 
As we found that some RBPs might interact with EWSR1 to repress translation (Figures 55a-
c), it might be important to confirm the interaction between EWSR1 and these RBPs by 
performing, for instance, coimmunoprecipitations experiments. Furthermore, it might be worth to 
explore to which level these RBPs might affect the RNA binding, the translational function, and 
the association of EWSR1 with the 40S, especially that RBPs that bind to EWSR1 3’UTR are 
distinct from others binding to the 5’UTR (Figures 55a,b). The finding may unravel further 
features of selectivity and specificity about EWSR1 translational activity.  
 
To test whether EWSR1 promotes the formation of rG4s, it will also be relevant to study rG4s in 
cells, for instance, by using G4-specific antibodies in combination with fluorophore tagged 
secondary antibodies, to evaluate whether these structures can be more detected in the 
presence of EWSR1661. 
 
Finally, as we found that EWSR1 and its CTD can repress mRNA translation when tethered to 
the 3’UTR of the luciferase mRNA reporter in our MS2-tethering assay (Figures 57, 60), it might 
be relevant to test other reporters with MS2 loops in their CDS or 5’UTRs, as described in351, to 
examine whether EWSR1 binding position on mRNA is important for its ability to repress 
translation. 
 
4.5 EWSR1 binds to ribosomes via its CTD 
 
In this study, we found that EWSR1 binds to ribosomal subunits (Figures 65, 66). Of note, 
EWSR1 with FLAG-tag placed in its C-terminal was also able to interact with the RPS6, 
confirming that the tag does not interfere with EWSR1 association with ribosomal subunits 
(Figure 90). 
 
Particularly, we identified the RGG2-ZnF-RGG3 as the sub-region of the CTD to be involved in 
the association with the 40S, as ΔRGG2-ZnF-RGG3 mutant totally lost the association with 40S 
ribosomal proteins, such as RPS6 and RPS23 (Figure 67). This is consistent with previous 
reports about the binding of several RBPs to ribosomes through their RGG motifs29,662,663. 
Additionally, the ZnF can play a key role in the association with ribosomes664.  The observation 
that ΔZnF, ΔRGG2, ΔRGG3 mutants maintain association with the 40S, while ΔZnF-RGG3 and 
ΔRGG2-ZnF presented reduced association, especially with the RPS23 (Figure 67a), suggests 
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that each domain of the region RGG2-ZnF-RGG3 can contribute to ribosomal binding, without 
being by itself sufficient for this binding.  
 
Remarkably, we found that ΔZnF-RGG3 and ΔRGG2-ZnF mutants presented a reduced 
interaction with RPS23 compared to the RPS6 (Figure 67a). This suggests that the RGG2-ZnF-
RGG3 might bind selectively to different ribosomal proteins of the 40S.  
 
An important perspective is to study protein-protein interaction networks of EWSR1, using 
protein complementation assays, such as gPCA or NanoLuc two-hybrid665 to determine to which 
proteins of the 40S subunit can EWSR1 bind directly and specifically. Another interesting 
perspective is to determine the three-dimensional (3D) binding position of EWSR1 on the 
ribosome, by cryo-EM. We performed cryo-EM of the 80S•GST-CTD complex, but it was not 
successful, maybe due to the destabilization of the 80S by the CTD (see below; “4.7 Possible 
EWSR1 mechanism in the repression of translation”). Therefore, it might be relevant to test 
the 40S•GST-CTD complex rather than the 80S•GST-CTD complex.  
 
 

 

 
4.6 Deregulation of EWSR1 translational activity might be implicated in 

several diseases 
 
In this study, we uncovered a new function of the CTD in the repression of mRNA translation 
(Figures 60, 61, 65, 66, 67, 69, 70), besides its published functions in diverse transcriptional 
and post-transcriptional processes666. Importantly, it is well known that mutations in the CTD, 
particularly in RGG boxes causes diseases, for instance, neurological diseases119, which may 

Figure 90: Ct-EWSR1 binds to ribosomal proteins. Immunoprecipitation (IP) of FLAG-tagged EWSR1 with FLAG-
tag in the N-terminal region (Nt-EWSR1) and FLAG-tagged EWSR1 with FLAG-tag in the C-terminal region (Ct-
EWSR1) and anti-FLAG and anti-RPS6 western blotting. Samples are lysates from HeLa cells transfected with 
FLAG-Nt-EWSR1, FLAG-Ct-EWSR1 or control FLAG Empty-vector. 
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raise the question about the implication of translational deregulation, caused by CTD mutations, 
in the development of these diseases. 
 
In addition, to further highlight the importance of the CTD in the repression of translation, we 
evaluated the translational activity of the fusion protein EWSR1-FLI1 that lost the CTD (see 
Introduction; “1.1.6 EWSR1 and sarcomas”). As expected, we found that tethering of 
EWSR1-FLI1 did not present an effect on the expression of the RLuc protein, nor on the 
abundance of its transcript (Figure 91). Furthermore, EWSR1-FLI1 showed no interaction with 
ribosomal proteins, such as RPS6 and RPL26 (Figure 92), and it was only present in the “free 
mRNA pool”, as it was absent from 40S, 60S, 80S and polysomes fractions (Figure 93). 
Primarily, these results strengthen our notion that both the functional repression of translation 
and association with ribosomes are ascribable to the CTD of EWSR1. Importantly, as most 
studies about Ewing sarcoma have focused on the function of the EWSR1-fusion genes, with 
only little understanding of the role that loss of an EWSR1 allele has on pathogenesis; these 
findings might unveil another aspect of the contribution of  EWSR1 haploinsufficiency towards 
the pathogenesis of EWSR1-fusion associated sarcomas82,217. Therefore, it is tempting to 
speculate that the loss or reduced function of EWSR1, herein in the repression of translation, 
under EWSR1-fusion associated sarcomas might contribute to Ewing sarcomagenesis. 
Particularly, we clearly demonstrated that impaired translational function of EWSR1 is 
associated with deleterious effects on cells, such as aberrant lipid homeostasis (Figure 75), 
perturbated ER function and shape (Figure 77) and impairment of the UPRER (Figures 78-82), 
suggesting that these biological processes might be highly perturbated in the context of Ewing 
sarcoma. Overall, both the fusion protein EWSR1-FLI1 and the haploinsufficiency of EWSR1 
could drive tumorigenesis by deregulating transcriptional and post-transcriptional programs. 
Therefore, improved understanding of the oncogenic mechanisms employed by both EWSR1-
FLI1 and EWSR1 haploinsufficiency to disturb normal cellular programming will uncover 
potential novel approaches to pharmacologically block development of the disease. This concept 
might also be broadened to other FET-fusion proteins. 
 
Taken together, EWSR1 is primordial for the regulation of transcriptional and post-transcriptional 
mechanisms, which underscores its implication in diverse roles in physiological cellular 
functions. However, EWSR1-related disorders, such as CTD mutations and EWSR1-fusion 
genes, can cause perturbations of cellular functions and lead to various diseases, including 
cancer and neurodegenerative diseases (Figure 94). 
 
Given the importance of mRNA translation in rapidly defining cellular proteome in a 
spatiotemporal manner to ensure cell homeostasis, it is not surprising that any translational 
deregulation may lead to disease. Indeed, growing evidence suggests that dysregulation in 
mRNA translation plays an important role in the pathogenesis of several diseases667, such as 
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neurodevelopmental diseases and neurodegenerative disorders (e.g., autism spectrum disorder 
(ASD) and fragile X syndrome (FXS), Alzheimer’s disease (AD))668. 
 
Therefore, it will be interesting to investigate potential deregulations of the translatome in the 
context of EWSR1-related disorders, which will help in conceiving new therapeutic strategies. 
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Figure 91: Tethering of EWSR1-FLI1 has no effect on the translation of the Renilla luciferase mRNA reporter. 
(a, b) Luciferase tethering assays in HeLa cells transfected with MS2-CP or MS2-CP fused EWSR1-FLI1 constructs 
together with RLuc-4 or RLuc-0 reporters. Results are means of normalized RLuc/FLuc activities [(RLuc-
4/FLuc)/(RLuc-0/FLuc)] (a) and RLuc mRNA levels, relative to the MS2-CP condition (b) ± s.d. (n = 3 independent 
experiments). ns = not significant compared to the MS2-CP condition by one sample t test. (c) Western blot analysis 
of the levels of MS2-EWSR1-FLI1 with anti-FLAG antibody. HSP70 is used as a loading control. Samples are total 
cell lysates from HeLa cells transfected with MS2-EWSR1-FLI1 together with the RLuc-0 or RLuc-4 reporters 
constructs. 

Figure 92: EWSR1-FLI1 does not bind to ribosomal proteins. Immunoprecipitation (IP) of FLAG-tagged EWSR1 
and EWSR1-FLI1 and anti-FLAG and anti-RPS6 western blotting. Samples are lysates from HeLa cells transfected 
with FLAG-EWSR1, FLAG-EWSR1-FLI1 or control FLAG Empty-vector. 
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Figure 93: EWSR1-FLI1 is not present in ribosomal fractions. Absorbance profiles at 260 nm (above) and 
western blot analysis (below) of sucrose gradient sedimentation of HeLa cell cytoplasmic extracts. Fractions 1 to 6 
corresponds to “free mRNA pool” not associated to ribosomes, fractions 7 to 9 correspond to isolated 40S particles, 
fractions 10 to 12 contain free 60S, fractions 13 to 16 correspond to 80S and fractions 17 to 27 correspond to 
polysomes. The distributions of FLAG-EWSR1-FLI1, RPS6 and RPL26 throughout the different fractions of the 
sucrose gradient were analyzed by western blotting. 
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Figure 94: Outcome of the normal or perturbated transcriptional and post-transcriptional mechanisms 
mediated by EWSR1. Created with BioRender.com. 
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4.7 Possible EWSR1 mechanism in the repression of translation 
 
We recapitulated the main steps of regulation of translation in Figure 95, which in coordination 
with our results, will help to reason a possible mechanism of EWSR1 in the inhibition of 
translation. 

First, we found that EWSR1 is implicated in the repression of translation of a specific subset of 
mRNA, through its binding onto its RNA targets (Figures 51-60). This indicates that the binding 
of EWSR1 to its RNA targets is necessary for the functional repression of translation. Next, we 
dissected the RNA-binding domains of EWSR1 to determine the essential domains for inhibiting 
translation and we found that the RGG2-ZnF-RGG3 region of the CTD, is responsible for the 
functional inhibition of translation (Figure 61c). Additionally, we demonstrated, by the series of 
binding experiments (e.g., pulldowns, co-IPs) that EWSR1 is able to associate with the 40S 
ribosomal particle, remarkably in an RNase-insensitive manner (Figures 65, 66b,c). This implies 
that EWSR1 associates with the 40S to inhibit the translation. Importantly, we found again that 
the RGG2-ZnF-RGG3 was the 40S-interacting region (Figure 67). So far, these data point 
towards a model whereby association of EWSR1 with both the 40S and mRNA may be important 
for synergistically inhibiting translation.  
 
