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SUMMARY 
Proteostasis refers to the biological mechanisms that orchestrate synthesis, folding, trafficking 

and degradation of proteins in cells. Alteration of proteostasis responses can lead to the 

accumulation of misfolded proteins, perturbation in protein degradation and is associated with 

several diseases, including aging, inflammation, and cancer. One important component of 

proteostasis is the ubiquitin-proteasome system (UPS). The UPS is the major proteolytic 

pathway responsible for the degradation of intracellular proteins. Deficiency of the 

proteasome is associated with the accumulation of misfolded proteins and may trigger 

endoplasmic reticulum stress pathways. Understanding the mechanisms regulating 

proteasome function holds the potential to identify new therapeutic targets for the treatment 

of these diseases.  

In this project, we investigated the biological mechanisms induced by proteasomal 

dysfunction, leading to the activation of the DDI2 and NRF1 adaptation pathway. Under 

homeostatic conditions, ER-localized NRF1 is retrotranslocated through the ERAD (ER-

associated degradation) pathway and promptly degraded by the proteasome machinery. 

However, when the proteasome machinery is compromised, NRF1 escapes degradation and 

is processed into its transcriptionally active form by the aspartyl protease DDI2. The 

mechanistic understanding of NRF1 processing and the role of DDI2 therein was poorly 

understood. 

In this work, we unraveled the importance of ER trafficking in mediating NRF1 ubiquitination 

and subsequent cleavage by DDI2. Then, we demonstrated that N-glycosylation of NRF1 in 

the ER, followed by deglycosylation in the cytosol, controlled the fate of the cell. Finally, we 

established a model in which the mechanisms responsible for NRF1 stability are also 

controlling its susceptibility to DDI2 proteolytic activity.  

In summary, my thesis revealed a unique signal transduction mechanism involved in 

activating NRF1, an ER protein destined for cytosolic regulation and eventually, a nuclear 

function. 
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RÉSUMÉ 
 La protéostase représente l’ensemble des mécanismes biologiques qui orchestrent la 

synthèse, le repliement, le trafic et la dégradation des protéines dans les cellules. L'altération 

des réponses induites par la protéostase peut entraîner l'accumulation de protéines mal 

repliées, des perturbations dans la dégradation des protéines et est associée à plusieurs 

maladies, notamment le vieillissement, les maladies inflammatoires et le cancer. Un des 

acteurs principaux de la protéostase est le système ubiquitine-protéasome. Ce système est la 

principale voie protéolytique responsable de la dégradation des protéines intracellulaires. Les 

déficiences du protéasome sont associées à l'accumulation de protéines mal repliées et 

peuvent engendrer l’activation des voies de stress du réticulum endoplasmique. La 

compréhension des mécanismes régulant la fonction du protéasome est essentielle afin 

d'identifier de nouvelles cibles thérapeutiques pour le traitement de ces maladies. 

 Dans ce projet, nous avons étudié les mécanismes biologiques induits par le 

dysfonctionnement du protéasome, conduisant à l'activation de la voie d'adaptation de DDI2 

et NRF1. Dans des conditions physiologiques, la protéine NRF1, localisée dans le réticulum 

endoplasmique, est rétrotransloquée par la voie ERAD (dégradation associée au réticulum 

endoplasmique) et rapidement dégradée par le protéasome. Cependant, lorsque l’intégrité du 

protéasome est compromise, NRF1 échappe à la dégradation et est clivé en sa forme 

transcriptionnellement active par la protéase DDI2. Jusqu’à récemment, les mécanismes 

d’activation de NRF1 et le rôle de DDI2 dans ceux-ci étaient peu renseignés. 

 Au travers de ce travail, nous avons mis en avant l'importance du trafic de NRF1 dans 

le réticulum endoplasmique afin d’assurer son ubiquitination et ultérieurement, son clivage 

par DDI2. Ensuite, nous avons démontré que la N-glycosylation de NRF1 dans le réticulum 

endoplasmique, suivie d'une dé-glycosylation dans le cytosol, contrôle le destin de la cellule. 

Enfin, nous avons établi un modèle dans lequel les mécanismes responsables de la stabilité 

de NRF1 contrôlent également sa sensibilité à l'activité protéolytique de DDI2. 

 En résumé, ma thèse a révélé un mécanisme unique de transduction du signal 

impliqué dans l'activation de NRF1, une protéine du réticulum endoplasmique destinée à une 

régulation cytosolique et éventuellement, à une fonction nucléaire. 
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Molecular Mechanism of 
Proteostasis 
 
The ability of organisms to maintain the integrity of the proteome is vital for their survival. 

