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Résumé 

Les protéines sont des effecteurs cellulaires qui sont impliqués dans beaucoup de 

processus cellulaires. Elles sont synthétisées au cours de la traduction par le complexe de 

traduction qui est composé de ribosomes, de facteurs de traductions, de facteurs associées au 

ribosome et d’ARN de transfert. Ce complexe est étudié depuis quelques années mais ce n’est 

que récemment que les études ont pointé vers une fonction régulatrice de ce complexe. Il a été 

proposé que chaque composante de ce complexe puisse adapter sa composition afin de  

contrôler la traduction globale ou celle d’ARN messager spécifiques. Cependant, ce concept 

reste à être démontré in vivo.  

Mon projet principal se concentre sur une composante de ce complexe : les ribosomes. 

Les ribosomes sont des macro-complexes composés de quatre molécules d’ARN ribosomaux 

et d’environ 80 protéines ribosomales (PRs). Ce complexe forme des régions fonctionnelles tel 

que le tunnel de l’ARNm ou le centre de décodage. L’objectif principal était de définir la 

composition du ribosome en termes de PRs dans le modèle murin. En utilisant une approche 

protéomique avec une chromatographie liquide couplée à la spectrométrie de masse en tandem, 

nous avons défini la composition en protéines ribosomales  des ribosomes dans différents 

organes murins. Nous montrons avec une quantification relative l’existence de deux groupes de 

PR : les PR invariables et les PR variables, incluant les paralogues RPL3 et RPL10. L’analyse 

structurale montre que les PR variables sont localisées dans les zones fonctionnelles du 

ribosomes comme le tunnel de l’ARNm ou le tunnel de sortie de la protéine néosynthétisée. 

Nous avons vérifié l’expression protéique de 12 PR par quantification absolue. L’étude de 

corrélation entre les taux d’ARNm et de protéine montre que même si la majorité de PR ont des 

taux corrélés, certains montrent des différences majeurs.  

La deuxième étude se base sur une deuxième composante du complexe de la traduction : 

les facteurs associés au ribosome. Nous avons fait une analyse in silico les données obtenues 

précédemment dans l’étude protéomique pour identifier les groupes fonctionnels qui étaient 

enrichis dans chaque tissu. Nous nous sommes concentrés sur les sous parties du système 

nerveux central et des tissus musculaire. Notre analyse révèle que le ribo-intéractome de chaque 

tissu et même région semble montrer des spécificités fonctionnelles. 

Le dernier projet s’est concentré sur le rôle fonctionnel du ribosomes au cours d’un 

processus pathologique : la lésion du système nerveux central.  Nous avons analysé l’effet de 

trois PR (RPS4X/eS3, RPS14/uS11 et RPL22/eL22) sur la régénération axonale et la survie 
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cellulaire. Nous nous sommes également concentrés sur l’effet du niveau de 2’O méthylation 

sur ce processus. Seul RPL22/eL22 semble diminuer la suivie neuronale in vivo.  

En conclusion, cette étude permet de mieux appréhender le concept d’hétérogénéité de 

ribosomes in vivo, en conditions physiologiques. Nous voyons également que cette 

hétérogénéité s’étend aussi jusqu’au facteurs associé au ribosome. Cela ouvre de nouvelles 

voies d’étude sur la contribution du complexe de traduction au niveau de la régulation de la 

traduction. 
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Abstract 

 
Proteins are final cell effectors that regulate most processes occurring in cells. They are 

synthesised through translation of messenger RNA or mRNA by the translation complex which 

is composed of ribosomes, translation factors, ribosome associated factors and transfer RNAs. 

This translational complex has been studied for decades but only studies from the past 30 years 

suggested that it could have a regulatory role. It was proposed that components of the 

translational complex could adapt their composition to control either the global level of 

translation and/or the translation of specific mRNAs. However, this hypothesis remains to be 

clearly demonstrated at the protein level in vivo.  

The main project was focused on one of the main components of this translational 

complex: the ribosome. Ribosomes are macro-complexes composed of ribosomal RNA and 

ribosomal proteins forming various functional regions such as the mRNA tunnel or the 

decoding centre. The main objective was to define the ribosome content in terms of ribosomal 

protein (RP) in-vivo across multiple mice organs, using a proteomic approach, and understand 

how possible variations in RP composition could affect their functions. Our results from relative 

quantification using liquid chromatography tandem mass spectrometry (LC-MS/MS) shows 

that there are two groups of ribosomal proteins: the invariable ‘core’ RPs and the variable RPs, 

including tissue-specific RP paralogues such as RPL3L and RPL10L. Structural analysis shows 

that variable RPs were located in functional regions of the ribosome such as the mRNA tunnel 

or the nascent peptide exit tunnel. We confirmed the RP profile of 12 RPs by absolute 

quantification. Analysis of correlation between mRNA and protein levels showed that while 

these levels were correlated for some RP, others showed differences.  

The second project was focused on the ribosome-associated factors. Using the dataset 

from the main project, we did an in silico analysis to identify the groups of protein that were 

possibly interacting with the ribosome. We chose to focus on central nervous system (CNS) 

subparts and on muscle-type tissues from our study. Gene ontology analysis shows that the 

ribo-interactome also seems to be specialised. 

The final project focused on the functional impact of modulating either ribosomal 

proteins or the level of rRNA 2’O methylations on cell survival and axonal regeneration after 

central nervous system injury. 3 RP were selected : RPS4X/eS3, RPS14/uS11 and RPL22/eL22. 
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Interestingly, preliminary results show that among the RPs, only one RP, RPL22/eL22, 

significantly decreases the level of survival post injury.  

In conclusion, this work shed some light on the RP heterogeneity observed in the 

ribosomes in physiological conditions. This heterogeneity is not limited to RP as there is also a 

heterogeneous distribution of ribosome associated factors. This study opens new doors to study 

the contribution of the translation complex to translation regulation.  
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This present paper-based thesis is divided into three sections. The introduction will set 

the landmarks on translation regulation while focussing on the ribosome, its heterogeneity and 

its implication in physio-pathology. The second part will present the results obtained through 

the analysis the RP distribution across different organs in the mouse model, the study of 

ribosome associated factors from these organs and the role of ribosomes in a pathological 

condition which is the CNS injury. The third section includes the discussion with the biological 

implication of the current results, conclusion and prospects. 

Through the entire manuscript, the following nomenclature rules will be applied: DNA/mRNA 

symbols are italicised with first letter upper case and all the rest lower case. Proteins are not 

italicized and all upper case. 
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1 The translation complex: focus on the ribosome 

 

Translation is a well-orchestrated sequence of the events that leads to the synthesis of 

proteins. The process is controlled by the translation complex (TC). The TC is made up of 4 

major components: ribosomes, transfer RNA (tRNA), translation factors and ribosome-

associated factors (Archer et al., 2016; Shirokikh et al., 2017). This complex, which targets 

messenger RNAs (mRNAs),  has a dynamic composition throughout translation.  

Ribosomes are macro-complexes with a molecular weight of about 4.3 x 103 kDa in 

humans. They were first observed in 1955 and were called microsomes as they were bound to 

the endoplasmic reticulum membrane (Palade, 1955). They would later be called 

ribonucleoprotein particles of the microsome fraction and finally, ribosomes. They are made up 

of 2 subunits: the large ribosomal subunit (LSU) and the small subunit (SSU). The subunits are 

themselves composed of proteins called ribosomal proteins (RPs) and specific RNA molecules 

called ribosomal RNA (rRNA). This complex is recruited to an mRNA and decodes the mRNA. 

It has an enzymatic activity in catalysing formation of peptide bonds between amino acids and 

is also in charge of the quality control of the nascent polypeptide chain (Dever and Green, 2012; 

Brandman and Hegde, 2016; Merrick and Pavitt, 2018).  

tRNAs are the second component of the TC. They are transcribed by RNA polymerase 

(RNA pol) III. It is a single molecule of RNA folded by Watson and Crick interactions to form 

a clover-leaf structure (Holley et al., 1965). It consists of 4 arms: the amino acid acceptor arm 

with a CCA extension which is linked to an amino acid by aminoacyl tRNA synthetase, the 

anticodon arm that will pair with the codon present on an mRNA, the TΨC arm which is 

involved in the interactions with the ribosome and the D arm that stabilises the tertiary structure 

of the tRNA (Figure 1). It also has a variable loop that is involved in the tRNA recognition by 

aminoacyl tRNA synthetase. tRNAs act as adaptors between mRNA and protein (Kim et al., 

1974; Giegé et al., 2012).  

Translation factors are RNA binding proteins that bind to mRNA or ribosomes during 

translation. There are 3 types: initiation factors, elongation factors and releasing factors, each 

involved in initiation, elongation and termination of translation respectively. In eukaryotes, 

there are 18 different initiation factors called eIFs, 4 elongation factors called eEFs and 2 

releasing factors called eRF (Safer, 1989; Jackson et al., 2010). Each factor plays a specific role 

during translation that will be detailed in chapter 2.  
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Figure 1: Structure of tRNA 

Schematic representation of the primary and secondary structure of tRNA with the D, 

anticodon, TΨC and amino acid acceptor arms. – from (Lorenz et al., 2017)  
 
 

The final components of the TC are ribosome-associated factors or RAFs. They 

compose the riboproteome or ribointeractome (Reschke et al., 2013; Simsek et al., 2017). There 

are two criteria to define RAFs. Firstly, it must interact transiently with the ribosome during 

translation and secondly, it must not be a translation factor. Improvements in mass spectrometry 

(MS) analysis have enabled the identification of several factors but new RAFs are still being 

discovered with progress in sensitivity of measurements and processing of MS results. To 

identify RAFs, ribosomes are isolated either through immunoprecipitation or by centrifugation 

on sucrose gradient or sucrose cushion. They are usually analysed through liquid 

chromatography tandem mass spectrometry (LC-MS/MS) (Belin et al., 2010; Reschke et al., 

2013; Heiman et al., 2014; Rivera et al., 2015; Simsek et al., 2017; Imami et al., 2018). Some 

RAFs regulate translation such as Staufen1 and Sec61 (Ricci et al., 2014; Voorhees et al., 2014) 

or stabilise mRNA such as PABP (Imami et al., 2018). They can be chaperons that control the 

folding of nascent polypeptides or involved in protein quality control (Reschke et al., 2013; 

Simsek et al., 2017; Imami et al., 2018)  

The translation complex will assemble to translate mRNA. mRNAs are produced by 

RNA Pol II from DNA templates. All mRNAs are composed of 5’ and 3’ untranslated regions 

(UTR) and an open reading frame (ORF) flanked by the initiation site in 5’ and the termination 

site on the 3’ side and consisting of successive codons (Figure 2). Codons are degenerate and 
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can therefore code for the same amino acids (Crick et al., 1961). Two features, that are not 

present on the DNA, are added to mRNA. At the 5’ end, a cap is added to prevent 5’-3’ 

exonuclease degradation. The cap is a guanine that is methylated on N7 and is linked to the first 

nucleotide by a 5’-5’ triphosphate bond (Furuichi, 2015). The second feature is a poly-A tail 

added post transcriptionally through the cleavage and the polyadenylation of the 3’ end by poly-

A polymerase. This tail interacts with poly-A binding protein (PABP) to ensure the stability of 

mRNA and translation initiation (Sachs and Davis, 1989). The poly-A tail is also required for 

export of mRNA from the nucleus (Curinha et al., 2014) .  

 

 

Figure 2: Structure of mRNA 

Schematic representation of an mRNA molecule with the 5’ cap, 5’UTR, 3’ UTR, ORF in red 

and the poly-A tail. The initiation and termination site are also indicated. 

 

All components will interact throughout the translation process. Any impairment to one 

of the components of the TC can lead to abortion of the translation process or synthesis of a 

mutated protein (Tahmasebi et al., 2018). Throughout the present work, I will focus on one of 

the components of the TC: the ribosome.  

 

1.1 Structure and functional domains of the ribosome  

 

As indicated earlier, ribosomes are the protein-producing organelle within cells and are 

made up of 2 subunits, the large ribosomal subunit (LSU) and the small subunit (SSU). Though 

they are conserved between prokaryotes and eukaryotes, analysis of their basic composition 

have shown that there are major differences. The prokaryotic ribosome, also called 70S 

ribosome, contains 54 RPs and 3 rRNAs and is about 2.3MDa. The LSU is composed of 33 

RPs, the 23S rRNA and 5S rRNA while the SSU is composed of 21 RPs and the 16S rRNA 

(Ben-Shem et al., 2011; Jenner et al., 2012; Anger et al., 2013; Khatter et al., 2015).  
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The eukaryotic ribosome, also called 80S ribosome, can weigh up to 4.3MDa. There are 

79 RPs in yeast and 80 RPs in higher eukaryotes. They all contain 4 rRNA molecules. In human 

and yeast, the SSUs are composed of 33 RPs and an 18S rRNA. There are shared similarities 

between yeast and human LSUs as they both contain the 5.8S and 5S rRNA (Ben-Shem et al., 

2011; Jenner et al., 2012; Anger et al., 2013; Khatter et al., 2015). However, they differ slightly 

as the yeast LSU contains 46 RPs while the human LSU contains 47 RPs (Melnikov et al., 

2012). Moreover, yeast have a 25S rRNA whereas the human ribosome contains a 28S rRNA. 

The additional rRNA form extensions (Figure 3 - dotted lines on human ribosome). Both 

prokaryotic and eukaryotic ribosomes share a common core of 34 RP and 3 rRNA (Melnikov 

et al., 2012) (Figure 3) 

Resolving the ribosomal structure proved itself to be difficult. It was dependent on 

technical advances notably X-ray crystallography and cryo-electron microscopy. These studies 

ended up with a Nobel prize in chemistry in 2009 awarded to Venkatraman Ramakrishnan, 

Thomas A. Steitz and Ada E. Yonath for their work on the structure and function of the bacterial 

ribosome. However, it was not until 2011 that the first structure of the eukaryotic ribosome was 

obtained at 3.0 Å resolution (Ben-Shem et al., 2011). Since then, several ribosomes have been 

mapped and collected on Protein Data Bank (www.rcsb.org). Most eukaryotic ribosome 

structures come from the yeast model. There are also structures from human and rabbit cell 

lines. The first murine ribosome surface image at a 3.3 Å resolution was obtained in January 

2021 but the structure of the 80S ribosome could not be resolved (Kraushar et al., 2021).  

For the sake of clarity, the rest of this manuscript will summarize knowledge on the 

eukaryotic ribosome, unless stated otherwise.  

  Each subunit possesses two sides: the solvent side, exposed to the cytoplasm, and the 

interface for interactions between the LSU and the SSU. I will first describe each feature of the 

large and small subunit and will end with the description of the A, P and E site which is shared 

by both subunits. 

1.1.1 The large subunit 

 

The large 60S subunit is composed of about 47 distinct large ribosomal proteins called 

eL and uL (e = eukaryotic ; u = universal ; old nomenclature: RPL)  (Ban et al., 2014)  (Table 

1) and 3 rRNA molecules namely the 28S, 5S et 5.8S. The key landmarks of the LSU are, on 

http://www.rcsb.org/
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the solvent side: the central protuberance, L1 stalk, GTPase associated region, P stalks, sarcin-

ricin loop and peptide exit tunnel. At the interface are the aminoacyl site, peptidyl site, exit site 

which are shared with the SSU, and peptidyl transferase centre (Figure 4)  

 

 

Figure 3: Comparison between the prokaryotic and eukaryotic ribosome 

The 70S and 80S ribosomes share a common core. Conserved proteins are indicated in red 

and rRNA extension segments in blue. The common structures between the yeast and the 

human ribosomes are indicated in grey on the human ribosome. The dotted lines on the 

human ribosome show RNA extensions that are only observed in humans. – from (Melnikov 

et al., 2012) 



21 
 
 

 

 

 

Figure 4: Reconstruction of a human ribosome based on cryo-EM data  

The 60S and the 40S subunits are both shown from the solvent side and the subunit interface. 

The major structural components of the 60S SU are the central protuberance (CP), the P and L1 

stalk, the sarcin-ricin loop (SRL) and the exit tunnel. For the 40S subunit are the head (H), beak 

(Be), platform (P), shoulder (S), body (Bo), left foot (LF) and right foot (RF). A-, P- and E-

sites are indicated on both SU. The mRNA groove is indicated by a dotted line. – adapted from 

(Khatter et al., 2015) (PDB: 4ug0)    
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Table 1: New standard nomenclature 

New standard nomenclature according to (Ban et al., 2014)  



23 
 
 

 

 

1.1.1.1 The central protuberance  

The central protuberance (CP) is made up of the 28S and 5S rRNAs along with RPs 

such as RPL11/uL5 and RPL5/uL18 amongst others. RPL11 and RPL5 are both essential for 

the 23S and 5S rRNAs interactions in E.coli (Gray et al., 1972; Chen and Ehrke, 1976; 

Bogdanov et al., 1995; Schuwirth et al., 2005; Korepanov et al., 2012). It was demonstrated 

with cryo-EM modelling that components of the CP were participating in inter-subunit bridges. 

It connects for example the decoding centre, with a 5S rRNA extension, to functional regions 

of the LSU such as the peptidyl transferase centre to allow a coordinated translation process 

(Rhodin et al., 2011; Liu and Fredrick, 2016) (Figure 5).  

 

Figure 5: Structure of the central protuberance 

Illustration of a human ribosome from cryo-EM (PDB: 6oli) (Li et al., 2019). Only the 5S rRNA 

(blue), the 28S rRNA (yellow) and the ribosomal proteins uL18 and uL5 (magenta) are shown. 

The 5S rRNA extends from the CP to the PTC. tRNAs in the P- and E- site are indicated along 

with the mRNA. 

 

1.1.1.2 L1 stalk 

The L1 stalk is a flexible structure composed of RPL10a/uL1 and helices H76, H77 and 

H78 from the 28S rRNA. A hinge point is situated at the RP-rRNA junction (Spahn et al., 

2004a). L1 stalk is not essential to the ribosomal function as it may be absent from ribosomes 

in the polysome fraction (McIntosh et al., 2011). However it is required for the efficient export 

of the 60S subunit to the cytoplasm (Musalgaonkar et al., 2019). It is known to interact with the 
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deacylated tRNA in the E site to allow its exit from the ribosome, thus enabling a new 

elongation cycle. Fluorescence resonance energy transfer (FRET) assay revealed that the stalk 

can adopt an open or a closed conformation by transitioning through a hybrid ‘half-closed’ 

conformation (Chandramouli et al., 2008; Fei et al., 2008; Cornish et al., 2009; Trabuco et al., 

2010). In closed conformation, the L1 stalk is positioned directly at the exit of the E-site to 

prevent tRNA departure from the ribosome. These conformations were also seen in mammalian 

ribosomes during elongation (Chandramouli et al., 2008).  

 

1.1.1.3 GTPase associated centre  

 

The GTPase associated centre (GAC) is the landing dock for translational GTPases 

(trGTPases). These trGTPases are required for GTP hydrolysis during translation (Rodnina et 

al., 2000; M et al., 2005). It is made up of the sarcin-ricin loop and the P-stalk. 

1.1.1.3.1 Sarcin-ricin loop  

 

The sarcin/ricin loop (SRL) is a highly conserved region of helix 95 of 25S/28S rRNA. 

It is a highly-organised hairpin which is held in place through Watson and Crick base pairing 

and electrostatic interactions (Szewczak et al., 1993). Its name originates from ribotoxin α-

sarcin and ribosome-inactivating protein ricin that targets this loop (Ackerman et al., 1988; 

Olombrada et al., 2020). Contrary to other rRNA domains, the SRL is directly exposed to the 

cytoplasm and is essential for elongation (Correll et al., 1998; Yusupov et al., 2001). In bacteria, 

the hairpin structure is recognised by translation factors such as trGTPase EF-G via its GTP-

binding domain (Yusupov et al., 2001; Mitkevich et al., 2012). Studies have shown that 

cleavage of SRL induces the inhibition of elongation due to defects in the recruitment of 

translation factors (García-Ortega et al., 2010; Grela et al., 2019).  

 

1.1.1.3.2 P stalk 

 

The P stalk is the eukaryotic analogue of the L7/L12 stalk in bacteria. It is composed of 

acidic proteins RPLP0/uL10, RPLP1/P1 and RPLP2/P2. Within the complex, RPLP0/uL10 

interacts with two RP heterodimers of RPLP1/P1 and RPLP2/P2 thus forming a pentameric 

complex (Figure 6A). These proteins are acidic in nature, with an identical sequence of about 
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10 amino acids at the C-terminus of the proteins (Figure 6C). RPLP1/P1 and RPLP2/P2 have 

4 α-helices at the N-terminus for dimerization. (Figure 6B). The high flexibility of this structure 

is due to the presence of a hinge region within the P proteins. In yeast, the binding of the P1/P2 

dimers to RPLP0/uL10 are independent from one another. However, there are two essential 

requirements for the formation of the P stalk: (i) the dimer P1A-P2B and (ii) the amino acid 

sequence of RPLP0/uL10 from position 199 to 230 (Krokowski et al., 2006). This structure is 

anchored to the ribosome and held in position by RPL12/uL11 and the SRL (Egebjerg et al., 

1990) 

This structure is only added in the later stages of the 60S maturation and is necessary to 

a functional ribosome (Remacha et al., 1995; Lo et al., 2010). For its integration in the LSU, 

RPLP0/uL10 is phosphorylated on the N terminal (Filipek et al., 2020). The P stalk facilitates 

the hydrolysis of GTP to GDP (Liljas and Sanyal, 2018). Deleting RPLP0/uL10, RPLP1/P1 

and RPLP2/P2 completely abrogates translation. A functional ribosome requires at least 

RPLP0/uL10  alongside with a 30 amino acid extension at its C-terminus corresponding to the 

C-terminus sequence of RPLP1/P1 and RPLP2/P2 (Remacha et al., 1995). These C-terminals 

are required to recruit elongation factors and for eEF2-dependent GTPase activity (Köpke et 

al., 1992; Bargis-Surgey et al., 1999; Vard et al., 1997) 

It is interesting to point out that replacing the L7/L12 stalk by the P stalk in bacterial 

50S subunit allow translation only if eukaryotic elongation factors eEF1 and 2 are added to the 

medium as the ribosomes are no longer able to recruit the prokaryotic equivalent EF-Tu and 

EF-G (Uchiumi et al., 2002a, 2002b) 
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Figure 6: Primary and quaternary structure of the P stalk on a human ribosome 

(A) Structure of P1/P2 dimer (PDB: 2LBF)  (Liljas and Sanyal, 2018) (B) Structure of the P-

stalk anchored to the ribosome by RPL12/uL11 and 28S rRNA. Structures were created on 

UCSF Chimera (1.15 version) PDB code: 6zme (Thoms et al., 2020) (C) Homology in murine 

P0, P1 and P2 sequences. CLUSTAL multiple sequence alignment by MUSCLE (3.8 version) 
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1.1.1.4 Nascent polypeptide exit tunnel (NPET) 

This tunnel, referred by Markin as the nascent peptide ‘birth canal’ (Mankin, 2006), is 

formed by 28S rRNA, RPL4/uL4, RPL17/uL22 and RPL39/eL39  in eukaryotes (Schulze and 

Nierhaus, 1982; Zhang et al., 2013b). It runs from the peptidyl transferase centre, through the 

body, to the solvent side resulting in a tube of about 90 Å-long, 15 Å-wide (Figure 7A).  

It is divided into 2 parts: the upper part closer to the PTC and the lower part which is 

connected to the solvent side. The two parts are separated by a constriction due to RPL4/uL4 

and RPL22/uL22. A comparative analysis from 2019 compared 20 structures of prokaryotic 

and eukaryotic ribosomes. They identified two major differences between eukaryotic and 

prokaryotic ribosomes. Firstly, the 70S ribosomes had only one constriction due to the presence 

of RPL4/uL4 and RPL22/uL22 whereas the 80S ribosome had a second constriction due to the 

positioning of an RPL4/uL4 loop. The second difference is the shape of the tunnel which is  

different in eukaryotes, due to the presence of RPL39/eL39, instead of an extension of 

RPL23A/uL23 which is present in prokaryotes (Dao Duc et al., 2019; Guzel et al., 2020) 

(Figure 7C).  

A recent study pointed out that the absence of RPL4/uL4 during ribosome maturation 

in the nucleolus results in a defect in the nascent polypeptide exit tunnel. (Wilson et al., 2020). 

On the other hand, by inserting a mutation of RPL17/uL22, Wekselman and colleagues were 

able to alter its spatial conformation and consequently, modify its interaction with the 28S 

rRNA hence changing the shape of the tunnel. Strikingly, the peptide migration within the 

tunnel was unaffected (Wekselman et al., 2017). Some insights on these effects could come 

from changes in ribosome stalling or pausing through mutations of the NPET (Takamatsu et 

al., 2020). Indeed, the progression of the nascent chain inside the NPET induces local 

conformation changes that can modulate the activity of the PTC (described later) thus 

influencing the stalling mechanism in ribosomes (Ramu et al., 2011; Ito and Chiba, 2013; Lu 

and Deutsch, 2014) 

Some studies suggest that co-translational folding of the nascent peptide could take 

place within the NPET during elongation (Fedorov and Baldwin, 1997; Lu and Deutsch, 2005). 

This could imply that the NPET itself could act as a chaperone for small protein folding (Nilsson 

et al., 2015). It is difficult to observe this phenomenon as it occurs inside the tunnel. A recent 

study using optical tweezers to investigate the cotranslational folding of proteins. Optical 

tweezers uses the properties of light through polystyrene beads (Nobel prize of Physics 2018 – 
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reviewed in (Killian et al., 2018)) By attaching one bead to the N-terminal of the nascent peptide 

and the another on RPL4/uL4 inside the tunnel, they are able to measure the distance between 

the beads. They can also stretch the nascent peptide by pulling on the bead to remove any 

folding that could be formed. Using a small protein domain of ADR1 flanked by two tags as 

model, they revealed that the nascent protein could fold inside the NPET as there was on 

average an additional 31 amino acids upon stretching of the nascent peptides. They also show 

that folding occurred more easily when it was in the NPET, most likely due to electrostatic 

interactions (Wruck et al., 2021). 

At the exit of the NPET, on the solvent side, are RPL26/uL24, RPL35/uL29 and 

RPL23A/uL23 (Figure 7B). RPL26/uL24 could be involved in the translocation of the nascent 

peptide to the endoplasmic reticulum. It can recruit ubiquitin-like modifier UFM1 that forms 

part of the ribosome-associated quality control to either induce translocation or the proteasome-

mediated decay of the newly synthesised protein (Wang et al., 2020b). RPL35/uL29 acts as an 

adaptor for the nascent protein-associated complex involved in protein folding (Pech et al., 

2010; Gamerdinger et al., 2019). Lastly, RPL23A/uL23 is known to interact with mTORC2 

during translation to phosphorylate and stabilise newly synthesised Akt polypeptides (Oh et al., 

2010) 

 

1.1.1.5 Peptidyl transferase centre 

The peptidyl transferase centre (PTC) is composed of 28S rRNA only and is located 

near to the A- and P- sites of the LSU, which will be later described. The closest ribosomal 

proteins, which are at least 20 Å away from the PTC are : RPL8/uL2, RPL3/uL3, RPL4/uL4, 

RPL10/uL16, RPL21/eL21 and RPL29/eL29 (Figure 8) (Klinge et al., 2011). The section of 

28S rRNA composing the PTC is divided in a pseudo symmetrical ribosomal region and is 

thought to have emerged from the fusion of 2 RNAs molecules (Rivas and Fox, 2020). Each 

region is linked to either the A or the P site (Agmon et al., 2003, 2005).  

This centre is rather flexible to adapt to the circulating tRNAs and the nascent peptide 

that exits through the NPET. Any alteration to the 28S rRNA or surrounding proteins can 

modify the translating properties of ribosomes. Studies have shown that point substitution 

mutations on RPL3/uL3 or rRNA induced changes in conformation in the centre resulting in a 

less accessible binding site (Bøsling et al., 2003; Pringle et al., 2004; Long et al., 2009) but no 

changes in the translating abilities of the ribosomes (Polacek et al., 2001)  
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The PTC is central to the catalytic activity of the ribosome. It catalyses two reactions: 

(i) the formation of the peptide bond and (ii) the release of the nascent peptide from the 

ribosome. This is achieved by decreasing the activation energy required to initiate these 

reactions. During the formation of a new peptide bond, between an amino acid and a 

polypeptide, there should be a nucleophilic attack between the amine group of the amino acid 

of the aminoacyl-tRNA of the A site and the ester bond from the peptidyl-tRNA in the P-site. 

This reaction is followed by the formation of an unstable tetrahedral intermediate that will 

rapidly dissociate. We therefore have the polypeptide chain attached to the tRNA present in the 

A-site on one side, and on the other, a de-aminoacylated tRNA in the P site. At the end of 

translation, a hydrolysis reaction will free both the newly synthesised polypeptide and the 

deacylated tRNA  

The PTC and the NPET are interconnected. The presence of a polypeptide in the NPET 

can induce a nascent peptide translation arrest, that is, ribosome stalling (Seidelt et al., 2009). 

During the study of this mechanism, Ramu and colleagues discovered that the conformation of 

the PTC A-site depends on the nascent peptide sequence in the NPET. They also showed that 

the MGIFSIFVI peptide sequence induces stalling by preventing the insertion of aa-tRNA in 

the A site (Ramu et al., 2011).  
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Figure 7: Representation of the NPET using cryoEM database 

. (A) Transverse view of the peptide exit tunnel with respect to the PTC and the exit site on the 

solvent side; nascent polypeptide (red), 28S rRNA (grey), RPL4/uL4 (blue) , RPL17/uL22 

(yellow) and RPL39/eL39 (magenta). The structure was created on UCSF Chimera (1.15 

version) ; PDB code: 6oli (Li et al., 2019) (B) Schematic representation of the transverse view 

channel of RP lining the NPET (NC = nascent chain) – adapted from (Bock et al., 2018) (C) 

Comparison of the prokaryotic and eukaryotic NPETs – from (Dao Duc et al., 2019). 
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Figure 8: RP environment surrounding the PTC 

Location of RPL and PTC on a 60S subunit (Klinge et al., 2011)  

 

 

1.1.2 The small subunit  

 

The eukaryotic small subunit is composed of 33 small ribosomal proteins called eS or 

uS (old nomenclature: RPS) (Ban et al., 2014), and an 18S ribosomal rRNA. Architecturally, it 

is divided in two lobes by the mRNA tunnel forming the head and the body. The mRNA enters 

the tunnel, in-between the head and the platform and wraps the neck of the SSU. (Figure 4). 

The head has a protrusion called the beak due to its resemblance to a bird’s beak. The body is 

itself composed of a platform, a shoulder, a left foot and a right foot. These two regions are 

connected by the neck region where the mRNA tunnel is located. The SSU possesses one 

functional structure: the decoding centre. 

• The decoding centre  

 

Studies on the decoding centre, or DC, began in the 70s. At that time, it was thought 

that rRNA was the structural support for RPS to translate mRNAs. By the mid-70s, studies on 

16S rRNA within prokaryotic ribosomes revealed a greater functional role of rRNA during 
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translation (Noller, 1974; Woese et al., 1975). It was only in 1978 that evidence of the direct 

interaction between the 16S rRNA and tRNA was obtained. (Schwartz and Ofengand, 1978). 

The DC is located in the A site. It is composed of 5 helices (H18, H44, H34, H24, H31) of the 

18S rRNA. In eukaryotes, it is surrounded by RPS3/uS3, RPS9/uS4, RPS2/uS5, RPS15/uS19, 

RPS23/uS12, and RPS30/eS30 (Figure 9). The role of the DC during each elongation cycle is 

to ensure the recruitment of cognate tRNA, while eliminating near-cognate tRNAs which can 

differ by only one mismatch. It is therefore constantly monitoring the mRNA-tRNA 

interactions. When a cognate tRNA, bound to eEF1A-GTP, binds to the codon in the A site, 

there is a conformational change in eEF1A and the subsequent hydrolysis of GTP to GDP. 

eEF1a-GDP is then released so that the tRNA is can be fully inside the A site, with the amino 

acid close to the PTC (Gromadski and Rodnina, 2004; Khairulina et al., 2010; Poirot and Timsit, 

2016; Shao et al., 2016; Timsit and Bennequin, 2019; Timsit et al., 2021) 

 

Figure 9: Environment of the Decoding Centre 

Representation of the DC based on cryoEM data. The DC and the associated RPS are indicated. 

PDB code: 6oli. USCF Chimera (1.15 version) 

 

When the ribosome stalls at the stop codon, the releasing factors bind and recognise the 

stop codon in the A-site of the ribosome by an induced-fit mechanism (Cheng et al., 2009; 

Jackson et al., 2012). This recognition causes a conformational change in the DC which 

subsequently induces the remodelling of the PTC and finally, the release of the peptide 

(Youngman et al., 2006, 2007). 
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1.1.3 The aminoacyl, peptidyl and exit sites  

The aminoacyl, peptidyl and exit sites (A-, P- and E- sites respectively) are tRNA-

binding sites and are found both on the SSU and the LSU. Mechanistically, the LSU 

accommodates a tRNA molecule while the SSU contains the mRNA being translated. The A-

site runs from the DC in the small subunit to the PTC in the LSU (Figure 10). Binding to the 

A-site is mRNA-dependent and requires translation factors such as eEF1 and 2. Structurally, it 

is made up of RPL3/uL3 and RPs from the DC. RPL3/uL3 is located at the entrance of the A-

site and is referred to as the ‘gatekeeper of the A site’ (Meskauskas and Dinman, 2007). 

The P-site contains a tRNA molecule esterified to the nascent polypeptide. It is primarily 

structured by RPL5/uL18, RPL10/uL16 and RPL36A/eL42. (Fabijanski and Pellegrini, 1981) 

Inside the P-site, RPL5/uL18 anchors the peptidyl tRNA to the P-site (Meskauskas and Dinman, 

2001) while RPL10/uL16 extends to the P-site PTC and is required for maturation of the P-site 

during ribosome biogenesis (Armache et al., 2010a; Sulima et al., 2014; Patchett et al., 2017)  

(Figure 10). RPL36A/eL42 on the other hand interacts with the 3’end of the peptidyl tRNA 

involved in the PTC reaction (Baouz et al., 2009). RPL36A/eL42 also extends to the E-site (Li 

et al., 2019). tRNA binding at the P-site is stronger than that of the A-site. Note that in presence 

of high Mg2+ concentrations, tRNA can interact with the P site in a mRNA-independent manner. 