Our results also indicate that EWSR1 inhibit the translation downstream of initiation for the 
several following reasons. First, our m7GTP pulldown showed that EWSR1 does not associate 

Figure 95: Illustration of main steps of mRNA translation regulation. Created with BioRender.com. PIC: pre-
initiation complex. 
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with the cap or any initiation factors, nor it affects cap-recognition by the 43S PIC (Figure 68). 
Therefore, EWSR1 does not affect steps 1, 2 or 3 of translation initiation in Figure 95. Second, 
TISU reporter assays indicated that inhibition of translation by EWSR1 is independent of 5’UTR 
scanning by the 43S PIC (Figure 70), ruling out the regulation of step 4 in Figure 95. Third, 
IRESs reporters, especially CrPv IRES, revealed that EWSR1 can also repress cap-independent 
translation without the need of any initiation factor (Figure 69). This result suggests that EWSR1 
acts downstream of translation initiation and might affect translation elongation or termination. 
Particularly, the observations that i) EWSR1 is present in 40S fraction but mainly absent from 
60S/80S and polysomes fractions (Figure 63c) and ii) that it is pulled down with the 40S in the 
absence of any 60S (Figure 66e) strongly suggest that EWSR1 might inhibit a very early step 
of elongation, most likely through its binding to the 40S and preventing the joining of the 60S 
(step 5 in Figure 95) and (Figure 96a). Alternatively, EWSR1 might be able to dissociate 
elongating 80S ribosomes, which might explain its absence from the 80S and polysomes 
fractions in our polysome profiling experiment (Figure 96b). 
 
Collectively, our results so far clearly establish a role for EWSR1 in repressing mRNA translation 
downstream of initiation and through a mechanism implicating its association with both the 40S 
ribosomal subunit and its mRNA target (Figure 96). 
 
Further analyses in cell-based and -free systems will more precisely define the mechanism of 
EWSR1 function in the repression of translation. Currently, we are performing an in vitro 
translation experiment, in collaboration with the CIRI, Centre International de Recherche en 
Infectiologie, (Team Ohlmann), Lyon. The system consists of using specific inhibitors of various 
stages of protein synthesis, such as puromycin and MDMP, as described in669, to first confirm 
our previous results that EWSR1 does not affect the initiation of translation, and second to 
investigate the mechanism of translational repression by EWSR1. Another alternative is to 
perform toeprinting assay670.  
 
To assess whether EWSR1 blocks the recruitment of the 60S, an additional precipitation of 
biotinylated mRNA assay can be performed, upon completion of the translation repression 
reactions, wherein reporter mRNAs can be precipitated with streptavidin beads. Then, 
precipitates can be subjected to Northern blot analysis for ribosomal RNAs, to calculate the ratio 
of 60S rRNA:40S rRNA and therefore we can evaluate whether the presence of EWSR1 might 
lead to reduced 60S ribosome subunit loading on target mRNAs671.  
We can also test whether EWSR1 can dissociate the 80S by conducting two interesting 
approaches. First, by checking whether the interaction between BiFC-tagged RPs which are in 
different subunits, such as RPS18-YN and RPL11-YC, might be diminished in the presence of 
EWSR1672. Second, by testing whether EWSR1 can lead to ribosome dissociation in a “ribosome 
dissociation assay”, as described in673.  
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Interestingly, from our RIBO-seq data we can also retrieve many fundamental insights into the 
determinants of translation elongation kinetics (see Introduction; “1.2.6.4 Ribosome profiling 
(RIBO-seq)”). Currently, we are applying several pipelines to study whether EWSR1 might 
cause stalling/pausing of ribosomes674–676. This is highly important as these determinants 
directly coordinate downstream processes on the ribosome, such as co-translational protein 
folding and degradation and interaction of nascent chains with chaperones or ribosome-
associated targeting factors677.  
 

  

4.8 EWSR1 localization and activity under stress conditions 
 
We found that EWSR1 is present in the nucleus and the cytoplasm, which was consistent with 
previous reports9 (Figure 62). A remaining question is whether this localization can be affected 
by stress conditions, as we found that EWSR1 is associated with activation of the UPRER under 

Figure 96: Model illustrating the new molecular function of EWSR1 in the repression of translation identified 
in this work. Created with BioRender.com. EWSR1 (red) may bind to mRNA presenting specific structural and 
sequence features (e.g., high GC- and G-contents and high rG4 structures, EWSR1 RBNS and/or FUS bipartite 
motifs). Then, it docks on the 40S subunit (blue) and might either prevent the joining of the 60S (a) or dissociate 
elongating 80S ribosomes (b). Binding of EWSR1 to the mRNA and the ribosome synergistically inhibits translation, 
whereas its releasing from the 40S•mRNA complex activates the translation. m7GTP: 7-methylguanylate structure. 
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stress conditions (e.g., ER-stress inducing conditions) (Figure 83). Interestingly, EWSR1 has 
been known to be targeted to stress granules (SGs)656.  
 
First, it will be relevant to test the presence of EWSR1 in SGs under stress conditions and 
evaluate whether it might also affect SGs dynamics. Second, as we found that EWSR1 is present 
in the “free mRNA pool” and 40S fraction of the polysome profiling (Figure 63c), an interesting 
perspective is to check whether this distribution can also be affected. Finally, it might be worth 
to explore global protein synthesis in the presence/absence of EWSR1 under stress conditions 
using the SUnSET assay. 
 
4.9 EWSR1 and PTMs 
 
Post-translational modifications (PTMs) are covalent processing events changing protein 
properties by proteolytic cleavage and adding a modifying group, like acetyl, phosphoryl, 
glycosyl and methyl, to one or more amino acids. Therefore, they diversify and enlarge protein 
function beyond what is dictated by gene transcripts. There are more than 400 different types of 
PTMs allowing eukaryotic cells to dynamically regulate their signal integration and physiological 
states.  As PTMs are involved in regulating almost all cellular events, disruption perturbates vital 
biological processes and leads to various diseases678.  
 
Interestingly, several PTMs affecting EWSR1 activity have been reported. For instance, EWSR1 
phosphorylation status affects importantly its biological functions. Indeed, EWSR1 RNA binding 
activity is regulated by its phosphorylation within IQ domain by the PKC54. Moreover, the tyrosine 
of EWSR1 can be phosphorylated i) by c-Abl modulating EWSR1 self-association and DNA 
binding activity679, or ii) by v-Src enhancing its transactivation ability680. EWSR1 is also 
phosphorylated by cytoplasmic protein tyrosine kinase, BTK, in cell cycle dependent manner681, 
and at Thr(79) in response to either mitogens or DNA-damaging agents79. In addition, EWSR1 
can undergo glycosylation at unknown sites682. Recently, a study revealed that UV-induced 
EWSR1 acetylation at K423, K432, K438, K640, and K643 acetylation sites is essential for its 
function in DNA damage response683. The list of EWSR1 PTMs also includes the asymmetric 
dimethylation of RGG boxes arginine residues by protein arginine methyltransferases (PRMTs), 
such as PRMT1684, PRMT349 and PRMT812. Of note, arginine methylation has been shown to 
affect protein-RNA interactions, as it can either sterically hinder binding with RNA or eliminate 
hydrogens that might participate in bonds with the RNA685.  
 
As PRMT1 recognizes most methylation sites of EWSR1 potential methylation sites and affects 
EWSR1 localization11, we tested whether EWSR1 methylation by PRMT1 affects its translational 
repression activity. We found that PRMT1 KD did not impair the translational activity of the CTD, 
suggesting that this methylation has no effect on CTD activity in the context of translation (Figure 
97). However, these results can also be explained by either our inability to achieve complete 
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loss of CTD methylation using siRNA against PRMT1, or the possibility that other PRMTs 
methylate EWSR1, such as PRMT349. Furthermore, our preliminary results showed that FET 
proteins interacts with PRMT1 (Figure 98), which agreed with previous reports684,686,687. We also 
found that this interaction is mediated by the CTD of EWSR1 and is RNA-independent (Figure 
99). To test whether EWSR1 binding to the 40S was affected by PRMT1, we co-
immunoprecipitated endogenous EWSR1 with RPS6 and RPL26 in control and PRMT1 depleted 
conditions. We found that PRMT1 KD did not impair the binding of EWSR1 to ribosomal proteins 
(RPL26, RPS6) (Figure 100). However, we were not able to confirm the interaction between 
EWSR1 and PRMT1 at the endogenous level, therefore, it is crucial to repeat and optimize the 
conditions of this experiment to confirm the overexpression results.   
 
An interesting perspective is to evaluate whether PRMT3 can affect the translational regulation 
by EWSR1, especially that this PRMT can affect EWSR1 binding to RNA. Indeed, it was shown 
that PRMT3-mediated methylation of specific arginine between amino acids 589 and 597 within 
the RGG3 is important for RGG3 binding to G-quadruplex DNA and RNA49. It might also be 
interesting to determine whether other PTMs, such as glycosylation and acetylation, can affect 
the translational activity, RNA and ribosomal binding of EWSR1 in the context of translation. 
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Figure 97: Repression of translation by CTD does not rely on PRMT1. (a) Luciferase tethering assays in HeLa 
cells transfected with MS2-CP or MS2-CP fused CTD constructs together with RLuc-4 or RLuc-0 reporters, in siCTL 
or siPRMT1 conditions. Results are means of normalized RLuc/FLuc activities [(RLuc-4/FLuc)/(RLuc-0/FLuc)] ± s.d. 
(n = 3 independent experiments). *P < 0.05, **P < 0.01 compared to the MS2-CP condition by one sample t test. (b) 
Western blot analysis of the levels of MS2-CTD with anti-FLAG antibody and PRMT1. HSP90 is used as a loading 
control. Samples are total cell lysates from HeLa cells transfected with MS2-CTD together with the RLuc-0 or RLuc-
4 reporters constructs, in siCTL or siPRMT1 conditions.  
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Figure 98: FET proteins bind to PRMT1. Immunoprecipitation (IP) of FLAG-tagged EWSR1, FUS and TAF15 and 
anti-FLAG and anti-PRMT1 western blotting. Samples are lysates from HeLa cells transfected with FLAG-EWSR1, 
FLAG-FUS, FLAG-TAF15 or control FLAG Empty-vector. 

Figure 99: EWSR1 and CTD bind to PRMT1 through RNase-insensitive interaction. Immunoprecipitation (IP) 
of FLAG-tagged EWSR1 and CTD and anti-FLAG and anti-PRMT1 western blotting. Samples are nontreated (-) 
or RNase A treated (+) lysates from HeLa cells transfected with FLAG-EWSR1, FLAG-CTD or control FLAG 
Empty-vector. 
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4.10 EWSR1 and cellular homeostasis 
 
In this study, we found that EWSR1-mediated translational regulation is associated with the 
regulation of lipid homeostasis, ER function and shape and UPRER activation. Indeed, EWSR1 
loss led to lipid accumulation (Figure 75), leading to dilated ER morphology (Figure 77). This 
indicates that EWSR1 is a key player in maintaining normal ER shape and function by regulating 
lipid homeostasis. While no link was previously described between EWSR1 and ER, only few 
studies associated EWSR1 to lipid metabolism, thus it is an emerging area of study. Indeed, 
EWSR1 was reported to be essential for early brown124 and white688 fat lineage determination, 
pointing to its importance for mammalian energy homeostasis and metabolism. It was also 

Figure 100: PRMT1 does not affect EWSR1 binding to the 40S. Immunoprecipitation (IP) of endogenous EWSR1 
from HeLa cell lysates followed by western blotting for the indicated proteins. 
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identified as an anabolic signaling hub linked to hepatocellular carcinoma (HCC) 
pathogenesis689. Recently, Dong et al.690 demonstrated that RP11-728F11.4 lncRNA increases 
cholesterol uptake by monocytes-derived macrophages (MΦs) and promotes atherosclerosis, 
by binding to the RNA recognition domain of EWSR1, which relieved EWSR1 repressive activity 
on FXYD6 (FXYD domain containing ion transport regulator 6). 
 