Broadly speaking, proteins are subjected to constant surveillance through the proteostasis 

network (PN) that monitors closely the synthesis, folding, trafficking and degradation of the 

cellular proteome (Balch et al., 2008). Imbalance in protein homeostasis, caused by cell stress 

like accumulation of misfolded proteins or exposure to environmental stimuli, leads to the 

activation of transcriptional programs promoting either folding or clearance of defective 

proteins (Labbadia & Morimoto, 2015; Powers et al., 2009). In the case of proteostasis 

restoration program failure, flawed proteins accumulate in the endoplasmic reticulum (ER) 

prompting protein degradation pathway activation and ultimately cell death. These 

degradation pathways have collectively been defined as the unfolded protein response (UPR). 

Triggering this response aims to re-establish ER proteostasis through different molecular 

mechanisms including the activation of ER-associated degradation (ERAD) pathway and 

autophagy. However, if this adaptive program fails to restore ER proteostasis, UPR will lead 

to an alternative response ultimately promoting apoptosis.  

In the following introduction, I will describe thoroughly the basic concepts of protein 

homeostasis as well as the different adaptation programs driving protein quality control in the 

cell. 

 

A. Cellular homeostasis 
 
All living cells must maintain their homeostasis as changes occur in the internal as well as 

external environment. Cellular homeostasis refers to the internal steady state maintained by 

living systems through various molecular mechanisms and regulators. This phenomenon was 

first described by Claude Bernard in 1865 (Bernard et al., 1927) and later called 

“homeostasis” by Walter Bradford Cannon after the combination of the Greek words homois 

“similar” and stasis “standing still”, thus describing the concept of “staying the same” 

(Cannon, 1939). Since its initial description, a considerable amount of additional information 

has broadened our basic appreciation of how living organisms function. At the basis of the 

homeostasis concept is the maintenance of a steady state which requires continuous work. To 

maintain this constant state, biochemical systems operate through the regulation of metabolic 

flux, gene expression, and energy transformation. All these processes rely on one common 

denominator: the cellular proteome. Proteins participate in almost all biological processes 

hence they are essential for cell function, development, and viability. In human cells, more 

than 10’000 different proteins are expressed (Kulak et al., 2017), most of which fold into a 



INTRODUCTION 

 8 

well-defined three-dimensional conformation to perform their biological functions. The 

abundance of numerous proteins must be carefully controlled in mammalian cells. This state 

of balanced proteome, the so-called proteostasis, relies on a large network comprising 

molecular chaperones, proteolytic processes, and their regulatory proteins in which roughly 

2’000 proteins are estimated to participate in (Klaips et al., 2018). The organisation and 

regulation of this network is of great interest in understanding the cellular adaptation response 

triggered upon extrinsic or intrinsic stresses, as failure in protein homeostasis is associated 

with aging process and associated pathologies (Cohen & Dillin, 2008; Lopez-Otin et al., 2013; 

Taylor & Dillin, 2011).  

 

A.1. Protein synthesis 
 
Proteins are produced by ribonucleoprotein structures called ribosomes. In eukaryotes, these 

cytosolic structures consist of two molecular subunits: small 40s and large 60s subunits. 

Although their function is closely connected, they have distinctive roles in the protein 

translation process. The small 40s subunit coordinates the interaction between an mRNA 

codon and the anticodon of the amino-acetylated transfer RNA (tRNA). Whereas the large 

60s subunit catalyses the reaction generating the peptide bond between the nascent protein 

and the up-coming amino acid (Steitz, 2008). Translation starts when the ribosomal complex 

detects the mRNA start codon coding for methionine and terminates with an mRNA stop 

codon releasing factor binding and disassembly of the ribosome structure (Poole & Tate, 

2000) (Figure 1).  

Initially, protein translation is taking place in the cytoplasm. Nevertheless, depending on the 

role of the newly synthetised protein, ribosomes can be localised either free in the cytosol or 

bound to the ER membrane. Pioneers in the protein synthesis field have established the role 

of cytosolic ribosomes in producing cell-retained proteins whereas ER-associated ribosomes 

were implicated in generating membrane-incorporated and secretory proteins (Hicks et al., 

1969). Further studies have demonstrated the necessity of nascent protein to have a ~20 

amino-acids N-terminal signal peptide to promote ribosome binding to the ER and facilitate 

their transport into the ER lumen following their synthesis (Blobel & Dobberstein, 1975). 
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Figure 1. Protein synthesis. Proteins are newly synthetized by ribosome molecules which 
contain acceptor (A), peptidyl (P) and exit (E) sites. These three sites enable the interaction 
between the mRNA and the amino-acetylated tRNAs, to facilitate the production of the new 
protein. The start codon of the mRNA (shown in green) encodes a methionine as the starting 
amino acid of the polypeptide chain. Finally, when ribosomes detect the stop codon (shown 
in red), translation is terminated, and the release factor is recruited to facilitate the 
disassembly of the ribosome from the freshly translated mRNA. From (Bujišić & Université 
de Lausanne).  