The transfer of the mRNA-tRNA complex from the A to the P site is monitored by helix H38 

of the 23S/25S/28S rRNA, also called the “A-site finger”. Simultaneously RPS18/uS13 ensures 

the maintenance of the reading frame (Komoda et al., 2006).  

 

Figure 10: Schematic representation of the A, P and E- sites 

The structure of the A, P and E- sites with the functional regions and the associated ribosomal 

proteins.  
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The E site is where the deacylated tRNA will move to be unloaded from the ribosome. 

The release of the tRNA is controlled by the L1 stalk and RPS26/eS26 ensures the maintenance 

of the mRNA in the E-site (Sharifulin et al., 2012).  

All the functional regions have coordinated activities to ensure an optimal translational 

process. 

1.1.4 Intersubunit bridges  

The intersubunit bridges maintain the two subunits in close contact and stabilise the 80S 

structure. The bridges consist of RNA-RNA interactions toward the middle of the structure and 

RNA-protein and protein-protein interactions towards the periphery (Spahn et al., 2001, 2004a). 

In addition to ensuring stability, it has a degree of rotation to allow translocation and release of 

unbound tRNA. In eukaryotes, RPL11/uL5, RPL19/eL19, RPL24/eL24 and RPL41/eL41 

interact with the SSU while the expansion segments of the 60S subunit interact with RPS3A/eS1 

and RPS8/eS8 of the 40S subunit (Klinge et al., 2012; Tamm et al., 2019).  

Expansion segments correspond to specific parts of rRNA. They can be mobile and are 

not associated with RP (Armache et al., 2010b). They are involved in translation fidelity and 

recruit proteins involved in peptide processing (Fujii et al., 2018). All intersubunit bridges are 

summarised in Figure 11. A recent study from 2018 in bacteria showed that controlling the 

interactions between LSU and SSU can influence the type of mRNA that are translated. For 

example, bacteria contain orthogonal ribosomes, a specific class of ribosomes, which target 

specifically orthogonal mRNAs. By engineering a link between the 16S and 23S rRNA, the 

tethered ribosomes or Ribo-T were able to mediate the translation of orthogonal mRNA (Orelle 

et al., 2015; Schmied et al., 2018). Such experiments are yet to be performed on eukaryotic 

ribosomes so as to monitor how differences in subunit interactions can influence their respective 

translatome, that is, the translated mRNA subset. 
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Figure 11: Intersubunit bridges of an 80S ribosome 

(a, b) RP bridges (EBs) between the LSU and the SSU. (c, d) rRNA/eS) and RP bridges – from 

(Klinge et al., 2012) 

 

1.1.5 Communication within the ribosome  

 

RPs are constant monitors of the ribosome state and it is essential to coordinate 

translation factors recruitment, tRNA movement in the ribosome, mRNA present in the mRNA 

groove, among others. It was therefore suggested that there could be communications between 

regions of the ribosome in which RP would form a network within the ribosome and thus enable 

coordinated activities. This network is assimilated to neuronal circuits with synapses between 

proteins and/or regions of rRNA  (Poirot and Timsit, 2016; Sengupta et al., 2019; Timsit and 

Bennequin, 2019) (Figure 12).  

The most probable form of communication would certainly be the change in protein 

conformation or interactions. For example, when nascent polypeptide chains adopt specific 

conformations within the NPET, they induce a conformational change that signals to the PTC 

to stall the ribosome (Seidelt et al., 2009). However, the exact mechanism of this remodelling 

is yet to be deciphered. Studies are still on-going to understand how interactions between the 

various components influence the ribosome’s ability to recognise and translate mRNAs.  
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Figure 12: Schematic representation of the network in the 40S and 60S subunits 

(A) Interaction between protein domains of RPS in the SSU (B) Interaction between protein 

domains of RPL in the LSU. Arrows indicate β-sheets while tubes indicate α-helices  – adapted 

from (Klinge et al., 2012)  
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1.2 Ribosome biogenesis  

 

Ribosome biogenesis is the process by which ribosomes are synthesised and assembled. 

It is a highly ordered and tightly controlled process. It is one of the most energy-consuming 

cellular processes. Approximately 7500 subunits are synthesised per minute in active yeast cells 

(Warner, 1999). Eukaryotic ribosome biogenesis has mostly been studied in yeast but there are 

increasing studies on the mammalian ribosome underlining the similarities but also the 

differences between the two eukaryotic organelles. Ribosomes consist of two components that 

are synthesised separately: RP and rRNA. 

 

1.2.1 Ribosomal protein synthesis 

 

RP-coding genes (RPG) are spread across the genome (Uechi et al., 2001). In yeast, 

about 150 000 RPs are produced per minute. RNA pol II transcribes RPG for the large and the 

small subunits. RP mRNAs are then spliced resulting in mature mRNA. The intronic regions of 

these mRNAs contain small nucleolar RNAs or snoRNAs. These snoRNAs are used in C/D and 

H/ACA snoRNPs complexes that modify rRNA (described below). Most RP mRNAs contain 

5’ terminal oligopyrimidine tract (5′ TOP), that is, a cytidine residue at the cap site and up to 

13 consecutive pyrimidines flowing the cap. These 5’TOP are present for regulatory purposes 

(Levy et al., 1991). Anvi and colleagues showed that the replacement of the 5’ terminus of 

Rpl32 by the 5’ terminus of beta-actin resulted in the abolition of translation regulation of Rpl32 

mRNA. 5’TOP regulation is cell type-specific and dependent on the cellular context (Avni et 

al., 1997).  

These mRNAs are exported to the cytoplasm where they are translated into proteins and 

undergo post-translational modifications. RPs are mostly basic in nature and tend to cluster. 

Chaperons and transporters are therefore required to prevent the clustering of proteins and to 

shuttle RPs back in the nucleus, and more precisely in the nucleolus so that they can be 

incorporated into the pre-ribosome particle. For the latter to be possible,, RPs contain nuclear 

localisation signals (NLS) that are recognised by importin β‐like transport receptors such as 

Importin β, transportin, RanBP5 and RanBP7 (Jäkel and Gürlich, 1998; Chou et al., 2010).  
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1.2.2 Ribosomal RNA and modifications 

A ribosome contains 4 distinct rRNA molecules: 18S, 28S, 5.8S and 5S rRNAs. 18S, 

28S and 5.8S rRNAs synthesis takes place in the nucleolus whereas the 5S rRNA is synthesised 

outside the nucleolus. Transcription initiation factor RNA (TIF) IIIA, TIF-IIIB, TIF-IIIC and 

RNA Pol III associate to a 5S rDNA promoter to synthesise the 5S rRNA. The 5S will then 

migrate to the nucleolus to be incorporated in the LSU. On the other hand, 18S, 5.8S and 28S 

rRNAs are encoded in by 47S rDNA located in the fibrillar centre of the nucleolus. Upstream 

binding factor (UBF), selectivity factor (SL)-1 and TIF-IA recruit RNA Pol I to the 47S rDNA 

promoter region to initiate transcription. This transcription step is the rate-determining step of 

ribosome biogenesis. The resulting transcript is a single precursor called the 47S pre-rRNA. It 

is composed of the 18S, 5.8S and 28S rRNAs, separated by internal transcribed sequences 1 

and 2 (ITS1 and ITS2) and are flanked by the 5’ and 3’ external transcribed sequences (5’ETS 

and 3’ETS) (Figure 13A).  

rRNA modifications are added co-transcriptionally and post-transcriptionally. In 

human, the most frequent modifications are 2’O-methylations (2’OMe) with 106 sites, followed 

by the pseudouridylation (Ψ), with 95 predicted sites (Krogh et al., 2016; Penzo and Montanaro, 

2018). 2’OMe are methyl groups that are added on the oxygen of the C2 of the ribose. Ψ 

involves the isomerisation of uracil in 5-ribosyl uracil. These modifications are added through 

RNA-RNA interactions by 2 different small nucleolar ribonucleoproteins (snoRNP) called C/D 

snoRNPs, and H/ACA snoRNPs. 

2’OMe are added by C/D box snoRNPs. They are composed of C/D snoRNAs that have 

a stem-internal loop-stem structure (Figure 13B). They contain a C box (5’-NUGAUGA-3’) 

and a D motif (5’-CUGA-3’) at the 5’ and 3’ termini respectively. They also contain a K-loop 

composed of C’/D’ motif. This region contains the target site of 2’OMe. snoRNAs act as guides 

that are complementary to the regions around the target site. They associate with 15.5K, an 

RNA binding protein and heterodimer NOP56/NOP58 that interacts with 2’O methyltransferase 

Fibrillarin (FBL) and also stabilises the stem-internal loop-stem structure  (Figure 13C) (Cahill 

et al., 2002; Lin et al., 2011; Watkins and Bohnsack, 2012; Höfler et al., 2021) . 

Pseudouridylations are added by H/ACA box snoRNPs. H/ACA box snoRNAs 

generally form 2 hairpin structures. A hinge or H motif (5’-ANANNA-3’) is located between 

the hairpin and an ACA nucleotide sequence, called ACA box, is found at the 3’ end (Figure 

13D). They are associated with NOP10,  pseudouridine synthase Dyskerin, , NHP2 and GAR1 
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(Figure 13E) (Henras et al., 1998; Reichow and Varani, 2008; Koo et al., 2011). These 

associated proteins maintain the structure of the snoRNP. A comprehensive database of human 

H/ACA and C/D box snoRNAs sequences can be found at (Bouchard-Bourelle et al., 2020). 

Other modifications such as N7-methylguanosine and N6,N6-dimethyladenosine are also present 

on eukaryotic rRNA (Brand et al., 1977; Alberty et al., 1978). N7-methylguanosine are guanine 

methylated on the nitrogen in 7th position similar to the 5’ cap found on mRNA and is present 

in 40% of nuclear 18S pre-rRNA in yeast (Brand et al., 1977; Enroth et al., 2019). The addition 

of this methylation to G1575 of the 18S rRNA during late 40S maturation induce a 

conformational change and the formation of a ridge between the P and E sites (Létoquart et al., 

2014)  N6,N6-dimethyladenosine is through to be involved in the subunit joining in bacteria 

(Rife and Moore, 1998). A database of RNA modifications can be found at 

https://iimcb.genesilico.pl/modomics/ (Boccaletto and Bagiński, 2021) 

1.2.3 rRNA processing  

rRNA processing consists of a series of cleavages in the presence of RP and associated 

factors. There are more than 170 associated factors involved in rRNA processing. They form 

the nucleolar proteome (Couté et al., 2006) (Figure 14). The first cleavages of the 47S occur at 

A’ and 02 sites to yield 45S pre-rRNA.  

There are 2 pathways for the processing of the 45S pre-rRNA. The pathway selected 

will depend on the location of the first cleavage of the 45S pre-rRNA. If the first cleavage 

occurs on A’ and 1 sites, the 5’ETS is removed and a single 41S precursor is formed (Figure 

13A, left). Factors forming the SSU processome (RPS, U3 snoRNA and associated factors) 

ensure the correct cleavage of the 5’ETS (Sharma and Tollervey, 1999; Osheim et al., 2004; 

Ferreira-Cerca et al., 2005). This 41S pre-rRNA will be further cleaved on site 2 to form the 

21S pre-rRNA, containing the 18S rRNA and ITS1, and a 32S pre-rRNA, containing both 5.8S 

and 18S rRNAs bound by ITS2.  

- The 21S pre-rRNA is then cleaved at site E by hUTP24, a component of the SSU 

processome with an endonucleolytic activity. This is quickly followed by 5’-3’ 

trimming by XRN2. Site 3 is then finally cleaved by endonuclease NOB1 to form 

the 18S-E rRNA (Pertschy et al., 2009; Preti et al., 2013; Wells et al., 2016). NOB1 

and poly(A)-specific ribonuclease and other factors are transported along with the 

18S-E rRNA to the cytoplasm for the final trimming at site 3 to form the 18S rRNA 

(Preti et al., 2013; Montellese et al., 2017). 

https://iimcb.genesilico.pl/modomics/
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- The 32S pre-rRNA is cleaved at the site 4 by endonuclease Las1 to form the 28S 

rRNA and an intermediate 12S pre-rRNA containing 5.8S rRNA (Gasse et al., 2015; 

Schillewaert et al., 2012). ITS2 on the 12S intermediate is removed by exonuclease 

ISG20L2 (Couté et al., 2008). Fragments of ITR2 on the 28S rRNA are removed by 

5’-3’ exonuclease XRN2 (Wang and Pestov, 2011). The final products are the 5.8S 

and 28S rRNA. 

If the first cleavage by Nop52 or RNAse MRP is on site 2, the two resulting molecules 

are the 30S pre-rRNA (containing the 18S rRNA, 5’ETS and ITS1) and the 32S pre-rRNA 

(containing the 5.8S and 28S rRNA that are still connected by ITR2) (Yoshikawa et al., 2015; 

Goldfarb and Cech, 2017) (Figure 13A, right). The 5’ETS of the 30S pre-rRNA is cleaved by 

endonucleases on sites A0 and 1 resulting in the formation of the 21S pre-rRNA (Kent et al., 

2009). The subsequent processing of the 21S and 32S pre-rRNA are identical to the first 

pathway. 
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Figure 13: Synthesis, processing and modifications of rRNA 

(A) Processing of the 47S rRNA to form the 18S, 5.8S and 28S rRNAs (B) 2’O methylations 

are added on the oxygen molecule bound to the C2. (C) C/D box snoRNP with the snoRNA 

and associated proteins. (D) Isomerisation of uridine in pseudouridine. (E) H/ACA box snoRNP 

that guides pseudouridylation. NHP2, NOP1, GAR1 and Dyskerin associate to a H/ACA 

snoRNA. 
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Figure 14: Associated factors involved in rRNA processing and ribosome assembly 

More than 170 factors were identified by proteomic analysis. They are involved at each step 

of the subunits maturation – from (Couté et al., 2006)  
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1.2.4 Ribosome assembly and maturation 

The first RPSs are recruited during the 47S rRNA synthesis. They bind to the portion of 

rRNA corresponding to the 18S rRNA. (Fox et al., 2019; Piazzi et al., 2019). RPS are 

incorporated by assembly factors which will bind to the pre-rRNA to form the 90S preribosomal 

particle. This process takes place in the dense fibrillar compartment of the nucleolus. The 

assembly of the pre-rRNA with the different RPSs induces several conformational 

rearrangements to facilitate recruitment of the next factors. Among the first RPS to be recruited 

are RPS7 and RPS24. For example, RRP7 interacts with RPS27/eS27 to be integrated into the 

preribosomal particle. RPS27/eS27 deletion is lethal in yeast (Baudin-Baillieu et al., 1997).  

Focussing on the SSU assembly, O’Donohue and colleagues identified two functional 

groups of RPS during mammalian ribosome assembly in HeLa cells (Figure 16). Initiation RPS 

(i-RPS) are required in the first steps of maturation. The knockdown of one of the 16 i-RPS 

abrogates early ribosome maturation as it causes mild to strong accumulation of 45S and 30S 

pre-rRNA due to a lack of downstream pre-40S-ribosomes formation (O’Donohue et al., 2010). 

The accumulation of 45S and 30S pre-rRNA was also observed in yeast with RPS14/uS11 

knockdown (Jakovljevic et al., 2004) 

The second group is composed of processing RPS (p-RPS). p-RPS are required in the 

downstream cleavage process (O’Donohue et al., 2010). The knockdown of p-RPS allows 

partial or complete formation of the 21S and 188S-E rRNA. Upon RPSA/uS2, RPS18/uS13, 

RPS19/eS19 and RPS21/eS21 knockdowns in the HeLa cells, the formation of 21S pre-rRNA 

was observed but no subsequent processing. RPS2/uS5, RPS3/uS3, RPS17/eS17, RPS20/uS10, 

RPS27a/ eS31, and RPS29/uS14 depleted cells exhibited a partial processing of the 21S pre-

rRNA to 18S-E rRNA but the final step leading to the 18S rRNA maturation was not observed. 

RPS10/eS10, RPS12/eS12, RPS19/eS19, RPS25/eS25, and RPS26/eS26 knockdown showed 

higher levels of 18S-E rRNA. (Flygare et al., 2007; Robledo et al., 2008; Aspesi et al., 2017),  

In this study, O’Donohue and colleagues could not define a clear-cut effect with 

RPS30/eS30 knockdown and another study showed that Rps30 knockout in yeast did not 

completely abrogate ribosome biogenesis (Ferreira-Cerca et al., 2005). These RPS are listed in 

Figure 15 below. The differential results suggest that there are possibly differences between 

the assembly in yeast and mammalian ribosomes. 
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i-RPS p-RPS 

eS1/RPS3a uS2/RPSA 

eS4/RPS4 uS5/RPS2 

uS7/RPS5 uS3/RPS3 

eS6/RPS6 eS10/RPS10 

eS7/RPS7 eS12/RPS12 

eS8/RPS8 uS19/RPS15 

uS4/RPS9 eS17/RPS17 

uS17/RPS11 uS13/RPS18 

uS15/RPS13 eS19/RPS19 

uS11/RPS14 uS10/RPS20 

uS9/RPS16 eS21/RPS21 

uS8/RPS15a eS25/RPS25 

uS12/RPS23 eS26/RPS26 

eS24/RPS24 eS31/RPS27a 

eS27/RPS27 uS14/RPS29 

eS28/RPS28   

 

 

Figure 15: Classification of RPS according to their impact of their deletion on ribosome 

biogenesis 

(Top) table with the 2 class of mammalian RPs  (O’Donohue et al., 2010) (Bottom) table with 

the classification of RP in the yeast model (Ferreira-Cerca et al., 2005) 

 

All these steps occur in the nucleus. At the end of nuclear maturation, the mRNA 

groove, decoding centre and platform are formed (Baßler and Hurt, 2019). The pre-40S 

precursor (18S-E pre-rRNA) is then exported to the cytoplasm. Nuclear export of the processed 

40S subunits are controlled by factors such as nucleophosmin and nucleoporin  (Stage-

Zimmermann et al., 2000; Maggi et al., 2008). In the cytoplasm, ribosomal protein RACK1 and 

RPS26/eS26 are required for the final rRNA processing to the 18S rRNA (Larburu et al., 2016; 
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Peña et al., 2016; Plassart et al., 2021). Until complete maturation, assembly factors stay bound 

to the immature SSU to prevent early initiation of translation. For example, GTPase-like TSR1 

and kinase RIO2 bind behind the head and the platform to block the mRNA tunnel and initiator 

tRNA binding site (Strunk et al., 2012). Five other factors NOB1, PNO1, DIM1, LTV1 and 

ENP1 are also present (Strunk et al., 2011). 

For the LSU assembly, there are 3 major assembly stages (Figure 17). The first step 

occurs in the nucleolus. Similarly to RPS, RPL are added in a sequential pattern by associated 

factors (Gamalinda et al., 2014). In the first steps of assembly, RPL5/uL18 and RPL11/uL5 are 

recruited to the 5S rRNA with the help of ribosome assembly factors Rpf2 and Rrs1 to form a 

5S ribonucleoprotein complex (RNP) (Zhang et al., 2007; Klinge et al., 2011; de la Cruz et al., 

2015). The 5S RNP participates in the maturation of functional regions of the LSU (Micic et 

al., 2020). By the end of the nucleolar processing, the solvent side and the NPET are formed 

(Wu et al., 2016).  

The second step is the formation of the intersubunit region and the central protuberance 

in the nucleus. RPL10/uL16 is required for nuclear maturation (Pachler et al., 2004). Arx1 is 

required for the remodelling and formation of the CP (Barrio-Garcia et al., 2016). Nmd3 is an 

adaptor protein localised near the PTC. It acts as a checkpoint during ribosome biogenesis and 

is required for the nuclear export of the pre-60S particle   (Ma et al., 2017). Nucleophosmin 

interacts with RPL5/uL18 for the shuttling of the mature 60S subunit (Yu et al., 2006) Then 

finally, in the cytoplasm, the intersubunit region is remodelled to its final conformation and the 

PTC is formed (Barrio-Garcia et al., 2016; Wu et al., 2016; Ma et al., 2017; Sanghai et al., 

2018). RPLP0/uL10, RPL12/uL11, RPL10/eL40, Rpl24/eL24 and RPL41/eL41 are among the 

last RPL incorporated in the LSU (Panse and Johnson, 2010; Ma et al., 2017)  

The assembly of the 40S and 60S subunits occur concomitantly in an approximate 1-to-

1 balance. Gregory and colleagues conducted experiments in which they analysed how blocking 

a subunit assembly could impact the other subunit’s assembly or stability (Gregory et al., 2019). 

They used yeast strains in which different RP expressions were driven by β-galactosidase 

promoter. By switching from a galactose to a glucose culture medium, they stopped specific 

RP expression and analysed the impact on the other subunit. They selected strains with at least 

80% cell viability post RP silencing.  Interestingly, they did not obtain the same results when 

silencing the RPSs and the RPLs. Repressing RPL4/uL4, RPL5/uL18, RPL17/uL22, 

RPL43/eL43 or 5S RNP assembly factors Rpf2 or Rrs1 expressions induce a reduction of 60S 
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subunit formation and the accumulation of 40S subunit. Nuclear export of both pre-40S and 

pre-60S subunits were blocked. Silencing RPS2/uS7, RPS9/uS4, or assembly factor Rrp7 

induced the formation of an intermediate 55S particle which seems to be rapidly degraded and 

a decrease in pre-40S export. RPS14/uS11, RPS20/uS10, RPS31/uS31 silencing did not induce 

the accumulation of 60S. These results showed that all RPs are not equal (Gregory et al., 2019; 

Rahman et al., 2020). 

 

 

Figure 16: Proposed model for the incorporation of RPS during ribosome biogenesis in 

Hela cells. 

 – from (O’Donohue et al., 2010). The 5’ETS complex is co-transcriptionally recruited form 

the 90S particle, probably alongside i-RPS. i-RPS help to organise the secondary structure of 

the pre-rRNA while exposing internal transcribed regions for cleavage. p-RPS are then 

recruited to the ribosome to further participate in the folding and cleavage of the 30S pre-rRNA 

to 18S-E pre-rRNA. This particle is exported to the cytoplasm for the final steps of maturation. 

The RPS proteins required at each processing step are indicated.  
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Figure 17: Maturation of the 60S preribosomal particle 

RP are gradually incorporated in the pre-ribosomal particle to allow conformational 

modification thus forming the different active sites of the LSU – from (Gamalinda et al., 2014). 

 

1.2.5 Regulation of ribosome biogenesis  

Ribosome biogenesis is regulated by different signalling pathways themselves involved 

in progression in cell cycle. The 3 major signalling pathways are PI3K-AKT-mTOR, pRB-

MDM2-p53 and MYC. 

1.2.5.1 PI3K-AKT-mTOR signalling axis. 

Target Of Rapamycin or TOR is a major regulator of ribosome biogenesis and 

translation and has been one of the most studied signalling pathways in eukaryotes. Mammalian 

TOR, mTOR, is a serine/threonine kinase that regulates spatiotemporal cell growth and cell 

survival (Cardenas et al., 1999; Ruoff et al., 2016; Kim and Guan, 2019). It can be found in 2 

complexes: mTOR complex 1 (mTORC1) is  pentameric complex composed of mTOR, 

DEPTOR, mLST8, Raptor, PRAS40 while mTOR complex 2 (mTORC2) is a hexametric 

complex with mTOR complexed to DEPTOR, mLST8, mSin1, Rictor and Protor 1/2 

(Sarbassov et al., 2005; Jhanwar-Uniyal et al., 2019) (Figure 18). mTORC1 is sensitive to 

rapamycin while mTORC2 is insensitive to rapamycin (Loewith et al., 2002). Despite being a 

cytoplasmic protein, Tor1 can shuttle to the nucleus to target the three classes of RNA 

polymerases (Zhang et al., 2002; Mayer and Grummt, 2006). For example Tor1 can associate 

with TFIIIC to repress RNA Pol III repressor Maf1 (Kantidakis et al., 2010). Its location is 

regulated by nutrients level and growth factors (Li et al., 2006; Audet-Walsh et al., 2017) 

mTORC1 can be activated by the PI3K/Akt pathway (Sarbassov et al., 2005) (Figure 

6). Nutrients and growth factors bind to membrane receptors and activate phosphoinositide 3-

kinase (PI3K). PI3K will act on phosphatidylinositol (4,5)-bisphosphate (PIP2) and form 

phosphatidylinositol (3,4,5)-trisphosphate (PIP3). PIP3 will activate protein kinase B (PKB, 

also called Akt). An additional phosphorylation of Akt by mTORC2 required (Sarbassov et al., 



48 
 
 

 

 

2005). Akt will in turn phosphorylate the GTPase-activator protein complex, composed of 

TSC1, TSC2 and TBC1D7. Upon phosphorylation, the GTPase-activator protein complex is 

inhibited and cannot inactivate Rheb. Rheb is a GTPase that can activate mTORC1. 

Mechanistically, mTOR regulates transcription by Pol I. In this mechanism, three 

factors are required for the recruitment of RNA Pol I to rDNA: transcription initiation factor IA 

and IB (TIF-IA and TIF-IB) and upstream binding factor (UBF). TIF-IA and UBF are both 

targets of mTOR. Mayer and colleagues demonstrated that rapamycin-treated cells are 

transcriptionally repressed through modifications in phosphorylation of specific sites of TIF-

IA which reduce interactions between TIF-IA and Pol I (Claypool et al., 2004; Mayer et al., 

2004). They also identified that mTORC1 is also involved in the subcellular localisation of TIF-

IA. Upon treatment with rapamycin, TIF-IA was exported from the nucleus to the cytoplasm. 

Studies on yeast revealed that inhibition of mTOR induces the protease-dependent degradation 

homologue of TIF-IA, Rrn3p,  thus reducing rRNA synthesis (Philippi et al., 2010). In a similar 

manner, UBF is regulated by phosphorylation. Phosphorylation of UBF’s C-terminal by S6K1 

is mTOR-dependent. Upon phosphorylation, UBF interacts with Pol I and activates rRNA 

synthesis (Voit and Grummt, 2001; Hannan et al., 2003) 

mTOR also regulates Pol III that synthesises the 5S rRNA. It phosphorylates and 

inhibits Maf1, a repressor of Pol III-mediated transcription. Upon cellular stress such as nutrient 

depletion, mTOR induces the translocation of Maf1 from the nucleus to the cytoplasm and its 

degradation through the proteasome thus decreasing 5S rRNA synthesis (Kantidakis et al., 

2010; Shor et al., 2010; Wang et al., 2019; Noguchi et al., 2021).  mTOR also binds TFIIIC, a 

DNA-binding protein and a pol III initiation factor that binds to promoters of tRNA and 5S 

rRNA (Kantidakis et al., 2010; Graczyk et al., 2018). 

Finally, mTOR controls initiation and elongation steps of translation of cytoplasmic 

mRNAs including RP-coding mRNAs (see chapter 2.3.1). mTOR has another leverage on RP 

genes transcription by modifying chromatin structure. In the yeast model, it was shown that 

ESA1 and RPD3, two histone H4 modifying factors, were modulated by TOR to respectively 

activate or repress RP gene expression through acetylation or deacetylation (Rohde and 

Cardenas, 2003). In 2004, Martine and colleagues determined that in the same model that 

Forkhead-like transcription factor FHL1, coactivator IFH1 and corepressor CRF1 were 

intermediates by which TOR, via protein kinase A, was regulating RP genes transcription 
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(Martin et al., 2004). To sum up, each component of the ribosome is largely dependent on 

mTOR regulation.  

 

 

 

Figure 18: Control of ribosome biogenesis by mTOR pathway 

mTOR affect rRNA synthesis by influencing Pol I and Pol III activity. It also affects 

translation of RP mRNA. 
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1.2.5.2 Regulation by pRB-MDM2-p53 pathway  

An equilibrium between rRNA and RP components is crucial during ribosome 

biogenesis for progression in the cell cycle (Donati et al., 2011). Any impairment in rRNA 

transcription, processing or RP levels can trigger a stress signal that can lead to cell arrest. The 

first study that identified ribosome biogenesis as cell cycle checkpoint was published in 2000 

where the abolition of the 40S subunit in liver cells, through conditional RPS6 deletion, 

abrogates regeneration after hepatectomy (Volarevic et al., 2000). Cells were blocked at the 

G1/S phase. It was later shown that this mechanism depends on p53, a tumor suppressor protein 

and E3 ubiquitin-protein ligase MDM2 (Pestov et al., 2001; Barna et al., 2008). 

Mechanistically, there is a checkpoint during cell progression from G1 to S phase called 

the restriction or R point (Figure 19). It is controlled by retinoblastoma tumor suppressor 

protein or pRb which is suppressor of a set of transcription factors that regulates essential genes 

involved in progression into the S phase called E2F proteins. pRb is itself regulated by the 

Cyclin/CDK complex. Outside the G1/S checkpoint, Cyclin/CDK complex is negatively 

regulated by tumor suppressor protein p53 via p21 and pRb remains bound to E2F. p53 is itself 

regulated by oncogenic MDM2, an E3 ubiquitin ligase, which induces the inhibition of p53 and 

its proteasome-mediated degradation through polyubiquitination (Oliner et al., 1993; Haupt et 

al., 1997). The ubiquitination of p53 depends on its phosphorylation and MDM2 activity. On 

the other hand, p53 is more resistant to MDM2 induced degradation when it is phosphorylated 

in Ser15 while phosphorylation of MDM2 in serine 394 inhibits p53 association and therefore 

its subsequent ubiquitination and degradation (Shieh et al., 1997; Khosravi et al., 1999; 

Ashcroft et al., 1999; Chehab et al., 1999; Maya et al., 2001; Carr et al., 2016). Both p53 and 

MDM2 are regulated through an autoregulatory loop. MDM2 negatively regulates both p53 

mRNA and protein by promoting their degradation while p53 promotes MDM2 transcription 

(Wu et al., 1993; Barak et al., 1993; Juven et al., 1993; Wu et al., 1993; Harris and Levine, 

2005; Pant et al., 2013). MDM2 can also directly bind to pRB to negatively regulate its activity 

(Xiao et al., 1995) 

MDM2 activity on p53 is optimised by MDMX which is an oncogene and a negative 

regulator of p53 (Finch et al., 2002; de Graaf et al., 2003; Pan and Chen, 2003; Wade et al., 

2013). MDM2 is inactivated by p14ARF, a tumor suppressor protein, and will cause MDM2 to 

target MDMX instead of p53, thus stabilising p53 levels (Honda and Yasuda, 1999). p14ARF 

is positively regulated by E2F and negatively regulated by p53 (Kowalik et al., 1998; Zhu et 
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al., 1999) and it is located in the nucleolus. Several studies have shown that p14ARF  is involved 

in the regulation of both synthesis and maturation of 47S rRNA precursor by interacting with 

transcription termination factor I (TTF-I) (Itahana et al., 2003; Sugimoto et al., 2003; Saporita 

et al., 2011; Lessard et al., 2012).. p14ARP can also interact with TIF-I to regulate rRNA 

biogenesis in a p53-independent manner (Lessard et al., 2010)  

If all conditions are met at the G1/S checkpoint, pRb is inactivated by phosphorylation 

by the Cyclin/CDK complex and E2F is released to activate transcription and promote p14ARF, 

thus passing the restriction point. Under ribosomal stress, such as defects in rRNA biogenesis 

or starvation, RP and immature subunits accumulate in the nucleus  (Gregory et al., 2019; 

Lessard et al., 2018). uL18/RPL5  and uL5/RPL11 bind MDM2 to stabilise p53. Other RPs 

such as, uL14/RPL23, uL24/RPL26, eS7/RPS7, uS11/RPS14 and eS25/RPL25 can also bind 

MDM2 and inhibit its E3 ubiquitin ligase activity (Meng et al., 2016; Zhou et al., 2013; Zhang 

et al., 2013a; Chen et al., 2007; Lohrum et al., 2003; Zhang et al., 2003, 2002; Marechal et al., 

1994). p53 accumulation will induce the cell arrest program, inhibit rRNA transcription and 

block subunit export. p53 can also directly regulate fibrillarin levels by binding to its mRNA to 

repress its translation thus reducing the levels of 2’OMe (Marcel et al., 2013). 
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Figure 19: Regulation of ribosome biogenesis by the Rb-MDM2-p53 pathway 

In black is indicated the different steps of the Rb-MDM2-p53 pathway. E2F transcription 

factors are released from pRB through inhibition of the Cyclin/CDK by p53 via p21 to pass the 

restriction point. This balance is mainly maintained by MDM2. Upon impairment of the 

ribosome biogenesis, the 5S RNP and other RPs can bind MDM2 to stabilise p53 and induce 

apoptosis (orange)  

 

1.2.5.3 Regulation by transcription factor MYC 

 

MYC is a pro-survival transcription factor and a major regulator of translation. It 

regulates ribosome biogenesis through the regulation of  pol I by binding to the TATA box of 

rRNA genes hence promoting the expression of MYC target UBF (Poortinga et al., 2011). It 

also promotes the loading of SL-1 and RNA Pol I to the 47S rRNA promoter (Grandori et al., 

2005). Moreover, MYC regulates pol II access to RP genes through histone acetylation by 

controlling the recruitment of histone acetyltransferase complex to histone H3 and H4 (Frank 

et al., 2001). This role of MYC is regulated by RPL5 and RPL11 which acts as a competitive 

inhibitor (Liao et al., 2014). Lastly, MYC regulates pol III activity via TF-IIB (Gomez-Roman 

et al., 2003; van Riggelen et al., 2010).  

MYC also controls synthesis of other proteins essential to ribosome biogenesis such as 

eIF4A-I, eIF4G, the 2’O methyltransferase fibrillarin, nucleolin but also the production of 

snoRNAs that are necessary for the post-transcriptional modifications of rRNA (van Riggelen 

et al., 2010; Destefanis et al., 2020). It has been shown in a recent study using the drosophila 

model and human immortalised cell lines, that MYC could also regulate the synthesis of tRNA 

by targeting aminoacyl tRNA synthetases (Zirin et al., 2019).  