It is now evident that UPRER signaling pathways are co-opted for the maintenance of basal 
cellular homeostasis and can be enmeshed with cellular physiology events, such as 
differentiation of B-cells691, muscle differentiation692 and viral infections693, in more complex and 
subtle ways502 (see Introduction; “1.3.7.7 Roles of UPRER in physiological processes”). 
Interestingly, we showed that EWSR1 sustained the activation of UPRER under basal conditions 
(Figures 78-82), advocating its crucial role in the maintenance of basal cellular homeostasis. 
This was consistent with previous studies that revealed essential functions for EWSR1 in cell 
physiology maintenance, such as pre-B cell development (see Introduction; “1.1.4 
Physiological roles of EWSR1”). Additionally, we found that EWSR1 is necessary to activate 
UPRER under ER-inducing stress conditions, however its depletion led to the impairment of 
activation of the three UPRER branches, no matter the applied ER-stress (Figure 83). Therefore, 
we concluded that absence of EWSR1 contributed to the failure of activation of ER stress 
sensors. We propose that this failure can be due to the accumulation of lipids (especially of 
membrane lipids, such as PC and PE) upon EWSR1 KD, which may cause lipid bilayer stress 
(LBS) (see Introduction; “Lipid-dependent regulation of the UPRER”). Accordingly, LBS 
upon EWSR1 KD can lead to changes in ER membrane properties and eventually to impaired 
functions of ER-resident transmembrane sensor proteins (PERK, ATF6 and IRE1). Indeed, it 
was reported that perturbation of ER membrane phospholipids can affect UPRER sensors and/or 
regulators which may impair their stability and/or oligomerization, as described recently for the 
transmembrane protein, Sbh1694. Taken together, these findings point towards a model where 
accumulation of lipids upon EWSR1 KD might cause LBS, which is responsible for the 
perturbation of ER properties, leading to impairment of UPRER sensors.  
 
A remaining question is to determine whether EWSR1 might directly regulate, transcriptionally 
or post-transcriptionally, the expression of the three UPRER sensors (PERK, ATF6 and IRE1) or 
whether their impairment of activation upon EWSR1 KD is only a consequence of LBS. In our 
results section, we showed that ATF4 expression was regulated through uORF-mediated 
regulation (Figure 79a), downstream PERK, and that its four classical targets (HERPUD1, 
PSAT1, TRIB3, MTHFD2) (Figure 79b) were downregulated transcriptionally upon EWSR1 KD. 
Interestingly, we also found that PERK is a TE up gene pointing to the implication of EWSR1 in 
the transcriptional and translational regulation of the PERK axis. Furthermore, ATF6B and ATF6 
were downregulated transcriptionally upon EWSR1 KD (data not shown), suggesting that 
EWSR1 affects the ATF6 axis at the transcriptional level. However, we detected no regulation 
of IRE1 transcriptionally or translationally. Taken together, this suggests that EWSR1 might 
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regulate the UPRER transcriptionally and translationally. However, this does not exclude an 
indirect effect of EWSR1 on the UPRER due to the accumulation of lipids upon EWSR1 KD, 
enabling UPRER sensors to properly dimerize and to trigger the UPRER. It is also important to 
note that there are also intense crosstalks between the three UPRER branches695. This may 
propose a model whereby EWSR1 by affecting one pathway of the UPRER can affect the others. 
 
Notably, cells depleted for EWSR1 were more sensitive to PA treatment. This can be explained 
by the twofold origin of lipids in EWSR1 KD cells (accumulation of lipids upon EWSR1 KD 
(Figure 75), accompanied with increased de novo biosynthesis of saturated phospholipids 
induced by palmitic acid), which can lead to deleterious effects on cells696 and therefore results 
in more sensitivity to lipotoxicity in the absence of EWSR1 (Figure 84c).  
 
In addition to canonical ER stress pathways directed by the three UPRER sensors (PERK, ATF6 
and IRE1α), it has become clear recently that many other pathways, known as “noncanonical 
ER stress programs”, converge on the UPRER or specific elements of the UPRER and might 
influence cell fate independently of UPRER. Such pathways mainly include the integrated stress 
response (ISR) (see Introduction; “1.2.3.1 Regulation of translation initiation”), 
translocation of proteins into the ER, extracellular-signal-regulated kinase reactivation, ERAD 
and ER-phagy697 (see Introduction; “1.3.8 ERAD” and “1.3.9 ER-phagy”). Interestingly, 
besides its role in the activation of UPRER, our preliminary results also showed the implication of 
EWSR1 in the activation of GCN2 axis of the ISR under both basal and GCN2-inducing stress 
conditions, such as amino acid and glutamine deprivation stresses698,699 (Figure 101). Then, we 
examined the ability of HeLa cells to cope with GCN2-inducing stress in the absence of EWSR1. 
Remarkably, although the effect of glutamine deprivation on apoptosis was not statistically 
different in control and EWSR1 KD cells, we found that EWSR1 KD cells were significantly less 
sensitive to AAD treatment (Figure 102). Analysis of cleavage of PARP by western blotting 
confirmed these observations (Figure 101). We primarily hypothesized that less cell apoptosis 
under AAD stress and upon EWSR1 KD might be explained by the accumulation of lipids, 
especially of TGs, upon EWSR1 KD (Figure 75).  In this regard, it was reported that lipid droplets 
(LDs) made of TGs and under stress conditions, such as nutrient deprivation, present a pro-
survival role and promote β-oxidation of fatty acids as source of energy700. Therefore, these 
findings suggest that accumulated TGs, which may be deposited subsequently in LDs, could be 
providers of metabolic fuel under AAD stress upon EWSR1 KD, which constitutes a pro-survival 
response and explains less sensitivity of cells in AAD condition. 
 
Together, our observations underpin the importance of EWSR1 in controlling lipid homeostasis, 
ER function and shape, and activation of the UPRER, both under physiological and stress-
induced conditions (Figure 103). 
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As EWSR1 affects the shape and function of the ER, it might be interesting to test whether it is 
localized in the ER, and particularly if it is present in ER sheets or tubules, using superresolution 
(SR) imaging, as described in701. Furthermore, it would be important to check whether ER 
changes upon EWSR1 KD are accompanied with ER structural rearrangements, for instance by 
evaluating tubules to sheets ratio using a confocal spinning disk microscope, as in701. If this is 
the case, it will be relevant to determine if the disequilibrium in the ratio is associated to: i) altered 
levels of ER-shaping proteins, such as CLIM63 and RTN4B, or ii) an effect on general 
proliferation of ER-resident proteins, such as PDI and CNX. Levels of these proteins can be 
verified by WB or immunofluorescence experiments701. It might also be important to assess the 
implication of EWSR1 in ER dynamics, by analyzing the dynamic motion of ER tubules and 
three-way junctions, as described in702. As we only assessed ER shape and function and 
lipidomic analysis under basal conditions, it might also be important to conduct these 
experiments under ER-inducing conditions. Another necessary experiment will be to perform 
rescue experiments by EWSR1 re-expression to check whether ER dilation and ER stress can 
be reverted.  
 
Furthermore, to rule out cell line-specific effects, we are currently repeating Annexin V staining 
and flow cytometry analysis, in other cell types (MCF7, A2780A, U2OS) and under ER-inducing 
stress conditions, such as palmitic acid (PA). Additionally, to formally demonstrate that TGs are 
subsequently deposited in LDs, as they were highly expressed upon EWSR1 KD (Figure 75), 
we are evaluating by confocal microscopy, if there is increased LDs biogenesis upon EWSR1 
KD. 
 
Remarkably, we found that glycosylation was among the most enriched processes associated 
with TE up genes (Figure 72b). To reinforce these data, it might be relevant to perform glycome 
analysis by matrix-assisted laser desorption/ionization–time-of-flight mass spectrometry 
(MALDI-TOF MS), to enable absolute and relative quantification of glycoprotein N and O-glycan 
abundances. To particularly verify that protein O-glycan glycosylation is enriched upon EWSR1 
KD, it is important to evaluate the amounts of N-acetylgalactosamine transferase 2 (GALNT2) 
and the glycosyltransferase activity in ER, as reported in702. 
 
To examine our idea that the effect of EWSR1 on the ER and UPRER is mainly due to increased 
lipid accumulation upon EWSR1 KD that causes LBS, and not to accumulation of misfolding 
proteins, it may be interesting to use chemical chaperones such as tauroursodeoxycholic acid 
(TUDCA) that reduces stress-induced aggregation of proteins703. Therefore, we can examine 
whether perturbated ER shape/function and impairment of UPRER can be reverted. As the three 
UPRER sensors were low expressed upon EWSR1 KD, it is interesting to study their topology 
using proteinase K (PK) digestion from isolated microsomes in the presence/absence of 
EWSR1, as described in694. It will also be important to assess the levels of BiP (the protein 
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binding to UPRER sensors when inactivated (see Introduction; “1.3.7.3 Sensing proteotoxic 
ER stress”) by WB to see if it is affected by EWSR1.  
Finally, an interesting perspective is to assess the contribution of EWSR1 to fatty acid (FA) 
synthesis by determining the relative proportions of 13C-labelled palmitic, oleic and stearic acids 
in the presence/absence of EWSR1, as described in704. This will help us to resolve the question 
about the origin of lipid accumulation upon EWSR1 KD. 
 
 
  

Figure 101: Knockdown of EWSR1 affects GCN2 axis of the ISR. (a, b) Western blot analysis of markers of the 
GCN2 axis and β-Tubulin (loading control) in cells transfected with siEWSR1#1 or siCTL. Samples are total cell 
lysates from HeLa cells in nontreated (NT), amino acid deprivation (AAD; 8h) (a) or glutamine deprived conditions (-
Gln; 8h) (b). 

a                                 b                                        
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Figure 102: EWSR1 KD leads to decreased apoptosis in AAD treated condition. (a,b) Bar plots showing the 
percentage of apoptotic and necrotic cells. Samples are HeLa cells transfected with siEWSR1#1 or siCTL, in 
nontreated (NT), amino acid deprivation (AAD; 18h) (a) or glutamine deprived conditions (-Gln; 48h) (b). Results 
are means ± sd (n ≥ 4 independent experiments). ***P < 0.001, ns = not significant compared to the siCTL condition 
by two-tailed unpaired Student’s t test. 
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Figure 103: Model illustrating the new physiological function of EWSR1 in maintaining cellular homeostasis 
identified in this work. Created with Biorender.com. EWSR1 is important for the regulation of lipid homeostasis, 
which maintains normal ER function and shape and induces UPRER and its downstream effects (left). However, 
depletion of EWSR1 significantly leads to lipid accumulation, which perturbates ER function and shape, and impairs 
lipid-mediated activation of the UPRER (right). UPRER: unfolded protein response, ERAD: ER-associated 
degradation, ER: endoplasmic reticulum. 
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5 MATERIALS AND METHODS 
 
5.1 Provenience of cell lines and cell culture conditions  

HeLa, HEK293, A2780A and U2OS cells were purchased from American Type Culture 
Collection (ATCC). All cells were cultured in a 37°C, 5% CO2 humidified incubator with medium 
supplemented with 10% FBS (Gibco) and 1% Penn/Strep (Biowest). All cell lines were 
maintained in DMEM high glucose (Biowest) and were routinely checked for mycoplasma by 
MycoAlertTM Mycoplasma Detection Kit (Lonza).  