In conclusion, the ribosome is a highly organised complex with a well-orchestrated 

sequence of events for the synthesis, 3D-organisation between RPs and rRNA to produce 

functional subunit that will assembled during translation. 
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2 Ribosome, major actor of translation  

The major role of the ribosomes is to recognise the mRNA with the help of initiating 

factors, identify the correct reading frame and translate the mRNA into proteins. The translation 

process can be divided into three stages namely initiation, elongation and termination. 

Termination is generally followed by the ribosome recycling step. 

2.1 Initiation 

The first studies focussing on translation initiation started in the 70s (Nienhuis and 

Anderson, 1971). They wanted to understand how ribosomes were recruited and how they 

initiated mRNA translation. Since the 70s, the initiation step has been deeply studied and the 

mechanisms of canonical translation were finally elucidated (Kozak, 1987). Initiation can be 

divided intp two categories: cap-dependent and cap-independent. The canonical initiation is the 

cap-dependent  initiation but there are other initiation mechanisms such as IRES-dependent 

initiation and non-AUG initiation. In this step, RNA-binding proteins named eukaryotic 

initiation factors are involved. 

2.1.1 Cap-dependent  initiation  

There are two features that are required for cap-dependent  translation: a cap on the 5’ 

end and a polyA tail in the 3’ end. To initiate translation, helicase eIF4A, cap binding eIF4E 

and scaffold protein eIF4G interacts to form the eIF4F complex (Figure 20). This complex bind 

to the 5’ cap on the mRNA. eIF4B is required for the recruitment of ribosomes on mRNA. It 

optimises the ATPase and helicase activity of eIF4A (Rogers et al., 2002; Merrick and Pavitt, 

2018). Scaffold initiating factors eIF4G interacts with PABP to induce mRNA circularisation. 

This circularisation favours not only translation initiation of polyadenylated mRNAs, but  also 

re-initiation of translation after a translation cycle.  

Meanwhile, eIF2 complexed to GTP binds an initiator tRNA thus forming the eIF2 

ternary complex. The initiator tRNA is generally a tRNA bound to methionine. The ternary 

complex then binds a 40S subunit of a ribosome bound to eIF1, eIF1A, eIF3 and eIF5 and forms 

the 43S preinitiation complex (PIC). The initiator directly binds the peptidyl (P) site of the 

ribosome. The PIC binds an mRNA with an eIF4F complex and forms the 48S initiation 

complex.  

Once bound to the mRNA, the complex containing the small ribosomal subunit will 

slide and scan the sequence until it identifies an open reading frame (ORF), that is, the correct 
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initiating codon: AUG. This AUG is next to a particular sequence, the Kozak sequence 

(A/G)CCAUGG, with a purine in -3 and a guanine in +4 (Kozak, 1987) from the initiating 

AUG, and with its A in +1 position. Upon codon-anticodon recognition, the 48S complex is 

stabilised and eIF2-GTP is hydrolysed to GDP. This hydrolysis destabilises the complex and 

partially dissociates eIF2 from the complex. eIF5B is then recruited to allow the fixation of the 

LSU. Fixation of the LSU causes the complete dissociation of eIF2 along with eIF1, eIF1A, 

eIF3, eIF4 and eIF5 (Unbehaun et al., 2004). At the end of initiation, a translation-competent 

80S ribosome is bound to the mRNA, with the methionine-tRNA in the P-site. 

 

Figure 20: Cap-dependent initiation 

eIF2 ternary complex, composed of eIF2-GTP- binds to the 40S subunit with associated 

initiation factors to form the PIC. The PIC and eIF4 complex are then recruited to an mRNA 

with a 5’-methylguanosine cap to form the 48S initiation complex. This complex scans the 

mRNA until the start codon where the 60S subunit is recruited to form the 80S ribosome. 
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2.1.2 Cap-independent initiation 

In stress conditions, cap-dependent  translation is greatly reduced (Godet et al., 2019). 

Alternative mechanisms were developed to allow adaptation and cell survival. This transition 

is induced by the mTOR-dependent  sequestration of eIF4E and inhibition by phosphorylation 

of the eIF2 complex thus limiting its formation (Thakor and Holcik, 2012). Internal Ribosome 

Entry Site or IRES-dependent initiation is one of the most described mechanisms. IRES are 3D 

structures resulting from mRNA folding by base pairing and can be found in 5’UTR but also in 

the mRNA sequence (Jang et al., 1989; Leppek et al., 2018). 

The first IRES were discovered in viruses, more precisely in Picornaviridae strain in 

the 80s  (Jang et al., 1989; Pelletier and Sonenberg, 1988). The first structure obtained by cryo-

electron microscopy was a human ribosome bound to an IRES on a viral mRNA (Spahn et al., 

2004b). This was quickly followed by the resolution of the 3D structure of the IRES (Pfingsten 

et al., 2006; Spahn et al., 2004b). Since these findings, IRES have been identified in cellular 

mRNA. It is estimated that 10% of the mammalian mRNA contain IRES. The main difficulty 

is that there is the lack of a consensus sequence for IRES and various structures of IRES can be 

found. There are few databases that collect the experimentally validated IRES (Bonnal et al., 

2003; Mokrejs et al., 2010; Zhao et al., 2020).  

In 2019, there were 554 viral IRES-containing mRNAs, 691 in humans and 83 from 

other eukaryotes (Zhao et al., 2020). The latest database published is the Human IRES Atlas 

that gathers studies on  IRES-driven translational regulation (Yang et al., 2021). These mRNAs 

are involved in key processes such as development, apoptosis, cell cycle, cell growth but also 

in tumorigenesis, viral infections or response to DNA damages. Examples of such mRNA are 

transcription factor c-Myc (Stoneley et al., 2000; Subkhankulova et al., 2001), p53 (Candeias 

et al., 2006; Yang et al., 2006; Halaby et al., 2015a), insulin-like growth factor I receptor, IGF1-

R (Giraud et al., 2001) and vascular endothelial growth factor, VEGF (Huez et al., 1998). These 

mRNAs undergo cap-dependent translation in physiological conditions and transition to an 

IRES-dependent translation during cell stress. 

There are two types of cellular IRES. Type I cellular IRES requires a set of canonical 

initiation factors such as eIF4G and eIF4A and other factors called IRES Trans-Acting 

Factors (ITAFs) (Kwan and Thompson, 2019). ITAFs are RNA-binding proteins that facilitate 

or inhibit ribosome recruitment on the IRES. They have a broad range of actions running from 

RNA chaperon to ribosome recruitment (Stoneley and Willis, 2004; Godet et al., 2019). One 
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example is La Autoantigen that is recruited to ribosome binding protein 1 mRNA to promote 

IRES-dependent  translation initiation (Gao et al., 2016). Polypyrimidine-tract-binding protein, 

translational control protein 80 and RNA helicase A can bind p53 to facilitate its recognition 

by the 40S subunit (Grover et al., 2008; Halaby et al., 2015a, 2015b). Type II cellular IRES are 

directly recognised by the SSU. The encephalomyocarditis virus is able to recruit the 40S 

subunit without eIF4G and eIF4A (Chamond et al., 2014). Variabilities in IRES structures and 

recruited factors suggest a high adaptability of IRES-dependent translation system. 

The molecular mechanisms involved in cellular IRES are still studied but much 

information can be obtained from the study of viral IRES. Viral IRES can be divided in four  

groups: (i) type I viral IRES forms pseudoknots that are directly recognised by the SSU but no 

initiator Met-tRNAi
met is required (Kanamori and Nakashima, 2001; Nishiyama et al., 2003); 

(ii) type II viral IRES also forms a pseudoknot and requires eIF2, eIF3 and initiator Met-

tRNAi
met (Tsukiyama-Kohara et al., 1992; Rijnbrand et al., 1997); (iii) type III viral IRES 

requires all canonical initiation factors and ITAFs. Translation initiation begins at the site of 

40S recruitment (Pestova et al., 1996); (iv) type IV viral IRES are similar to type III but the 

SSU will scan the mRNA for an AUG to start translation (Sweeney et al., 2014). 
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Figure 21: IRES-mediated initiation 

(A) Type I cellular IRES. The 40S subunit is recruited to the mRNA indirectly through the 

recognition between the 18S rRNA by ITAFs located on IRES. (B) Type II cellular IRES. 

Direct recognition of the IRES by the SSU 

 

 

2.1.3 Repeat-associated non-AUG dependent initiation  

 

The first studies on repeat-associated non-AUG (RAN) dependent initiation were 

published at the end of the 80s when Peabody and colleagues identified 7 alternative start 

codons (ACG, GUG, UUG, CUG, AUA, AUC, AUU) capable of initiating translation of 

dihydrofolate reductase (DHFR) coding mRNAs (Peabody, 1987, 1989). DHFR is essential for 

purine synthesis. Since this discovery, other alternative starting sites have been identified 

(Tikole and Sankararamakrishnan, 2006; Kochetov et al., 2013). Interestingly, non-AUG 

dependent initiation affects mRNAs involved in essential cell functions and in response to stress 

stimuli. For example, there are two isoforms of tumor-suppressor protein PTEN, PTEN and 

PTENβ, that are formed through the recognition of CUG and AUU respectively (Liang et al., 
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2014, 2017). There can also be a RAN initiation through an IRES recognition(Schwab et al., 

2004; Starck et al., 2016; Sendoel et al., 2017).   

RAN initiation is promoted during cell stress (Green et al., 2017) and is associated with 

multiple disorders such as Huntington’s disease and fragile X syndrome (Zu et al., 2011; Todd 

et al., 2013). Few data are available on the mechanisms involved. What is known is that 

Methionine-tRNA is usually the initiator tRNA (Peabody, 1989) but leucine-tRNA can also be 

used (Schwab et al., 2004; Starck et al., 2012). As cap-dependent initiation is inhibited by eIF2 

phosphorylation, eIF2A and eIF2D can initiate translation in a GTP-independent manner (Liang 

et al., 2014).  

 

2.2 Elongation 

Elongation is the step where mRNA is decoded by ribosomes. tRNAs, loaded with an 

amino acid (aa) are recruited to the aminoacyl (A)-site. The aa incorporated in the polypeptide 

chain is determined by the interaction between the incoming tRNA and the codon present inside 

the A-site of the ribosome. Eukaryotic elongation factor 1A (eEF1A) bound to GTP is also 

required. The correct tRNA, also called cognate tRNA, will enter the A site with eEF1A-GTP 

and interact with the codon present inside the A-site. The interactions are stabilised through 

Watson & Crick base-pairing on +1 and +2 codon position. More tolerance is provided on the 

3rd base called the wobble base. Upon match, the codon-anticodon interaction between mRNA 

and tRNA induces the hydrolysis of GTP to GDP and the dissociation of eEF1A from the 

ribosome (Crepin et al., 2014).  

The proximity of both tRNAs to the A and the P sites leads to the formation of the 

peptide bond between the incoming aa and the nascent polypeptide. The peptide bond formation 

is concomitant to the polypeptide chain transfer to the tRNA present in the A-site. The whole 

process is catalysed by the 28S rRNA within the ribosome. The ribosome will then undergo a 

conformational rearrangement that leads to the translocation of tRNA from the P to the exit (E) 

site and from the A site to the P site. The completion of translocation requires eEF2 in the A 

site. The deacetylated tRNA present in the E site will exit the ribosome while the A site is ready 

for the next loaded tRNA. This cycle will continue until the ribosome reaches a stop codon.  

During synthesis, a protein grows by 6 aa per second. In bacteria, there is one error per 

every 1000 to 10 000 incorporated amino acids (Allan Drummond and Wilke, 2009). The speed 
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is determined by many factors such as the speed for the transfer of the polypeptide chain from 

tRNA in the P site to the tRNA in the A site, the nature of the amino acid among others. The 

presence of inhibitory stem-loop structures in the mRNA, the absence of a stop codon or a poor 

codon-anticodon recognition (Wilson et al., 2016) can slow down and even stop the ribosome. 

The halt of the ribosome is called stalling or pausing. This blockage is associated with the 

ribosome-associated quality control that can lead to mRNA degradation (Doma and Parker, 

2006), ribosome recycling (Pisareva et al., 2011; Shoemaker et al., 2010) and nascent peptide 

degradation (Bengtson and Joazeiro, 2010). This is schematically represented in Figure 22 

(top). 

 

2.3 Termination and ribosome recycling  

 

The termination of translation is characterised by the presence of a stop codon (UAA, 

UAG, UGA) in the A site. Eukaryotic releasing factors eRF1 and eRF3 bind to the A site and 

induce, through a conformational change, the hydrolysis of the peptidyl-tRNA bond thus 

releasing the newly synthesised polypeptide. The post-termination ribosomal complex, 

composed of the 80s ribosome still bound to the mRNA, the deacylated tRNA in the P site and 

the releasing factors, is then recycled. The releasing factors detach from the ribosome and the 

ribosomal subunits dissociate. This step requires initiation factors. In a low Mg2+ environment, 

eIF3, eIF1 and eIF1A interact with the mRNA-bound 80S ribosome, with the tRNA in the P 

site. eIF3 induces the dissociation of the large and the small subunit while eIF1 induces the 

dissociation and the release of the mRNA and the tRNA (Unbehaun et al., 2004). eIF3, eIF1 

and eIF1A stay fixed to the 40S subunit to prevent its reassociation with the 60S subunit (Figure 

22 botton). In conditions of high Mg2+ concentration, the separation of the subunit will require 

the additional presence of the ATP-binding cassette transporter ABCE1.  

mRNA circularisation allows proximity between the termination and the initiation sites. 

The 40S subunit can stay bound to the mRNA and continue the scanning process even if the 

eIF2 ternary complex is absent. eIF2 complex can bind to the subunit during scanning and hence 

allow a new translation cycle. It was also shown in-vivo that eIF3 could stay during elongation 

and termination to favour translation re-initiation. (Mohammad et al., 2017) 
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Figure 22: Elongation, termination and recycling of ribosomes 

Top: An acylated aminoacyl-tRNA is recruited in the A site. As the acyl-tRNA is close to the 

PTC, the peptide bond is formed. Translocation occurs and the deacylated tRNA leave the 

ribosome through the E site while the tRNA carrying the peptide chain is inside the P site. 

Bottom: when the the stop codon is recognised, eRFs are recruited for the subsequent release 

of the peptide and dissociation of the ribosome. 

 

2.4 Local translation: a neural specificity 

 

For many years, we thought that translation could only take place in the cytoplasm, near 

the nucleus and that resulting proteins were then transported in cargos over long distances. 

However, the first observations of ribosomes in neurons, away from the soma, were made in 
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cell cultures originating from the primate spinal cord and polysomes were identified nearly 15 

years later (Bodian, 1965; Steward and Levy, 1982). Moreover, in the 90s, several studies 

showed that mRNAs were specifically located away from the soma of neurons, within the 

synaptic knob, dendrites and axons (Kleiman et al., 1990; Berry and Brown, 1996; Paradies and 

Steward, 1997). The first studies that identified in-vivo local translation were published in the 

last 2010s (Shigeoka et al., 2016; Hafner et al., 2019). 

Technical innovations in sequencing enabled the identification of more than 2000 

mRNAs located in dendrites and axons of the rodent hippocampus, within RNA granules (Poon 

et al., 2006; Zhong et al., 2006; Taylor et al., 2009; Ohashi and Shiina, 2020). However, no 

addressing signal was identified. These mRNAs are transported and distributed by molecular 

motors to dendrites, axons and synaptic knobs. The study of ribosomal protein mRNAs 

localised in the axons revealed the presence of a CUIC sequence that forms a loop. Deletion of 

this sequence abrogates translation of these mRNAs (Shigeoka et al., 2019).  Translation mainly 

occurs in synapses and seems to be calcium-dependent (Kim and Martin, 2015).  One advantage 

of having localised ribosomes and mRNAs, away from the soma, is that it enables the local 

maintenance of protein levels and allows a rapid plasticity if there is any drastic change to these 

levels.  

Local translation help neurons meet their requirements. During development, nerve 

growth factor can trigger local translation of pro-survival transcription factors that will be 

transported back to the nucleus through retrograde transport (Cox et al., 2008). It also allows 

rapid response to guidance cues. Using isolated Xenopus retinal growth cones, Campbell and 

Holt demonstrated that, when local translation is inhibited with inhibitors such as 

cycloheximide, Netrin-1 and semaphorin 3A no longer produce the attractive or repulsive effect 

respectively (Campbell and Holt, 2001). In mature neurons, local translation ensures axonal 

maintenance and could allow rapid response to injury (Yoon et al., 2012; Cioni et al., 2019; 

Shigeoka et al., 2019). During nerve injury, mTOR is locally translated to promote regeneration 

after axonal injury (Park et al., 2008; Terenzio et al., 2018)  

2.5 Main signalling pathways regulating translation 

Translation needs to be tightly regulated to prevent any disruption in synthesis that may 

either lead to cell death or to uncontrolled proliferation leading to oncological events. There are 

2 major signalling pathways regulating translation: mTOR and MAPK. 
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2.5.1 mTOR pathway as a master regulator of protein synthesis 

• Translation Initiation  

4E-BPs are one of the most characterised targets of mTORC1. 4E-BPs are mRNA 5’ 

cap-binding repressors that sequester eIF4E from the eIF4F complexes thus inhibiting initiation 

of eIF4E-bound mRNAs (Gingras et al., 1999). They are competitive inhibitors with scaffold 

protein eIF4G for the binding site on cap-binding eIF4E. There are three 4E-BPs: 4E-BP1, 4E-

BP2 and 4E-BP3.  Mechanistically, mTORC1 will phosphorylate 4E-BPs (Burnett et al., 1998; 

Hara et al., 2002).  Further phosphorylation by CDK12 is required for the subsequent release 

of 4E-BPs from eIF4E thus enabling the recruitment eIF4G (Choi et al., 2019; Hay and 

Sonenberg, 2004) (Figure 18) Moreover, phosphorylation of 4E-BP1 selectively promotes 

5’TOP mRNAs translation . (Levy et al., 1991; Yamashita et al., 2008; Meyuhas and Kahan, 

2015).  

mTORC1 can also regulate 5’TOP mRNA translation via ribosomal S6 kinase proteins 

(S6Ks) through raptor and GβL (Kim et al., 2003; Ruvinsky and Meyuhas, 2006). S6Ks are 

also serine/threonine kinases with many downstream targets. One of these targets is 

programmed cell death 4 (PDCD4), an inhibitor of eIF4A. p70(S6K) phosphorylates PDCD4. 

Upon phosphorylation, E3-ubiquitin ligase beta-TrCP ubiquitinate PDCD4 which will be 

degraded by the proteasomal degradation (Schmid et al., 2008). Meanwhile p90(S6K) activates 

eIF4B, to promote eIF4A activity by modulating its conformation (Shahbazian et al., 2006; 

Park et al., 2013; Andreou and Klostermeier, 2014).   

• Translation elongation 

mTORC1 regulates elongation via p70(S6K), through the phosphorylation of eukaryotic 

elongation factor 2 kinase (eEF2K) (Wang et al., 2001). eEF2K is a Ca2+/calmodulin-dependent 

protein kinase that negatively regulates protein synthesis through the phosphorylation of eEF2. 

Hyperphosphorylation of eEF2K causes its inactivation and eEF2K cannot inhibit the activity 

of eEF2. Elongation can therefore proceed. It is to be noted that mTORC1-S6K-eEF2K 

regulation is promoted by nutrients and growth factors such as TGFβ and insulin (Das et al., 

2010; Redpath et al., 1996) 

• Ribosome functioning 

mTORC1 can act indirectly, via S6K, on the ribosomal function. S6K modulates the 

translating ability of the ribosome by phosphorylating specific residues of RPS6/eS6 thus 
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affecting the selective affinity of ribosomes towards 5’TOP mRNAs involved in development, 

differentiation and synaptic plasticity (Ruvinsky and Meyuhas, 2006; Biever et al., 2015). 

 

2.5.2 MAPK pathway  

Mitogen-activated protein kinases, or MAPK, are serine/threonine kinases also involved 

in translational regulation. MAPK pathway consists of sequential phosphorylation of MAPK 

such as ERK, by MAPK kinase (MAPKK) such as MEK, themselves phosphorylated by 

MAPKK kinase RAF (Figure 23). This pathway is activated by RAS which are GDP/GTP-

binding  molecules. Once activated, ERK activates two effectors: RSKs and MNKs. 

There are four different isoforms of RSKs in mammals: RSK1-4. All except RSK4 

exhibit a ubiquitous expression pattern across different organs. RSKs can influence multiple 

steps of the translation. RSKs, similarly to mTOR, are able to phosphorylate PDCD4 to alleviate 

its inhibition on eIF4A, eiF4B to promote translation initiation and RPS6/eS6 to modulate 

ribosome’s translation abilities (Shahbazian et al., 2006; Roux and Topisirovic, 2018). RSKs 

can also promote mTOR activity via the activation of the GTPase-activator protein complex 

TSC1/TSC2/TBC1D7. Note that a recent study on cell lines indicated that, in nutrient-depleted 

conditions, the additional activity of mTORC2 could be required to enable the optimal 

phosphorylation of RSK by ERK (Chou et al., 2020). 

MNKs are also Ser/Thr kinases that target the eIF4F complex. Upon MNK-mediated 

phosphorylation, eIF4E loses its affinity for the 5’ cap resulting in a decrease in global mRNA 

translation rate (Knauf et al., 2001; Scheper et al., 2002).  

Similarly to the ribosomal synthesis process, translation is also tightly controlled to 

ensure the adequate production of proteins when and where they are required. Signalling 

pathways ensure control on these processes in order to achieve homeostasis. 
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Figure 23: Regulation of translation by MAPK pathway 

MAP kinases are sequentially activated to activate the final effectors RSK and MNK to regulate 

translation initiation.  
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3 Heterogeneity of ribosomes & regulation of translation  

 

The first hypothesis about ribosome heterogeneity was suggested in the late 1950, soon 

after its discovery. However, it was dropped in favour of the genetic code and proposed that 

one ribosome was specific to one mRNA (Crick, 1958). This meant that for every new mRNA, 

there would be a new ribosome. Few years later, this hypothesis was disproved through 

bacteriophage infection of E.coli cultures where Brenner and colleagues discovered that 

bacteriophage RNA was expressed without any new ribosome synthesis (Brenner et al., 1961). 

They finally concluded that ribosomes were passive structures with no regulatory function that 

have the inherent capacity of translating mRNAs. Genuth and Barna rightly summarised history 

by saying that, “the field vacillated from the most extreme view of ribosome specialization to 

the most extreme view of ribosome homogeneity.” (Genuth and Barna, 2018) 

For decades, the role of ribosomes as direct regulators of translation was overlooked. 

They were considered as housekeeping complexes which could not discriminate between 

mRNAs. Since the 1980s, more and more studies contradicting this dogma were published.  In 

the early study, RP-mutant E.coli cultures were generated and they identified 17 viable RP 

mutants (Dabbs, 1986). This study pointed out that all RP were not essential for cell survival. 

The following year, Gunderson et al. discovered that rRNA were different at each stage of the 

Plasmodium berghei life cycle (Gunderson et al., 1987). In fact, specific variants of rRNA genes 

seem to be expressed at specific time points during the mosquito’s life cycle. In 1990, 

Ramagopal identified that 12 RPs were upregulated and 18 RPs were downregulated when 

amoeba Dictyostelium discoideum transitioned from a unicellular to pluricellular phase 

(Ramagopal, 1990). 

Further studies on the Drosophila Minute mutants (Kongsuwan et al., 1985; Marygold 

et al., 2007) revealed developmental impairments, some of which were tissue specific such as 

cardiomyopathy or defective wing development (Marygold et al., 2005; Casad et al., 2011; Akai 

et al., 2018; Lee et al., 2018; Mello and Bohmann, 2020). Similar cell- and/or tissue-specific 

effects were seen in yeast (Komili et al., 2007; Parenteau et al., 2011), zebrafish (Amsterdam 

et al., 2004; Uechi et al., 2008; Lai et al., 2009), mouse (Barna et al., 2008; Barlow et al., 2010; 

Kondrashov et al., 2011; Perucho et al., 2014; Wilson-Edell et al., 2014) and also in human 

(Belin et al., 2009; Rao et al., 2012; Bolze et al., 2013; De Keersmaecker et al., 2013; Marcel 

et al., 2013). There are various degrees of penetrance of loss-of-function RP in each organism 
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(Polymenis, 2020). These findings also extend to other components of the translation complex, 

namely rRNA as well as RAFs, challenging the assumptions of a standardised translation 

machinery. In this chapter, we will consider how the translation complex and its heterogeneity 

can regulate translation.  

There are two opposing theories that have been proposed explaining the tissue-

specificity of mRNA translation and ribosomopathies, that is, diseases caused by the 

deregulation of ribosomes (Figure 24).  

The first theory to explain the observed specificity of the ribosomal activity has been 

the dominating theory for decades. The theory is named abundance or concentration model 

which relies on the limited availability of ribosomes due to defective ribosome assembly 

(Lodish, 1974). According to this theory, the tissue-specificity observed in mRNA translation 

is explained by a limited number of available ribosomes (Ludwig et al., 2014; Kirby et al., 

2015) (Figure 24). This would limit translation initiation in different ways, depending on the 

mRNA, thus accounting for the various effects. For example, in their 2014 study on Diamond 

Blackfan anaemia, a disease caused by altered ribosomes, Ludwig and colleagues showed that 

RPS19 mutation cause a drop in the level of ribosomes. They suggest that the observed drop in 

Gata1 levels is due the limited number of ribosomes to recognise the highly structured 5’ UTR 

of Gata1 rather than a specificity of RPS19-containing ribosome to translate Gata1 mRNA 

(Ludwig et al., 2014). In their 2017 review, Mills and Green suggested the broad spectrum of 

symptoms observed in RPL38/eL38 mutant mice would be due to a general decrease in 

ribosomes rather than a change in the specific translation of Hox genes by RPL38-containing 

ribosomes (Mills and Green, 2017) 

The second theory is one in which the ribosome plays a central role in regulating 

translation. According to this theory, a heterogeneity in the translation complex could account 

for the tissue specific aspects. It could adapt to the cellular context to influence mRNA 

translation. Heterogeneity in the translational complex can be classified in three categories: (i) 

heterogeneity of RP; (ii) heterogeneity of rRNA; and (iii) heterogeneity of RAFs. Figure 25 

summarises the different origins of ribosomal heterogeneity. 
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Figure 24: Illustration of the ribosome concentration model and the specialised ribosome 

model 

In the first model, the pool of available ribosome accounts for the tissue specificity of 

haploinsufficient phenotype. In the second model, ribosomes can target mRNA for a specific 

translation – from (Gabut et al., 2020).  

 

 

3.1 RP heterogeneity 

 

RPs, also called core RPs, are small proteins with a molecular weight between 10kDa and 

50kDA and are mostly basic in nature. They were typically thought to be always present in 

ribosomes at any point in time (Uechi et al., 2001) and are regularly used as reference genes for 

qPCR (Thorrez et al., 2008). RPs participate in the maintenance of the architecture of the 

ribosome. By using knockout experiments to understand RP roles on ribosomes, studies 

revealed that 17 bacterial RPs and 15 yeast RPs were dispensable (Dabbs, 1986; Steffen et al., 

2012). Since then, it is known that some RPs have expressed paralogs, RP stoichiometry within 

active ribosomes were varying and post-translational modifications in RPs seem to influence 

translation (Figure 25). 
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Figure 25: Summary of ribosome heterogeneity 

Heterogeneity is found at different levels: RP, rRNA and RAF. There are differences of 

stoichiometry of RP, paralogue present and post-translational RP modifications. There are also 

variations on rRNA modifications and ribosome associated factors. 

 

 

Insights in RP heterogeneity progressed with 2D gel analysis that enable the 

identification of different RP (Wada, 1986). Progress was brought afterward with 

transcriptomic studies then finally by proteomic analysis, more precisely in liquid 

chromatography coupled to tandem mass spectrometry (LC-MS/MS). It is by far the preferred 

technique to study ribosome composition. LC-MS/MS is a protein sequencing technique. There 

are possible approaches for label-free proteome-wide profiling. The bottom-up or ‘shot-gun’ 

approach involves an exhaustive analysis of the biological sample (Washburn et al., 2001). 

Proteins are first digested, generally with trypsin, then separated by liquid chromatography then 

analyses by mass spectrometry (MS). In the first MS cycle also called MS1, the precursor 

peptides are analysed without fragmentation. The mass (m) and retention time are analysed. In 

the second cycle (MS2), peptides are fragmented and analysed. Advantages of bottom-up 

proteomics is the wide coverage and high resolution of the technique. The second approach is 

the top-down proteomics in which proteins are not digested prior to analysis. It is a preferred 
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technique for the identification of proteoforms including PTMs and splice isoforms (Vialaret et 

al., 2018). 

 

There are two different ways of monitoring the MS acquisition: 

- Selected Reaction Monitoring (SRM) is ideal for discovery studies as they are  

sensitive, rapid and cost effective. It has a small isolation window and is adapted for 

the detection of small proteins. However, it is less accurate and reproducible than 

other methods as it does not analyse the MS2 fragments. It also does not allow a 

wide m/z range.  (Vidova and Spacil, 2017).  

- Parallel Reaction Monitoring (PRM) in which produces ions are analysed for higher 

resolution. We are able to follow a wider m/z range with a higher sensitivity 

(Peterson et al., 2012). 

The sensitivity of the LC-MS/MS technique depends on the abundance and the 

properties of the protein in a given sample. Larger proteins are more represented as they 

generate more peptides than smaller proteins. For the correct identification of a protein, peptides 

with unique sequences must be generated which is not always possible. Moreover, only peptides 

present in the libraries can be detected. 

3.1.1 Heterogeneity with Paralogs  

 

In humans, most RPGs are present in single copy. Some are duplicated and either result 

in the same protein (e.g. eS17/RPS17) or in different isoforms or paralogs (e.g. eS4/RPS4 

encoded by Rps4x and Rps4y). There are interspecies differences. In Saccharomyces cerevisiae, 

75% of RPG are duplicated, while Mus musculus have a single copy of each RPG (Dharia et 

al., 2014; Nakao et al., 2004; Kenmochi et al., 1998). The compilation of RPG per species can 

be found at http://ribosome.med.miyazaki-u.ac.jp/ (Nakao et al., 2004).  

Initially, paralogs were thought to have redundant roles as the growth of RP knockouts 

were rescued through the expression of their paralogues (Rotenberg et al., 1988). Subsequent 

studies revealed that they could be associated with the translation of specific sets of mRNAs 

and/or had a site-specific expression. For instance, in an attempt to decipher the role of 

duplicated genes in yeast, Komili and colleagues decided to investigate the impact of RP 

knockouts on budding (Komili et al., 2007). The budding site is determined by the anchoring 

http://ribosome.med.miyazaki-u.ac.jp/
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of ASH1 mRNA, an mRNA specifically localised and expressed in the daughter cell during 

budding and required to suppress mating-type switching during cell division (Bobola et al., 

1996; Gonzalez et al., 1999; Komili et al., 2007). By using a GFP reporter fused to the E3 

domain of ASH1, they show that RP knockout yeast strains for one of the paralogs 

Rps18b/uS13b, Rpl7a/uL30a, Rpl12b/uL11b or Rpl22a/eL22a has defects in ASH1 mRNA 

localisation. This underlines the essential role of specific RP in yeast. Even if there are less RP 

paralogs in higher eukaryotes than in lower eukaryotes, paralogs are still associated with 

specific location and/or functions (Gupta and Warner, 2014; Guimaraes and Zavolan, 2016). 

Here are listed five well-known pairs of paralogs present in higher eukaryotes. 

 

Paralog pair Length (amino acid) Identity Similarity Gaps 

Rpl3/Rpl3l 408 76% 88% 1.50% 

Rpl10/Rpl10l 214 98.60% 98.60% 0% 

Rpl22/Rpl22l1 128 70.30% 78.10% 4.78% 

Rpl39/Rpl39l 51 94.10% 98% 0% 

Rps4x/rps4l 263 92.80% 96.60% 0.40% 

Table 2:Homology in protein sequence of some expressed pairs of RP paralogs in mice 

 

3.1.1.1 RPL3/RPL3l 

 

RPL3 and RPL3L protein sequences share 90% of similarity and 78% of identity (Table 

2).  RPL3 is located at the entrance of the A site. It is necessary for the formation of the PTC 

during ribosome biogenesis and ribosome activity in mature ribosomes (Schulze and Nierhaus, 

1982). By inserting two substitution mutations in RPL3 gene (G765C and C769T) in yeast, 

Peltz et al induced a change in the PTC that increased by four-fold the level of -1 ribosomal 

frameshift (Peltz et al., 1999). Its methylation on histidine 243 is associated with elongation 

fidelity (Al-Hadid et al., 2016; Peltz et al., 1999). By substituting histidine with an 

unmethylated alanine, the degree of elongation fidelity is reduced the level of stop codon 

readthrough increased (Al-Hadid et al., 2016) 

As for Rpl3l mRNA, it is only detected in striated muscles including the heart and 

skeletal muscles (Gupta and Warner, 2014; Van Raay et al., 1996). Time course transcriptomic 

analysis of hypertrophic muscle revealed that Rpl3 and Rpl3l were inversely regulated. During 

muscle hypertrophy, while overall ribosome biogenesis is decreased, RPL3/uL3 is significantly 
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increased and RPL3L is downregulated (Chaillou et al., 2013, 2014; Kirby et al., 2015). 

Functional studies on differentiating myoblasts showed that overexpression of Rpl3l resulted in 

thinner myotubes due to a decrease in myoblast fusion. While they were able to show that Rpl3l 

was acting as a negative growth regulator, they could not exclude any extra-ribosomal role of 

Rpl3l (Chaillou et al., 2016).  

 

3.1.1.2 RPL10/RPL10L  

 

Rpl10 gene is located on the X chromosome while Rpl10l gene is located on 

chromosome 14 in humans and chromosome 12 in mice. The protein is located near to the P 

and E in the ribosome. RPL10 is a tumor suppressor. Its mutation is associated with ribosome 

biogenesis defects and 10% of T-cell acute lymphoblastic leukaemia (De Keersmaecker et al., 

2013). 

Proteomic analysis using two-dimensional gel electrophoresis on different organs 

showed that RPL10L is testis-specific and is essential for spermatogenesis (Jiang et al., 2017; 

Sugihara et al., 2010). In mice, Rpl10l-/- males are sterile. Functional analysis showed that 

RPL10L controls ribosome biogenesis during late prophase and the prophase-metaphase 

transition of meiotic I division as no spermatocytes from Rpl10l-/- males were able to proceed 

to the second meiotic division. Sterile Rpl10l-/- males were successfully rescued with the 

expression of ectopic RPL10 thus showing that  RPL10 can compensate for RPL10L following 

the X chromosome inactivation. (Jiang et al., 2017). 

 Rpl10l mRNA is detected by PCR in normal ovarian tissue but there is no evidence of 

the protein (Rohozinski et al., 2009). In fact, comparative analysis between mRNA and protein 

levels revealed little correlation between these levels (Komili and Silver, 2008, 2008; 

Schwanhäusser et al., 2011; Liu et al., 2016a). A possible reason for the absence of RPL10L 

could be that the ova present in ovaries have already undergone the 1st meiotic division and 

therefore do not require RPL10L anymore. Finally RPL10L is known to be overexpressed in 

both testicular and ovarian cancers (Rohozinski et al., 2009).  
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3.1.1.3 RPL22/RPL22L 

 

RPL22 and RPL22L are ubiquitously expressed and are essential during development. 

During gastrulation, free RPL22 and RPL22L1 are localised inside the nucleus where they 

ensure extraribosomal functions. RPL22L1 binds several pre-mRNAs including Smad2 pre-

mRNA to repress its splicing.  The mis-spliced mRNA will not be translated resulting in a 

decrease in protein levels of Smad2, a critical regulator of gastrulation. This decrease was 

observed both in zebrafish and in mouse embryos. On the other hand, RPL22 acts as an 

antagonist to limit Rpl22L1 repression (Zhang et al., 2017). In Drosophila melanogaster eye 

development, RPL22L1 shows a spatio-temporal expression pattern while RPL22 is shows no 

variation (Gershman et al., 2020) 

Likewise, both RPL22 and RPL22L1 are essential to the hematopoietic lineage. The 

hematopoietic stem cells will give rise to progenitors that will migrate and colonise the thymus. 

The knockdown of RPL22 induces p53-dependent  apoptosis of T-cell progenitors in the 

thymus while RPL22L1 knockdown induces p53-independent  cell death of stem cells before 

the thymus colonisation (Anderson et al., 2007). They cannot be rescued by the other paralog 

as they have specific roles in space and time during hematopoietic lineage development. 

Mechanistically, RPL22 binds Smad1 mRNA to repress its expression. Interestingly, in RPL22 

and RPL22L1 double knockouts have a normal thymus and T-cell development (Zhang et al., 

2013c). This indicates that all RP are not essential for translation (Zhang et al., 2013c). 

 

3.1.1.4 RPL39/RPL39L 

 

RPL39/eL39 is located inside the nascent peptide exit tunnel (Zhang et al., 2013b). 

Rpl39l mRNA is expressed in many tissues but its protein is only detected in the testis (Uechi 

et al., 2002; Sugihara et al., 2010; Rohozinski et al., 2009). Either Rpl39l mRNA is not 

translated, or it is expressed at levels that are undetected by the current analysis methods. 

RPL39L/eL39-like is present only in higher eukaryotes. qPCR analysis showed that Rpl39l is 

highly expressed in mouse embryonic stem cells and hepatocellular carcinoma tumour (Wong 

et al., 2014). Until now, no published studies on the influence of RPL39L/eL39-like on 

stemness or cell proliferation. 
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Considering RPL39/eL39, downregulation of its mRNA is observed in early 

preeclampsia, a condition of high blood pressure in pregnant women. RPL39 was knocked 

down by using shRNA in trophoblast cell cultures from placental samples. Flow cytometry 

assay showed that RPL39/eL39-silenced trophoblast cells were blocked in G1/G0 state rather 

than in S phase. Wound healing analysis showed that RPL39/eL39 silencing limits 

proliferation, migration and invasion abilities (Jie et al., 2021). Silencing RPL39/eL39 also 

induces the upregulation of E-cadherin, a cell adhesion molecule whose downregulation is 

required for the epithelial-to-mesenchymal transition and onset of migration of trophoblast cells 

(Francou and Anderson, 2020).  

RPL39/eL39 is mutated in more than 90% of chemo-resistant breast cancer patients. It 

is an early biomarker of metastasis relapse. Silencing RPL39 using siRNA inhibits proliferation 

of breast, lung and pancreatic cancers (Dave et al., 2014; Li et al., 2014; Dave et al., 2017). 

RPL39 promotes the expression of inducible nitric oxide synthetase (iNOS), an enzyme 

involved in signalling pathways involved in angiogenesis among others (Chiarugi et al., 1998; 

Dave et al., 2014). In an attempt to understand the link between RPL39 and iNOS, Dave and 

colleagues did an in silico analysis on pathways that were changed in metaplastic breast cancer 

and downstream activator of transcription 3 (STAT3) signalling pathway was identified. The 

proposed mechanism is that RPL39 interacts with ubiquitin C (UBC). This heterodimer would 

then recruit adenosine deaminase acting on RNA 1 (ADAR1) to activate inducible nitric oxide 

synthase (iNOS) 2. This will induce the activation of STAT3 (Dave et al., 2014; Li et al., 2014; 

Dave et al., 2017). This activity of RPL39 may be extraribosomal but this still needs to be 

proven.  

 

3.1.1.5 RPS4X/RPS4XL 

 

RPS4X is X-linked. While both alleles are expressed in humans, the mouse RPS4X 

undergoes X-inactivation in female individuals (Ashworth et al., 1991; Zinn et al., 1991; 

Hamvas et al., 1992). However, not all species have an X-related RPS4. In chicken, it is located 

on the 4th chromosome (Zinn et al., 1994). As both Rps4x are expressed in humans, it was 

hypothesised that its haploinsufficiency could be involved in Turner Syndrome (Fisher et al., 

1990; Zinn et al., 1994). Turner Syndrome results from the partial or total absence of one sex-

related chromosome and patients are therefore 45, XO. However this hypothesis was disproved 
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by mRNA analysis of Turner Syndrome patients’ fibroblasts where increased levels of Rps4x 

were identified (Geerkens et al., 1996).  

In 2017, RPS4X was proposed as biomarker associated with a poor prognosis in 

carcinomas such in intrahepatic cholangiocarcinoma and urothelial carcinoma, a type of hepatic 

malignancy and bladder cancer (Tsofack et al., 2013; Paquet et al., 2015; Kuang et al., 2017). 

A study from 2019 in neurons show that RPS4X is locally translated ex vivo. Indeed by adding 

heavy amino acids to the medium of cultured somaless axons, Shigeoka et al. demonstrated that 

RPS4X was indeed locally translated and co-localised with ribosomes in a nucleolus-

independent manner (Shigeoka et al., 2019). 

RPS4XL, also known as RPS4 paralogue, is an autosomal retrogene located on the 6th 

chromosome. Rps4x-like mRNA was first identified as a long non-coding RNA (NCBI 

Reference Sequence: NR_003634.2).  It was then seen in the mouse testis ribosome through 

proteomic analysis using two-dimensional gel electrophoresis followed by tandem mass 

spectrometry (Sugihara et al., 2013). This RPS4X-like is predominantly expressed in the testis, 

both at the mRNA and protein level, and it is present in polysomes. It is detected only on 

spermatogenic cells but not at the later stages of differentiation (Sugihara et al., 2013). RPS4XL 

has also been studied during pulmonary artery smooth muscle cells (PASMCs) proliferation. 

RPS4XL binds to interleukin enhancer-binding factor 3 (ILF3) and inhibits RPS6 

phosphorylation to attenuate PASMCs proliferation induced by hypoxia in vivo. (Liu et al., 

2020; Li et al., 2021). 

 

3.1.2 Heterogeneity in RP composition and stoichiometry 

 

For decades, the model of a ribosome with fixed composition have been accepted.  

Ribosomes were seen as ‘simple’ complexes composed of 80 ribosomal proteins and 4 rRNA. 

But ideas about heterogeneity in RP composition has been on the agenda for a few years. The 

first hypothesis on the RP stoichiometry within ribosomes started with the following question: 

Are RP present in one copy? The first analysis of ribosome stoichiometry was by Weber who 

used two-dimensional  polyacrylamide  gel electrophoresis and observed that there was a 

difference in RP stoichiometry in 50S subunits (Weber, 1972). He calculated that some RP were  

more copies than other RP.  Four years later, Westermann and colleagues used in vivo labelling 
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to tag synthesised proteins with [3H]lysine in hepatoma ascites cells. They then performed a 

two-dimensional  polyacrylamide  gel electrophoresis on the RP extracts. While most of RP 

were equimolar, RPS4/eS4 and RPS26/eS26 were less present and RPS15 and RPS19 were 

present in higher amounts (Westermann et al., 1976).  

Ramagopal and Ennis compared D. discoideum amoeba at two different developmental 

stages. They showed, still using two-dimension electrophoresis, that 12 RP were differentially 

expressed at the studied stages. This suggests that RP composition can also be dynamic. As 

differences were both observed at the protein and mRNA levels, they proposed that the 

regulation of RP occurred both at the transcriptional and translational levels (Ramagopal and 

Ennis, 1981). One of the possible explanations for the extra copies of ribosomes could be 

potential extraribosomal RP (see 3.1.4 Extraribosomal roles of RPs). However, the use of 

ribosome purification through affinity immunoprecipitation or ultracentrifugation would 

eliminate this option. 

Further insight on stoichiometry will be brought by progress in MS analysis. Slavov and 

colleagues proved that there were differences in core RPs between monosomes and polysomes 

in both mouse embryonic stem cells and budding yeast (Slavov et al., 2015). To do so, they 

analysed by MS proteins labelled with tandem mass tag from monosome and polysome 

fractions from embryonic stem cells. RPS4X, RPS3, RPL30 and RPL27A among others were 

differentially expressed. According to their study, the difference in stoichiometry was due to a 

difference in the number of ribosomes on each RP mRNA. This approach was interesting as it 

did not take in account the levels of mRNA but the ribosomal occupation of these mRNA. They 

did the same comparison using yeast cultured in different carbon sources: glucose or ethanol. 

Similarly, to what was seen with embryonic stem cells, they measured that RPL35b/uL29 was 

enriched in monosomes with ethanol as carbon source while RPL26a/uL24 was enriched in the 

polysome fraction with glucose as carbon source. By studying the occupation of RP mRNA in 

yeast, they came to the same conclusion that the observed stoichiometry was due to difference 

in ribosomal occupation (Slavov et al., 2015). 

Later Shi et al. performed an absolute quantification using SRM-based MS technology 

on mouse embryonic stem cells. Four RPs (RPL10A/uL1, RPL38/eL38, RPS7/eS7, and 

RPS25/eS25) were less present in the polysome fraction  (Shi et al., 2017a). Now that it was 

shown that RP stoichiometry varies in vitro, the question was to understand the functional 

implications of this difference in stoichiometry. They chose one RP, RPL10A/uL1, and 
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generated flagged-RPL10A/uL1. The ribosome footprint of RPL10A-containing ribosomes 

were preferentially translating a subset of mRNA using the IRES (Shi et al., 2017a). In the same 

manner, RPL38 regulates the specific translation of IRES-containing Hox mRNAs during 

development in vivo (Kondrashov et al., 2011; Xue et al., 2015). Other RP are also associated 

with the regulation of specific mRNA in physiological conditions such as proliferation, 

differentiation and cell competition (Ramagopal and Ennis, 1981; Fortier et al., 2015; Slavov 

et al., 2015; Guimaraes and Zavolan, 2016; Kale et al., 2018).  

Interestingly, locally translated RP could also participate in variable stoichiometry. RP 

would be integrated into already assembled axonal ribosomes, in neurons away from the soma 

(Shigeoka et al., 2019). Immunofluorescence experiment on Netrin-1 treated somaless axons to 

promote regeneration shows a colocalization between newly synthesised RPS4x/eS4 and 

ribosome containing granules. They further show that the newly synthesised RP physically 

interacts with the ribosome. When performing knock-down experiments using morpholinos, 

they induced the downregulation of axonal translation without affecting ribosome biogenesis. 

Indeed, RPL17/uL22 and 18S rRNA levels were unchanged, which suggest a specific effect of 

RPS4x. They later showed in vivo, in the Xenopus model, that RPS4x is essential for axon 

branching. This major study strongly suggests that there could be a local adaptation of the 

ribosome composition to the surrounding signals.  

Finally, it is worth noting that there are also studies that did not observe any difference 

in stoichiometry of RP between monosomes and polysomes. For example, Amirbeigiarab et al 

compared the RP composition of ribosomes from different brain regions (hippocampus, cortex, 

cerebellum) at 4 different time points using MS. They did not detect any RP variation across 

brain regions or during aging (Amirbeigiarab et al., 2019). Another analysis of a curated mRNA 

database did not identify any RP variation across 9 vertebrates or 33 human tissues (Kyritsis et 

al., 2020). Guimaraes and Zavolan also underlined that there is not variation between in RP 

mRNA expression across different organs thus pointing out towards an invariable stoichiometry 

of RP (Guimaraes and Zavolan, 2016) According to this study, differences where seemingly 

due to intrinsic variations rather than tissue or specie specifications. 

 

3.1.3 Heterogeneity in post-translational modifications of RP 

 As with any other protein, post-translational modifications (PTM) such as 

phosphorylation, hydroxylation and ubiquitination can be added on RPs. Modifications can also 
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be removed to modulate the RP structure and eventually the ribosome structure. This 

phenomenon was observed during ribosome maturation where the removal of ubiquitin from 

RPS27A thus promoting final SSU maturation (Montellese et al., 2020). It was suggested that 

these modifications were the ‘ribosome code’, with reference to the histone code on DNA 

(Komili et al., 2007; Simsek and Barna, 2017). According to the ‘ribosome code’, modifications 

in RP stoichiometry or PTM on RP allows permutations that can produce specialised ribosomes 

(Emmott et al., 2019). 

  Most studies on PTMs are the phosphorylation of RPS6/eS6 involved downstream of 

the mTOR pathway. RPS6 is an essential RP containing 5 phosphorylation sites namely S235, 

S236, S240, S244, and S247 (Bandi et al., 1993). Phosphorylation of RPS6 is particularly important 

during hepatocyte regeneration. It is the only phosphorylated RP during liver regeneration 

(Gressner and Wool, 1974). Constitutive expression of unphosphorylatable RPS6 in mice 

accounts for a shrinkage of pancreatic β cells and is associated with pancreatic cancer 

(Ruvinsky et al., 2005; Khalaileh et al., 2013). In the presence of constitutive Akt, Rps6(P-/-) 

mice have reduced translation fidelity, increased p53 level and a higher sensitivity to DNA 

damages (Khalaileh et al., 2013; Wittenberg et al., 2016).  

 A reduction in muscle mass caused by impaired muscle growth is also observed in 

Rps6(P-/-) mice (Ruvinsky et al., 2009). RPS6 is phosphorylated in activated neurons as a 

response to stimuli (Knight et al., 2012). Phospho-S6 containing ribosomes translate specific 

sets of mRNA such as Fos B (branching), Egr4 (transcription factors early growth response 4) 

and Nur77 (synaptic differentiation) (Knight et al., 2012). Still, phosphorylation of RPS6 is not 

required for its association to polysome (Imami et al., 2018). RPS6/eS6 is not the only 

phosphorylated RP. During mitosis, phosphorylation of RPL12/uL11 by CDK1 is associated 

with translation of specific mRNA pools such as kinetochore components and mitotic spindle 

while global translation is unchanged (Imami et al., 2018).  

RPs are also hydroxylated by ribosomal oxygenases (Chowdhury et al., 2014). 

RPL27A/uL15 and RPL8/uL2 are hydroxylated by MYC-induced nuclear antigen and 

nucleolar protein 66 respectively. These modifications are highly conserved from prokaryotes 

to humans (Chowdhury et al., 2014). Both RP are located near E-site and at the intersubunit 

side. We may speculate that hydroxylation of these RP may participate in the stability of the 

80S ribosome and release of the deacylated tRNA, based on their location in the ribosome. 

Hydroxylation of RPs is also associated with hypoxia response. For example, in humans, 
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RPS23/uS12 can be hydroxylated in the nucleus by oxygenase OGFOD1, (Singleton et al., 

2014). RPS23/uS12 from lower eukaryotes contains two hydroxylation sites on proline while 

higher eukaryotes is hydroxylated on only 1 proline (Loenarz et al., 2014).  In Drosophila, 

inhibition of hydroxylation through knockout of ribosomal oxygenase Sudestada1, ortholog of 

human OGFOD1, induces unfolded protein response, autophagy and apoptosis (Katz et al., 

2014). As it is located in the DC, the state of hydroxylation of RPS23/uS12 will have a direct 

impact on translation accuracy by influencing codon recognition by tRNA (Loenarz et al., 

2014).  

 Likewise, RP ubiquitination also impacts ribosomal activity. For instance, RPS7/eS7 is 

mono-ubiquitinated during ER stress in S. cerevisiae. This ubiquitination induces translation of 

specific sets of mRNA such as HAC1, a transcriptional activator involved in unfolded protein 

response (Matsuki et al., 2020). RPS7/eS7 is polyubiquitinated in polysome. Its de-

ubiquitination leads to the dissociation of the mRNA from the 40S subunit (Takehara et al., 

2021). At aberrant mRNA, RPS10/eS10 and RPS20/uS10 are monoubiquitinated by E3 

ubiquitin ligase ZNF598 to induce ribosome stalling and ribosome-associated quality control 

(Sundaramoorthy et al., 2017). If un-rescued by deubiquitinating G3BP1-family-USP10 

complexes, this ubiquitination leads to lysosomal ribosomal degradation (Meyer et al., 2020).  

Some proteins such as RPL40/eL40 and RPS27A/eS31 are synthesised directly fused to 

ubiquitin (Finley et al., 1989). Its role is to facilitate ribosome assembly by acting as chaperon 

during the formation of specific structures (Finley et al., 1989; Fernández-Pevida et al., 2016). 

Deleting UBA52 gene that codes fusion of protein ubiquitin and RPL40/eL40 in mice and is 

lethal during development (Kobayashi et al., 2016). Interestingly, in yeast, ubiquitin is cleaved 

from RPL40/eL40 and RPS27A/eS31 during maturation of the ribosome but this is still to be 

proven to happen in mammalian ribosomes (Lacombe et al., 2009; Martín-Villanueva et al., 

2020).  

 

3.1.4 Extraribosomal roles of RPs 

 

As already mentioned, some RPs have other functions besides their role in the ribosome. 

In 2009, Warner and McIntosh suggested  three criteria to define an extraribosomal function: i) 

there should be an interaction between the RP and a non-ribosomal protein or nucleic acid ; ii) 
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this interaction should influence a cellular process ; iii) the ribosome should not be involved in 

this RP function (Warner and McIntosh, 2009). 40 RP have suspected extraribosomal roles. 

Extraribosomal RPs are usually regulators of ribosomal biogenesis or regulators of mRNA 

expression. 

 

3.1.4.1 Regulator of ribosomal biogenesis 

RPs act as invigilators during ribosome biogenesis. Any impairment in rRNA 

biogenesis, processing or unbalanced ribosomal components induce the accumulation of RPs, 

rRNA and immature subunits that induces nucleolar stress (Sun et al., 2010; Lessard et al., 

2018; Gregory et al., 2019). For example, depleting RPS3/uS3, RPS10/eS10, RPS12/eS12, 

RPS15/uS19, RPS20/uS10, RPS21/eS21, RPS23/uS12, RPS29 /uS14 or RPS30/eS30 cause 

disruption of the nucleolar organisation while interfering with RPSA/uS2, RPS18/uS13, 

RPS19/eS19 and RPSS21/eS21 expression abrogate the nucleolar export of 40S preribosomes 

with the 21S rRNA (O’Donohue et al., 2010). In response to the nucleolar stress signals 

triggered by abnormal ribosome biogenesis, RPs can activate the MDM2-p53 stress response 

pathway. For instance, RPL5/uL18 and RPL11/uL5 are major sensors of ribosomal stress 

(Bursać et al., 2012). RPL5/uL18 binds to 5S-rRNA to form a ribonucleoprotein complex and 

then be imported inside the nucleolus to interact with RPL11/uL5 to initiate LSU assembly 

(Marechal et al., 1994). During ribosomal stress this ribonucleoprotein complex will 

competitively inhibit E3 ubiquitin ligase MDM2 subsequently causing the accumulation of p53 

thus resulting in cell cycle arrest or apoptosis (Horn and Vousden, 2008; Sloan et al., 2013; 

Nishimura et al., 2015). During ribosomal stress RPL5/uL18 and RPL11/uL5 protect each other 

from proteasomal degradation, unlike other RPs, and continue to be imported into the nucleolus 

after nucleoli disruption (Bursać et al., 2012).  

Fourteen additional RPs can also directly bind to MDM2 (Table 3). Other RPs influence 

the MDM2-p53 pathway by interacting with p53 including RPS27L (He and Sun, 2007). For 

now, there is a total of 25 RPs known to trigger the RP-MDM2-p53 pathway among which are 

RPL23/uL14, RPL26/uL24, RPS7/eS7, RPS14/uS11 and RPL25/eS25 (Marechal et al., 1994; 

Zhang et al., 2002; Lohrum et al., 2003; Zhang et al., 2003; Chen et al., 2007; Zhang et al., 

2013a; Zhou et al., 2013; Bai et al., 2014; Liu et al., 2016b; Meng et al., 2016). 
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Table 3:RPs involved in the regulation of MDM2-p53 pathway 

adapted from (Liu et al., 2016b) 
 

3.1.4.2 Regulation of mRNA expression   

Few RP are known to autoregulate the mRNA. There is a feedback mechanism by which 

RP can regulate their own expression, through binding of their own mRNA. For instance, 

RPS3/uS3 (Kim et al., 2010), RPS13/uS15 (Malygin et al., 2007), RPS14/uS11 (Fewell and 

Woolford, 1999), RPS26/eS26 (Ivanov et al., 2005), yeast RPL2/uL2 (Presutti et al., 1991), 

RPL30/eS30 (Macías et al., 2008), RPS19 (Schuster et al., 2010) control their levels by 

inhibiting their mRNA splicing or by decreasing their mRNA half-life. RPL22/eL22 can control 

the expression of its paralog RPL22L1/eL22-like1 (O’Leary et al., 2013) 

RPs can also regulate mRNA levels of other proteins. For example, RPL13a is an 

interferon-Gamma-Activated Inhibitor of translation of ceruloplasmin mRNA, a copper-

carrying protein in blood. Phosphorylation of RPL13a induces its release from the LSU. Free 

RPL13a can bind to the 3’UTR of ceruloplasmin mRNA to regulate its expression (Mazumder 

et al., 2003). Similarly, during development, RPL22/eL22 and RPL22L1/eL22-like1 binds to 

Protein
Binding to 

MDM2

Ablation 

Induces p53

L5/L11 Dependency 

in p53 Regulation
Mechanism of p53 Regulation

RPL5 Yes No N/A Inhibits Mdm2 E3 activity

RPL11 Yes No N/A Inhibits Mdm2 E3 ligase activity; Increases 

p53 acetylation and transactivity
RPS3 Yes No N/A Inhibits Mdm2 E3 activity

RPS15 Yes Yes N/A Inhibits Mdm2 E3 activity

RPS20 Yes Yes N/A Inhibits Mdm2 E3 activity

RPS25 Yes No N/A Inhibits Mdm2 E3 activity

RPS27 Yes No N/A Inhibits Mdm2 E3 activity

RPS27a Yes No N/A Inhibits Mdm2 E3 activity

RPL6 Yes No N/A Inhibits Mdm2 E3 activity

RPL26 Yes No N/A Enhances p53 translation

RPS7 Yes Yes L5/L11 Inhibits Mdm2 E3 activity

RPS14 Yes Yes L5/L11 Inhibits Mdm2 E3 activity

RPS26 Yes Yes L11 Inhibits Mdm2 E3 activity

RPS27L Yes Yes L11 Inhibits Mdm2 E3 activity

RPL23 Yes Yes L5/L11 Inhibits Mdm2 E3 activity

RPL37 Yes Yes L11 Inhibits Mdm2 E3 activity

RPS6 No Yes L11 Maintains ribosomal integrity

RPS9 No Yes L11 Maintains ribosomal integrity

RPS19 Cell-specific Yes L5/L11 Maintains ribosomal integrity

RPS23 No Yes L11 Maintains ribosomal integrity

RPL7A No Yes L11 Maintains ribosomal integrity

RPL22 No Yes N/A Inhibits p53 protein synthesis

RPL24 No Yes L11 Maintains ribosomal integrity

RPL29 No Yes L11 Maintains ribosomal integrity

RPL30 No Yes L11 Maintains ribosomal integrity
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smad2 pre-mRNA to influence mRNA splicing (Zhang et al., 2017). While RPL22L1/eL22-

like1 favours the integration of exon 9 in the mature mRNA to promote the anterior-posterior 

extension during gastrulation and the formation of the notochord, RPL22/eL22 induce exon 9 

skipping to antagonise the effect of its paralog. 

 

3.2 rRNA heterogeneity: composition and modifications  

The human genome contains between 200 and 600 rDNA copies (Gibbons et al., 2014; 

Parks et al., 2018). Sequencing these regions is challenging due to the high number of repeats 

(Treangen and Salzberg, 2011). Early studies show that there exist different rRNA variants 

(Tseng et al., 2008). They observed eleven new 45S rRNA sequences with 25 single nucleotide 

variants and 76 INDELs which are short insertions or deletions (Kim et al., 2018). These 

variations were mostly found in the ETS and ITS regions but also in the final 28S and 18S 

rRNAs. No variation was detected in the 5.8S rRNA. In the 28S rRNA, most variations were 

located on the ES27L segment which ensures coordination between the mRNA tunnel and the 

peptide exit tunnel. They also observed that other variants induce the formation of enlarged 

stem-loop structure resulting in new interactions between RPs or other stem-loop structures 

(Anger et al., 2013; Kim et al., 2018). However, no experiment was performed to investigate if 

these modified interactions impact the ribosome functioning. This study also suggested that 

variants located at rRNA processing sites might affect processing efficiency (Kim et al., 2018).  

All the rRNA copies are also subjected to the control by the pre-rRNA promoter regions 

to be expressed in cells. This was confirmed by in silico analysis of RNA sequencing database 

(Zentner et al., 2011). Study of dataset from 1000 Genome project and mouse genome from 

thirty-two different strains revealed that rRNA variants are conserved and stratified by ancestry, 

that is, there is an observed divergence between rRNA sequences across different populations 

(Parks et al., 2018).  These rRNA variants are present in actively translating ribosomes. The 

variations tend to be located in important functional regions of the ribosome such as intersubunit 

bridges. They also exhibit a tissue-specific expression (Tseng et al., 2008; Parks et al., 2018).  

In addition to rRNA variants, rRNA is modified post-transcriptionally. Considering the 

distribution of post transcriptional modifications, they are not distributed evenly along rRNA 

but mostly located in functional regions such as the PTC, the DC, the A, P and E sites or the 

subunit interface, suggesting that they can influence directly the ribosome’s ability to translate 

mRNA (Decatur and Fournier, 2002). Some modifications are essential to the ribosome activity. 
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For instance, deletion of domain IV of 23S rRNA in yeast leads to ribosome instability and loss 

of the LSU  (Gigova et al., 2014). Deletion of A1322 methylation in yeast and human prevents 

loading of the LSU on the 43S pre-initiation complex (Sharma et al., 2018). Deletion of rRNA 

modifications on helix 69, which acts as an intersubunit bridge and interacts with A and P site 

tRNAs, decreases elongation rate and a higher rate of mis-read stop codon (Liang et al., 2007). 

Similarly, deleting 2’OMe from the DC region impairs growth in yeast by reducing elongation 

rates and altering SSU production while altering pseudouridylation in the P region of rRNA, 

which slows down the rRNA processing rate by 60% (Liang et al., 2009). Some modifications 

are dispensable such as G562 methylation of the 18S rRNA in yeast whose deletion does not 

alter growth or translation (Yang et al., 2015). Other sites, however, are partially modified and 

can give rise to ribosome heterogeneity. For instance, the frequency of 2’O methylations of 

A100 in yeast 18S rRNA or U2345 in the 25S rRNA are respectively 68% and 76% in actively 

translating ribosomes (Buchhaupt et al., 2014; Taoka et al., 2016). These studies unravelled a 

new type of heterogeneity that can influence translation by slightly changing the stearic 

disposition and interactions within the ribosome. 
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4 Role of RP in physiology and pathology  

Ribosomes have a pivotal role in maintaining protein homeostasis. Both rRNA and RP 

can influence ribosomal functions. In this chapter, we will focus on the role of RP in both 

physiological and pathological conditions. 

4.1 RP during development  

During development, there are huge requirements of protein synthesis to give rise to the 

different tissues and organs constituting an organism. RP expressions during the different phase 

of development are specific to match the requirements at given time and space (Uechi et al., 

2006). For instance, transcriptomic analysis showed that Rps4x mRNA expression was 

modulated during the zebrafish development (Bhavsar et al., 2010) (Figure 26A). Rps4x is 

most highly expressed before gastrulation and before the formation of the zygote. This is 

followed by a dramatic drop at the zygote stage. Other RP show variabilities in spatial 

expression. In mammals, RPL38/eL38 is involved in axial skeletal patterning, that is, the 

establishment of somites and neural tube (Kondrashov et al., 2011). Mutation in RPL38 present 

in a specific mouse Ts/+ strain causes abnormalities including neural tube formation, deformed 

lumbar and thoracic vertebrae. Axial skeletal patterning involves Hox genes. Transcriptional 

analysis revealed that there was no significant difference in Hox transcript expression between 

Rpl38 mutant mice and control, indicating that the difference in phenotype originated from 

another process. 

Polysome profiling analysis revealed RPL38 favours translation of a subset of Hox 

mRNA namely Hoxa4, Hoxa5, Hoxa9, Hoxa11, Hoxb3, Hoxb13, Hoxc8, Hoxd10. Further 

analysis revealed that all skeletal defects of the Ts/+ mouse strain was solely due to abnormal 

Hox mRNA translation caused by Rpl38 mutation. Based on RP expression during 

development, it is highly suggested that there is a ribosomal signature associated with tissue 

and organ. However, we do not know if this difference in RP levels is maintained at adult stage.  

Similarly, RPL3 is required for growth of striated muscles by regulating myotube 

fusion. The balance is maintained by RPL3L which limits myotube fusion (Chaillou et al., 

2016). Inclusion of bi-allelic missense variants of RPL3L is associated with neonatal dilated 

cardiomyopathy (Ganapathi et al., 2020). However, there is no translatome analysis available 

to understand how translated mRNA are impacted by this change.  
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Figure 26: Spatio-temporal differences in RP expression during development 

(A) transcription profile of Rps4x during zebrafish development – adapted from (Bhavsar et al., 

2010) (B) RP mRNA expression across different organs during development – adapted from  

(Kondrashov et al., 2011) 

 

 

RP levels also influence haematopoiesis. Haematopoiesis is the differentiation program 

that gives rise to blood cell lineage such as erythrocytes, B and T cells and monocytes. It 

requires a high rate of protein synthesis. GATA1 is a key lineage-determining haematopoietic 

transcription factor. In diseases where RP are mutated such as in Diamond Blackfan Anaemia, 
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GATA1 level is reduced due to a change in the 5’UTR of its mRNA (Sankaran et al., 2012; 

Ludwig et al., 2014; Khajuria et al., 2018). Proteomic analysis for total ribosomes using mass 

spectrometry revealed that only 3 RP were differentially expressed: RPS19/eS19, RPS26/eS26 

and RPL5/uL18 (Khajuria et al., 2018). Some RPs are associated with specific functions. 

RPS14/uS14 is associated with erythroid differentiation. Conditionally inactivating 

RPS14/uS14 causes megakaryocyte dysplasia and loss of hematopoietic stem cell quiescence 

(Schneider et al., 2016). RPL22L1/eL22-like1 is required for the emergence of hematopoietic 

stem cells at the aorta-gonad-mesonephros while RPL22/eL22 is required for the development 

of T lineage progenitors within the thymus (Zhang et al., 2013c) These effects are both 

dependent  on RPL22L1/eL22-like1 and RPL22/eL22 association with Smad1 mRNA. 

RPL22/eL22 represses smad1 translation while RPL22L1/eL22-like1 opposes this repression. 

Interestingly, we see that paralogs are not equivalent but have distinct roles during 

development.  

 

4.2 RP and aging 

 

Aging is a biological process that occurs in all cells, except stem cells. During its lifespan, 

cells are exposed to different oxidative stress causing DNA damages and undergo senescence. 

RP protein and rRNA levels change leading to abnormal ribosome assembly and a less efficient 

translation over time (Ke et al., 2017; Samir et al., 2018; Turi et al., 2019). There is an overall 

decrease in total ribosomes even if no net decrease in polysomes was detected (Fando et al., 

1980). Cells are therefore more prone to deregulations. There are few available studies on RP 

and aging. Deletion of Rpl31 and Rpl6 are also associated with long life span (Kaeberlein et al., 

2005) Rpl10 and Rps6 were proposed as lifespan regulators in yeast as the heterozygous 

deletion of each protein is associated with a 24% and 45% increased replicative lifespan 

respectively (Chiocchetti et al., 2007).  

Single-cell transcriptomic analysis in the aging mouse brain showed the expression of 7 

RPGs, including Rps29 and Rpl38, were modified during aging (Ximerakis et al., 2019). A 

recent study comparing mouse brain tissues, namely the hypothalamus, cortex and cerebellum, 

at different time points (3 weeks, 4 months, 7 months and 12 months) but no difference in RP 

expression as detected in time or space (Amirbeigiarab et al., 2019). 
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4.3 Ribosomes in diseases 

Any alteration to components of ribosomes may result in potentially lethal situations. 

There is a broad range of pathologies as RPs have different roles in space and in time. We will 

have a look at ribosomopathies, a group of rare diseases caused by the direct dysregulation of 

ribosomal components but also in cancers and neurodegenerative disorders to understand how 

ribosomes contribute to these diseases.  