5.2 Cell treatments 

48h of post-KD of EWSR1 with siEWSR1#1 or siEWSR1#2, HeLa, A2780A and U2OS cells 
were treated with tunicamycin, 0.5 µg/ml-5 h; thapsigargin, 500 nM-24h, palmitic acid, 800 µM-
24h; Amino acid deprivation, AAD-8h or Glutamine deprivation, -Glu, 8h. Cells were lysed in 
Laemmli buffer, ultrasonicated, boiled for 5 min at 100°C and analyzed by SDS-PAGE and 
western blotting. 

5.3 Plasmids and cloning 

Open reading frames (ORF) encoding human EWSR1 was obtained as pDONR223 from the 
human ORFeome v7.1 and v8.1 (The Center for Cancer Systems Biology, Dana-Farber Cancer 
Institute, CCSB-DFCI). N-terminal domain of EWSR1 (NTD), C-terminal domain of EWSR1 
(CTD), CTD mutants and EWSR1 mutant were inserted into pDONR223 by BP cloning (Gateway 
recombination technology, Invitrogen) with specific primers flanked at the 5’site by the following 
AttB1 and AttB2 Gateway sites: 5’-GGGGACAACTTTGTACAAAAAAGTTGGC(ATG)-3’ (AttB1) 
and 5’-GGGGACAACTTTGTACAAGAAAGTTGA-3’ (AttB2). All constructs include an ATG 
initiation codon and lack a STOP codon. ΔRGG2, ΔZnF, ΔRGG3, ΔRGG2-ZnF, ΔZnF-RGG3, 
ΔRGG2-ZnF-RGG3 mutants were generated from pDONR223-CTD using the overlap extension 
PCR cloning procedure as described in705. EWSR1 ΔRGG2-ZnF-RGG3 mutant was generated 
from pDONR223-EWSR1 using the overlap extension PCR cloning procedure as described 
in705. Inserts from pDONR223 were subsequently transferred by LR cloning (Invitrogen) into 
different destination vectors: pDEST1899 (FLAG N-terminal tag), pGEX-6P-1 (Addgene). For 
the MS2-tethering assay, pDEST1899 Flag-tagged ORFs were subcloned in the pN-MS2-CP 
(MS2 N-terminal tag, described in706) following classical cloning procedure. To generate CrPv-
RLuc-0 or CrPv-RLuc-8, the CrPv IRES sequence was amplified from CrPV-luciferase-MS2 
reporter (a gift from Dr. Nicola K. Gray (MRC Human Genetics Unit, United Kingdom)) with 5’-
GGTGGCGGCTAGCAAAGCAAAAATGTGATCTTGC-3’ (Forward) and 5’- 
GGTGGCGGCTAGCCTATCTTGAAATGTAGCAGGTAA-3’ (Reverse). The PCR products were 
digested with NheI and ligated into the NheI site of our bidirectional reporters RLuc-0 and RLuc-
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8, respectively. To generate PV-RLuc-0 or PV-RLuc-8, the PV IRES sequence was amplified 
from PV-luciferase-MS2 reporter (a gift from Dr. Nicola K. Gray (MRC Human Genetics Unit, 
United Kingdom)) with 5’-GGTGGCGGCTAGCGGGAACAAAAGCTGGTACCG-3’ (Forward) 
and 5’-GGTGGCGGCTAGCCGAGCTGAATCTCTATAATAATTAATGG-3’ (Reverse). The PCR 
products were digested with NheI and ligated into the NheI site of our bidirectional reporters 
RLuc-0 and RLuc-8, respectively. All constructs were verified by Sanger sequencing at the 
GIGA-Genomics facility (University of Liège). All cloning and sequencing primers are listed in 
Table 10. Main plasmid maps are available in the Appendix section. 

5.4 Plasmid DNA and siRNA transfection  

For the MS2-tethering assay, HeLa cells were transfected with polyethyleneimine (PEI) using 
1:2 DNA/PEI ratio. For co-immunoprecipitations, HeLa cells were transfected with PEI. For 
transient knockdown of EWSR1, AGO2 and PRMT1, siRNAs purchased from Eurogentec 
(Belgium) were used: siEWSR1#1, 5’-GAUGAAGACUCUGACAACAtt-3’; siEWSR1#2, 5’-
GAUUAUUCCUUGUCUGUACUUtt-3’, siAGO2, 5’-AAGGAUAUGCCUUCAAGCCUCtt-3’, 
siPRMT1, 5’-CGUCAAAGCCAACAAGUUAtt-3’ and control siRNA (SR-CL000-005). siRNAs 
were transfected in HeLa cells with JetPrime (Polyplus transfection) or Lipofectamine 2000 
Transfection Reagent (Invitrogen) according to the manufacturer’s instructions. Cells were 
processed at 48h after DNA or siRNA transfections.  

5.5 RNA isolation and quantitative PCR  
 
For MS2-tethering assays and RT-PCR of unspliced (u) and spliced (s) XBP1, total RNA was 
isolated using the Nucleospin RNA kit (Macherey-Nagel). For RNA-immunoprecipitations, total 
RNA was extracted from inputs or beads with TRIzol Reagent (Thermo Fisher Scientific). Total 
RNA was then reverse-transcribed with random primers using the RevertAid H Minus First 
Strand cDNA Synthesis Kit (Thermo Fisher Scientific). cDNA was diluted depending on the 
abundance of targets, amplified and quantified in triplicate using FastStart SYBR Green Master 
mix (Roche) on a LightCycler 480 instrument (Roche). In MS2-tethering studies, relative levels 
of RLuc mRNA were performed using primers specific for Fluc (5’-
TGAGAACTTCAGGCTCCTGG-3’ (Forward) and 5’-GCCTTATGCAGTTGCTCTCC-3’ 
(Reverse)) and  Rluc (5’-TCTTTTTCGCAACGGGTTT-3’ (Forward) and 5’- 
GCCCAGTTTCTATTGGTCTCC-3’ (Reverse)). Fold changes were calculated relatively to the 
MS2-CP condition with the ΔΔCt method. Primers used for RT-qPCR of unspliced (u) and spliced 
(s) XBP1 were from707 and were 5’-CTGGAACAGCAAGTGGTAGA-3’ (Forward) and 5’- 
CTGGGTCCTTCTGGGTAG-3’ (Reverse). 
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5.6 Western blotting  

Cells were washed with cold PBS, directly lysed in Laemmli buffer, ultrasonicated, and boiled 
for 5 min at 100°C. Protein extracts were separated by sodium dodecyl sulfate-polyacrylamide 
gel (SDS-PAGE) electrophoresis and transferred onto nitrocellulose membrane. Membranes 
were blocked for 1h with 5% non-fat milk and incubated in 4% BSA overnight at 4°C with primary 
antibodies followed by HRP-conjugated secondary antibodies. Proteins were detected by 
chemiluminescence. Images were acquired with ImageQuant LAS 4000 device (GE Healthcare) 
or Amersham ImageQuant 800 and quantified using ImageJ. Primary antibodies are listed in 
Table 4.  

5.7 MS2-tethering assay 

Luciferase MS2-tethering assays were performed in HeLa cells. Briefly, cells were transfected 
with control MS2-CP or various MS2-CP- or FLAG-tagged constructs, together with a 
bidirectional reporter encoding a control Firefly luciferase (FLuc) and a targeted Renilla 
luciferase (RLuc) carrying or lacking four repeats of the binding sequence for the MS2 coating 
peptide in its 3’UTR (RLuc-4 and RLuc-0, respectively). For CrPv- or PV-RLuc reporters-
tethering assays, cells were transfected with control MS2-CP or various MS2-CP-tagged 
constructs, together with a CrPV- or PV-RLuc bidirectional reporter encoding a control Firefly 
luciferase (FLuc) and a targeted Renilla luciferase (RLuc) carrying or lacking eight repeats of the 
binding sequence for the MS2 coating peptide in its 3’UTR (CrPv/PV-RLuc-8 and CrPv/PV-
RLuc-0, respectively). For TISU-RLuc-6xMS2-poly(A) or RLuc-6xMS2-poly(A) reporters-
tethering assays, cells were transfected with control MS2-CP or various MS2-CP-tagged 
constructs, together with TISU-RLuc-6xMS2-poly(A) or RLuc-6xMS2-poly(A) reporters and 
pGL3-Firefly vector (Addgene) (a control Firefly luciferase vector). For measuring luciferase 
activities in all these assays, cell lysis and luciferase activity were performed in triplicate on a 
TriStar2 S LB 942 luminometer (Berthold) with twinlite Firefly and Renilla Luciferase Reporter 
Gene Assay System (PerkinElmer). 

5.8 SUnSET assay 

HeLa cells were transfected with siCTL or siEWSR1 (siEWSR1#1 or siEWSR1#2). 48 hours 
post-transfection, cells were incubated with 1µM puromycin for 30 min, washed 2 x with PBS to 
remove residual puromycin, then lysed in Laemmli buffer and ultrasonicated. Lysates were finally 
boiled and subsequently analyzed by SDS-PAGE and western blotting. 
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5.9 Proliferation assay  

48h of post-KD of EWSR1 with siEWSR1#1 or siEWSR1#2, HeLa cells were seeded at a density 
of 7,000 cells per well in triplicate of a 24-well plate (Greiner). Cell growth was monitored and 
analyzed by time-lapse microscopy (IncuCyte S3, Essen Bioscience, Sartorius) every 4h for 72h.  

5.10 Annexin V apoptosis assay  
 
Cell death or apoptosis induced by EWSR1 KD in HeLa cells in nontreated and treated 
conditions (Tunicamycin, 0.5 µg/ml-48 h; Thapsigargin, 500 nM-48h, Palmitic Acid, 800 µM-24h; 
Amino acid deprivation, AAD-18h; Glutamine deprivation, -Glu, 48h) was assessed by flow 
cytometry analysis with dual labelling Annexin-V-FITC and Propidium Iodide. The latter two 
compounds were obtained from Becton and Dickinson (Franklin lakes, NJ, USA) and Sigma, 
respectively. A minimum of three independent experiments were performed. 
 
5.11 FACS labeling and analysis 
 
Cells trypsinized, rinsed 3 x with cold PBS, were fixed with ice-cold 70% ethanol for 30 min at 
4°C, then used immediately. After fixation, cells were resuspended twice in 1 ml of PBS, then 
treated with 10 µg of RNase A at RT for 5 min. Finally, 400 µL Propidium Iodide (50 µg/mL in 
PBS) were added and data were acquired on CytoFlex Flow cytometer.   
 