 

4.3.1 Ribosomopathies  

Ribosomopathies are a broad group clustering several pathologies caused by defects in 

ribosome biogenesis. There are different categories of ribosomopathies. Pure ribosomopathies 

have symptoms that are directly caused by a ribosome malfunctioning whereas mixed 

ribosomopathies include other factors, in addition to ribosome alteration. They can be 

congenital or somatic. There are 19 described ribosomopathies with various mutations and 

penetrance (Table 4).  

They are all rare diseases, that is, they affect less than 5 in 10 000 individuals (European 

guidelines of orphan diseases - 2018).  Ribosomopathies are either caused by (i) a reduced 

number of functional ribosomes; (ii) a change in rDNA copy number; (iii) mutant RP resulting 

in ribosomes with reduced fidelity. Figure 26 indicates the location of mutated RPs involved 

in ribosomopathies. The two most frequent ribosomopathies involving RP mutations are 

Diamond Blackfan Anaemia and 5q deletion syndrome. 

4.3.1.1 Diamond Blackfan Anaemia 

Diamond Blackfan Anaemia, or DBA, was the first identified ribosomopathy. It is a rare 

congenital hypoplasia of erythroid progenitors characterised by macrocytic anaemia with 

normal white blood cells and platelets. It is detected in early childhood. The symptoms of the 

disease are low reticulocyte count and a low percentage of red blood cell precursors in the bone 

marrow. They also develop skeletal and cardiac abnormalities and a higher prevalence for 

cancer.  Genetic studies on DBA patients revealed they carry mutated RP genes. Up till now, 

there are 19 identified mutations. The most frequent mutations in DBA affect Rps19, Rps26, 

Rpl5 and Rpl26 genes (D’Allard and Liu, 2016; Quarello et al., 2010; Avondo et al., 2009; 

Uechi et al., 2008; Ulirsch et al., 2018). Table 5 lists all the RPs that are mutated during DBA 
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Table 4: List of all described ribosomopathies with their associated mutations 

– adapted from (Venturi and Montanaro, 2020) 

Disease Gene Mutated Role in Ribosome Biogenesis Clinical Manifestations

Diamond Blackfan 

anemia

RPS19, RPS26, RPS17, 

RPS28, RPS29, RPS24, RPL5, 

RPL11, RPL35, RPL18, 

RPL26, RPL15, RPS27, RPL27

40S and 60S subunits 

protein

Macrocytic anemia, skeletal 

abnormalities, short stature, cardiac 

and genitourinary malformations, 

cancer predisposition

Shwachman-Diamond 

syndrome
SBDS,  DNAJC21, EFL1, SRP54

Assembly of 60S and 40S 

subunits in active 80S 

ribosomes

Bone marrow failure, skeletal dysplasia, 

cognitive impairment, and risk of 

developing myelodysplastic syndrome

Treacher Collins 

syndrome

TCOF1, POLR1C, POLR1D, 

POLR1B

Ribosomal RNA 

transcription

Severe craniofacial defects and mental 

retardation

Cartilage Hair Hypoplasia-

Anauxetic dysplasia 

spectrum

RMRP, POP1 Ribosomal RNA processing

Short-limbed dwarfism, sparse 

hypoplastic hair, immunodeficiency, 

hypoplastic anemia, and predisposition 

Dyskeratosis Congenita
DKC1,  PARN, NHP2, NOP10, 

NPM1

Ribosomal RNA 

pseudouridylation and 

processing

Abnormal skin pigmentation, dystrophy 

of the nails, oral leukoplakia, bone 

marrow failure, and cancer 

5q− syndrome RPS14 40S subunit protein
Macrocytic anemia and erythroid 

hypoplasia; may progress to AML

Acute myeloid leukemia 

(AML)
NPM1 Ribosome processing AML with normal karyotype

Pediatric acute 

lymphoblastic leukemia 

(T-ALL)

RPL5, RPL10, RPL22 60S subunit proteins T-ALL

Relapsed CLL RPS15, RPSA, RPS20 40S subunit proteins Relapse after first-line treatment

Alopecia, neurologic 

defects, and 

endocrinopathy 

syndrome

RBM28 Ribosomal RNA processing

Alopecia, mental retardation, 

progressive motor deterioration, central 

hypogonadotropic hypogonadism and 

short stature, microcephaly, 

gynecomastia, and hypodontia

North American Indian 

Childhood Cirrhosis
CIRHIN, NOL11 18S rRNA processing

Transient neonatal jaundice that 

evolves into biliary cirrhosis requiring 

hepatic transplantation

Bowen-Conradi syndrome EMG1 Ribosome assembly

Mental retardation, microcephaly, 

micrognathia, rocker bottom feet, and 

flexion contractures of the joints; 

causes early death

Familial colorectal cancer 

type X
RPS20 40S subunit protein

Hereditary colorectal cancer without 

mutations in mismatch repair genes

Congenital asplenia RPSA 40S subunit protein Absence of spleen

Aplasia cutis congenita BMS1 
Ribosomal GTPase, 18S 

rRNA processing
Skin defect and alopecia of the scalp

RPS23-related 

ribosomopathy
RPS23 40S subunit protein

Microcephaly, hearing loss, dysmorphic 

features, intellectual disability, and 

autism spectrum disorder

Leukoencephalopathy, 

intracranial calcifications, 

and cysts (LCC)

SNORD118 

C/D box snoRNA U8 

involved in ribosome 

biogenesis

Neurological disorder with 

leukoencephalopathy, intracranial 

calcifications, and cysts

Autism RPL10 60S subunit protein Autism spectrum disorder

Microcephaly RPL10 60S subunit protein
Microcephaly, intellectual disability, 

epilepsy, and growth retardation
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Table 5: mutated RP genes in DBA 

The genes indicated in bold are most frequently mutated. 

 

The incorporation of mutated RPs results in impairment of ribosome biogenesis and 

assembly. For example, studies revealed that RPS19 is necessary for the processing of the pre-

40S ribosomes (Léger-Silvestre et al., 2005). It is involved in the maturation of the 3’ end of 

the 18S rRNA and the assembly of the pre-40S particle (Angelini et al., 2007; Flygare et al., 

2007; Léger-Silvestre et al., 2005). Moreover, the auto-feedback loop regulating RPS19 levels 

is also altered in DBA. Mutated RPS19 has less affinity for the 5’UTR of its own mRNA and 

therefore has a lesser impact on its expression (Badhai et al., 2011; Schuster et al., 2010). In 

addition to ribosome biogenesis, ribosome translation capacity is also affected in DBA. 

Decreased levels of RPS19 correlates with the overall decreased ribosome levels in 

hematopoietic cells (Miyake et al., 2008; Khajuria et al., 2018). However, no change was noted 

in the ribosome composition. In vivo translatome study on DBA patients revealed that the 

translation of specific mRNAs with short, unstructured 5‘UTR are reduced (Ludwig et al., 2014; 

Khajuria et al., 2018). One of these mRNAs is Gata1 mRNA. Reducing GATA1 impairs the 

hematopoietic stem and progenitor cells proliferation and differentiation (Takahashi et al., 

1997) 

Other RP such as RPL5 and RPL11, known to bind to the 5S rRNA in the first steps of 

the LSU assembly, are also mutated (Zhang et al., 2007). These mutations are associated with 

craniofacial and heart abnormalities in DBA patients (Gazda et al., 2008; Quarello et al., 2010). 

This malformation is likely to be caused by defective ribosome assembly (Robledo et al., 2008; 

Micic et al., 2020). Similarly, Rps6 haploinsufficiency is associated with abnormal limb 

development. Using the mouse model for conditional Rps6 hemizygosity in limb buds of 

developing mice, Tiu and colleagues were able to reproduce the phenotype observed in DBA 

patients (Tiu et al., 2021). This phenotype is driven by p53 and a decrease in protein synthesis 

was detected in the developing bud. Mechanistically, p53 repressed global cap-dependent  

translation by increasing 4E-BP1 expression in absence of RPS6. This p53-4E-BP1-eIF4E axis 

seems to be shared with other ribosomopathies such as 5q- syndrome. 

Subunit Mutated RP genes in DBA 

60S RPL5, RPL11, RPL15, RPL18, RPL26, RPL27, RPL31, RPL35, RPL35A 

40S RPS6, RPS7, RPS10, RPS15A, RPS17, RPS19, RPS24, RPS26, RPS27, 

RPS28, RPS29 
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4.3.1.2 5q deletion Syndrome 

The 5q deletion or 5q- syndrome is a mixed acquired ribosomopathy. It results from the 

loss of a 1.5Mb locus on the short arm of the 5th chromosome, between 5q31 and 5q32 

(Boultwood et al., 2002). It is a specific form of myelodysplastic syndromes that are 

characterised by an ineffective haematopoiesis with peripheral cytopenia and an erythroid 

hypoplasia in the bone marrow. More specifically, 5q- syndrome is characterised by macrocytic 

anaemia with a slow progression to acute myeloid leukaemia (Heaney and Golde, 1999). It 

affects hematopoietic stem cells and progenitor cells. 

The deletion affecting 5q directly results in haploinsufficiency of RPS14. Indeed, using 

shRNA, Ebert and colleagues showed that silencing one RPS14 allele was sufficient to cause 

the decrease in erythropoiesis thus resulting in anaemia (Ebert et al., 2008). RPS14 is an i-RPS 

and is therefore required in the initiation of the 18S rRNA processing. Deletion of RPS14 

induces the accumulation of the 30S pre-rRNA (Ferreira-Cerca et al., 2005; O’Donohue et al., 

2010) This will activate the MDM2-p53 surveillance pathway and induce cell death in erythroid 

progenitor cells (Barlow et al., 2010; Dutt et al., 2011). In 5q deletion syndrome, other genes 

such as casein kinase 1A1, a regulator of β-catenin and stem cell renewal, are also affected 

(Cheong and Virshup, 2011; Schneider et al., 2014) 

 

4.3.1.3 From Ribosomopathies to cancer 

Patients suffering from ribosomopathies (DBA, 5q- syndrome, …) have 2.5 to 5.6 

higher risk of developing cancer (Aspesi and Ellis, 2019). This is quite a paradox considering 

there is a hypoplasia in the bone marrow and anaemia and on the other hand, a higher probability 

of developing cancer. This gave to the Dameshek’s riddle: “What do aplastic anemia, 

paroxysmal nocturnal hemoglobinuria (PNH), and hypoplastic leukemia have in common? 

(Dameshek, 1967). 

To our knowledge, two mechanisms have been proposed. The first involves the selective 

loss of p53 to favour cell survival. For example, 5q- syndrome has been associated with high 

levels of p53 mutations and an increased risk of developing acute myeloid leukaemia (Heaney 

and Golde, 1999; Kulasekararaj et al., 2013; Scharenberg et al., 2017). Another way of reducing 

the level of p53 in cell is by reducing the number of functional ribosomes in cells. This may be 

a consequence of defective ribosome biogenesis such as in the Treacher Collin syndrome 
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(Figure 27). However, there is still no direct evidence that this decrease induces the loss of p53 

levels or tumorigenesis (Aspesi and Ellis, 2019). 

The second hypothesis rely on the alteration of the translation program by defective 

ribosomes termed onco-ribosomes (Sulima and De Keersmaecker, 2017). These onco-

ribosomes cause abnormal translation of specific transcripts favouring tumorigenesis. For 

example RPL5 and RPL11 are mutated in several tumours (Sulima et al., 2017) but there are 

still no direct proofs that defective ribosomes in ribosomopathies can lead to tumorigenesis. We 

cannot exclude that tumorigenesis emerges from an extraribosomal role of RP. 

 

 

 

Figure 27: how ribosomopathy can favour tumorigenesis 

Summary of all the possible pathway by which a ribosomopathy give rise to a tumor. from 

(Aspesi and Ellis, 2019). 

 

4.3.2 Ribosomes, neurodegenerative diseases and brain injury 

Neurons are sensitive cells that can adapt rapidly to changing conditions. Any chronical 

impairment or traumatic injury will induce a nucleolar stress which can lead to 

neurodegenerative disorders.   
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Tauopathies 

Tauopathies is a class of neurodegenerative diseases caused by an altered microtubule 

binding protein tau expression and hyperphosphorylation that ultimately leads to neuronal loss. 

A well-known tauopathy is Alzheimer’s disease (AD) in which hyperphosphorylated tau 

proteins aggregate to form neurofibrillary tangles thus causing an irreversible loss of 

hippocampal neurons.  

One of the models used for study AD is a double transgenic mouse model of AD called 

APP/PS1 in which human amyloid precursor protein (APP) and presenilin 1 (PS1) are knocked 

in.  This model shows a high level of β-amyloid production associated with cognitive 

impairment observed in AD. Investigations in the hippocampal proteome from young APP/PS1 

mice, revealed that RPS17, RPS23, RPS26, RPS30, RPL3 and RPL19 where upregulated while 

RPL7a, RPL31 and RPL24 were down regulated compared to their control littermates. During 

aging of APP/PS1 mice, a change in RP proteome was detected. Indeed, RPL18, RPL23a, 

RPL27, RPL29, RPL36a,, RPL37, RPL8 and RPS4x were upregulated in APP/PS1 mice but 

not in the control (Elder et al., 2021). However, this study used the total hippocampal proteome. 

We cannot confirm that these RP were incorporated into ribosomes as there is a probability of 

extra-ribosomal roles. Surprisingly, in vitro studies using mutated tau protein and yeast or 

human ribosomes showed that tau protein can induce the dose-dependent sequestration of 

ribosomes (Banerjee et al., 2020). Further analysis revealed that mutated tau protein causes a 

disruption of the ribosome integrity to form tau-rRNA aggregates (Banerjee et al., 2020). The 

upregulation of RP expression during AD could therefore be an attempt to compensate for the 

loss of ribosome integrity. 

During AD there is also an increase in the basal phosphorylation level of RPS6 which 

is known to have a direct effect on increasing tau protein levels  (Pei et al., 2006; Mody et al., 

2011; Caccamo et al., 2015). It is suggested that the therapeutic manipulation of ribosomal 

protein S6 kinase 1 (S6K1) could be a good alternative for AD treatment. Indeed, reducing 

RPS6 phosphorylation via the decrease of S6K1 reduced amyloid-β and tau accumulations 

resulting in improvement of memory deficits (Caccamo et al., 2015). However, one study from 

2017 argued that RPS6 phosphorylation could rather be a feature of non-pathological neurons 

as only few differences were detected between their control mice and transgenic pR5 mice that 

express a mutated tau protein (Klingebiel et al., 2017). In frontotemporal dementia, another 

tauopathy where the loss of tau protein expression induces frontotemporal neuron loss, 
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quantitative proteomic analysis revealed that phosphorylated tau induce a down regulation in 

RPL23, RPLP0, RPL19 and RPS16 expressions (Evans et al., 2019). This suggests that each 

tauopathy can have its own RP signature. 

Tau is also present inside the nucleus (Greenwood and Johnson, 1995). Nuclear tau can 

interact with rDNA within the nucleolus in physiological conditions (Sultan et al., 2011). They 

reduce rDNA transcription by inhibiting UBF recruitment to rDNA promoters (Bou Samra et 

al., 2017). Nuclear tau also associates with transcription termination factor-1 interacting protein 

5 (TIP5), a protein involved in the chromatin remodelling complex and rDNA transcription 

(Anosova et al., 2015). Indeed, TIP5 recruits DNA methyltransferase to histone H3 and H4 to 

silence rRNA genes (Guetg et al., 2010). During AD, there is a hyperphosphorylation of nuclear 

tau observed. This causes a dissociation of tau from rDNA (Lu et al., 2013). This probably 

contributes to the synthesis of altered ribosomes.  

Traumatic brain injury 

An enrichment in silico study from 2021 focused on the gene signature in traumatic 

brain injury (TBI) (Ma et al., 2021). They extracted gene expression profiles blood samples 

before and after TBI from 29 individuals (Gill et al., 2017) and 196 gene expression profiles 

from brain samples (Miller et al., 2017), with 50% TBI and 50% non-TBI individuals. They 

identify that Rpl27, Rps4x, Rpl23a, Rps15a, and Rpl7a were downregulated in the brain after 

TBI. Transcriptomic analysis of microglia using NanoString technologies after TBI revealed 

that a cluster of RP was dysregulated including Rpl34, Rpl32, Rps19, Rpl35, Rpl41, Rpl37a, 

Rpl36 and Rps18 (Witcher et al., 2021). TBI triggers a cell-mediated immune response post-

injury (Jassam et al., 2017) Rpl23a and Rps15a were found to correlate with the level of immune 

cell infiltration (Ma et al., 2021). 
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Hypotheses and objectives 

 

Ribosomes are macro-complexes composed of about 80 RPs and four rRNAs. They are 

synthesised in the nucleolus and exported to the cytoplasm where they translate mRNA. For 

decades, they were considered as basic components of cells but the discovery of the specificity 

of some ribosomes changes to influence translation questioned this assumption. All RPs are not 

essential to functional ribosomes as ribosomes are still able to translate when these RP are 

absent. Some RPs such as RPL3L or RPL10L have tissue-specific expressions and functions. 

It was established in vitro that there is a sub stoichiometric distribution of RP but data on RP 

composition in vivo are still missing  

 Based on available studies, we hypothesised that ribosomes are heterogeneous in vivo. 

We tested our hypothesis in the mouse model. Up till now, only one study attempted to look at 

the RP distribution in 3 brain tissues (hippocampus, cortex and cerebellum) at 3 different time 

points and no significant variations were detected (Amirbeigiarab et al., 2019). The main 

objectives of my PhD were to determine the stoichiometry of ribosomes in various organs and 

investigate how it could contribute to their functions.  

We chose to compare 14 different tissues and organs by a bottom-up proteomic 

approach to investigate the composition of the ribosome. We used a label-free LC-MS/MS 

approach with a parallel reaction monitoring for the identification of proteins. We confirmed 

some of the RP profiles by absolute quantification. We also looked at the correlation between 

the protein and mRNA. 

We then looked at the RAFs that were co-precipitated during ultracentrifugation to see 

if there was any specialisation in this component of the TC. We finished by investigating the 

role of ribosomes in a pathological context: the CNS injury.  
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1. Heterogeneity of ribosomes across organs 

 

(Manuscript in preparation) 
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Introduction 

A major challenge in Biology is to understand how genes are expressed and regulated 

in space and time in order to control cell specificity and organism development. It is 

now well established that genetic expression is defined by the flow DNA-RNA-Protein. 

After DNA is transcribed in the nucleus, mRNAs are exported to the cytoplasm in order 

to be translated into proteins. Protein synthesis is a fundamental and highly energy 

consuming process in cellular life. It is orchestrated in a tightly ordered sequence of 

three steps: initiation, elongation and termination.  

The ribosome is the main effector of protein synthesis. It is a large complex composed 

of proteins and RNAs. Even if its overall structure and function are well conserved 

across evolution (Petrov et al., 2014), some differences are observed among 

organisms. Indeed, the eukaryotic ribosome has a higher number of ribosomal proteins 

(r-proteins) and its ribosomal RNAs (rRNAs) are longer compared to their prokaryotic 

counterparts (Roberts et al., 2008). The mammalian ribosome is composed of two 

subunits: the large 60S subunit, formed by 46 r-proteins (RPL) and 3 rRNAs (28S, 5.8S 

and 5S) and the small 40S subunit, that contains 34 r-proteins (RPS) and the 18S 

rRNA. The ribosome decodes the information carried by mRNAs, recruiting necessary 

translation factors (initiation, elongation and release factors, eIF, eEF and eRF 

respectively) and transfer RNAs (tRNAs). Finally, the ribosome itself catalyzes the 

peptide bonds to form the polypeptide chain of the newly synthesized proteins. 

Tremendous amount of work has focused on the regulation of the first step of the 

genetic flow (DNA to RNA). Thereby, detailed regulatory mechanisms for gene 

transcription have been thoroughly described in normal and pathological conditions. 

The contribution of transcription factor recruitment into promoter and enhancer regions, 

chromatin accessibility to the transcriptional machinery (Casamassimi and 

Ciccodicola, 2019; Lee and Young, 2013) and epigenetic regulations are now 

extensively described. In addition, the rapid development and the increasing depth of 

analysis of transcriptomics analyses such as RNA-sequencing accelerate the 

understanding of mRNA expression regulation. Besides, this is in contrast with mass 

spectrometry data acquisition and sensitivity. Therefore, protein expression is often 

extrapolated from the expression of mRNAs (Fortelny et al., 2017; Liu et al., 2016). 

However, i) recent comparison of transcriptomics and proteomics analyses revealed 

that the correlation between mRNA and protein levels is between 20% and 50% (Liu 
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et al., 2017; Schwanhausser et al., 2011; Vogel and Marcotte, 2012; Wang et al., 2019; 

Wilhelm et al., 2014) and ii) the rise of alternative protein forms that derive from the 

same mRNA reinforces the notion that translational control of mRNA is a major player 

of protein synthesis regulation (Brunet et al., 2021) (Cardon et al., 2021).  

The common dogma always described the ribosome as a homogenous complex with 

no regulatory role, whatever the physio-pathological conditions. Recently, it emerges 

that the protein synthesis machinery can also actively participate in translation 

regulation. However, the ribosome itself appears to play a more important role in 

protein expression regulation than initially thought. For example, if rRNA modifications 

are targeted during cancer development to control IRES dependent translation (Belin 

et al., 2009; Erales et al., 2017; Marcel et al., 2013; Yoon et al., 2006), the rise of 

ribosomal proteins heterogeneity is even more important. Specific defects in ribosomal 

protein expression have been identified in pathologies (called ribosomopathies). For 

instance, mutations in 14  ribosomal proteins are linked to the Diamond Blackfan 

anemia and to malformations, and increase cancer predisposition (Landowski et al., 

2013). The 5q- syndrome or myelodysplastic syndrome is caused by the loss of one 

copy for the gene coding for the ribosomal protein Rps14 (Ebert et al., 2008). 

However, even if specific variants were reported to be linked to defects in translational 

fidelity (Lezzerini et al., 2020; Sulima et al., 2014), the exact impact of ribosome 

composition in translation regulation remains unclear. More precise evidence links 

ribosome heterogeneity and specificity of translation. Komili and colleagues 

demonstrated that specific ribosomal proteins paralogues are required for localized 

mRNA translation in yeast (Komili et al., 2007). In mammalian development, ribosomal 

protein RPL38/eL38 drives specific translation of HOX genes via regulatory sequences 

in their 5’ UTR (Kondrashov et al., 2011; Xue et al., 2015). This kind of specific 

ribosome composition associated with selective mRNA translation is described for the 

ribosomal protein of the large subunit Rpl10a/uL1 (Shi et al., 2017), Rpl40/eL40 (Lee 

et al., 2013) as well as of the small subunit Rps25/eS25 (Shi et al., 2017). These 

studies pioneered the emerging concept of “specialized ribosomes”. Finally, specific 

expression of ribosomal proteins paralogues remains the most documented event. 

Indeed, early transcriptomic studies revealed that ribosomal protein paralogues 

replace “canonical” counterparts in some organs. The ribosomal protein L3-like 

(RPL3l/uL3l) is only expressed in skeletal muscle for myotube formation (Chaillou et 
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al., 2016). Similarly, ribosomal protein L10-like (RPL10l/ul16l) is specific of the testis 

and absolutely required for male meiotic transition (Jiang et al., 2017).  

Despite this accumulating evidence implicating ribosomal protein exchange or 

modification in specific physio-pathological conditions, there is still a lack of 

comprehensive data describing a potential ribosome heterogeneity in different cell 

types and tissues. Indeed, the vast majority of existing studies focused only on the 

mRNA expression level, while very few studies addressed the relationship between 

the modification in ribosome composition and its function (Amirbeigiarab et al., 2019). 

Available high-throughput datasets of tissue comparison are derived from 

transcriptomic datasets that do not necessarily reflect the stoichiometry of ribosomal 

proteins into cytoplasmic ribosomes implicated in protein synthesis (Guimaraes and 

Zavolan, 2016; Gupta and Warner, 2014).   

Here, we analyzed the composition of functional cytoplasmic ribosomes across 14 

different adult mouse organs. We purified ribosomes from each organ and analyzed 

ribosome protein composition by quantitative mass spectrometry. We show that 

ribosomes exhibit heterogeneity of composition not only in the case of paralogues in 

muscle and testis for example, but also in other organs. We have corroborated our 

proteomics data with available transcriptomics datasets to decipher the origin of the 

specialization. Altogether, our study emphasizes the specialization of the ribosome 

across mammalian adult organs and its potential implication in gene expression 

sustaining cell type specificity and function. 
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RESULTS 

 

Preparation and characterization of ribosomal fraction from adult mice organs 

To highlight any heterogeneity in ribosomal protein composition between various 

organs, we purified the ribosomal fraction from different organs of wild-type (WT) adult 

mice (Figure 1A). 10 types of organs were dissected out: lungs, kidneys, adrenal 

glands, liver, small intestine, spleen, testis, two types of muscle: heart and quadriceps 

femoris muscle (skeletal muscle); as well as various parts of the CNS: cortex, 

hippocampus, cerebellum, olfactory bulbs and retinas. We based our analysis on three 

independent biological replicates (N=1 mouse, except for small organs for which we 

pooled several animals (N=3 mice) to generate one biological replicate). After lysis, 

tissues were fractionated and processed for ribosome purification on a sucrose 

cushion as previously described  (Belin et al., 2010b) (Figure 1B). We confirmed the 

purity of our ribosomal fractions by Western blot analysis using several subcellular 

fraction markers, e.g., Histone 3 (H3) for the nuclear fraction, Hsp60 for the 

mitochondrial fraction, and GAPDH for the cytoplasmic (post-ribosomal) fraction. With 

the kidney, the heart and the cerebellum as representative examples, we confirmed 

that the ribosomal fraction is enriched with the 40S ribosomal protein S6 (RPS6/eS6) 

and 60S ribosomal protein RPL22/eL22, while H3, Hsp60 and GAPDH are not present 

or in weak amounts in this fraction (Supplementary Figure 1A). In addition, ribosomal 

proteins are absent from the cytoplasmic fraction (post ribosome purification) indicating 

a satisfying isolation of ribosomes. The efficiency of our ribosomal purifications was 

also monitored by SDS-PAGE separation and Coomassie staining. For each organ, 

the profile of the ribosomal fraction is distinct from that of the total fraction and exhibits 

a strong enrichment in low- to medium-molecular weight proteins that correspond to 

RPs (11kDa to 47kDa in mammals (Wool et al., 1995)) (Supplementary Figure 1B). 

To determine the relative content of the ribosomal fraction of the various organs, 

proteins were extracted, quantified and analysed by liquid-chromatography coupled to 

tandem mass spectrometry (Figure 1C-D). Between 587 and 2613 proteins were 

identified with high confidence (i.e., detection of at least one specific peptides per hit, 

peptide-spectrum matching false discovery rate (FDR) < 1%) in the ribosomal fraction 

of each organ (Table 1, Supplementary Table 1).  
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Fewer proteins were detected in the ribosomal fractions prepared from heart and 

skeletal muscle, two types of muscular tissues, possibly owing to their structure that 

makes them harder to homogenize. As calculated using the intensity-based absolute 

quantification (iBAQ, Schwanhausser et al., 2011) values, all ribosomal fractions 

displayed an enrichment in RPs of more than 50% for all organs, including >90% for 

the intestine and the spleen. Only the heart presents a lower enrichment in RPs, 

reaching 15% in our different purification attempts (Table 1). Altogether, these results 

confirmed further the efficiency of our purification procedure to enrich ribosomes from 

the different organs. 

To analyse the reproducibility of the global workflow, we plotted the log-transformed 

normalized abundances of the proteins quantified in the different replicates of each 

organ (Supplementary Figure 2). The obtained correlation coefficients indicate a very 

good repeatability of our experimental design as well as high consistency between 

biological replicates. Next, we performed principal component analysis (PCA) on the 

log-transformed normalized abundances of protein hits detected in each ribosomal 

fraction. Strikingly, the PCA analysis revealed a strong clustering of the different 

biological replicates prepared for each organ across at least the first four principal 

components (Figure 2A). This suggests a certain level of heterogeneity at the level of 

ribosomal protein abundance between the ribosomal fractions of different organs. 

Interestingly, the ribosomal fractions from tissues of similar origin cluster together, as 

do muscular tissues (heart and skeletal muscle) and CNS tissues (cortex, 

hippocampus, cerebellum, olfactory bulb and retina), indicative of a hierarchical 

similarity in ribosomal fraction composition across organs. This is also shown by the 

correlation matrix (Pearson correlation coefficients), showing hierarchical clustering of 

all individual samples (Figure 2B). 

 

Differential composition of ribosomal fractions in RPs among adult organs 

Next, we focused on comparing the relative abundance of RPs in ribosomal fractions 

of each organ. Altogether, 32 RPs of the small subunit and 44 RPs of the large subunit 

were identified in all organs, as well as Rack1, 7 paralogs (RPL39L/eL39L, 

RPL7L1/uL30L1, RPS27L/eL27, RPL22L1/eL22L1, RPL10L/ulL6L, RPS4L/eS3L, 

RPL3L/uL3L) and 1 pseudogene (RPS32-ps). 76 (heart) to 85 (intestine and testis) 

RPs were detected in the ribosomal fraction of each organ (Table 1). Interestingly, a 
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few canonical RPs were not detected in some tissues, e.g., Rps15/uS19 detected in 

all but adrenal gland, intestine and muscle; and RPS23/uS12 detected in all but 

hippocampus and heart. This differential detection among organs was exacerbated 

with several paralogs that were not detected in the vast majority of organs, e.g., 

RPL3L/uL3l uniquely detected in heart and muscle, and RPL39L/eL39L and 

RPL10L/ul16l uniquely detected in the testis. Heterogeneity in RP distribution among 

ribosomal fractions was visualized by representing the relative abundance of each RP 

normalized by RPS2/uS5 abundance, a RP showing minimal variability across organs 

(Figure 3). Hierarchical clustering of sample types allowed us to visualize the proximity 

of different organs in terms of RP composition of the ribosomal fraction. Strikingly, the 

heart and muscle clustered together in a branch distinct from the rest of the organs, 

again probably owing to their close cellular identity as muscular tissues. The olfactory 

bulb and the cerebellum showed high proximity in the clustering, as did the kidney and 

the lung (Figure 3). Hierarchical clustering of the RPs themselves revealed that the 

majority of the RPs are invariable among tissues, most of them being canonical RPs 

(eg, RPS2/uS5, RPL22/eL22, RPL10A/uL1). Yet, very interestingly, we highlighted 

groups of RPs showing variability across organs: one group paralogs with unique or 

quasi-unique detection (e.g., RPL3L/uL3l, RPL39L/eL39L, RPL10L/ul16l); one group 

with variability across multiple tissues (e.g., RPS15/uS19, RPLP1/P1, RPL39/eL39); 

one group with variability in specific tissues (e.g., RPL10/uL16, RPS29/uS14, 

RPLP2/P2) (Figure 3). 

 

Several RPs exhibit abundance variability when comparing ribosomal fraction 

of adult organs 

 

We then compared the normalized abundance of each RP across ribosomal fractions 

of all organs (Supplementary Table 2). For each RP, we performed a statistical analysis 

based on ANOVA testing with post-hoc multiple comparisons and we calculated the 

fold-change (FC) of the maximal to the minimal value of all organs. This allowed us to 

highlight 58 RPs with no significant change between organs that we termed “core” 

(FDR-adjusted p-value > 0.01 or log2FC < 1.5) (Figure 4A and Figure 4C), among 

which belong for RPL7A/eL8, RPL10A/uL1, RPL12/uL11, RPS6/eS6, RPS16/uS9 and 

RPS24/eS24. Both large and small ribosomal proteins are represented in the core 
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category. We then analysed the localization of “core” and variable RPs within the 

quaternary structure of the ribosome using Chimera software based on PDB database 

(4v6x Human ribosome). We observed that “core” RPs show no significant variation 

among all tissues and are localized on the solvent and at the interface of the ribosome 

(Figure 4B). This is suggestive of an invariable, stable presence of this type of RP in 

the ribosomal composition independently of the cell type. 

On the other hand, 27 RPs displayed significant variability (FDR-adjusted p-value < 

0.01 and log2FC > 1.5) (Figure 5A and Supplementary Figure 3). In this group of 

variable RPs, we also found RPs whose normalized abundance is highly variable 

across all tissues, e.g., RPLP2/P2, RPS30/eS30 and RPS27/eS27 (Figure 5C); and 

RPs whose normalized abundance is significantly different in a subset of specific 

tissues, e.g. RPL39/eL39 not detected in the ribosomal fraction of the heart, 

RPS10/eS10 depleted in that of the intestine, and RPS29/uS14 depleted in that of the 

cerebellum (Figure 5D). The localization of the group of variable RPs appeared to be 

at the periphery of the quaternary structure of the ribosome. They are located on the 

solvent side and in critical sites such as tRNA A-site (RPL3/uL3), close to P-site 

(RPL10L/uL16L) or at the mRNA E- site (RPS26/eS26) (Figure 5B). Considering the 

variability in the RP composition of the ribosomal fraction, these observations are 

suggestive of a specialized function of variable, tissue-enriched or –depleted RPs in 

the regulation of the translational process to serve specific cell functions. This 

hypothesis remains to be determined.  

Several paralog RPs have been shown to display tissue-specific transcript expression 

(Gupta and Warner, 2014b), as well as to control cell type-specific function, eg 

RPL10L/uL16L in the testis (Jiang et al., 2017b). Here, our mass-spectrometry-based 

analysis shows tissue-specificity of such paralogs at the protein level and specifically 

in the ribosomal fraction, such as RPL3L uniquely expressed in the heart and the 

muscle, and RPL10L/uL16L uniquely expressed in the testis (Supplementary Figure 

4A). Very interestingly, we found that some canonical RP shows depletion specifically 

in the organ where its corresponding paralog is expressed. For example, RPL3/uL3 is 

2-fold and 4-fold less expressed in the heart and the muscle than average of all tissues, 

respectively, while RPL10L/uL16L is 2-fold less expressed than average in the testis 

(Supplementary Figure 4A). In the ribosome conformation, it is possible that the 

paralog version of the RP substitutes for the canonical version in the quaternary 
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structure, where it may sustain a cell type-specific control of translation. For example, 

the paralogs RPL10L/uL16L and the canonical RPL10/uL16 differ by 3 amino acids 

(Supplementary Figure 4B) and their 3D conformation is nearly identical 

(Supplementary Figure 4C). Interestingly, we observed that RPL10L occupies the 

exact same place as RPL10 in the quaternary structure of the ribosome 

(Supplementary Figure 4D). This suggests that ribosomes cannot contain Rpl10/uL16 

and RPL10L/uL16L at the same time, pointing towards a specialization of the 

ribosomal composition and downstream control of translation in different cell types. 