5.12  Co-immunoprecipitation (co-IP)  

HeLa cells co-expressing tagged interaction partners were lysed in IPLS (immunoprecipitation 
low salt; Tris-HCl, pH 7.5, 50 mM, EDTA, pH 8, 0.5 mM, 0.5% NP-40, 10% glycerol, 120 mM 
NaCl) with 1 x cOmplete Protease Inhibitor (Roche) and 1 x Halt Phosphatase Inhibitors (Thermo 
Fisher Scientific). If needed, cleared cell lysates were incubated at 37°C for 30 min with or 
without 10 μg/ml RNase A (Thermo Fisher Scientific) or 2000 U RNase T1 (Thermo Fisher 
Scientific, catalog no. EN0541). Supernatants were then incubated with anti-FLAG M2 agarose 
beads (Sigma-Aldrich) for 2h at 4°C. Beads were washed 4 x with IPLS. Immunoprecipitates 
were finally boiled in 2 x SDS loading buffer and analyzed by SDS-PAGE and western blotting. 
For endogenous coimmunoprecipitations (co-IPs), HEK293 cell lysates were prepared in IPLS, 
precleared with Protein A/G magnetic beads (Millipore) for 1h at 4°C, and incubated overnight 
with 1.5 μg of relevant antibody or mouse (Santa Cruz) IgG. Then, samples were incubated with 
Protein A/G magnetic beads (Millipore) for 2h at 4°C. Beads were washed 4 x with IPLS buffer. 
Immunoprecipitates were finally boiled in 2 x SDS loading buffer and analyzed by SDS-PAGE 
and western blotting.  
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5.13 Oligo(dT) pulldowns 
 
HeLa cells were washed twice in cold PBS and UV cross-linked (0.4 J/cm2 of 365-nm UV light 
with a Stratalinker 2400). UV-cross-linked cells were divided into two fractions: 1) total and 2) 
cytoplasmic extracts. For total extract fraction, cells were lysed in oligo(dT) lysis buffer (Tris-HCl, 
pH 7.5, 20 mM, 500 mM LiCl, 0.5% SDS, 1 mM EDTA, 1 mM DTT, cOmplete Protease Inhibitor 
(Roche), Halt Phosphatase Inhibitors (Thermo Fisher Scientific) and Protector RNase Inhibitor 
(Roche)), then cell lysates were homogenized by four passages through a syringe with a 0.4-
mm diameter needle. For cytoplasmic extract fraction, cells were resuspended in cytoplasmic 
extraction buffer (Tris-HCl, pH 7.5, 20 mM, 100 mM KCl, 5 mM MgCl2, 0.3% Nonidet P-40, 1 mM 
DTT, cOmplete Protease Inhibitor (Roche), Halt Phosphatase Inhibitors (Thermo Fisher 
Scientific) and Protector RNase Inhibitor (Roche)). Then, after centrifugation, the supernatant 
was collected and lysed in 2 x lysis buffer (Tris-HCl, pH 7.5, 20 mM, 0.9 mM LiCl, 0.7% SDS, 2 
mM EDTA, 1 mM DTT, cOmplete Protease Inhibitor (Roche), Halt Phosphatase Inhibitors 
(Thermo Fisher Scientific) and Protector RNase Inhibitor (Roche)). Homogenized cell lysates 
from total and cytoplasmic extracts were then incubated at 37°C for 30 min with or without RNase 
A (200 µg/ml Thermo Fisher Scientific) (neither DTT nor RNase protector was added in the 
RNase-treated samples used as negative controls for oligo(dT) pulldown). 1% of each cell lysate 
was kept for input, and the rest was incubated with oligo(dT) magnetic beads (New England 
BioLabs) for 2h at 4°C (25 µl of beads per 15-cm culture dish). Pulldowns were washed 1 x with 
wash buffer I (Tris-HCl, pH 7.5, 20 mM, 500 mM LiCl, 0.1% SDS, 1 mM EDTA and 1 mM DTT), 
1 x with wash buffer II (Tris-HCl, pH 7.5, 20 mM, 500 mM LiCl, 1 mM EDTA and 1 mM DTT) and 
1 x with wash buffer III (Tris-HCl, pH 7.5, 20 mM, 200 mM LiCl, 1 mM EDTA and 1 mM DTT). 
As cell lysates and successive washes remained viscous, bead homogenization was sometimes 
difficult, and bead separation (PureProteome Magnetic Stand, Millipore) took several minutes. 
Beads and inputs were resuspended in 2 x SDS loading buffer, sonicated for 5 min to reduce 
viscosity, boiled, and analyzed by SDS-PAGE and western blotting. 
 
5.14 RNA-immunoprecipitation-qPCR analysis 
 
Protein A/G magnetic beads (Millipore) were incubated with anti-EWSR1 (sc-398318, Santa 
Cruz) antibody or mouse IgG (Santa Cruz) at 4°C overnight with rotation. Before cell harvesting, 
RNA-protein complexes were crosslinked with 1% formaldehyde (incubation at RT for 10 min) 
and crosslink reaction was quenched using 125 mM glycine for 5 min at RT. Cells were washed 
2 x with ice-cold PBS, then pelleted by centrifugation (4°C, 5 min, 1,600 x rpm). Cells were 
resuspended in 1 ml RIPA (Tris HCl, pH 8.0, 50 mM, 150 mM NaCl, 1.0% IGEPAL CA-630, 0.5% 
sodium deoxycholate, 0.1% SDS) with 1x cOmplete Protease Inhibitor (Roche) and lysed for 30 
min at 4°C with rotation. Cell lysates were then sonicated on ice and cleared by centrifugation 
for 10 min at 4°C at 10,000 x rpm. Proteins were quantified with Pierce BCA protein assay kit 
(Thermo Fisher Scientific). An aliquot was used for RNA input and was treated with proteinase 
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K before RNA extraction with TRIzol Reagent (Thermo Fisher Scientific). For 
immunoprecipitation, 400 μg of protein were incubated with antibody-loaded Protein A/G 
magnetic beads overnight with rotation at 4°C. Supernatant was removed and beads were 
washed 5 x with 1 ml RIPA buffer. RNA-protein complexes were then eluted by incubation with 
100 μL of elution buffer (Tris-HCl, pH 8, 100 mM, 10 mM Na2-EDTA, 1% SDS in H2O) for 3 min 
at 90°C. Proteins were digested with proteinase K treatment and RNA from input or beads were 
extracted with TRIzol Reagent (Thermo Fisher Scientific) for RT-qPCR analysis. GAPDH 
mRNAs was used as control. All primers used for RIP experiments are listed in Table 10. 
 
5.15 Polysome profiling  

Cells were  treated with CHX 100 μg/ml for 5 min to fix polysomes, and harvested in buffer 
containing 25 mM Hepes, 100 mM KCl, 5 mM MgCl2, 0.5% Nonidet P-40, 2 μg/ml heparin, and 
10 μg/ml cycloheximide. Cell extracts were cleared by centrifugation at 13,000 x rpm for 10 min 
at 4°C and loaded onto 15-50% linear sucrose gradients. Samples were ultracentrifuged for 2 
hours at 39,000 x rpm in a SW41 rotor and subsequently fractionated with a gradient fractionator 
(Brandel). Absorbance was read at 260 nm and collected fractions are stored at -80°C for 
subsequent analysis by SDS-PAGE and western blotting. 

5.16 Nuclear and cytoplasmic fractionation 
 
HeLa cells were tripsinized, washed 2 x with cold PBS and lysed with CLB buffer (cytoplasmic 
lysis buffer; Tris-HCl, pH 7.9, 10 mM, 340 mM sucrose, 3 mM CaCl2, 0.1 mM EDTA, 2 mM 
MgCl2, 1 mM DTT, 0.5% NP40, cOmplete Protease Inhibitor Cocktail (Roche) and Halt 
Phosphatase Inhibitor Cocktail (Thermo Fisher Scientific)) on ice for 5 min. The cytoplasmic 
fraction was collected by a first centrifugation at 3,500 x g for 15 min at 4°C, then at maximum 
speed for 10 min. The pellet was washed several times with CLB wash buffer (CLB buffer without 
NP40) and lysed with NLB buffer (nuclear lysis buffer; HEPES, pH 7.9, 20 mM, 10% glycerol, 3 
mM EDTA, 150 mM KOAc, 1.5 mM MgCl2, 1 mM DTT, 0.1% NP40, cOmplete Protease Inhibitor 
Cocktail (Roche), Halt Phosphatase Inhibitor Cocktail and Protector RNase Inhibitor (Roche)). 
The nuclear fraction was collected by a first centrifugation at 15,000 × g for 30 min at 4°C, then 
at a maximum speed for 10 min at 4°C. Cell fractions were then analyzed by SDS-PAGE and 
western blotting. 

 
5.17 Cap-association assay using m7GTP-Agarose 
 
To analyze the interaction of EWSR1 to cap-binding protein complex, HeLa cells were lysed as 
previously described in351, using NET2 buffer (Tris-HCl, pH 7.4, 50 mM, 150 mM NaCl, 1 mM 
phenylmethanesulfonylfluoride, 2 mM benzamidine, 1% NP-40) and total cell extracts were 
incubated with m7GTP-Agarose (Jena Bioscience, AC-155S) for 2 hours at 4°C. Then, the beads 
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were washed 3 x in NET2 buffer. The samples were analyzed by SDS-PAGE and western 
blotting. 
 
5.18 Subcellular fractionation 
 
The S30, S100, R and RSW fractions were obtained as previously described in609 with little 
modifications. Briefly, HEK293 cells, grown to 90% confluence in 10-12 P100 dishes, were 
washed with ice cold PBS, and lysed in buffer 1 (Tris-HCl, pH 7.4, 15 mM, 80 mM KCl, 5 mM 
MgCl2, 1% Triton-X-100, cOmplete Protease Inhibitor Cocktail (Roche)). Cell debris was 
discarded by spinning at 14,000 x g for 10 min at 4°C, twice. The supernatant of the second 
spinning is the S30 fraction. S30 centrifugation at 95,000 x rpm during 1.5 h using the TLA100.1 
rotor yielded the S100 fraction (supernatant), and the ribosomes with associated factors (pellet-
R fraction). To prepare the fraction containing ribosomes free of associated factors, the 
ribosomal pellet was resuspended in high salt buffer 2 (Tris-HCl, 15 mM, pH 7.4, 500 mM KCl, 
5 mM MgCl2, 2 mM DTT, 290 mM sucrose), loaded in a discontinuous sucrose gradient (1.5 ml 
buffer 40% (w/v) sucrose, Tris-HCl, pH 7.4, 15 mM, 500 mM KCl, 5 mM MgCl2, 2 mM DTT 
(bottom layer) and 1 ml buffer 20% (w/v) sucrose, Tris-HCl, pH 7.4, 15 mM, 500 mM KCl, 5 mM 
MgCl2, 2 mM DTT (top layer)), centrifuged at 4°C, 95,000 x rpm for 2 h using a TLA100.1 rotor. 
The pure ribosomes pellet (RSW fraction) was resuspended in buffer 1. S30, S100, R and RSW 
fractions were analyzed by SDS-PAGE and western blotting. 
 
5.19 GST-fusion proteins purification and pulldowns 
 
Fusion proteins were expressed in One Shot BL21 (DE3) Chemically Competent E. coli 
(Invitrogen) and purified according to the following protocol. Bacterial culture with appropriate 
antibiotics was incubated overnight (37°C, 220 x rpm). Next morning, the overnight starter 
culture was diluted into LB (1:10 dilution) supplemented with appropriate antibiotics and 
incubated for 2h (37°C, 220 x rpm). Then, IPTG, dioxane-free (Thermo Fisher Scientific) was 
added to a final concentration of 0.1 mM to induce protein expression and the culture was 
incubated for 4h (30°C, 220 x rpm). Cells were harvested by centrifugation at 10,000 x rpm for 
10 min at 4°C, then lysed in lysis buffer (1 x PBS containing 1% Triton) followed by sonication 
on ice. The lysate was centrifuged at 10,000 x g for 10 min at 4°C and the supernatant was 
incubated with pre-equilibrated Glutathione Sepharose 4B Fast Flow (Cytiva) for 30 min at 4°C 
with rocking. Beads were collected by centrifugation at 1,000 x g at 4°C for 3 min, then washed 
3 x in PBS. After centrifugation, beads can be used immediately for pulldown or stored at -80°C 
in PBS 10% glycerol. 
 
For pulldown reactions, GST fusion proteins were incubated in IPLS with ribosomal fractions 
(40S or 60S/80S) collected from polysome profiling. After rocking for 30 min at 4°C, beads were 
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washed 3 x in IPLS buffer. Pulldown reactions were then analyzed by SDS-PAGE and western 
blotting. 
 
5.20 Ribosome profiling (RIBO-seq)  

Hela cell pellets, pre-treated with 100 mg/ml cycloheximide, were delivered at OHMX.bio 
facilities (Ghent, BE) in good condition. Frozen cell pellets were resuspended with 2 ml of lysis 
buffer supplemented with 100 mg/ml cycloheximide on ice. Efficient cell lysis was accomplished 
by passing the suspension through a 18G needle attached to a syringe. The cell suspension 
was incubated in lysis buffer for 10 min and centrifuged twice for complete removal of the cell 
debris. The clear lysate was aliquoted for total RNA purification with the RNA Clean and 
Concentrator-5 kit (Zymo Research) and subsequent footprinting. For footprinting and 
monosome purification, 10 μg of lysate was digested with RNase I (Thermo Fisher Scientific) at 
21°C for 45 min. The reaction was stopped with the addition of Superase In RNase Inhibitor 
(Thermo Fisher Scientific), and the digested lysate was purified on a MicroSpin S-400 HR 
Sephacryl column (GE Healthcare). The flow through was collected and purified with the RNA 
Clean and Concentrator-5 (Zymo Research). The footprints were visualized on the Agilent 
Bioanalyzer with the RNA 6000 Nano kit (Agilent).  

Ribosome protected fragments (RPFs) of 28-30 nt were selected by loading the footprints on a 
Novex TBE-Urea gel (15%) (Thermo Fisher Scientific) and performing gel electrophoresis. The 
gel parts corresponding to the fragments of interest were excised and let to diffuse in molecular 
grade water supplemented with ammonium acetate and SDS overnight at 4°C. The slurry was 
then transferred to CoStar filter tubes and centrifuged. The flow through was incubated at -80°C 
for 2 h with glycogen and isopropanol. Following centrifugation at 18,000 x g for 20 min, the 
supernatant was removed and the pellet was washed with ice-cold 80% EtOH. Pellets were left 
to dry for 10 min and were resuspended in 15 μl molecular grade water. The quality of the eluted 
RNA fragments was checked on the Agilent Bioanalyzer using the Small RNA kit.  

For library preparation, the RPFs were 3’ dephosphorylated with T4 PNK (New England Biolabs) 
for 1h at 37°C to heal the 2’-3’ cyclic phosphate from the RNase I cleavage and were 
subsequently purified using the Oligo Clean and Concentrator kit (Zymo Research). The 3’ 
adapter was ligated to the RPFs and the ligated fragments were purified following the protocol 
of the Small RNA Library prep kit (Lexogen). After the 5’ phosphorylation of the RPFs and their 
purification with the Oligo Clean and Concentrator kit, 5’ adapter ligation took place based on 
the Small RNA Library prep kit. First strand cDNA synthesis was performed according to the 
Small RNA Library prep kit manual. Ribosomal RNA (rRNA) was depleted with the addition of 
LNA probes from the QIAseq FastSelect rRNA HMR kit (Qiagen) during the cDNA synthesis 
reaction. Prior to Indexing PCR amplification, a qPCR was performed in order to determine the 
optimal PCR cycle number. During PCR, index primers (Lexogen) were added at both ends of 
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the fragments to produce dual-indexed libraries. The PCR amplification protocol from the Small 
RNA Library prep kit was followed. Library products were purified with AMPure XP beads and 
their quality was determined on the Agilent Bioanalyzer with the DNA High Sensitivity kit 
(Agilent). For the efficient removal of adapter dimers and excess index primers, the library 
products run on a Novex TBE gel (8%) (Thermo Fisher Scientific) and the gel part corresponding 
to the library products was excised and purified. The quality of the final libraries was determined 
on the Agilent Bioanalyzer with the High Sensitivity DNA kit. The concentration of the libraries 
was estimated by performing qPCR using a dilution of PhiX Control v3 as standard and samples 
were pooled in an equimolar way. A test sequencing run (2 x 75 bp) on the Illumina MiSeq 
platform was performed with the MiSeq Reagent Nano kit v2 (Illumina) to check the quality of 
the prepared libraries prior to the in-depth sequencing on Novaseq.  

For matching mRNA-seq, 100 ng of total RNA material was used. mRNA was first enriched using 
oligo(dT) beads and was fragmented randomly by adding fragmentation buffer. Then, cDNA was 
synthesized by using random primers, after which a second-strand synthesis buffer, dNTPs, 
RNase H and DNA polymerase I were added to initiate the second-strand synthesis. Following 
end repair and sequencing adaptor ligation, the double-stranded cDNA library was completed 
through size selection and PCR enrichment. The quality of the final libraries was determined on 
the Agilent Bioanalyzer with the High Sensitivity DNA kit. The concentration of the libraries was 
estimated by performing qPCR using a dilution of PhiX Control v3 as standard and samples 
were pooled in an equimolar way. Finally, high coverage sequencing was performed on the 
Novaseq 6000 system with the S4 flowcell and SE50 configuration.  

For the quality control of the sequencing reads, the following computational steps were 
successfully applied: i) trimming sequence adapters (SeqPurge), ii) checking the presence of 
rRNA and removing it (Bowtie2) and iii) mapping the trimmed reads to reference transcriptome 
and quantification of the reads at transcript level (STAR). To visualize and explore ribosome 
profiling features, specific RIBO-seq quality control steps were performed (triplet periodicity, P-
site offset, RPF length centered around 29-30 nt, checking that the majority of mRNA reads 
mapped to CDS) (see RESULTS section). The transcriptomics (RNA-seq) and translatomics 
(RIBO-seq) counts were summed at gene level using feature Counts and afterwards fed into the 
popular package DESeq2708 for differential analysis. 

5.21 Lipidomic analysis 
 
An amount of cells containing 10 μg of DNA was homogenized in 700 μL of water with a handheld 
sonicator and was mixed with 800 μl HCl (1M):CH3OH 1:8 (v/v), 900 μl CHCl3, 200 μg/ml of the 
antioxidant 2,6-di-tert-butyl-4-methylphenol (BHT; Sigma Aldrich) and 3 μl of SPLASH® 
LIPIDOMIX® Mass Spec Standard (#330707, Avanti Polar Lipids). After vortexing and 
centrifugation, the lower organic fraction was collected and evaporated using a Savant 
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Speedvac spd111v (Thermo Fisher Scientific) at room temperature and the remaining lipid pellet 
was stored at -20°C under argon. 
 
Just before mass spectrometry analysis, lipid pellets were reconstituted in 100% ethanol. Lipid 
species were analyzed by liquid chromatography electrospray ionization tandem mass 
spectrometry (LC-ESI/MS/MS) on a Nexera X2 UHPLC system (Shimadzu) coupled with hybrid 
triple quadrupole/linear ion trap mass spectrometer (6500+ QTRAP system; AB SCIEX). 
Chromatographic separation was performed on a XBridge amide column (150 mm × 4.6 mm, 
3.5 μm; Waters) maintained at 35°C using mobile phase A [1 mM ammonium acetate in water-
acetonitrile 5:95 (v/v)] and mobile phase B [1 mM ammonium acetate in water-acetonitrile 50:50 
(v/v)] in the following gradient: (0-6 min: 0% B à 6% B; 6-10 min: 6% B à 25% B; 10-11 min: 
25% B à 98% B; 11-13 min: 98% B à 100% B; 13-19 min: 100% B; 19-24 min: 0% B) at a flow 
rate of 0.7 ml/min which was increased to 1.5 ml/min from 13 minutes onwards. SM, CE, CER, 
DCER, HCER, LCER were measured in positive ion mode with a precursor scan of 184.1, 369.4, 
264.4, 266.4, 264.4 and 264.4 respectively. TAG, DAG and MAG were measured in positive ion 
mode with a neutral loss scan for one of the fatty acyl moieties. PC, LPC, PE, LPE, PG, PI and 
PS were measured in negative ion mode by fatty acyl fragment ions. Lipid quantification was 
performed by scheduled multiple reactions monitoring (MRM), the transitions being based on 
the neutral losses or the typical product ions as described above. The instrument parameters 
were as follows: Curtain Gas = 35 psi; Collision Gas = 8 a.u. (medium); IonSpray Voltage = 5500 
V and -4,500 V; Temperature = 550°C; Ion Source Gas 1 = 50 psi; Ion Source Gas 2 = 60 psi; 
Declustering Potential = 60 V and −80 V; Entrance Potential = 10 V and -10 V; Collision Cell Exit 
Potential = 15 V and -15 V. The following fatty acyl moieties were taken into account for the 
lipidomic analysis: 14:0, 14:1, 16:0, 16:1, 16:2, 18:0, 18:1, 18:2, 18:3, 20:0, 20:1, 20:2, 20:3, 
20:4, 20:5, 22:0, 22:1, 22:2, 22:4, 22:5 and 22:6 except for TGs which considered: 16:0, 16:1, 
18:0, 18:1, 18:2, 18:3, 20:3, 20:4, 20:5, 22:2, 22:3, 22:4, 22:5, 22:6. 

Peak integration was performed with the MultiQuantTM software version 3.0.3. Lipid species 
signals were corrected for isotopic contributions (calculated with Python Molmass 2019.1.1) and 
were quantified based on internal standard signals and adheres to the guidelines of the 
Lipidomics Standards Initiative (LSI) (level 2 type quantification as defined by the LSI). Unpaired 
T-test P-values and FDR corrected P-values (using the Benjamini/Hochberg procedure) were 
calculated in Python StatsModels version 0.10.1. 

5.22 Transmission electron microscopy (TEM) 
 
Cells were fixed for 60 minutes at 4°C with 2.5% glutaraldehyde in a Sörensen 0.1 M phosphate 
buffer (pH 7.4) and post-fixed for 30 min with 2% osmium tetroxide. After dehydration in graded 
ethanol, samples were embedded in Epon. Ultrathin sections obtained with a Reichert Ultracut 
S ultramicrotome were contrasted with uranyl acetate and lead citrate. Observations were made 
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with a Jeol JEM-1400 transmission electron microscope at 80 kV. 