We verified these results by Western blot analysis. Equal amounts of ribosomes from 

purified ribosomal fraction of cerebellum, cortex, liver, speel, heart and muscle were 

resolved in polyacrylamide gel. Strikingly, RPL3 is less present in the heart and the 

muscle compared to all other organs (Figure 5E), while RPS6/eS6 shows no difference 

between organs. This validates our previous results from the relative quantification of 

the ribosomal components by mass spectrometry (Figure 5E). We also looked at 

RPLP2/P2 and found that it is strongly decreased in the hippocampus and the retina 

(Figure 5E), further confirming the variability of abundance obtained in our mass-

spectrometry data. 

We then performed an absolute quantification to confirm the results obtained by 

relative quantification. We quantified two stable RPs, RPS2 and RPL34 and 10 variable 

RPs RPS2, RPS26, RPS30, RPL3, RPL3L, RPL10, RPL10L, RPL39, RPL39L, RPL36 

and RPLP2 by using labelled peptides (Supplementary Table 2). Results confirm the 

stable expression of RPS2 and RPL34 across organs. We show the reduced 

expression of RPL10 along with specific expression of RPL10L and RPL39 in 

functional ribosomes in the testis (Figure 6A). The lower expression of RPLP2 in the 

hippocampus and the retina is also seen. We could not deduce the exact stoichiometric 

distribution of selected RPs across organs as peptides from the same protein exhibited 

differences up to a 10-fold for RPLP2 in the same organ (Figure 6B). In spite of this 

observation, we confirmed the variable expression of RPL3 and RPL3L in muscle type 

tissues. While RPS30 is indeed enriched in the testis, no enrichment was detected in 

the muscle. There was no drop in RPL36 level in the retina or RPS26 in the 

muscle/heart tissues. 

 

Correlation to relative transcript expression of RP in adult organs 



105 
 
 

 

 

 

To unravel the origin of RP variation in ribosomal fractions of adult organs, we sought 

to analyse RP expression at the mRNA level in each organ. For this, we used published 

datasets of mouse and human transcriptome atlas: the transcriptomic BodyMap (Li et 

al., 2017), the Mouse ENCODE Consortium project (Yue et al., 2014) and the Illumina 

Human Body Map (GSE30611) as analysed by (Gupta and Warner, 2014b). Using 

available data of read per kilobase per million mapped reads (RPKM) values for each 

RP, we adopted the same normalization strategy as (Gupta and Warner, 2014b) and 

computed the RPKM normalized to the sum of RPKM of all RP of each organ times 

the number of RP. The relative expression of RPs among organs represented as a 

heatmap shows little variation at the transcript level, except for the three pair of 

paralogs: RPL3L/uL3L, strongly enriched in the heart and muscle, and RPL10L/uL16L 

and RPL39L/eL39L, strongly enriched in the testis (Supplementary Figure 5). 

We compared the expression of each RP of the three transcriptomic datasets (“Mouse 

BodyMap”, “Mouse ENCODE” and “Human Body Map”) and our mass spectrometry-

based analysis of ribosomal fractions. We focused on organs common to all these 

datasets: brain, adrenal gland, heart, kidney, liver, lung and testis. For the Mouse 

ENCODE dataset and our data, we extrapolated values of the brain values from the 

cortex. For many of the core RPs, the transcript expression does not vary across 

organs, e.g., RPL7A/eL8, RPL34/eL34 and RPS16/uS9 (Figure 6A). Moreover, several 

variable RPs show good correlation between the transcript level of all or most 

transcriptomic datasets. This is the case of the paralogs RPL3L, RPL10L (not reported 

in the Mouse ENCODE dataset), and RPS4L (not reported in the Mouse ENCODE and 

the Human Body Map datasets) (Figure 6B). Interestingly, the relative transcript 

expression of the corresponding canonical RPs correlates with the relative abundance 

in our mass spectrometry data. RPL3/uL3 transcript is less abundant in the heart than 

in the rest of the organs, while RPL10/uL16 and RPS4X/eS4 are less abundant in the 

testis. This is consistent with an effect of compensation of the paralog to its 

corresponding canonical version at the transcript level.  

On the other hand, for several RPs, we observed little correlation between the relative 

transcript expression level and the relative abundance in the ribosomal fraction. This 

is the case of RPLP0/uL10 enriched in the ribosomal fraction of the testis, but invariable 

at the transcript level. Other examples include RPL37A/eL43 and RPS26/eS26 low in 
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the ribosomal fraction of the heart, but not at the transcript level (Figure 6C). From all 

these datasets, we observe that the relative level of transcript of an RP does not 

necessarily correlate with its relative abundance in the ribosomal fraction in adult 

organs.  
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DISCUSSION 

With extensive characterization of the different active sites of the ribosome implicated 

into mRNA decoding and peptide bond formation (Khatter et al., 2015), the ribosome 

has always been considered as an invariable machinery that is not involved in the 

translation regulation and selection of mRNA to translate. Yet, this dogma has been 

challenged over the years by an accumulation of compelling evidence supporting the 

variability of ribosome composition across different cell types and in pathological and 

in physiological conditions (Kampen et al., 2018; Simsek et al., 2017b; Xue and Barna, 

2012). Here, we performed mass spectrometry-based analysis of the ribosomal 

fraction to decipher the differential RP composition in 14 different organ types of adult 

mouse. While many RPs did not show any variability at the protein level among the 

ribosomal fraction of different organs, we found a substantial number of RPs that 

display variability in the relative abundance. Some RPs are clearly enriched or, on the 

other hand, depleted from specific organs (Figure 3), which supports the concept of a 

ribosomal protein signature of adult mouse organs (Figure 7,8). 

Our proteomics data on various adult mouse organs adds to the idea of an intercellular 

heterogeneity in ribosomal composition. This feature may be linked to a specialized 

translation that ensures cell type-specific functions, which remains to be demonstrated. 

In addition, whether the intracellular population of ribosomes is itself heterogeneous is 

an important yet technically challenging question to address. At the cellular level, 

ribosome heterogeneity may allow the cell to respond rapidly to external stimuli by 

regulating gene expression through control of specific translation (Genuth and Barna, 

2018). 

In fact, the actual stoichiometry of the ribosome needs to be determined among these 

various organs. This question has been recently tackled by Barna and colleagues in 

mouse embryonic stem cells (Shi et al., 2017). By using selected reaction-monitoring 

mass spectrometry, authors gave an absolute quantification of RPs in the ribosomal 

fraction of cells and found a significant sub-stoichiometry of some RPs (e.g., 

RPL10A/uL1, RPL38/eL38, RPS25/eS25) as opposed to invariant RPs. This result 

supports the idea of a heterogeneous population of ribosomes within the cell to sustain 

various cellular functions via mRNA-specific translation (Shi et al., 2017). 

The next question is then: what mechanisms are at play to control for inter-organ 

variation in RP ribosomal composition? In the present study, we compared our 
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proteomics data to transcriptomics data from available RNA-sequencing datasets in 

mouse and human. The transcript and protein relative expression of many RP 

transcripts correlate well among the different organs. This is particularly the case of 

paralogs RPL3L, RPL10L and RPS4L, and the respective canonical RPs RPL3, RPL10 

and RPS4x that show organ-specific depletion at the transcript and at the protein level. 

Interestingly, this phenomenon of autoregulation has been demonstrated for the pair 

RPL22/RPL22L1, where RPL22 itself has been shown to repress the translation of 

Rpl22l1 by binding to an hairpin structure in the mRNA (O’Leary et al., 2013). The 

finding that the paralog is incorporated into the ribosome, where it competes with the 

canonical version, adds to the hypothesis of an autonomous regulation of the ribosome 

composition. Importantly, several studies describe that this “RP paralog signature” 

confers tissue specificity through selective translation (Segev and Gerst, 

2018)(Chaillou et al., 2016b). 

An interesting point is to define how expression of these RPs is specifically controlled 

and what is the upstream regulatory mechanism. Regulation of an individual RP may 

occur at the transcript level under the control of one or multiple cell type-specific 

transcription factors. Indeed, looking at RP gene expression in human hematopoietic 

cell types, Guimaraes and colleagues found that some specificity of lineage-specific 

transcription factors to RP promoters (Guimaraes and Zavolan, 2016b). Although little 

difference is observed in promoter utilization in cell type-specific versus non-specific 

RPs, and despite the heterogeneity in promoter regulatory sequences of individual 

RPs, it is possible that a set of cell type-specific transcription factors orchestrate RP 

gene expression (Guimaraes and Zavolan, 2016b; Petibon et al., 2021). This accounts 

for the level of heterogeneity observed at the transcript level, where mechanisms of 

co-regulation of RPs remain to be determined (Kondrashov et al., 2011b). 

On the other hand, our study reveals that several proteins display no or little correlation 

between the relative transcript expression level and the relative protein abundance. 

This observation brings out the hypotheses of (i) a differential post-transcriptional 

regulation of the protein expression among organs, and/or (ii) a differential 

incorporation of RP into the ribosome. This adds up to this outstanding question: how 

does the cell control ribosome composition? Remaining black boxes of the regulatory 

mechanism of ribosomal heterogeneity include: how dynamic are intracellular changes 

in ribosome composition; can ribosome composition be tuned in the cytoplasm (with 
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some recent evidence for a local remodelling brought by (Shigeoka et al., 2019b)); how 

does the cell integrate external stimuli, developmental or pathological programmes at 

the level of the ribosome composition; is ribosome heterogeneity a functional 

prerequisite, or conversely a cause for cellular dysfunction. 

Finally, how does heterogeneity into the ribosomal protein composition impact the 

function of the ribosome? RP ribosomal composition is one layer of ribosome 

heterogeneity that confers cell type-specific function, e.g., in a developmental process 

or in response to the environment. This adds to other parameters that have recently 

emerged as critical to define ribosome heterogeneity, namely RP modification (e.g. 

phosphorylation, acetylation, etc.), rRNA modification (eg pseudouridylation, 

methylation, etc.), as well as ribosome-associated factors (Gerst, 2018)(Shi and Barna, 

2015). The notion of “specialized ribosome” points towards a selective mRNA 

translation by a heterogenous population of ribosome that controls recruitment and 

translation of specific subsets of mRNA (Ferretti et al., 2017b; Segev and Gerst, 2018; 

Shi et al., 2017). Then, specialized translation depends on regulatory elements in the 

mRNA itself (e.g., internal ribosome entry sites (IRES) localized in the 5’-UTR), either 

through a direct ribosome-mRNA interaction, or indirectly via RNA-binding proteins.  

To conclude, our present study adds up to the growing evidence that diverse cell types 

exhibit specific – and probably specialized – RP expression in a mammalian organism. 

Based on quantitative mass spectrometry data, our work brings firm evidence that this 

tissue-specificity occurs not only at the protein level, but also at the level of integration 

into functional ribosomes. Comparison with transcriptomics datasets shows that this 

differential RP signature does not necessarily correlate with RP mRNA level, bringing 

up more questions about ribosome heterogeneity regulatory mechanisms. 

 

 

 

FIGURE LEGENDS 

 

Figure 1: Workflow of mass spectrometry-based quantification of ribosomal 

fraction of adult mouse organs. (A) Different wild-type mouse organs are dissected, 

lysed and processed for fractionation. Each organ or pair of organs from one to three 

mice corresponds to one individual biological replicate. (B) After separation of the 
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nuclear and mitochondrial fractions, the ribosome fraction is purified on a sucrose 

cushion by ultracentrifugation at 250 000 x g for 2h. (C) Proteins are extracted from 

the ribosome fraction, loaded on a Bis-Tris’s polyacrylamide gel and in-gel digested 

using trypsin. (D) Extracted peptides are processed for liquid chromatography coupled 

to tandem mass spectrometry to obtain relative quantification of protein abundance. 

 

Figure 2: Translation complexes (TC) are specific to each tissue. (A) PCA analysis 

showing the clustering of biological replicates of the ribosomal fraction of each organ, 

for principal component 2 (PC2) versus PC1, PC3 versus PC2 and PC4 versus PC3. 

The cluster of CNS tissues (cortex, hippocampus, cerebellum, olfactory bulb and 

retina) is manually annotated in blue. The cluster of muscular tissues (heart and 

muscle) is manually annotated in orange. (B) Matrix of correlation of all samples 

(Pearson correlation coefficient). 

 

Figure 3: Differential RP composition of the ribosomal fraction across adult 

mouse organs. Heatmap of the log-transformed relative abundance normalized to 

Rps2 for the 85 RPs detected in the ribosomal fraction of all organs, from depleted in 

blue to highly enriched in red. Grey boxes represent no detection of the RP in the 

ribosomal fraction of the corresponding organ. 

 

Figure 4: “Core” RPs stably expressed in the ribosomal fraction of different 

mouse organs. (A) List of RPs of the large and of the small subunits that show no 

significant difference in relative abundance in the ribosomal fraction of all organs 

(“core” RPs) (FDR-adjusted p-value > 0.01 (ANOVA testing with post-hoc multiple 

comparisons) or log2FC < 1.5). (B) Visualization of molecular structure of the ribosome 

and localization of “core” RPs. (C) Barplot representation of the relative abundance of 

core RPs normalized to Rps2. The mean and standard deviation are plotted for each 

organ, as well as values of individual replicates. 

 

Figure 5: Several RPs show significant variability across adult mouse organ 

ribosomal fractions. (A) List of RPs from the large and of the small subunits that show 

significant difference in relative abundance in the ribosomal fraction of all organs 

(“variable RPs”) (FDR-adjusted p-value < 0.01 (ANOVA testing with post-hoc multiple 



111 
 
 

 

 

comparisons) and log2FC > 1.5). (B) Visualization of molecular structure of the 

ribosome and localization of variable RPs (PDB: 4x6v). (C-D) Barplot representation 

of the relative abundance of variable RPs normalized to Rps2. The mean and standard 

deviation are plotted for each organ, as well as values of individual replicates. For ease 

of representation, results of the ANOVA post-hoc multiple comparison testing are 

represented in (D) plots only (* FDR-adjusted p-value < 0.01). (E) Western blot analysis 

of the ribosomal fraction of different mouse organs showing expression of Rpl3 

(“variable”), and Rpl22 and Rps6 (“core”). 

 

Figure 6: Validation of RP profiles by absolute quantification (A) Graphs of results 

from absolute quantification in amol. (B) Difference in detected quantities for the same 

protein. 

 

Figure 7: Comparison of the relative expression of RPs in transcriptomic-based 

datasets and mass spectrometry-based analysis of the ribosomal fraction 

among different mouse organs. (A-C) Barplot representation of the relative 

expression of each RP at the transcript level, with data from Mouse BodyMap (Li et al., 

2017), Mouse ENCODE Consortium (Yue et al., 2014) and Illumina Human Body Map 

2.0 as analyzed by (Gupta and Warner, 2014b)). The relative abundance as 

determined in our present study is superimposed with black dots and lines. 

 

Figure 8: Summary of variable RPs per organs based on mass spectrometry 

analysis of the ribosomal fraction among different mouse organs. Relative 

expression of RP based on MS analysis. (Red: increased expression ; Blue : 

decreased expression) 

 

Supplementary Figure 1: Validation of ribosomal fraction purification method in 

adult mouse organs. (A) Western blot analysis of markers of the different fractions 

obtained in the heart, the kidney and the retina: Histone 3 (nuclear), Hsp60 

(mitochondrial and cytoplasmic), Gapdh (cytoplasmic), Rps6 and Rpl22 (ribosomal). 

(B) Coomassie staining of proteins of the total and ribosomal fractions of each organ 

loaded on a polyacrylamide gel. Protein mass (kDa) is indicated on the left as shown 

by the protein ladder. 
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Supplementary Figure 2: High consistency between biological replicates of the 

ribosomal fraction of each organ. Scatterplots of log-transformed protein abundance 

of the detected hits across replicates. The Pearson correlation coefficient is indicated 

on each plot. 

 

Supplementary Figure 3: Relative abundance of variable RPs in the ribosomal 

fraction of each mouse organ. Barplot representation of the relative abundance of 

variable RPs normalized to Rps2. The mean and standard deviation are plotted for 

each organ, as well as values of individual replicates. 

 

Supplementary Figure 4: Some paralogues and corresponding canonical RPs 

show balanced enrichment in specific organs. (A) Barplot representation of the 

relative abundance of Rpl3l, Rpl3, Rpl10l and Rpl10 normalized to Rps2. The mean 

and standard deviation are plotted for each organ, as well as values of individual 

replicates. For ease of representation, results of the ANOVA post-hoc multiple 

comparison testing are represented in (D) plots only (* FDR-adjusted p-value < 0.01). 

(B) Alignment of amino acid sequences of mouse Rpl10l and mouse Rpl10. (C) 3D 

schematic representation of the molecular structure of Rpl10l and Rpl10. (D) 

Visualization of the localization of Rpl10l and Rpl10 in the molecular structure of the 

ribosome.  

 

Supplementary Figure 5: Relative expression of RP transcripts across adult 

mouse organs. Heatmap of the log-transformed relative expression for RPs detected 

by RNA-sequencing, from depleted in blue to highly enriched in red. Grey boxes 

represent no detection of the RP in the corresponding organ. Expression values from 

the Mouse Transcriptomic Body Map dataset (Li et al., 2017). 

 

Table 1: Summary of the total number of total protein hits (Total), the number of 

RPs (RP) and the percentage of enrichment (Enrichment) for each organ. 

 

Supplementary Table 1: List of proteins detected in the ribosomal fraction of 

each adult mouse organ and corresponding iBAQ values. 
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Supplementary Table 2: List of peptides for the absolute quantification 

 

Supplementary Table 3: Summary of ANOVA statistical test with post-hoc 

multiple comparisons. Imputed minimum values are indicated in orange. Variable 

RPs (FDR-adjusted p-value < 0.01 and log2FC > 1.5) are indicated in green. 
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MATERIAL AND METHODS 

 

Tissue sampling and ribosome purification by subcellular fractionation 

Wild-type (WT) C57BL/6J adult mice were used in this study, regardless of their sex, 

except for collection of the testis. Organs and tissues of 4 to 6 weeks-old mice were 

dissected and flash-frozen in liquid nitrogen. Ribosomal fraction purification was 

performed according to (Belin et al., 2010b). All steps were performed on ice or at 4°C. 

Samples were disrupted in freshly prepared buffer A (50mM Tris HCl pH 7.4, 250 mM 

sucrose, 250 mM KCl, 5 mM MgCl2 (Sigma-Aldrich)) using a Cell Mill (RETSCH MM 

400). An aliquot of the cell suspension (total fraction) was saved for SDS-PAGE. 

IGEPAL detergent (Sigma-Aldrich) was added to the remaining volume to a final 

concentration of 1%. After 20 min incubation on ice, the lysate was centrifuged at 750 

x g to pellet nuclei (nuclear fraction) then 12 500 x g to pellet mitochondria 

(mitochondrial fraction). The supernatant (post-mitochondrial fraction) was loaded on 

a sucrose cushion (1.25 M sucrose, 0.25 M KCl, 5 mM MgCl2 , 50 mM Tris-HCl pH 7.4) 

and ultracentrifuged at 250 000 x g for 2 h  (Beckman Optima TL 100 Ultracentrifuge). 

After ultracentrifugation, 50µl of supernatant (cytoplasmic fraction) was saved. The 

ribosome pellet was washed twice in ultrapure ice-cold water and resuspended either 

in 50µl of Laemmli buffer (ribosomal fraction) or in buffer C (tris HCl 50mM pH7.4; 5mM 

MgCl2; 25mM KCl). 0.5μl benzonase (Sigma-Aldrich) was added to the nuclear sample 

and incubated for 10 min at 37°C to digest DNA. 

 

Protein quantification 

After denaturation at 95°C for 5 min, the protein concentration of all fractions was 

determined using Pierce BCA Protein Assay Kit (ThermoFisher Scientific).  

 

Western blot 

20µg of protein were loaded on a 12% SDS-PAGE gel and separated by 

electrophoresis for 4h at 230V. The proteins were then transferred on nitrocellulose 

membrane (Thermo Scientific) under a constant amperage of 250 mA for 3 hr. The 

membrane was blocked in 5% milk powder in Tris-Buffered Saline (TBS) and incubated 

with the following primary antibody diluted in 5% milk powder in TBS with 0.1% tween 

(TBS-T) overnight under agitation at 4°C: anti-RPL22 (1:2000, mouse, Santa Cruz sc-
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373993), anti-RPS6 (1:5000, Rabbit, Cell Signaling 2217), anti-H3 (1:10 000, Rabbit, 

Cell Signaling 9715), anti-HSP60 (1:2000, mouse, Santa Cruz sc-376240), anti-

GAPDH (1:5000, Mouse, Proteintech 60004-1-Ig) , anti-RPL3 (1:1000, Rabbit, Abcam 

ab228638), anti-RPLP2 (1:500, Rabbit, Invitrogen PA5-75863) . On the following day, 

membranes were washed then incubated with horseradish peroxidase-linked 

secondary antibodies: anti-rabbit (Proteintech SA00001-2) or anti-mouse (Millipore 12-

349) diluted to 1:5000 or 1:10 000 in TBS-T. Membranes were probed with ECL 

substrate (100 mM Tris HCl pH 8.5, 0.5% coumaric acid (Sigma-Aldrich), 0.5% luminol 

(Sigma-Aldrich) and 0.15% H2O2 (Sigma-Aldrich)). Chemiluminescence was visualized 

with the ChemiDoc system (Bio-Rad). 

 

Coomasie staining  

10 µg of protein were loaded on 12% SDS-PAGE gel and separated by electrophoresis 

for 4h at 230V. The gel was fixed in fixing solution (50% methanol (VWR Chemicals), 

10% glacial acetic acid (VWR Chemicals)) for 1hr with gentle agitation. After fixation, 

the gel was incubated in staining solution (0.1% Coomasie Brilliant Blue R-250 (Bio-

Rad), 50% methanol, 10% glacial acetic acid) for 20 min with gentle agitation. The gel 

was then washed several times with destaining solution (40% methanol, 10% glacial 

acetic acid). Gels were imaged when the gel’s background was fully distained. 

 

Mass spectrometry-based proteomic analysis 

Proteins (between 5 and 10µg) from tissue preparations were solubilized in Laemmli 

buffer before loading on top of a 4–12% NuPAGE gel (Life Technologies), stained with 

R-250 Coomassie blue (Bio-Rad) and in-gel digested using modified trypsin 

(sequencing grade, Promega) as previously described (Salvetti et al., 2016). The dried 

extracted peptides were resuspended in 5% acetonitrile and 0.1% trifluoroacetic acid 

and analyzed by online nanoliquid chromatography coupled to tandem mass 

spectrometry (LC–MS/MS) (Ultimate 3000 RSLCnano and the Q-Exactive HF, Thermo 

Fisher Scientific). Peptides were sampled on a 300 μm 5mm PepMap C18 precolumn 

(Thermo Fisher Scientific) and separated on a 75 μm 250 mm C18 column (Reprosil-

Pur 120 C18-AQ, 1.9 μm, Dr. Maisch HPLC GmbH). The nano-LC method consisted 

of a 60 min multi-linear gradient at a flow rate of 300 nl/min, ranging from 5 to 33% 

acetonitrile in 0.1% formic acid. For all tissues, the spray voltage was set at 2 kV and 
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the heated capillary was adjusted to 270°C. Survey full-scan MS spectra (m/z = 400–

1600) were acquired with a resolution of 60 000 after the accumulation of 106 ions 

(maximum filling time 200 ms). The 20 most intense ions were fragmented by higher-

energy collisional dissociation after the accumulation of 105 ions (maximum filling time: 

50 ms). MS and MS/MS data were acquired using the software Xcalibur (Thermo 

Scientific). 

 

Mass spectrometry-based proteomic data processing 

Data were processed automatically using Mascot Distiller software (version 2.7.1.0, 

Matrix Science). Peptides and proteins were identified using Mascot (version 2.6) 

through concomitant searches against a home-made database non-redundant in 

protein sequences (based on Uniprot (Mus Musculus taxonomy, July 2019 version), 

classical contaminants database (homemade) and their corresponding reversed 

databases. Trypsin/P was chosen as the enzyme and two missed cleavages were 

allowed. Precursor and fragment mass error tolerances were set, respectively, to 10 

ppm and 25 mmu. Peptide modifications allowed during the search were: 

carbamidomethylation (fixed), acetyl (protein N-terminal, variable) and oxidation 

(variable). The Proline software (version 2.1) (Bouyssié et al., 2020) was used to merge 

and filter results for each tissue separately: conservation of rank 1 peptide-spectrum 

match (PSM) with a minimal length of 7 and a minimal score of 25. PSM score filtering 

is then optimized to reach a False Discovery Rate (FDR) of PSM identification below 

1% by employing the target decoy approach. A minimum of one specific peptide per 

identified protein group was set. Proline was then used to perform MS1-based label 

free quantification of the peptides and protein groups from the different samples 

without cross-assignment activated between tissue but only between replicates. 

Protein iBAQ were computed from specific peptides abundances.  

Ribosomal proteins were filtered out if they were not identified in the 3 replicates of at 

least one tissue.  For each tissue and replicate, total ribosomal protein iBAQ was used 

to normalize iBAQ of ribosomal proteins. Statistical analysis was performed using 

ProStaR (Wieczorek et al., 2017) to determine differentially abundant proteins between 

tissues. After log2 transformation of normalized iBAQ, POV missing values were 

imputed with slsa method and MEC ones with 2.5-percentile value of each sample. 

Statistical testing was conducted using an ANOVA with a p-value cut-off allowing to 
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reach a FDR inferior to 1% according to the Benjamini-Hochberg procedure. Data were 

then manually curated. For each tissue and protein, mean and standard deviation were 

calculated when at least two replicates were quantified. 

 

Quaternary structures 

Crystal structures from human ribosomes were downloaded from PDB (4x6v, 6oli). All 

structures, except figure 5F were generated using Chimera software (Pettersen et al., 

2004), version 1.15c. Labels were manually added. Figure 5F was generated using 3D 

Structure Viewers from PDB website. 

 

Statistical analysis of mass spectrometry-based proteomic data 

For comparison of the relative abundance of RPs among organs, RP iBAQ values in 

one organ was normalized to the total iBAQ values of all RPs in this organ and log2-

transformed. In case of a missing value, the minimal value of each column was 

attributted in order to conduct statistical analysis. One-way ANOVA test with post-hoc 

multiple comparisons was performed. The fold-change (FC) of the maximal to the 

minimal value was computed for all organs. RPs were considered as “core” when the 

FDR-adjusted p-value was above 0.01 or when the fold-change (FC) was below 1.5 

(corresponding to a ratio max to min of about 2.8). RPs were considered as “variable” 

when the FDR-adjusted p-value was below 0.01 and the FC was above 1.5. 

 

Data representation and analysis 

All plots were generated using R software for data representation and analysis (R Core 

Team, 2014). Scatterplots of protein hits were obtained by plotting the log10-

transformed protein abundances (iBAQ) normalized to the total iBAQ of all RPs per 

organ, across biological replicates of each organ. To highlight biological differences in 

the ribosomal fraction of the different organs, principal component analysis (PCA) was 

performed based on the log10-transformed normalized abundances. Samples were 

plotted according to the first and second components, with the percentage of variation 

indicated for each component. To generate the heatmap of RPs, iBAQ of each RP of 

one organ was normalized to the iBAQ of Rps2, which shows minimal variation across 

samples. For each RP, the relative abundance was computed as the log2-

transformation of the normalized iBAQ averaged on all organs. Barplots of the relative 
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expression of RPs in the ribosomal fraction of each organ were obtained from the iBAQ 

normalized to that of Rps2. 

 

Analysis of transcriptomic datasets 

To compare the relative expression of RP at the transcript level, we used published 

dataset of mouse and human transcriptomic atlas of adult organs: the Mouse 

Transcriptomic BodyMap (Li et al., 2017), the Mouse ENCODE Consortium project 

(Yue et al., 2014)) and the Illumina Human Body Map (GSE30611) as analyzed by 

(Gupta and Warner, 2014b) (Supplementary Table S6 of the publication). For all 

datasets, read per kilobase per million mapped reads (RPKM) values were retrieved. 

For the Mouse BodyMap, only samples from males were selected and RPKM values 

were averaged by organ. We selected all RPs detected in our dataset and all organs 

in common to the three transcriptomic datasets and our proteomic dataset, with the 

only apporximation of “Cortex” as “Brain” when not available. We adopted the same 

normalization strategy as (Gupta and Warner, 2014b) and computed the RPKM 

normalized to the sum of RPKM of all RP of each organ times the number of RP (RPKM 

* number RPs / sum(RPKM)). To generate the heatmap, we computed the log2-

transformation of the normalized RPKM averaged on all considered organs. Barplots 

of the relative expression of RP transcripts of each organ were obtained from the 

normalized RPKM values averaged on all organs. 
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Table 1 

Organs Total RP Enrichment (%) 

Cortex 1743 80 62 

Cerebellum 2141 80 73 

Olfactory bulb 1750 80 75 

Hippocampus 2274 77 48 

Retina 2613 78 48 

Muscle 587 79 70 

Heart 798 76 15 

Liver 1607 83 84 

Intestine 1611 85 92 

Adrenal gland 2132 78 66 

Testis 2192 85 72 

Spleen 1301 82 93 

Lungs 2353 82 84 

Kidney 1786 84 86 
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Supplementary table 1 