5.23 Statistics  

Unless otherwise indicated, graph values are presented as mean ± sd, calculated for at least 
three independent experiments. Statistical tests were performed with GraphPad Prism 8 and are 
indicated in each figure legends. P-value thresholds are depicted as follows: *P < 0.05; **P < 
0.01; ***P < 0.001; ****P < 0.0001; ns: not significant.  
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Antibodies Source Host species 

EWSR1-M 
 

SantaCruz (sc-398318) Mouse 

EWSR1-R 
 

Cell signaling (#11910) Rabbit 

FLAG-M 
 

Sigma (F3165) Mouse 

FLAG-R 
 

Sigma (F7425) Rabbit 

GAPDH 
 

SantaCruz (sc-166545) Mouse 

β-tubulin 
 

Abcam (ab6046) Rabbit 

Histone H3 
 

SantaCruz (sc-8654) Goat 

Hsp90 
 

Cell signaling (#4877) Rabbit  

Puromycin 
 

Millipore (MABE343-clone 
12D10) 

Mouse 

RPS6 
 

Cell signaling (#2217) Rabbit 

RPS23 
 

SantaCruz (sc-100837) Mouse 

RPL26 
 

Bethyl (A-300-686) Rabbit  

RPL22 
 

SantaCruz (sc-373993) Mouse 

RPS5 
 

SantaCruz (sc-390935) Mouse 

eIF2α 
 

Cell signaling(#9722) Rabbit 

p-eIF2α 
 

Cell signaling (#9721) Rabbit  

PERK 
 

SantaCruz (sc-377400) Mouse  

ATF4 
 

Cell signaling (#11815) Rabbit  

ATF6 
 

Cell signaling (#65880) Rabbit  
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GCN2 
 

SantaCruz (sc-374609) Mouse 

p-GCN2 (phospho 
T899) 
 

Abcam (ab75836) Rabbit  

CHOP 
 

Cell signaling (#2895) Mouse 

PARP 
 

Cell signalling (#9532) Rabbit 

p21Cip1 
 

SantaCruz (sc-397) Rabbit 

IRE1α 
 

SantaCruz (sc-390960) Mouse  

p-IRE1α (phospho 
S724) 
 

Abcam (ab124945) Rabbit 

XBP1s 
 

Cell signaling (#12782) Rabbit  

eIF3B 
 

Boster Immunoleader (PA2030) Rabbit  

eIF3η 
 

SantaCruz (sc-137214) Mouse 

RBPMS 
 

Proteintech (15187-1-AP)   Rabbit 

RPL4 
 

SantaCruz (sc-100838) Mouse 

RACK1 
 

SantaCruz (sc-17754) Mouse 

eIF4E 
 

Cell signaling (#9742) Rabbit 

eIF5 
 

SantaCruz (sc-28309) Mouse 

eIF4G 
 

SantaCruz (sc-133155) Mouse  

GST 
 

SantaCruz (sc-138) Mouse 

Table 4: Antibodies used in this work with their source and host species. 
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Chemicals Source Identifier 

Spectinomycin Sigma-Aldrich  

 

S4014  

 
Ampicillin  

 

Sigma-Aldrich  

 

A0166 

Polyethyleneimine 
(PEI)  

 

Sigma-Aldrich  

 

NA  

 

RNAse A  

 

Thermo Fisher Scientific  

 

Cat#EN0531  

 
JetPrime  Polyplus  

 

101000027  

 
FastDigest XhoI (10 
U/μL)  

Thermo Fisher Scientific  

 

FD0694  

 
T4 DNA ligase  

 

Thermo Fisher Scientific  

 

EL0011  

 
cOmplete Protease 
Inhibitors  

Roche  

 

CO-RO  

 
Anti-FLAG M2 
agarose beads  

 

Millipore  

 

A2220  

 

Pierce Protein A/G 
Magnetic beads  

 

Thermo Fisher Scientific  

 

11844554  

 

TakyonTM No ROX 
SYBR 2X MasterMix 
blue dTTP  

 

Eurogentec  

 

UF-NSMT-B0701  

 

Thapsigargin Sigma-Aldrich T9033 

 
Cycloheximide 100 
mg/ml 

Sigma-Aldrich C4859 
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Twinlite Firely and 
Renilla Luciferase 
Reporter Gene Assay 
System  

 

Perkin Elmer  

 

6066709  

 

NucleoSpin Plasmid 
EasyPure  

Macherey-Nagel  

 

740727.50  

 
Nucleospin RNA kit  

 

Macherey-Nagel  

 

740955.50  

 
Palmitic acid 

 

Sigma-Aldrich SLCD8134 

Tunicamycin 

 

Sigma-Aldrich T7765 

DMEM w/o glutamine, 
w/o amino acids, with 
1 g/L glucose 

 

GENAXXON bioscience C4150.0500 

MetaPhor® Agarose 

 

Lonza Bioscience catalog n° 
50181 

NA 

Table 5: Chemicals used in this work with their source and identifier. NA = not available/applicable. 

 
 
 

Cell lines Source Identifier 

Human: HeLa  ATCC  

 

CCL-2  

 
Human: HEK293 ATCC  

 

CRL-1573 

 
Human: U2OS  

 

ATCC  

 

HTB-96  

 
Human: A2780A ATCC CVCL_0134 

Table 6: Cell lines used in this work with their source and identifier.  
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Plasmids Source Identifier 

Human ORFeome 
v7.1 and v8.1  

 

The Center for Cancer Systems 
Biology (CCSB- DFCI)  

 

http://horfdb.dfci.harvard.edu/  

pDONR223  

 

709 NA  

 
pDEST1899  

 

709 NA  

 
pN-MS2-CP  

 

709 NA  

 
RLuc-4MS2  

 

709 NA  

 
RLuc-8MS2  

 

709 NA  

 
RLuc-0MS2  

 

709 NA  

 
pGL3-promoter  

 

Addgene  

 

NA  

 
pGEX-4T1 Addgene NA 

pGEX-6p-1 Addgene NA 

TISU-RLuc-6xMS2-
poly(A) 

 

608 NA 

RLuc-6xMS2-poly(A) 

 

608 NA 

Table 7: Palsmids used in this work with their source and identifier. NA = not available/applicable. 
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Plasmids Forward Reverse 

pDONR223 TCCCAGTCACGACGTTGTAA GTAATACGACTCACTATAGG 

 
pDEST1899 GACGGTGATTATAAAGATCAT

GACATCG  
GGAGTGGCAACTTCCAGGG  

 
pN-MS2  

 

CTAAAGTGGCAACCCAGACT
GTTGG  

GGAGGGGCAAACAACAGATG
GC  

 
pGEX CCGGGAGCTGCATGTGTCAG

AGG 

 

GGGCTGGCAAGCCACGTTTGG
TG 

 
Table 8: Plasmids sequencing primers. 

Target (Cloning) Forward Reverse 

RGG1-RRM 

 

 

GGGGACAACTTTGTACAAAA
AAGTTGGCATGGGAGGATTT
TCCGGACCAGG 

GGGGACAACTTTGTACAAGAA
AGTTGAAAGGGAGACTTTAAG
TTTGC 

ΔRGG1-RRM 

 

 

GGGGACAACTTTGTACAAAA
AAGTTGGCATGCGGGGTGGT
CTGCCACCCCG 

GGGGACAACTTTGTACAAGAA
AGTTGAGTAGGGCCGATCTCT
GCG 

ΔNLS 

 

 

GGGGACAACTTTGTACAAAA
AAGTTGGCATGGGAGGATTT
TCCGGACCAGG 

GGGGACAACTTTGTACAAGAA
AGTTGATCCTCCACGTCCTCC
TCTTCTTCC 

ΔRGG3 

 

 

 

GGGGACAACTTTGTACAAAA
AAGTTGGCATGGGAGGATTT
TCCGGACCAGG 

GCCTTTATCCATTTTTCCAGGA
GGCTTTGGGGCCTTACACTG 

CAGTGTAAGGCCCCAAAGCC
TCCTGGAAAAATGGATAAAG
GC 

GGGGACAACTTTGTACAAGAA
AGTTGAGTAGGGCCGATCTCT
GCG 

ΔZnF GGGGACAACTTTGTACAAAA
AAGTTGGCATGGGAGGATTT
TCCGGACCAGG 

GGGTGGCGGGAGGAAGCCTT
CGTGCTGGACGTTTCCTCCTC
C 
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GGAGGAGGAAACGTCCAGCA
CGAAGGCTTCCTCCCGCCAC
CC 

GGGGACAACTTTGTACAAGAA
AGTTGAGTAGGGCCGATCTCT
GCG 

ΔZnF-RGG3 

 

 

 

GGGGACAACTTTGTACAAAA
AAGTTGGCATGGGAGGATTT
TCCGGACCAGG 

GCCTTTATCCATTTTTCCAGGG
TGCTGGACGTTTCCTCCTCC 

GGAGGAGGAAACGTCCAGCA
CCCTGGAAAAATGGATAAAG
GC 

GGGGACAACTTTGTACAAGAA
AGTTGAGTAGGGCCGATCTCT
GCG 

ΔRGG2 

 

 

 

GGGGACAACTTTGTACAAAA
AAGTTGGCATGGGAGGATTT
TCCGGACCAGG 

GGGACACTGCCAGTCTCCAGC
TCGACTGTTCATTGGAGGCTT
CTTCCG 

CGGAAGAAGCCTCCAATGAA
CAGTCGAGCTGGAGACTGGC
AGTGTCCC 

GGGGACAACTTTGTACAAGAA
AGTTGAGTAGGGCCGATCTCT
GCG 

ΔRGG2-ZnF 

 

 

 

GGGGACAACTTTGTACAAAA
AAGTTGGCATGGGAGGATTT
TCCGGACCAGG 

GGGTGGCGGGAGGAAGCCTT
CACTGTTCATTGGAGGCTTCTT
CCG 

CGGAAGAAGCCTCCAATGAA
CAGTGAAGGCTTCCTCCCGC
CACCC 

GGGGACAACTTTGTACAAGAA
AGTTGAGTAGGGCCGATCTCT
GCG 

ΔRGG2-ZnF-RGG3 

 

 

 

GGGGACAACTTTGTACAAAA
AAGTTGGCATGGGAGGATTT
TCCGGACCAGG 

GCCTTTATCCATTTTTCCAGGA
CTGTTCATTGGAGGCTTCTTCC
G 

GGGGACAACTTTGTACAAAA
AAGTTGGCATGGCGTCCACG
GATTACAGTACC 

GGGGACAACTTTGTACAAGAA
AGTTGAGTAGGGCCGATCTCT
GCG 

EWSR1 ΔRGG2-
ZnF-RGG3 

 

 

 

GGGGACAACTTTGTACAAAA
AAGTTGGCATGGCGTCCACG
GATTACAGTACC 

GCCTTTATCCATTTTTCCAGGA
CTGTTCATTGGAGGCTTCTTCC
G 

CGGAAGAAGCCTCCAATGAA
CAGTCCTGGAAAAATGGATA
AAGGC 

GGGGACAACTTTGTACAAGAA
AGTTGAGTAGGGCCGATCTCT
GCG 

Table 9: Cloning primers used in this work. 
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Target gene  Forward Reverse Ref. 

FADS1 CAGCTTTGAGC
CCACCAAGAA 

AGCAAGATGTGCAG
CAGGTACAG 

 

https://www.nature.co
m/articles/s41598-019-
46461-9 

 
FADS2 TCATGACCATG

ATCGTCCATAA
GAA 

 

 

GCTCCCAGGATGCC
G TAGAA 

 

https://www.nature.co
m/articles/s41598-019-
46461-9 

 

ELOVL5 TGAGGCAGTGG
TCAAACAGGTA 

 

 

AGATATGTCATGAGT
GGTTCCAAGA 

 

 

https://www.nature.co
m/articles/s41598-019-
46461-9 

 

ELOVL6 GTGGTCGGCAC
CTAATG 

 

AACCCTGGTCACAA
ACTG 

 

https://www.ncbi.nlm.ni
h.gov/pmc/articles/PM
C5393602/ 
 

 
LPCAT1 CGACTGAGCGC

CCTGCAGAA 

 

AAGGGCCAGGCCAG
CAGCAT 

 

https://www.ncbi.nlm.ni
h.gov/pmc/articles/PM
C3421133/ 

 
LAMP1 AATGTCTGCAG

CTCAAGGGC 

 

CAGGATCACCCCGA
ATGTCA 

 

NA 

SLC39A1 CTGGCTGTGGG
ATCCTCTTC 

 

CCATGCCCTCTAGC
ACAGAC 

 

NA 

HSD17B12 GGTCTTGAAAT
CGGCATCTTAG
T 

 

ATGTTCAGAATAGCC
CCTTTGG 

 

https://www.ncbi.nlm.ni
h.gov/pmc/articles/PM
C7754038/#jcmm1602
6-sup-0001 
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SEC61G AAAGGACTCCA
TTCGGCTGGTT 

 

CAAAGAAGCCAATG
AATCCC 

 

https://www.nature.co
m/articles/s41419-021-
03797-3 

 
KDELR1 CTTCTACTCTG

TGGCCCCAAT 

 

AAAGATCTTGGACC
CTGCCC 

 

NA 

ZNF664 AAAGCCACAAT
CATTGCCCG 

 

GAGCTCCTCAAGGG
GGAGTA 

 

NA 

RPL32 

 

CATCTCCTTCT
CGGCATCA 

AACCCTGTTGTCAAT
GCCTC 

NA 

GAPDH TTGCCATCAAT
GACCCCTTCA 

CGCCCCACTTGATTTT
GGA 

 

NA 

18S AACCCGTTGAA
CCCCATT 

CCATCCAATCGGTAGT
AGCG 

NA 

Table 10: RIP-qPCR primers used in this work. NA = not available/applicable.
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6 APPENDIX 
 
6.1 Plasmids map 

 

 
  

Figure 104: Annotated plasmid map of the pDONR223 vector. attP1 and attP2: Gateway sites for BP cloning. 
SmR: spectinomycin resistance gene. CmR: chloramphenicol resistance gene. Ori: bacterial origin of replication. 
From thesis of B.Galvan. 
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Figure 105: Annotated plasmid map of the pDEST1899 vector with 3 x FLAG tag. attR1 and attR2: Gateway 
sites for LR cloning. AmpR: ampicillin resistance gene. CmR: chloramphenicol resistance gene. Ori: bacterial origin 
of replication. From thesis of B.Galvan. 
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Figure 106: Annotated plasmid map of the pN-MS2-CP vector. AmpR: ampicillin resistance gene. NeoR/KanR  
neomycin/kanamycin resistance genes. Ori: bacterial origin of replication. From thesis of B.Galvan. 
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Figure 107: Annotated plasmid map of the pGEX-4T-1 vector. From SnapGene.com. 
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Figure 108: Annotated plasmid map of the pGEX-6P-1 vector. From SnapGene.com. 
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BglII(6400)		

AlwNI(5979)		

AhdI(5500)		

ScaI(5019)		

BamHI(4318)		

BstXI(4245)		

BstBI(4206)		

RsrII(4040)		

BssHII(3921)		

PstI(3577)		

PluTI(3527)		

SfoI(3525)		

NarI(3524)		

KasI(3523)		

AflII(3378)		

HindIII(3346)		

AvrII(3330)		

BsrGI		(96)

SpeI		(152)

NdeI		(387)

SnaBI		(493)

AsiSI		(664)

TISU

EcoRV		(1246)

Bsu36I		(1347)

NruI		(1422)

PasI		(1535)

XbaI		(1759)

binding	site

binding	site

binding	site

binding	site

binding	site

binding	site

PspOMI		(1993)

ApaI		(1997)

AbsI	-	PaeR7I	-	PspXI	-	XhoI		(2057)

NotI		(2064)

T3	promoter

poly(A)	signal

HpaI		(2230)

MfeI		(2239)

CsiI	-	SexAI*		(3097)

StuI		(3329)

pCIneo-TISU-RLuc-6xbsMS2
6405	bp

Figure 109: Annotated plasmid map of the pCIneo-TISU-RLuc-6xbsMS2 vector. From608. 
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BglII(6734)		

AlwNI(6313)		

AhdI(5834)		

BamHI(4652)		

BstXI(4579)		

BstBI(4540)		

RsrII(4374)		

BssHII(4255)		

PluTI(3861)		

SfoI(3859)		

NarI(3858)		

KasI(3857)		

AvrII(3664)		

StuI(3663)		

BsrGI		(96)

SpeI		(152)

NdeI		(387)

SnaBI		(493)

AsiSI		(664)

I-PpoI		(851)

BbsI		(961)

T7	prom

NheI		(1085)

BmtI		(1089)

Kozak-Sequence

EcoRV		(1580)

Bsu36I		(1681)

NruI		(1756)

PasI		(1869)

XbaI		(2093)

binding	site

binding	site

binding	site

binding	site

binding	site

binding	site

PspOMI		(2327)

ApaI		(2331)

AbsI	-	PaeR7I	-	PspXI	-	XhoI		(2391)

NotI		(2398)

T3	promoter

poly(A)	signal

HpaI		(2564)

MfeI		(2573)

CsiI	-	SexAI*		(3431)

pCIneo-RLuc-6xbsMS2
6739	bp

Figure 110: Annotated plasmid map of the pCIneo-RLuc-6xbsMS2 vector. From608. 
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8 PUBLICATIONS 
 

Alternative glycosylation controls endoplasmic reticulum dynamics and tubular 
extension in mammalian cells.  
 
(Science advances. May. 2021). PMID: 33962942. 
 
Kerselidou D, Dohai BS, Nelson DR, Daakour S, De Cock N, Hassoun ZAO, Kim DK, Olivet J, 
El Assal DC, Jaiswal A, Alzahmi A, Saha D, Pain C, Matthijssens F, Lemaitre P, Herfs M, 
Chapuis J, Ghesquiere B, Vertommen D, Kriechbaumer V, Knoops K, Lopez-Iglesias C, van 
Zandvoort M, Lambert JC, Hanson J, Desmet C, Thiry M, Lauersen KJ, Vidal M, Van Vlierberghe 
P, Dequiedt F, Salehi-Ashtiani K, Twizere JC.  

Abstract 

The endoplasmic reticulum (ER) is a central eukaryotic organelle with a tubular network made 
of hairpin proteins linked by hydrolysis of guanosine triphosphate nucleotides. Among 
posttranslational modifications initiated at the ER level, glycosylation is the most common 
reaction. However, our understanding of the impact of glycosylation on the ER structure remains 
unclear. Here, we show that exostosin-1 (EXT1) glycosyltransferase, an enzyme involved in N-
glycosylation, is a key regulator of ER morphology and dynamics. We have integrated multiomics 
and superresolution imaging to characterize the broad effect of EXT1 inactivation, including the 
ER shape-dynamics-function relationships in mammalian cells. We have observed that 
inactivating EXT1 induces cell enlargement and enhances metabolic switches such as protein 
secretion. In particular, suppressing EXT1 in mouse thymocytes causes developmental 
dysfunctions associated with the ER network extension. Last, our data illuminate the physical 
and functional aspects of the ER proteome-glycome-lipidome structure axis, with implications in 
biotechnology and medicine. 
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ERG transcription factors have a splicing regulatory function involving RBFOX2 that is 
altered in the EWS-FLI1 oncogenic fusion.  

(Nucleic Acids Res. May 2021). PMID: 34009296. 

Saulnier O, Guedri-Idjouadiene K, Aynaud MM, Chakraborty A, Bruyr J, Pineau J, O'Grady T, 
Mirabeau O, Grossetête S, Galvan B, Claes M, Al Oula Hassoun Z, Sadacca B, Laud K, Zaïdi 
S, Surdez D, Baulande S, Rambout X, Tirode F, Dutertre M, Delattre O, Dequiedt F.  

Abstract 

ERG family proteins (ERG, FLI1 and FEV) are a subfamily of ETS transcription factors with key 
roles in physiology and development. In Ewing sarcoma, the oncogenic fusion protein EWS-FLI1 
regulates both transcription and alternative splicing of pre-messenger RNAs. However, whether 
wild-type ERG family proteins might regulate splicing is unknown. Here, we show that wild-type 
ERG proteins associate with spliceosomal components, are found on nascent RNAs, and induce 
alternative splicing when recruited onto a reporter minigene. Transcriptomic analysis revealed 
that ERG and FLI1 regulate large numbers of alternative spliced exons (ASEs) enriched with 
RBFOX2 motifs and co-regulated by this splicing factor. ERG and FLI1 are associated with 
RBFOX2 via their conserved carboxy-terminal domain, which is present in EWS-FLI1. 
Accordingly, EWS-FLI1 is also associated with RBFOX2 and regulates ASEs enriched in 
RBFOX2 motifs. However, in contrast to wild-type ERG and FLI1, EWS-FLI1 often antagonizes 
RBFOX2 effects on exon inclusion. In particular, EWS-FLI1 reduces RBFOX2 binding to the 
ADD3 pre-mRNA, thus increasing its long isoform, which represses the mesenchymal 
phenotype of Ewing sarcoma cells. Our findings reveal a RBFOX2-mediated splicing regulatory 
function of wild-type ERG family proteins, that is altered in EWS-FLI1 and contributes to the 
Ewing sarcoma cell phenotype. 
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Expression and purification of recombinant extracellular sulfatase HSulf-2 allows 
deciphering of enzyme sub-domains coordinated role for the binding and 6-O-desulfation 
of heparan sulfate.  

(Cell Mol Life Sci. May 2019). PMID: 30788513   

Amal Seffouh, Rana El Masri, Olga Makshakova, Evelyne Gout, Zahra El Oula Hassoun, Jean-
Pierre Andrieu, Hugues Lortat-Jacob, Romain R Vivès 

Abstract 

Through their ability to edit 6-O-sulfation pattern of Heparan sulfate (HS) polysaccharides, Sulf 
extracellular endosulfatases have emerged as critical regulators of many biological processes, 
including tumor progression. However, study of Sulfs remains extremely intricate and progress 
in characterizing their functional and structural features has been hampered by limited access 
to recombinant enzyme. In this study, we unlock this critical bottleneck, by reporting an efficient 
expression and purification system of recombinant HSulf-2 in mammalian HEK293 cells. This 
novel source of enzyme enabled us to investigate the way the enzyme domain organization 
dictates its functional properties. By generating mutants, we confirmed previous studies that 
HSulf-2 catalytic (CAT) domain was sufficient to elicit arylsulfatase activity and that its hydrophilic 
(HD) domain was necessary for the enzyme 6-O-endosulfatase activity. However, we 
demonstrated for the first time that high-affinity binding of HS substrates occurred through the 
coordinated action of both domains, and we identified and characterized 2 novel HS binding 
sites within the CAT domain. Altogether, our findings contribute to better understand the 
molecular mechanism governing HSulf-2 substrate recognition and processing. Furthermore, 
access to purified recombinant protein opens new perspectives for the resolution of HSulf 
structure and molecular features, as well as for the development of Sulf-specific inhibitors. 

 