 

accession gene_nameSpleen Intestine Kidney Liver Lung Testis Olfactory BulbCortex Muscle CerebellumAdrenal glandsHippocampusRetina Heart

sp|P62862|RS30_MOUSEFau 0.190858 0.227798 0.106412 0.151098 0.170931 0.54495 0.083318 0.139558 0.601615 0.120751 0.168701 0.110682 0.067287 0.271055

sp|P68040|RACK1_MOUSERack1 1.142903 1.181953 1.275073 1.232003 1.380288 1.435144 1.308656 1.209302 1.608987 1.320487 1.080821 1.605253 1.257766 1.345984

sp|Q6ZWV3|RL10_MOUSERpl10 0.259329 0.240733 0.23487 0.221136 0.273518 0.110891 0.210897 0.214747 0.187628 0.221556 0.224697 0.226652 0.211547 0.217219

tr|A0A3B2WBL1|A0A3B2WBL1_MOUSERpl10a 1.567313 1.244249 1.216199 1.3938 1.438524 1.566439 1.331102 1.478149 1.583502 1.515303 1.605266 2.044496 1.456149 1.44946

sp|P86048|RL10L_MOUSERpl10l 0.168281

sp|Q9CXW4|RL11_MOUSERpl11 0.542657 0.6018 0.403321 0.451068 0.340554 0.321362 0.45639 0.374314 0.420756 0.392969 0.518656 0.737549 0.481134 0.53355

sp|P35979|RL12_MOUSERpl12 1.294354 1.191722 1.195478 1.179589 1.314589 1.651861 1.259159 1.25761 1.552068 1.332559 1.394215 1.645321 1.238211 1.361499

sp|P47963|RL13_MOUSERpl13 1.793273 1.827544 1.283308 1.442361 1.157328 1.549662 1.265292 1.286904 1.500721 1.309277 1.361141 0.986195 1.469447 1.645233

sp|P19253|RL13A_MOUSERpl13a 0.994091 1.034996 0.762892 0.811039 0.621456 0.785915 0.70177 0.595969 0.778174 0.744373 0.705424 0.663781 0.67371 0.702009

sp|Q9CR57|RL14_MOUSERpl14 1.162657 1.089135 1.173507 1.201807 1.285547 1.577236 1.361165 1.179672 1.340995 1.335309 1.477848 1.565001 1.13052 1.413842

sp|Q9CZM2|RL15_MOUSERpl15 1.100652 1.118044 0.829733 0.952076 0.817435 0.917862 0.798201 0.926123 0.767632 0.82956 0.673897 0.446469 0.671095 0.748211

sp|Q9CPR4|RL17_MOUSERpl17 1.037189 0.892015 1.008117 0.826697 1.136958 1.558731 0.99435 1.047515 1.071874 1.131441 1.002995 1.061381 0.869517 0.91502

sp|P35980|RL18_MOUSERpl18 2.201823 2.342125 1.635065 1.533838 1.786983 1.804128 1.298344 1.570368 1.341106 1.390581 1.11645 1.071278 0.873944 1.109092

sp|P62717|RL18A_MOUSERpl18a 0.499091 0.561369 0.459534 0.455364 0.619573 0.74701 0.422046 0.470582 0.473826 0.528731 0.464506 0.482861 0.401603 0.386898

sp|P84099|RL19_MOUSERpl19 0.572466 0.343424 0.343091 0.462466 0.178186 0.150327 0.414654 0.523447 0.357349 0.089349 0.164355 0.34169 0.073084 0.348364

sp|O09167|RL21_MOUSERpl21 1.079488 1.115006 1.14923 1.040211 1.359277 1.194921 1.010954 1.434332 1.709928 0.911239 0.945371 1.627444 0.688348 1.846633

sp|P67984|RL22_MOUSERpl22 1.566499 1.669179 1.640152 1.491642 1.747143 2.109217 1.590998 1.771679 2.043048 1.702454 2.153563 2.519239 1.649123 2.115326

sp|Q9D7S7-2|RL22L_MOUSERpl22l1 0.388355 0.604239 0.105104 0.173433 0.155664 0.120419 0.266997 0.280985 0.426784 0.361508 0.24654 0.431249 0.142663 0.094881

sp|P62830|RL23_MOUSERpl23 0.918318 0.914018 0.86059 0.819457 0.956507 1.147794 0.844795 0.895697 0.973769 0.972914 0.950742 1.161957 0.86268 0.882682

sp|P62751|RL23A_MOUSERpl23a 1.260018 1.511947 1.157636 1.059324 1.401829 1.632722 0.918277 1.062455 1.383306 1.299447 1.35303 1.423176 0.981133 1.319964

sp|Q8BP67|RL24_MOUSERpl24 1.482757 1.360123 1.229099 1.19881 1.346218 1.740384 1.183555 1.222655 1.388459 1.206426 1.252116 1.300792 1.126866 1.109146

sp|P61255|RL26_MOUSERpl26 0.991203 1.07781 0.80937 0.790832 0.850261 1.102976 0.752965 0.846115 0.822583 0.934966 0.96126 0.903134 0.762839 0.836897

sp|P61358|RL27_MOUSERpl27 3.951276 3.997156 3.318785 3.316579 3.604129 3.552556 3.263609 3.539859 3.580556 3.671389 4.28467 5.388337 3.052488 4.08024

sp|P14115|RL27A_MOUSERpl27a 1.407559 1.203321 1.137174 1.128359 1.295403 1.503317 0.975708 0.873787 1.07912 1.052185 0.989643 0.773043 0.833159 0.917634

sp|P41105|RL28_MOUSERpl28 0.676989 0.636975 0.475806 0.515202 0.567341 0.636512 0.424031 0.479886 0.454949 0.422173 0.37684 0.304058 0.38063 0.251251

sp|P27659|RL3_MOUSERpl3 0.901278 0.886551 0.893359 0.830237 0.976631 0.96801 0.845657 0.874112 0.198869 0.956798 0.861011 0.922733 0.815933 0.425553

sp|P62889|RL30_MOUSERpl30 1.261383 1.357513 1.213636 1.055419 1.274627 1.55145 0.998267 1.139044 1.173382 1.178693 0.979903 1.376778 0.93154 0.845192

sp|P62900|RL31_MOUSERpl31 1.269961 1.710131 0.957731 1.177245 1.020088 1.268842 0.887362 1.182673 1.387538 0.990329 1.251203 1.238538 1.038237 1.475391

sp|P62911|RL32_MOUSERpl32 1.26393 1.486054 0.928499 0.718058 0.823896 0.848924 0.583579 0.742908 0.498577 0.744519 0.690223 0.364484 0.416813 0.439665

sp|Q9D1R9|RL34_MOUSERpl34 1.589362 1.61809 1.395484 1.288333 1.46848 1.599257 1.165037 1.487139 1.554689 1.501015 1.438611 1.299254 1.028342 1.547652

sp|Q6ZWV7|RL35_MOUSERpl35 1.986137 2.16733 1.489454 1.5645 1.776839 2.12043 1.33151 1.615481 1.716823 1.653112 1.643667 1.366468 0.698641 1.674502

sp|O55142|RL35A_MOUSERpl35a 1.065172 1.098461 0.762408 0.802454 0.838544 0.865091 0.612744 0.699948 0.981093 0.835956 0.897659 1.132613 0.881658 0.587422

tr|Q5M9L1|Q5M9L1_MOUSERpl36 1.425738 1.54935 1.089774 1.063797 1.189839 1.990624 0.813589 1.128074 1.306691 1.064658 0.939924 0.701403 0.223527 0.951659

sp|P83882|RL36A_MOUSERpl36a 0.555384 0.580585 0.324322 0.455683 0.324128 0.339495 0.422879 0.416261 0.344704 0.278573 0.300023 0.171758 0.334619

sp|P61514|RL37A_MOUSERpl37a 0.411104 0.717414 0.410475 0.338157 0.367502 0.631745 0.275753 0.353245 0.427166 0.244781 0.228985 0.29449 0.261269 0.089166

sp|Q9JJI8|RL38_MOUSERpl38 1.75831 1.977387 2.055494 1.989208 2.513742 3.40859 2.00211 2.141442 2.528166 2.58627 2.477391 2.765611 2.015857 2.089121

sp|P62892|RL39_MOUSERpl39 0.669792 0.936959 0.571519 0.789143 1.102718 1.197393 0.658549 0.673715 1.403528 0.672526 0.893809 0.466774 0.307526

tr|Q9CQD0|Q9CQD0_MOUSERpl39l 0.365242

tr|E9PWZ3|E9PWZ3_MOUSERpl3l 0.509942 0.230232

sp|Q9D8E6|RL4_MOUSERpl4 1.330258 1.08246 1.245824 1.102298 1.35069 1.461681 1.233824 1.221974 1.137526 1.283845 1.269865 1.144423 1.132519 1.038365

sp|P47962|RL5_MOUSERpl5 0.145196 0.12604 0.116606 0.090544 0.148583 0.148728 0.136672 0.093876 0.100967 0.103767 0.126962 0.097752 0.090982 0.095568

tr|Q3TKR5|Q3TKR5_MOUSERpl5 0.004423 0.004057

sp|P47911|RL6_MOUSERpl6 1.454222 1.304123 1.174674 1.153182 1.280891 1.497955 1.262441 1.352053 1.485922 1.365263 1.495284 1.587561 1.363655 1.413454

sp|P14148|RL7_MOUSERpl7 2.15558 1.843146 1.770595 1.655494 1.765933 2.094985 1.617414 1.682039 2.143375 1.615054 1.484566 1.460428 1.193657 1.095538

sp|P12970|RL7A_MOUSERpl7a 2.444325 2.262028 1.845931 1.916561 2.167599 2.035175 1.922853 2.130832 1.973451 1.909381 2.039504 1.697958 1.706393 2.062399

sp|Q9D8M4|RL7L_MOUSERpl7l1 0.010905 0.003174 0.002964 0.000781 0.002767 0.006083 0.00128 0.001752 0.007137 0.007076

sp|P62918|RL8_MOUSERpl8 0.922563 1.050037 0.70556 0.825335 0.894503 0.930005 0.944523 0.955929 0.835661 0.797922 0.874045 0.867783 0.889344 1.147899

sp|P51410|RL9_MOUSERpl9 0.554137 0.585265 0.49706 0.62526 0.684036 0.803014 0.609891 0.47511 0.609398 0.555945 0.605737 0.583456 0.608255 0.488708

sp|P14869|RLA0_MOUSERplp0 0.001064 0.000388 0.006394 0.002376 0.013348 0.020754 0.006391 0.007157 0.004881 0.00529 0.002394 0.002318 0.007279 0.006272

sp|P47955|RLA1_MOUSERplp1 0.039844 0.005339 0.06218 0.065415 0.078922 0.218776 0.047029 0.053974 0.037146 0.050508 0.017207 0.01416 0.03449

sp|P99027|RLA2_MOUSERplp2 0.53608 0.422336 0.716571 0.869821 0.645708 1.049447 0.474407 0.611704 0.650283 0.463733 0.356687 0.072074 0.091289 0.774339

sp|P63325|RS10_MOUSERps10 0.569571 0.245799 0.623485 0.541762 0.833106 0.886502 0.748144 0.756832 0.653703 0.810737 0.779573 0.779718 0.657529 0.668881

sp|P62281|RS11_MOUSERps11 1.761164 1.975082 1.295209 1.80632 1.244553 1.519737 1.655788 1.654226 1.575551 1.55504 1.369387 1.209856 1.392583 1.015748

tr|F7AEH4|F7AEH4_MOUSERps12 0.715967 1.018034 1.073296 1.034553 1.029589 1.370068 0.850066 0.878469 1.029834 1.118684 0.961028 0.677561 0.777409 1.009527

sp|P62301|RS13_MOUSERps13 1.637837 1.962039 1.75263 1.755817 2.005544 1.992205 1.842405 1.866222 2.015971 2.078191 2.337792 2.44735 1.6141 2.503147

sp|P62264|RS14_MOUSERps14 1.950067 2.557998 1.696017 2.188525 1.741272 1.848265 2.006528 2.203378 1.97134 1.702064 1.826624 1.816208 1.765649 2.265306

sp|P62843|RS15_MOUSERps15 8.01E-05 0.001013 0.000393 0.006206 0.004762 0.000907 0.000552 0.000334 0.000758 0.00057 0.000622

tr|D3YTQ9|D3YTQ9_MOUSERps15 0.000648 0.000447

sp|P62245|RS15A_MOUSERps15a 1.396395 1.794566 1.518833 1.505448 1.613591 1.832504 1.493301 1.561564 1.698001 1.535171 1.798008 1.928118 1.403835 1.853383

sp|P14131|RS16_MOUSERps16 2.002306 2.368869 2.070176 2.110621 2.152251 2.484844 2.124436 2.200003 1.771587 2.315668 2.236606 2.224866 1.741205 2.237356

sp|P63276|RS17_MOUSERps17 0.718322 0.78789 0.847626 0.698005 0.900869 1.182056 0.663732 0.807048 0.972221 0.784438 0.722443 0.735881 0.618724 0.735821

sp|P62270|RS18_MOUSERps18 1.403394 1.814959 1.274168 1.401733 1.168644 1.30632 1.554857 1.567391 1.668889 1.325705 1.406712 1.561933 1.304629 1.476568

sp|Q9CZX8|RS19_MOUSERps19 1.044416 1.156664 1.09965 1.060624 1.237736 1.48744 1.119971 1.25219 1.440628 1.352193 1.49185 1.793194 1.140434 1.512864

sp|P25444|RS2_MOUSERps2 1 1 1 1 1 1 1 1 1 1 1 1 1 1

sp|P60867|RS20_MOUSERps20 2.674521 2.884532 2.558632 2.634914 2.607522 3.275708 2.417232 2.860076 3.454276 3.058034 3.164177 3.840641 2.571418 3.294543

sp|Q9CQR2|RS21_MOUSERps21 0.803242 1.167557 0.698862 0.827193 0.662903 0.721104 0.565191 0.900245 0.502592 0.849422 0.85181 0.934202 0.782656 1.096178

sp|P62267|RS23_MOUSERps23 0.001487 0.002273 0.00216 0.002557 0.001959 0.003434 0.002687 0.002254 0.006316 0.003377 0.003813 0.003397

sp|P62849-2|RS24_MOUSERps24 0.827206 0.920071 0.918949 0.79887 0.791252 1.028266 0.82404 0.853691 0.745703 0.902841 0.758647 0.741195 0.665138 0.880713

sp|P62852|RS25_MOUSERps25 1.610342 1.729194 1.204121 1.336139 1.478798 2.186184 1.208507 1.519699 2.039057 1.53765 1.833267 1.432826 0.854198 1.634296

sp|P62855|RS26_MOUSERps26 1.169468 1.411364 1.072108 1.198134 1.222373 1.573391 0.935249 1.223569 0.370334 1.211794 1.35667 0.833964 0.596849 0.191601

sp|Q6ZWU9|RS27_MOUSERps27 0.394208 0.497602 0.277503 0.29168 0.345563 0.353451 0.364071 0.429199 0.224015 0.435462 0.239167 0.285889 0.447838 0.206294

sp|P62983|RS27A_MOUSERps27a 0.233413 0.228409 0.223621 0.246084 0.410667 0.598065 0.634879 0.269777 0.37942 0.611535 0.773301 1.292534 1.284061 0.534004

sp|Q6ZWY3|RS27L_MOUSERps27l 0.328073 0.416349 0.341818 0.308833 0.311836 0.243799 0.171132 0.133469 0.141921 0.2014 0.313855 0.23531 0.178364

sp|P62858|RS28_MOUSERps28 1.10343 1.310156 0.828384 1.150459 1.10655 1.105147 1.009045 1.16458 0.978823 1.033467 1.112152 1.196334 0.949056 1.639751

sp|P62274|RS29_MOUSERps29 0.638882 0.815008 0.50435 0.67691 0.396578 0.753543 0.426831 0.480445 0.886176 0.130034 0.638622 0.503105 0.369607 0.455073

sp|P62908|RS3_MOUSERps3 0.212902 0.209859 0.220248 0.208125 0.223522 0.270633 0.243331 0.263953 0.283098 0.288747 0.298829 0.378753 0.25209 0.253317

sp|P97351|RS3A_MOUSERps3a 1.136856 1.272081 1.351235 1.306147 1.372443 1.410132 1.262019 1.42348 1.151647 1.399226 1.228276 1.280028 1.16482 1.373626

tr|Q3V1Z5|Q3V1Z5_MOUSERps4l 0.000594 0.002431 0.000669 0.002347 0.003017 0.141704 0.001306 0.000339 0.001019 0.000724 0.002968 0.005315

sp|P62702|RS4X_MOUSERps4x 0.050383 0.044955 0.096167 0.079334 0.115055 0.043511 0.100499 0.083718 0.084094 0.095833 0.059583 0.072434 0.078364 0.060199

tr|D3YYM6|D3YYM6_MOUSERps5 0.573109 0.546839 0.610543 0.612282 0.707354 0.850396 0.578166 0.625636 0.69025 0.684463 0.500202 0.774129 0.587549 0.510532

sp|P62754|RS6_MOUSERps6 0.870653 1.005141 0.881814 0.90372 0.917237 0.873948 0.828827 0.71765 0.74773 0.860753 0.910754 0.741498 0.682011 0.910532

sp|P62082|RS7_MOUSERps7 1.123127 1.424007 0.974382 1.237767 0.90089 1.136755 1.445651 1.502592 1.174873 1.097376 0.956818 1.126577 1.257303 0.99866

sp|P62242|RS8_MOUSERps8 2.147787 2.033999 2.036712 2.276077 1.929247 2.260113 2.183861 1.901763 2.108726 2.062913 1.997592 1.71291 1.97535 1.518626

sp|Q6ZWN5|RS9_MOUSERps9 2.237085 2.271539 1.987709 2.062401 1.860747 1.788063 1.92511 2.197923 2.052986 2.078714 1.895433 2.166695 1.630063 2.127477

sp|P14206|RSSA_MOUSERpsa 1.42306 1.323833 1.547002 1.448388 1.691165 1.666588 1.624753 1.612328 2.001823 1.790661 1.79472 2.242895 1.662605 2.068104
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Supplementary Table 2 

Protein ID Reference peptides   

Rps2  GTGIVSAPVPK*  K* indicates heavy K (+8) 

  GCcamTATLGNFAK* R* indicates heavy R (+10) 

Rps26  DISEASVFDAYVLPK* Ccam indicates C modified with Carbamidomethylation 

  NIVEAAAVR*  Mox indicates M modified with Oxidation 

Rpl3  HGSLGFLPR*   

  DDASK*PVHLTAFLGYK*   

  VACcamIGAWHPAR*   

Rpl10  VHIGQVIMoxSIR*   

  VHIGQVIMSIR*   

  FNADEFEDMVAEK*R*   

  FNADEFEDMoxVAEK*R*   

  FNADEFEDMVAEK*   

  FNADEFEDMoxVAEK*   

Rpl34  IVYLYTK*   

  AFLIEEQK*   

Rps30  FVNVVPTFGK*   

Rplp2  K*ILDSVGIEADDDR*LNK*   

  ILDSVGIEADDDR*LNK*   

  NIEDVIAQGVGK*   

Rpl36  YPMAVGLNK*   

  YPMoxAVGLNK*   

  EVCcamGFAPYER*   

Rpl39  QNR*PIPQWIR*   

Rpl3l  DDPSQPVHLTAFLGYK*   

  QVPVHSVFSQSEVIDVIAVTK*   

rps10l  FNADEFEDK*   

  FNADEFEDK*VAAK*   

Rpl39l  QNR*PIPQWIQMK*   

  QNR*PIPQWIQMoxK*    
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2. In silico analysis of RAFs 
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Alongside with the ribosome are the ribosome-associated factors (RAFs) often 

identified as riboproteome or ribointeractome (Reschke et al., 2013; Simsek et al., 2017).  They 

are defined as proteins that interact with the ribosome or the mRNA during translation or 

nascent protein quality control. The first study on RAFs was made in 1973 (Gilbert and 

Johnson, 1973). They observed that the removal of RAF by using KCl inhibited protein 

synthesis. Since then, studies have been using sophisticated techniques such as stable isotope 

labelling by amino acids in cell culture (SILAC)-based mass spectrometry approach to identify 

proteins associated with actively translating ribosomes. Using MEFs and human immortalized 

cell lines and prostate cancer cell lines, Reschke and colleagues identified between 575 and 991 

proteins, depending on the cell lines. GO analysis showed that the proteins are involved in 

protein synthesis (e.g RAD23B involved in recruitment of elongation factors), mRNA stability 

(e.g; LARP4B) and post-translational modification (e.g.: SPSB2 which is present in the E3 

ubiquitin-protein ligase complex) among others. Comparison of the different datasets revealed 

that there is an alteration of the riboproteome in cancer. This was confirmed by the analysis of 

riboproteomic genes across 15 types of cancers which were also modified during cancer. In 

2017, Simsek et al., characterised the riboproteome from mouse embryonic stem cells (Simsek 

et al., 2017). They identified similar groups of protein such as post-translational modifiers such 

as kinase CDK1 and E3 ubiquitin-protein ligase NEDD4. Metabolism-related RAFs such as 

pyruvate kinase were also detected. 

Studies usually use sucrose density gradient ultracentrifugation or ribosome affinity 

purification coupled to mass spectrometry. However, a major drawback is that there was no 

analysis to confirm that these proteins were true ribosome interactants. In other words, 

contaminants can be co-precipitated and identified but have no direct interaction with 

ribosomes. To circumvent this issue, Imami and colleagues proposed a way of determining true 

ribosome-associated proteins (Imami et al., 2018). In their study, they used a SILAC-based 

mass spectrometry approach to analyse mammalian polysome-associated proteins. They 

constructed a spectral profile based on all RPs from the polysome fraction and compared this 

to the profile of suspected polysome-associated proteins. They postulated that interactants 

should have similar profiles. Based on their analysis, they identified 145 interactants from an 

~1500 initial protein set. Gene ontology analysis on the 145 proteins revealed that it is enriched 

in proteins associated with ribonucleoprotein complex biogenesis, mRNA stabilisation and 
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translation regulation. Similar approaches could be used in future studies as not all proteins 

identified in the process are necessarily ribosome interactants. 

Year by year, more RAFs are being identified. For example, Huntingtin, which is 

mutated in Huntington’s disease, can induce stalling of the ribosome and repress translation 

(Eshraghi et al., 2021). There is a change in RAFs between physiological and pathological 

conditions such as cancer that can have consequences on the efficiency and specificity of 

mRNA translation. We were interested in understanding which proteins were interacting with 

ribosomes in each organ. 

Results & Discussion 

Between 591 to 2617 proteins were identified during the MS analysis. To identify RAFs, 

RPs and translation factors were manually removed from each list. The resulting lists were 

analysed in DAVID (https://david.ncifcrf.gov/, (Huang et al., 2009) and STRING (von Mering 

et al., 2003) to identify the functional groups present. We realised that components from the 

potential RAFs list originated from the nuclear or mitochondrial complexes (Figure 1) 

 

Figure 1: Example of STRING projection of RAFs from the spleen before curation  

 

https://david.ncifcrf.gov/
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To have a clearer picture of RAFs, the lists were curated by removing any factors 

associated with the nucleus or mitochondria. From all the available lists, we decided to focus 

on the CNS subparts (Hippocampus, cortex, cerebellum, retina and olfactory bulb) and the two 

muscle-type tissues, muscles and heart. 

RAFs from the CNS: 

The curated lists from each part of the CNS were compared to identify common and 

specific RAFs. 612 RAFs were common to all subparts while between 88 and 602 proteins were 

specific to each subregion (Figure 2). Common components include GO terms associated with 

neuron projection, focal adhesion and axon (Figure 3A) 

 

Figure 2: Venn diagram showing shared and specific RAFs across brain regions. The 

number of potential RAFs in each organ is indicated between brackets.  

 

Specific RAFs from each region were analysed using DAVID. Interestingly, specific 

RAFs are associated with specific functions of the subpart considered. For example, the 

olfactory bulb contains proteins linked to neuronal projection development and the retina has 

proteins associated with visual perception (Figure 3B). The RAFs associated with each 

subregion probably contributes to the tissue-specialisation such as light detection. 
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Figure 3: DAVID analysis of CNS RAFs. (A) Bubble plot showing enriched of cellular 

component GO terms in each region of the CNS. The size of the bubble depends on the number 

of identified protein composing this group. Note that the olfactory bulb is not presented as only 

few proteins were present (B) Table showing the GO terms enriched specifically in each brain 

region.   
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RAFs from the muscle-type tissue: 

We also compared RAFs from muscles and heart. After curation, we were left with 435 

and 312 RAFs for the heart and the muscle respectively. 153 were shared by both tissues 

(Figure 4A). Analysis of GO terms shows an enrichment in terms associated with glycolytic 

process and muscle contraction (Figure 4B).  

 

Figure 3: DAVID analysis of RAFs from muscle-type tissue. (A) Venn diagram showing 

shared and specific RAFs between the heart and the brain. The number of potential RAFs in 

each organ is indicated between brackets. (B) Table showing the GO terms enriched 

specifically in each brain region.   

 

Surprisingly, in some organs such as the heart, muscle and retina, suspected RAFs 

contribute tissue functions such as contraction or photoreceptor cell maintenance. This further 

supports the hypothesis that the translation complex could directly contribute to regulating 

translation and also cell functions. Knowing that RAFs, as any other proteins, also undergo 

PTM modifications, it would be interesting to understand how they can modulate the functions 
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of the translational complex and impact tissue specialisation. We still need to confirm 

interactions between the ribosomes and RAFs through co-immunoprecipitation and also 

investigate its contribution to translation and specific functions.  
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3. Preliminary results on Ribosome modulation in CNS 

axonal regeneration 
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Axons from the adult mammalian central nervous system are unable to regenerate. As 

a consequence, any lesion will eventually lead to neuron death. This absence of regeneration is 

due to extrinsic factors, i.e. the inhibitory environment and intrinsic factors, i.e. the internal 

program in neurons that prevent regeneration (Kaplan et al., 2015). Many factors that influence 

regeneration have been identified such as STAT3, Myc, PTEN and Krüppel-like transcription 

factors (Park et al., 2008; Moore et al., 2009; Smith et al., 2009; Sun et al., 2011; Qin et al., 

2013; Belin et al., 2015). The main focus was on the transcriptional regulation of regeneration 

but more points towards the translational regulation of regeneration. Interestingly, myc and 

PTEN are also involved in translation regulation by regulating ribosomes biogenesis.  

Ribosomes are macro-complexes composed of about 90 ribosomal proteins and 4 rRNA 

molecules. Once thought to be of fixed composition, increasing amounts of evidence seems to 

point towards the specialisation. For example, RPL38 is known to regulate Hox mRNA 

expression during development (Kondrashov et al., 2011). Shigeoka and colleagues show that 

there is an on-site expression of both RPs when growth is stimulated (Shigeoka et al., 2019). 

We therefore hypothesised that the expression of these RPs could favour cell growth after 

axotomy. RPL22 was downregulated upon CNS injury (Belin et al., 2015). We were also 

interested in the 2’-O-methylation (2’OMe) levels. Changing the level of 2’OMe has impact on 

the translation abilities of ribosomes (Erales et al., 2017). 2’OMe affect IRES mediated 

translation (Erales et al., 2017; Yi et al., 2021). IRES mediated translation is favoured during 

cell stress (Spriggs et al., 2008). 

We used the model of the retinal ganglion cells (RGCs) and the optic nerve to 

investigate the role of ribosomal proteins and 2’OMe in axon regeneration and neuronal 

survival of CNS neurons. RGCs form the innermost layer of the retina and are the only cells 

projecting through the optic nerve to the brain. By crushing the optic nerve, we impact a specific 

cell population. We can therefore analyse the effect of candidate molecules on regeneration and 

cell survival.  
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Material and method 

Mice  

Wild-type (WT) adult (6 week-to 10-week-old) mice were used in this study, regardless of sex. 

All the in vivo experiments were performed in accordance with our ethics protocol approved 

by the institution, local ethics committee and the French and European guidelines 

(APAFIS#9145-201612161701775v3 and APAFIS#26565-2020061613307385v3). 

Intravitreal injection 

4-week-old mice were anesthetised and intravitreally injected with AAV2-RPS4X-flag, AAV2-

RPS14-flag, AAV2-RPL22-flag, AAV2-fibrillarin-flag or AAV2-fibrillarinK265A-flag 

(diluted in PBS, titers: 1.0-1.5 x 1012). To do so, the external edge of the eye was clamped using 

a mini bulldog serrefines clamp (FST) to display the conjunctiva. 1µl of AAV2-RPx-flag or 

CTB-555 (1mg/mL) was injected into the vitreous cavity using a glass micropipette connected 

to a Hamilton syringe (Park et al., 2008; Schaeffer et al., 2020). One day before sacrifice, 1µl 

of CTB-555 (Cholera toxin subunit B, Alexa Fluor 555-conjugated, ThermoFisher Scientific; 

1mg/mL) was injected into the vitreous cavity using the same procedure. 

Optic nerve injury 

6-week-old mice were anesthetized with intraperitoneal injection of ketamine (60–100 mg/kg) 

and xylazine (5–10 mg/kg). A mini bulldog serrefines clamp was placed to display the 

conjunctiva. The conjunctiva was incised lateral to the cornea. The refractor bulbi muscles were 

gently separated and the optic nerve was crushed with forceps (Drumont #5 FST) at 1mm from 

the eyeball during 5 seconds  (Park et al., 2008; Schaeffer et al., 2020) 

Intracardial perfusion 

At 8 weeks, mice were anesthetized as described above, then intracardially perfused with ice-

cold PBS for 3min and with ice-cold 4% formaldehyde in PBS for 3min. Eye and optic nerves 

were dissected out and samples were post-fixed overnight at 4°C in 4% formaldehyde. 

Optic nerve clarification  

Optic nerve clarification was performed as described (Dodt et al., 2007; Schaeffer et al., 2020). 

After intracardial perfusion and post-fixation of the eyes, optic nerves were dissected and 

dehydrated in ethanol. Optic nerves were incubated for 2hours in hexane, then transparized in 

benzyl benzoate/benzyl alcohol (2:1) (Sigma-Aldrich). Optic nerves were imaged using a 

spinning disk confocal microscope (Andor Dragonfly). 

Imaging of axon regeneration  

Imaging of optic nerve was performed as described before using a spinning disk confocal 

microscope (Andor Dragonfly) (Schaeffer et al., 2020). Z stacks were acquired every 2μm to 

scan the entire width of the cleared optic nerves. Here, a custom stitching module in MetaMorph 

to stitch images with 10% overlap was used. Maximum z projection of stacks was generated 

using ImageJ to visualize and quantify axon regeneration. 

Axon Regeneration Quantification 
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Quantification was performed as described previously (Schaeffer et al., 2020). On a maximum 

z projection image (16-bit image), the injury site was manually defined with a  straight  line  as  

the  site  where  CTB  labelling drops in intensity in the optic nerve. The fluorescence intensity 

profile  was measured at specific  distances  from  the  injury  site  (e.g.,200,  500,  750,  1000,  

1500,  2000,  2500,  and  3000μm)  along  a central line  manually  drawn  orthogonally  to  the  

optic  nerve. The background measurement was made by measuring the intensity  profile  in  a  

region  with  no  regeneration. the integrated fluorescence intensity was calculated at each 

distance using R software and normalize to the optic nerve width at each distance. This 

integrated intensity was then normalised to the maximal intensity value of all distances in the 

regenerating region to account for variations between optic nerves.  Finally, the  normalised  

integrated  intensity  of background is removed from  the  normalized  integrated  intensity  at  

each distance.  

Immunofluorescence and imaging 

Samples were post-fixed in 4% formaldehyde (Sigma) overnight at 4°C. The next day, they 

were washed 3 times in PBS 1X and blocked for 1h with 3% BSA, 0.1% PBS-Triton. They 

were then incubated with the following primary antibodies diluted in the blocking solution, 

overnight at 4°C: anti-flag (1:100, mouse, Sigma), anti-RBPMS (1:100, guinea pig, Millipore). 

This was followed by incubation with Alexa-fluor conjugated (anti-guinea pig, Jackson; anti-

Mouse, Invitrogen) antibodies according to standard protocol (dilution 1:200). Slides were 

mounted with Fluoromount-G (ThermoFisher Scientific). Retina was imaged under an 

epifluorescence microscope Nikon Ti Eclipse. 
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Results and discussion 

To understand the role of each RP or 2’OMe on regeneration, we establish a workflow 

(Figure 1). Each candidate is cloned in a plasmid and tested in vitro for expression and 

integration in cytoplasmic ribosomes. The adeno-associated virus 2 (AAV2) construct 

containing the validated RP construct was then produced and tested by injection in the 

intravitreal cavity of 4-week-old mice. AAV2 has a specificity for RGCs. The threshold for a 

correct viral efficacy was set at 95% of infection (Figure 2B). The optic nerve was crushed 2 

weeks later. Axon regeneration and RGC survival was measured 2 weeks post-crush. 

 

Figure 1: Workflow to test the influence of modulating RP or 2’OMe on regeneration 

and cell survival  

 

Influence of single RPs modulation on axonal regeneration and cell survival 

We followed the workflow described above. After ensuring that the constructs were 

correctly expressed, we measured RGC survival between control which was PLAP and in 

conditions were an RP is overexpressed. Quantification revealed that RGC survival was not 

affected upon RPS4X or RPS14 overexpression (Figure 2B, 2C). No difference was detected 

between the 2 conditions and their control. On the other hand, overexpressing RPL22 caused a 

significant decrease in RGC cell survival (Figure 2B). Preliminary results obtained by dual 

luciferase assay revealed that this mechanism could be linked to an increase in p53 levels upon 

increase in RPL22 levels (data not shown). 
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Figure 2: Influence of RP on RGCs survival. (A) the cup-shaped retina is cut open for 

observation under microscope. 95% infection rate of the RPS14 construct. RBPMS (red) is an 

RGC marker. Flagged RP (green) is expressed in RGCs. Scale bar = 50µm. (C and D) Plot and 

bar chart showing Quantification of RGC survival as measured by RBPMS staining 14 days 

post injury (Student test, *p<0.5, control: n=8 ; RP : n=5, Error bars indicate SEM) 
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We also investigated axonal regeneration. We use CTB conjugated with Alexa 555 to 

stain the axons (Figure 3A). RPS4X and RPS14 seem to slightly promote axonal regeneration 

but this increase was not significant. It is possible that each RP, on their own, cannot 

significantly change the translation program to produce short or long-distance regeneration. 

Testing the collective modulation of RPs by overexpressing RPS4X, RPS14, RPL22 could 

collectively induce sufficient changes in the translatome to influence regeneration.  

Influence of fibrillarin overexpression on axonal regeneration and cell survival 

Similarly, to analyse the effects of 2’O methylations on regeneration, we overexpressed 

AAV2-Fibrillarin-flag (Fib), or an inactive mutant AAV2-FibrillarinK265A-flag (K265A). 

AAV2-PLAP was used as control. The AAV was injected in 4-week-old mice. 2 weeks after 

infection, the optic nerve was crushed. Axons are then allowed to regenerate for 2 weeks. Before 

sacrificing the mice, CTB-555 was injected intravitreally to stain axons. Quantification of 

RGCs showed that there was no significant difference in RGC survival upon increase of 2’OMe. 

Surprisingly, we got contradicting results when overexpressing fibrillarin on regeneration. In 

our first experiment, more regenerating axons were observed in the Fib condition compared to 

PLAP. This effect was lost in the K265 condition. The second experiment had an unexpected 

outcome. In fact, all the previously observed effects were abrogated. The only difference noted 

between the two experiments was the difference in AAV2-fibrillarin-flag virus titers as it was 

more concentrated in the second experiment. However, up till now, there has been no published 

data on a dose-dependent effect of fibrillarin. Further experiment will be required to confirm a 

dose dependent effect of 2’OMe that could influence cellular functions. 
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Figure 3: Influence of RP on axon regeneration. (A) Representative confocal images of the 

optic nerve sections from WT mice (infected with AAV2-PLAP or AAV2-RPS4X. Axons are 

labelled with CTB. Red stars indicate the crush site. Scale bar, 100 μm. (B) Quantification of 

axon regeneration (integrated intensity). Data expressed as mean for each condition. (Student 

test, *p<0.5, control : n=8 ; RP : n=5, Error bars indicate SEM) 
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Figure 4: Influence of increasing 2’OMe on RGCs survival and axonal regeneration. (A) 

Quantification of RGC survival as measured by RBPMS staining 14 days post injury (ANOVA 

test, control: n=9; Fibrillarin: n=6; K265A: n=7, Error bars indicate SEM) (B) Quantification 

of axon regeneration (integrated intensity). Data expressed as mean for each condition. 

(ANOVA test, Groupe 1: control: n=5; Fibrillarin: n=5; K265A: n=6; Group 2: control: n=9; 

Fibrillarin: n=6; K265A: n=7, Error bars indicate SEM) 
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Conclusion 
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Ribosomal heterogeneity in physiological conditions. 

 

The ribosome is a 4.3 MDa complex composed of about 80 RP. Most RP are located on 

the solvent side while very few are located at the subunit interface. Even nowadays, studies still 

question if ribosomes, and more precisely RP are differentially expressed (Amirbeigiarab et al., 

2019; Kyritsis et al., 2020). There were reasonable doubts remaining as most studies used 

transcriptomic analysis or were made in vitro (Slavov et al., 2015; Shi et al., 2017). There was 

a need of a clearer picture of the composition of ribosomes in vivo.  

By comparing the ribosomes of 14 different tissues and organs, we identified stable and 

variable RP. We verified 2 stable and 10 variable RPs by absolute quantification. We confirmed 

the enrichment of RPL3L, RPL10L, RPL39L, depletion of RPL3, RPL10, variations of RPLP2, 

RPS30. However, no variation was detected with RPS26, RPS2. We also verified the 

correlation by comparing our proteomic data with available transcriptomic data. While some 

RP showed a good level of correlation between protein and transcript level (e.g. RPS3, RPL7A, 

RPL34), other showed less correlation (e.g. RPLP0, RPS26) 

- What are the structural implications of stable and variable RPs?  

 

We showed that nearly 75% of RP do not show any variation. They are localised mostly 

on the solvent side, probably constituting the basic structure of the ribosomes and have a role 

in stabilising the ribosomal architecture. These RP probably contribute to the basic translating 

functions of the ribosomes such as mRNA recognition, scanning and protein quality control. 

Examples of the stable RPs are RACK1, RPL10A and RPS14. RACK1 regulates translation by 

recruiting protein kinase C which is known to prevent initiation factor eIF6 from binding to the 

ribosome (Grosso et al., 2008). However our results cannot eliminate the probability of a 

preferential distribution of these proteins among monosomes or polysomes as all ribosomes 

were collectively analysed (Slavov et al., 2015). 

The remaining 25% of RPs showed variations supporting the idea that there is a sub-

stoichiometric distribution of RP within ribosomes (Slavov et al., 2015; Shi et al., 2017). Only 

one RP from our study, RPL10, shared the same depletion with the study from Shi and 

colleagues on mouse embryonic stem cells. No significant variations were detected with 
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RPL10A, RPL11, RPL38, RPL40, RPS7 and RPS25 underlining the difference between the 

stem cells and the mature organs (Shi et al., 2017). However, in their 2017 study, Shi and 

colleagues used only 1 peptide for RPL38, RPL40 and RPS7, 3 of the 6 RP showing variations.  

Based on our observations, a major difficulty in absolute quantification is that peptides from 

the same protein did not necessarily give same quantitative results due to difficulties in 

solubilising the peptides in the solvents or peptide stability issues. Therefore, it would be safe 

to take critical with results based on a single peptide. A better but costly solution is to use 

labelled proteins instead of labelled peptides. RPL38, that are required at specific steps during 

mice development (Kondrashov et al., 2011), showed no variation in adult mice suggesting that 

there is a regulation in space and time.  

Most of these variable RP are only present in eukaryotes. Here, we show that RPL10L, 

RPL3L, RPL39L and RPS4L have  tissue-specific variations(Rohozinski et al., 2009; Sugihara 

et al., 2010; Chaillou et al., 2013; Sugihara et al., 2013). We also show that these RPs are 

integrated into functional ribosomes in vivo. Some paralogs show a tissue-specific balance 

between pairs such as RPL10/RPL10L and RPL3/RPL3L. We confirm that RPS4L is mostly 

expressed in the testis (Sugihara et al., 2013).  These paralogs share a high homology between 

the sequences and therefore have only slight differences in the primary to the quaternary 

structures. They are thought to occupy the same position in the ribosome even if this is only 

verified for RPL10 and RPL10L.  

When focussing on the location of the variable RP, they are located at near the A site 

(RPS23/uS12, RPS27A/eS31, RPS30/eS30, RPL3/eL3, RPL3L/eL3-like), at the P-site 

(RPS27A/eS31, RPL10/uL16, RPL10L/uL16-like) or near the E site (RPL36/eL36, 

RPL36A/aL42). The location of these RP implies that they can have a direct effect on 

translation and impact the interaction between tRNA and mRNA. The presence of one RP  

creates conformational changes that can bring the tRNA closer to the PTC thus speeding up the 

polymerisation of amino acids. It also influences the accommodation of tRNA in the A-site or 

recognition of mRNA such as RPS26-depleted ribosomes in the recognition of stress-response 

pathway mRNA (Ferretti et al., 2017) . The position of RPL3/eL3 or RPL3L/eL3-like at the 

entrance for instance can modify the interaction of the tRNA with the decoding centre. During 

the decoding process, stronger interaction between tRNA and mRNA due to a specific RP 

environment can leave less options for the womble base recognition thus ensuring a higher 

fidelity in translation and a lower error rate.  
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To go further, it would be interesting to understand how modulating the RPs close to 

the A, P and E sites affect tRNA transit in the ribosome. For example, RPL3/eL3 and 

RPL3L/eL3-like are both located at the entry of the A site and could therefore influence 

translation or mRNA recognition. An in vitro single-molecule assay has recently been described 

to follow eukaryotic cap-dependent translation initiation kinetics (Wang et al., 2020a). This 

technology is based on the translation of Firefly mRNA with 3xFlag in 5’. The initiation kinetics 

is determined based of the time taken for the flag to emerge from the ribosome and be 

recognised by flag antibodies.  

Other variable RPs are located on the P-stalk (RPLP0uL10, RPLP1/P1 and RPLP2/P2) 

and at the exit of the NPET (RPL39/eL39, RPL39L/eL39-like). The consequences of having 

variable RPs on the P-stalk include a change in stress response. During cell stress, RPLP0/uL10 

and the C-termini of RPLP1/P1 and RPLP2/P2 interact and activate GCN2, a kinase that will 

phosphorylate eIF2α (Wek, 2018; Inglis et al., 2019). The absence of the P-stalk will affect the 

cell’s ability to respond to cellular stress. Similarly, changes in the shape of the NPET affect 

the ribosome-associated protein quality control, peptide exit and ultimately, the elongation 

cycle via interactions between the NPET and the PTC. 

Finally, RPs have multiple interactions with other RP within each subunit, and in 

intersubunit bridges such as RPL5/uL18 from the central protuberance and RPS23/uS12. 

Therefore, any difference in RP composition will impact the neighbouring RPs. There is a 

cooperative conformational change to increase stability, translocation and tRNA release from 

the E site (Ning et al., 2014). A quick way of knowing which RPs are impacted is by using a 

three dimensional reconstruction model from cryo EM. Any molecule within 10 Å from the RP 

will be impacted by changes affecting the RP. The most accurate technique would be to generate 

cryo EM models to understand exactly how the structure is changed by the presence or absence 

of variable RP. 

In our study, we highlighted a sub stoichiometric distribution of RPs across organs. The 

MS data were reprocessed to identify possible change in phosphorylation levels on RPs. It is 

important to note that the process of ribosomes purification was not optimised for the 

measurement of phosphorylated proteins. Yet, some RPS are specifically phosphorylated in one 

or two organs but not observed in others. Further experiments, optimised for the study of 

phosphorylated proteins are required to confirm these results.  It would be interesting to 
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investigate if other PTMs such as methylations or ubiquitylation differ across the different 

tissues.  

 

- What are the functional implications of the ribosome specialisation with 

respect to the TC? 

 

A previous study concluded that there were no variations in RP composition across 

different parts of the brain (Amirbeigiarab et al., 2019). Our results contradict this conclusion 

by suggesting that there could be a ribosomal signature for some region of the central nervous 

system (retina, hippocampus, cortex and cerebellum). The signatures are summarised in the 

figure below. 

 

Summary of RP signature per organ. (From Brunchault et al., in preparation) 

In literature, most RP signatures are not associated with any specific brain functions 

except for RPLP2/P2 which is suggested to be associated with synaptic plasticity and cognition 

in hippocampal cells (Tiwari et al., 2021). It would be interesting to see how the different 

signatures of ribosomes affect the translatome in the different brain regions. More importantly, 

the RP signature is also associated with regional differences in RAFs. With variations in RP 

and RAFs, it is very likely that rRNA 2’OMe levels are also different. 
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 Till now, only few roles of variable RP have been identified. For instance, in the kidney, 

RPL22L1/eL22-like1 expression is associated with tumour progression in kidney renal clear 

cell carcinoma (Xiang et al., 2020). RPS15, RPL32 and RPLP0 are often used as reference 

when comparing the spleen with other organs (Hobbs et al., 1993; Peters et al., 2007; Wu et al., 

2017; Kaur et al., 2018) but our results show that RPL32 enriched while RPS15 and RPLP0 are 

less expressed  in the spleen and should not be used as reference.  

Most of the variable RP in the intestine are already associated with a function. We 

validate RNA seq analysis by showing that RPS15 is highly expressed in intestinal cells thus 

partially confirming the intestinal RP signature (Mallik and Zhao, 2019). Low levels of 

RPL10A in the intestine is correlated with a decrease peripheral blood graft rejection in 

intestinal transplant patients (Andreev et al., 2011; Li et al., 2015) while alteration of RPS10 is 

often observed in colorectal carcinogenesis (Frigerio et al., 1995) It is suggested that mutations 

in RPSA is associated with the formation of idiopathic intestinal varices (Kerkhofs et al., 2020) 

We identified low levels of RPS4L in muscles. Its expression is thought to be hypoxia-

regulated and associated with proliferation of Hypoxic Pulmonary Artery Smooth Muscle Cells 

(Liu et al., 2020). To summarise, we have some insight on the contribution of RP to pathogenic 

events such as DBA, but analysis will be required to understand how the variable RP affects 

mRNA specificity, elongation rate and potentially error rate to match cell functions in physio-

pathological conditions.   

For example, we already know that the overexpressing RPL3L/eL3-like in muscle cell 

cultures decreases myoblast fusion (Chaillou et al., 2016). Sequencing and comparing the 

translatome of RPL3L/eL3-like with RPL3/eL3 overexpressing culture would give some 

understanding on the difference in translated mRNA subsets. These mRNA would probably be 

related to cell surface protein interaction, cell adhesion and myotube formation. Elongation rate 

can be used to monitor tRNA transit in the ribosome. RPL3/eL3 being at the entry of the A-site 

could probably affect translation initiation.  

Lastly, a change RP can affect the riboproteome or ribointeractome, i.e. the factors 

interacting with the ribosome which will change furthermore the activity of the ribosomal 

complex (Reschke et al., 2013; Simsek et al., 2017)  
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How can insights on ribosome diversity in vivo, in physiological conditions 

be relevant in pathology? 

The knowledge gained through the study of heterogeneity of ribosomes set the ground 

for the study of their dysregulation. Our preliminary results from the RP influence on 

regeneration and cell survival also pointed out that changing the expression of a single RP is 

probably not sufficient to change the translatome.  This hypothesis can be supported by the fact 

that multiple RPs mutations are required to trigger the development of ribosomopathies. This 

is not limited to RP. We also investigate modulating rRNA 2’O methylations, by 

overexpressing fibrillarin and an inactive form K265A fibrillarin. Increase in 2’O methylations 

did promote short distance regeneration, but this regenerative effect seems to be lost upon high 

expression of fibrillarin. This suggests that there could be a balance that is required to promote 

regeneration.  

Knowing the structure of a ribosome based on its composition can also help in drug 

development in the future. If we hypothesise that a ribosome with a specific RPs composition 

will, in theory, have a specific structure, we could use drug design to develop molecules that 

can decipher between different ribosomes and could target specific subsets of ribosomes. 

 

- Hypothesis on the origins of ribosome heterogeneity & conclusion 

 

There are different hypotheses to explain ribosome heterogeneity. If we look at the 

ribosome biogenesis, we know that the integration of RPs is driven by associated factors.  If 

ribosome heterogeneity arises at this level, it implies firstly that there can be a difference at the 

RP transcription or translational. Yet, many organs had RP transcripts but showed no evidence 

that these mRNA were effectively translated into proteins. There could therefore be a selective 

translation of specific RP such as RPL39L and RPL3L. These RPs still need to be incorporated 

into the ribosome. For paralogs, there are 2 possibilities: either one of the paralogs is randomly 

integrated during assembly or a specific associated factor will bring the specific paralog to the 

pre-ribosomal particle. The first hypothesis is supported by our results was mRNA transcript 

mostly correlates with the levels of protein. There would therefore be a specific transcriptional 

program to determine the composition of the ribosomes. The second hypothesis would mean 

that there is a specific associated factor program that will lead to the production of specialised 
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ribosomes. Unfortunately, most studies focussed on the essential/non-essential nature of these 

factors on the production of pre-RNA intermediates rather than on specific functions of each 

factor. To distinguish between the two hypotheses, an interesting experiment would be to 

immunoprecipitated RP from nuclear fractions. Nuclear RP are RP that are integrated in the 

ribosome during biogenesis. If paralogs are randomly integrated to the ribosome, they both 

should be bound to the same assembly factors. Otherwise, different sets of assembly factors 

should be identified. 

In the brain, we find that each region has a specific RP signature. In neurons, the 

composition of the ribosome can possibly be modulated through local translation and 

integration of locally synthesised RP (Shigeoka et al., 2019). This is an interesting mechanism 

for a rapid adaptation of the ribosome to the protein requirement of the cell at a given time. 

More studies are required to understand how a different RP composition affects neuronal 

transmission or plasticity.  

This study opens the path for the study of RPs sub stoichiometric distribution in vivo, 

in the mouse model. However, there are some limits that remain to be cleared. We cannot rule 

out the presence of late 60S particles originating from the nuclei. Indeed, even if most 

ribosomes originate from the cytoplasm, minor nuclei rupture was observed during the 

purification of ribosomes. Secondly, our results were obtained on heterogeneous cell 

populations composing an organ or part of the organ. Yet the specialisation is observed at the 

level of RP but also at the level of RAFs. 
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Introduction  

Au sein des cellules, les protéines sont formées suite à la traduction de molécule d’ARN 

messager ou ARNm par le complexe de traduction. Ce complexe de traduction comporte quatre 

composantes : les ribosomes, les facteurs de traductions, les facteurs associés au ribosomes et 

les ARN de transfert (ARNt). Chaque composante a un rôle spécifique au cours de la traduction.  

•       Les ribosomes. Ils sont composés de quatre molécules d’ARN ribosomiques 

(ARNr) appelés 5S, 5.8S, 28S et 18S ainsi et d’environ 80 protéines ribosomales 

(PR). Ils possèdent une activité ribozyme où l’ARNr catalyse la formation de la 

liaison peptidique entre les acides aminées composant la protéine.  

•       Les facteurs de traduction. Il en existe 3 types : facteur d’initiation, d’élongation 

et de terminaison. Ses facteurs sont nécessaires pour une traduction efficace. 

•       Les facteurs associés au ribosomes. Ce groupe rassemble toutes les molécules 

interagissant de façon transitoire au cours de la traduction, à l’exception des facteurs 

de traduction. 

•       Les ARN de transfert. Ces ARNs sont des adaptateurs entre l’ARNm et la 

protéine. 

Au cours de mes travaux, je me suis majoritairement focalisée sur un composant de ce 

complexe de traduction : le ribosome. 

1.    Synthèse et structure du ribosome 

La synthèse du ribosome a lieu au sein du nucléole où sont regroupés des gènes 

ribosomaux activement transcrits. Les protéines ribosomales sont transcrites dans le noyau, 

exportées pour être traduites dans le cytoplasme plus relocalisé au noyau pour être intégrées 

aux ribosomes en cours de synthèse. Le pré-ARN ribosomal est transcrit et modifié en cours de 

synthèse par l'ajout de 2-O méthylations ou de pseudouridylations. Cet ARN successivement 

clivé par les endo- et des exonucléases. Les protéines ribosomales sont rajoutées au fur et à 

mesure pour former les sous-unités ribosomales. L’étape de maturation des sous-unités se 

termine dans le cytoplasme. La synthèse ribosomale est un processus finement régulé. Tout 

dérèglement mène à l’arrêt du cycle cellulaire pour mener à une mort cellulaire par apoptose. 
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Comme mentionné précédemment, le ribosome est composé d’environ 80 protéines 

ribosomales et de quatre molécules d’ARN ribosomales réparties en deux sous-unités, la petite 

et la grande sous unités. Ces sous unités sont maintenues par des ponts inter-sous-

unité  contiennent elles-mêmes des domaines fonctionnelles (figure xx 

La grande sous-unité 60S est composée d’environ 47 RP et de trois molécules d’ARN 

ribosomales : la 5S, 5.8S et la 28S. Cette sous-unité comporte : 

•       La protubérance centrale qui participe à la formation de pont entre les deux sous-

unités permettant ainsi la coordination du processus de traduction. 

•       La tige L1 qui est nécessaire pour l’export du ribosome du noyau. Elle se situe 

à la sortie de l’ARNt du site P 

•       La région associé à la GTPase qui est une région composé de 

o   La tige P qui permet de recrutement de facteurs d’élongation et est 

nécessaire à l’activité ribosomale  

o   La boucle sarcin-ricin qui est exclusivement composée d’ARNr et qui est 

impliquée dans le recrutement de facteurs de traduction. 

•       Le tunnel de sortie du polypeptide où pourraient avoir lieu les premiers replis de 

la protéine naissante. 

•       Le centre de transfert peptidyl qui est composé uniquement par l’ARN 28S. Son 

rôle est de catalyser la formation de la liaison peptidique entre les acide aminés 

La petite sous-unité 40S contient quant à elle le centre de décodage de l’ARNm. C’est 

l’endroit où sera évaluée la force de liaison entre l’ARNt et l’ARNm au cours de l’initiation.  

Les deux sous unités comportent 3 sites à l’interface :  

•       le site aminoacyl ou site A, qui est le lieu de décodage de l’ARNm 

•       le site peptidyl ou site P qui contient l’ARNt estérifié à la chaîne peptidique 

en cours de synthèse. 

•       le site de sortie appelé site E qui est le lieu de sortie de l’ARNm et de l’ARNt. 
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Figure 2  structure du ribosome  

 

2. Rôle des ribosomes au cours de la traduction 

La traduction se déroule en trois étapes. Au cours de l’initiation, les facteurs d’initiation 

eIF4A, eIF4E et eIF4G s'assemblent pour former le complexe eIF4F qui se liera à la coiffe en 

5’ présent sur les ARNm. eIF2-GTP se lie à un ARNt initiateur pour former le complexe 

ternaire, qui recrutera à son tour une sous-unité 40S lié à eIF1, eIF1A, eIF3 et eIF5 formant 

ainsi le complexe de préinitiation. Ce complexe de préinitiation se rassemblera au complexe 

eIF4F formant ainsi le complexe d’initiation. Ce complexe scanne l’ARNm jusqu’au 

reconnaître le site d’initiation de la traduction qui marque le début du cadre ouvert de lecture 

de l’ARNm. Il existe également une initiation coiffe indépendante ou IRES dépendante où la 

sous unité 40S est directement recrutée à site d’initiation via la reconnaissance de structure 
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secondaire formée par le repliement de l’ARNm. La sous-unité 60S est ensuite recrutée formant 

ainsi un ribosome compétent, avec l’ARNt initiateur dans le site P.  

L'élongation est l'étape où l'ARNm est décodé par les ribosomes. Les ARNt, chargés 

d'un acide aminé (aa) sont recrutés sur le site A. L'aa incorporée dans la chaîne polypeptidique 

est déterminée par l'interaction entre l'ARNt entrant et le codon présent à l'intérieur du site A 

du ribosome. Le facteur d'élongation eucaryote 1A (eEF1A) lié au GTP est également requis. 

L'ARNt entrera dans le site A avec eEF1A-GTP et interagit avec le codon présent à l'intérieur 

du site A. Les interactions sont stabilisées par appariement de bases Watson & Crick sur la 

position des codons +1 et +2. Plus de tolérance est fournie sur la 3ème base appelée base 

oscillante. Lors de l'appariement, l'interaction codon-anticodon entre l'ARNm et l'ARNt induit 

l'hydrolyse du GTP en GDP et la dissociation de eEF1A du ribosome (Crepin et al., 2014). 

La proximité des deux ARNt avec les sites A et P conduit à la formation de la liaison 

peptidique entre l'aa entrant et le polypeptide naissant. La formation de liaison peptidique est 

concomitante au transfert de la chaîne polypeptidique vers l'ARNt présent dans le site A. 

L'ensemble du processus est catalysé par l'ARNr 28S dans le ribosome. Le ribosome va alors 

subir un réarrangement conformationnel qui conduit à la translocation de l'ARNt du site P vers 

le site de sortie (E) et du site A vers le site P. L'achèvement de la translocation nécessite eEF2 

dans le site A. L'ARNt désacétylé présent dans le site E sortira du ribosome tandis que le site 

A est prêt pour le prochain ARNt chargé. Ce cycle se poursuivra jusqu'à ce que le ribosome 

atteigne un codon d'arrêt. 

La terminaison de la traduction est caractérisée par la présence d'un codon stop (UAA, 

UAG, UGA) dans le site A. Les facteurs de relargage eucaryotes eRF1 et eRF3 se lient au site 

A et induisent, par un changement de conformation, l'hydrolyse de la liaison peptidyl-ARNt 

libérant ainsi le polypeptide nouvellement synthétisé. Le complexe ribosomique post-

terminaison, composé du ribosome 80S encore lié à l'ARNm, de l'ARNt désacylé au site P et 

des facteurs de libération, est ensuite recyclé. Les facteurs de libération se détachent du 

ribosome et les sous-unités ribosomiques se dissocient. Cette étape nécessite des facteurs 

d'initiation. Dans un environnement à faible Mg2+, eIF3, eIF1 et eIF1A interagissent avec le 

ribosome 80S lié à l'ARNm, avec l'ARNt dans le site P. eIF3 induit la dissociation de la grande 

et de la petite sous-unité tandis que eIF1 induit la dissociation et la libération de l'ARNm et de 

l'ARNt (Unbehaun et al., 2004). eIF3, eIF1 et eIF1A restent fixés à la sous-unité 40S pour 

empêcher sa réassociation avec la sous-unité 60S. Dans des conditions de concentration élevée 
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en Mg2+, la séparation de la sous-unité nécessitera la présence supplémentaire du transporteur 

de cassette de liaison à l'ATP ABCE1. 

3. Hétérogénéité des ribosomes et traduction  

Le concept de l’hétérogénéité des ribosomes a commencé à apparaître à la fin des années 

80s suite à une étude qui révélait que toutes les PR n’étaient pas essentielles à la survie et la 

croissance de cultures d’E.coli. (Dabbs, 1986). Des études ont également été faites chez la 

drosophile, sur le mutant minute qui présente des mutations sur les gènes codant pour les PR 

mutants (Kongsuwan et al., 1985; Marygold et al., 2007). Des études effectuées chez la levure, 

le zebraFish, la souris et l’homme démontrent des dysfonctionnements similaires. Il existe 

différents degrés de pénétrance des mutations perte de fonction affectant les RP dans chaque 

organisme (Polymenis, 2020). 

Il existe deux théories opposées qui ont été proposées pour expliquer la spécificité 

tissulaire de la traduction de l'ARNm et des ribosomopathies, c'est-à-dire des maladies causées 

par la dérégulation des ribosomes. La première théorie pour expliquer la spécificité observée 

de l'activité ribosomique a été la théorie dominante pendant des décennies. La théorie est 

appelée modèle d'abondance ou de concentration qui repose sur la disponibilité limitée des 

ribosomes en raison d'un défaut d'assemblage des ribosomes (Lodish, 1974). Selon cette 

théorie, la spécificité tissulaire observée dans la traduction des ARNm s'explique par un nombre 

limité de ribosomes disponibles (Ludwig et al., 2014 ; Kirby et al., 2015). La deuxième théorie 

est celle dans laquelle le ribosome joue un rôle central dans la régulation de la traduction. Selon 

cette théorie, une hétérogénéité dans le complexe de traduction pourrait expliquer les aspects 

spécifiques des tissus. Il pourrait s'adapter au contexte cellulaire pour influencer la traduction 

des ARNm.  

L’ hétérogénéité des RP est due à la présence de paralogues spécifiques comme RPL3 ou 

RPL10L. Des études ultérieures ont révélé que ces paralogues sont toujours associés à une 

localisation et/ou à des fonctions spécifiques (Gupta et Warner, 2014 ; Guimaraes et Zavolan, 

2016). Il y a également une hétérogénéité au niveau de la composition en termes de PR. Toutes 

mes PR ne sont pas nécessaires au fonctionnement du ribosome. La comparaison des 

monosomes et des polysomes de cellules embryonnaires de souris par analyse spectrale révèle 

une expression différentielle de RPS4X, RPS3, RPL30 et RPL27A. La composition des 

ribosomes influencerait l’efficacité de traduction du ribosomes. Des modifications post-
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traductionnelles (PTM) telles que la phosphorylation, l'hydroxylation et l'ubiquitination 

peuvent être ajoutées sur les PR. Des modifications peuvent également être supprimées pour 

moduler la structure des PR et éventuellement la structure du ribosome. L’hétérogénéité est 

aussi observée au niveau de la modification d’ARN ribosomales et des facteurs associés au 

ribosomes 

Nous étions intéressés à connaître la composition du ribosome en condition physiologique in 

vivo ainsi que les facteurs associés au ribosome. Nous avons aussi investigué l’effets des 

protéines ribosomales et des 2’O méthylation sur la régénération axonal au sein du système 

nerveux centrale 

  

Résultats 

Etude 1 : Hétérogénéité des ribosomes chez le modèle murin 

Afin de déterminer la composition des ribosomes in vivo, nous avons purifier les 

ribosomes à partir de 10 organes (poumon, rein, glandes surrénales, foie, intestin grêle, rate, 

testicule, cœur et le muscle quadriceps femoris muscle). Nous avons également purifié des 

ribosomes à partir de différentes régions du système nerveux central (CNS) (cervelet, bulbe 

olfactif, cortex, hippocampes et rétines). Chaque échantillon a été généré en triplicata 

biologique. Les ribosomes ont été purifiés en utilisant un coussin de sucrose (Belin et al., 

2010b). Les ribosomes ainsi que leurs intéractants (facteurs de traduction et facteurs associés 

au ribosome) sont purifiés. La pureté de chaque échantillon a été évaluée par western blot pour 

l’absence de marqueur nucléaire (histone H3), mitochondriale (HSP60) ou cytoplasmique 

(GAPDH). Les échantillons ont ensuite été analysés par chromatographie en phase liquide 

couplée à une spectrométrie de masse en tandem en label-free.  

Entre 587 et 2613 molécules ont été identifiées sur l’ensemble des échantillons. L’analyse 

de composante principale sur l’ensemble des échantillons révèle une bonne clustérisation des 

réplicats biologiques démontrant ainsi la reproductibilité des résultats. Elle démontre aussi une 

hétérogénéité entre régions du même organe (cervelet, bulbe olfactif, cortex, hippocampes et 

rétines).  

L’analyse du profil d’expression des PR sur l’ensemble des échantillons révèle 

l’existence de deux types de PR : 75% des PR sont invariables et ont une expression stable sur 
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l’ensemble des organes analysés. Ces protéines contribuent à former la base structurale du 

ribosome et sont probablement nécessaires à la fonction basale de traduction du ribosome. Le 

deuxième groupe est composé de protéines dites variables et sont divisées en sous-groupe selon 

la spécificité de leur expression :  

-        Expression tissu-spécifique. Les paralogues (ex. RPL3L/uL3l, 

RPL39L/eL39L, RPL10L/uL16L) et autres PR (RPL10/uL16, RPS29/uS14, 

RPLP2/P2) 

-        Expression variable sur l’ensemble des organes (ex. RPS15/uS19, RPLP1/P1, 

RPL39/eL39) 

De façon très surprenante, ces protéines variables sont situées à proximité ou à l’intérieur 

de domaines fonctionnels. Par exemple, RPL10/uL16 se situe dans le site P du ribosome et 

RPL3/uL3 se situe à l’entrée du tunnel l’ARNm. Il est à noter également que la majorité des 

PR variables ne sont présentes que chez les eucaryotes. Afin de valider profils de PR, nous 

avons sélectionné 12 PR (RPS2, RPS26, RPS30, RPL3, RPL3L, RPL10, RPL10L, RPL39, 

RPL39L, RPL36 et RPLP2) et fait une analyse par quantification absolue en utilisant des 

peptides marqués. 10 profils ont été confirmés.  

Nous avons finalement évalué la corrélation entre le taux de d’ARNm et le taux de 

protéines.  Nous avons utilisé trois bases de données de transcriptomique. Pour la majeure partie 

des PR, il y avait un bon taux de corrélation à trouver pour les PR stable. Le groupe des PR 

variables était plus hétérogène avec une corrélation faible observée avec quelques PR.  
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Figure 1 – Hétérogénéité du profil expression des protéines ribosomales. 

 

  



211 
 
 

 

 

 
  
Étude 2 : Analyse in silico des facteurs associés au ribosome 

Nous nous sommes également intéressés aux facteurs qui ont été co-précipités avec les 

ribosomes au cours de la purification. Une analyse d’enrichissement sur STRING  (von Mering 

et al., 2003) a rapidement mis en évidence la présence de molécules nucléaires et 

mitochondriales. Afin d’avoir une meilleure vue d’ensemble sur les intéractants 

cytoplasmiques, les listes ont été manuellement triés afin d’éliminer les facteurs nucléaires et 

mitochondriaux et ont ensuite été analysées sur DAVID et STRING. Nous nous sommes 

concentrés sur les différentes parties du système nerveux central et sur les 2 types musculaires. 

Une comparaison des facteurs issus du CNS révèle que le cervelet, bulbe olfactif, cortex, 

hippocampes et rétine partagent 612 protéines communes mais ont entre 88 et 602 protéines qui 

les distinguent. Les analyses d’enrichissement montrent que les protéines spécifiques sont 

impliquées dans des fonctions spécifiques A titre d’exemple, les facteurs identifiés dans la 

rétine sont impliqués dans les perceptions visuelles et la maintenance des photorécepteurs. De 

façon similaire, les muscles et le cœur partagent 153 protéines en commun. Elles sont 

impliquées dans la contraction et le développement musculaire. Les facteurs spécifiques au 

cœur participent à la contraction de la cellule musculaire cardiaque alors que ceux des muscles 

sont enrichis en facteurs régulant la contraction musculaire. Les facteurs associés au ribosome 

semblent donc être très liés à la fonction tissulaire.  
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Figure 2 : Analyse d’enrichissement des facteurs associés aux ribosomes dans le CNS et 

les muscles. 
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Etude 3 : Implication du ribosome dans la régénération axonal du CNS 

Nous avons étudié l’implication des PR et des 2’O méthylations sur la régénération. A 

partir de la littérature et de données internes, nous avons sélectionné 3 PR : RPS4X, RPS14 et 

RPL22. Après validation in vitro et in vivo de l’expression de la protéine et de son intégration 

dans les ribosomes, les PR ont été injectés individuellement dans la cavité intravitréen de l’œil 

de souris WT pour infecter les cellules ganglionnaires de la rétine. Au bout de 2 semaines, une 

lésion a été induite via le pincement du nerf optique qui contient uniquement les projections 

des cellules ganglionnaires. La suivie et la régénération axonale ont été mesurées deux semaines 

post-lésion. Pour analyser les effets des 2’O méthylations, la 2’O méthyltransférase fibrillarin  a 

été surexprimée. 

En analysant la survie des cellules ganglionnaires de la rétine, seul RPL22 semble avoir 

un effet négatif sur la régénération. En effet, nous observons moins de survie que dans la 

condition contrôle. Aucun effet n’a été détecté avec les autres PRs, ni la fibrillarine. Concernant 

la régénération, RPS4X semble induire une régénération à courte distance mais cette différence, 

par rapport au contrôle n’est pas significative. La surexpression de RPS14 ou RPL22 ne semble 

pas induire d’effet. En revanche, l’effet de la fibrilline est plus incertain. Une régénération 

axonale a bien été observée en surexprimant la fibrillarin, Cette régénération est perdue quand 

le site actif de l’enzyme est muté. Cependant, l’effet régénérateur semble être perdu quand la 

fibrilline est exprimée à très forte dose.  

Ces résultats restent cependant préliminaires et nécessitent d' expériences 

supplémentaires pour en confirmer les effets. 

  

Conclusions 

Le ribosome est un complexe de 4,3 MDa composé d'environ 80 RP. La plupart des PR 

sont situés du côté du solvant alors que très peu sont situés à l'interface de la sous-unité. Même 

de nos jours, des études se demandent encore si les ribosomes, et plus précisément les PR, sont 

exprimés de manière différentielle (Amirbeigiarab et al., 2019 ; Kyritsis et al., 2020). Des 

doutes subsistaient car la plupart des études utilisaient une analyse transcriptomique ou étaient 

réalisées in vitro (Slavov et al., 2015 ; Shi et al., 2017). Il était nécessaire d'avoir une image 

plus claire de la composition des ribosomes in vivo. 



214 
 
 

 

 

En comparant les ribosomes de 14 tissus et organes différents, nous avons identifié une 

RP stable et variable. Nous avons vérifié 2 PR stables et 10 variables par quantification absolue. 

Nous avons confirmé l'enrichissement de RPL3L, RPL10L, RPL39L, l'épuisement de RPL3, 

RPL10, les variations de RPLP2, RPS30. Cependant, aucune variation n'a été détectée avec 

RPS26, RPS2. Nous avons également vérifié la corrélation en comparant nos données 

protéomiques avec les données transcriptomiques disponibles. Alors que certains RP ont 

montré un bon niveau de corrélation entre la protéine et le niveau de transcription (par exemple 

RPS3, RPL7A, RPL34), d'autres ont montré moins de corrélation (par exemple RPLP0, RPS26)  

Nous avons montré que près de 75 % des RP ne présentent aucune variation. Ils sont 

localisés principalement du côté solvant, constituant probablement la structure de base des 

ribosomes et ont un rôle dans la stabilisation de l'architecture ribosomique. Ces RP contribuent 

probablement aux fonctions de traduction de base des ribosomes telles que la reconnaissance 

de l'ARNm, le balayage et le contrôle de la qualité des protéines. Des exemples de RP stables 

sont RACK1, RPL10A et RPS14. RACK1 régule la traduction en recrutant la protéine kinase 

C qui est connue pour empêcher le facteur d'initiation eIF6 de se lier au ribosome (Grosso et 

al., 2008). Cependant, nos résultats ne peuvent pas éliminer la probabilité d'une distribution 

préférentielle de ces protéines parmi les monosomes ou les polysomes car tous les ribosomes 

ont été analysés collectivement (Slavov et al., 2015). 

Les 25 % restants des PR présentaient des variations soutenant l'idée qu'il existe une 

distribution sous-stœchiométrique du PR au sein des ribosomes (Slavov et al., 2015 ; Shi et al., 

2017). Un seul RP de notre étude, RPL10, partageait le même appauvrissement avec l'étude de 

Shi et ses collègues sur les cellules souches embryonnaires de souris. Aucune variation 

significative n'a été détectée avec RPL10A, RPL11, RPL38, RPL40, RPS7 et RPS25 soulignant 

la différence entre les cellules souches et les organes matures (Shi et al., 2017). Cependant, dans 

leur étude de 2017, Shi et ses collègues n'ont utilisé qu'un seul peptide pour RPL38, RPL40 et 

RPS7, 3 des 6 RP présentant des variations. Sur la base de nos observations, une difficulté 

majeure dans la quantification absolue est que les peptides de la même protéine n'ont pas 

nécessairement donné les mêmes résultats quantitatifs en raison de difficultés à solubiliser les 

peptides dans les solvants ou de problèmes de stabilité des peptides. Par conséquent, il serait 

prudent de prendre des critiques avec des résultats basés sur un seul peptide. Une solution 

meilleure mais coûteuse consiste à utiliser des protéines marquées au lieu de peptides marqués.  
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De plus, il est à noter que la majeur partie des PR signant des tissus n’ont aucune fonction 

connue dans ces tissus. Plus d’études seront nécessaires afin d’étudier les implications de cette 

distribution particulière. Ceci est aussi applicable aux facteurs associés aux ribosomes.  

 

 