The protein synthesis process is tightly regulated by a set of specific factors, co-factors, and 

pathways. Indeed, bulk levels of newly synthetized proteins must be adjusted to the folding 

capacity of the cell in order to avoid accumulation of misfolded proteins. One typical example 

of protein synthesis regulation is translation attenuation through the inhibition of the 

translation initiator factor 2a (eIF2a). For instance, upon accumulation of misfolded proteins 

in the ER, the unfolded protein response (UPR) program is activated, which induces 

phosphorylation of eIF2a by the protein kinase RNA-like ER kinase (PERK), as part of the 

integrated stress response (ISR), thereby dampening eIF2a function in translation (Harding 

et al., 2001). General decrease in protein translation is critical in relieving PN overload under 

conformational stresses.  
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A.2. Protein folding and aggregation 
 
Most of nascent proteins must fold into a three-dimensional structure to complete their 

function in the cell. The folding process is assisted by molecular chaperones which promote 

the correct protein assembly in an ATP-dependent or independent manner (Balchin et al., 

2016; Kim et al., 2013; Lee et al., 2018). These chaperones are part of the small heat shock 

proteins family (sHSPs). In other words, chaperones participate in the folding of two-third of 

newly synthetised polypeptides that are destined for cytosolic function (Thul et al., 2017). For 

secretory proteins or proteins destined for membranes, cytosolic chaperones prevent their 

premature folding before the polypeptide is correctly transported into their target organelle 

(Balchin et al., 2016; Young et al., 2003). As for proteins whose destination is the nucleus or 

peroxisomes, chaperones coordinate their folding before transport. Chaperones are very 

abundant proteins; they represent about 2% of the total cellular protein.  

One of the best-described protein folding process is the action of Calnexin-Calreticulin system 

which assists the folding of glycoprotein in the ER. Most proteins transported in the ER must 

undergo N-linked glycosylation by the enzyme Oligosaccharyl transferase (OST). This 

enzyme tags nascent polypeptides with a complex oligosaccharide chain on their N-terminus. 

Once proteins are marked by the N-linked glycan, they are prone for recognition by the 

Calnexin-Calreticulin complex. This complex recruits an additional protein called ERp57 that 

coordinates the formation of a disulfide bond and isomerization. This cascade of events leads 

to a slower folding of the glycoprotein, thus enhancing the folding efficiency (Ellgaard & 

Helenius, 2003; Hebert & Molinari, 2007) (Figure 2).   

Once proteins are properly folded, they exit the ER toward the Golgi apparatus where they 

undergo further post-translational modifications labelling them for their destined role. In most 

cases, the proteome is conformationally stable, but when this stability is challenged a 

proportion of unfolded proteins starts to accumulate in the cell, a process called protein 

aggregation. This phenomenon is emphasized by the presence of destabilizing factors such as 

mutations or environmental stresses like elevated temperature, the presence of reactive 

oxygen species (ROS), etc. In addition, the accumulation of aggregated proteins is cytotoxic 

where proteins tend to have a role unrelated to their initial biological function. To cope with 

protein aggregation, the PN activates the transcription of molecular chaperones involved in 

signalling pathway specifically leading to protein remodelling (Anckar & Sistonen, 2011; 

Gomez-Pastor et al., 2018). Once again, specific heat shock proteins are coordinating the re-

folding of non-native proteins to achieve their structural function. Similar mechanisms are 

observed in the ER and in the mitochondria upon accumulation of unfolded proteins (Shpilka 

& Haynes, 2018; Walter & Ron, 2011). 
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Figure 2. Protein folding. Nascent protein targeted for ER undergo N-glycosylation by 
OST. Subsequently, N-glycan is trimmed by a glucosidase rendering the protein suitable 
for folding through the Calnexin/Calreticulin (CNX/CRT) cycle. ERp57 facilitate the 
formation of the disulfide bond during protein folding. Properly folded proteins are then 
delivered to the Golgi apparatus for further maturation processes. Misfolded proteins 
undergo an additional Calnexin/Calreticulin cycle or start to aggregate. Adapted from 
(Bujišić & Université de Lausanne). 

 

B. Cellular adaptation responses 
 
When the cell fails to clear misfolded and aggregated proteins, chaperone-mediated pathways 

are activated to help redirect non-native proteins to degradation programs. These events are 

part of the cellular adaptation program. Cells have developed two main adaptation programs 

that lead to protein clearance through lysosomal-degradation pathway, also known as 

autophagy (Yang & Klionsky, 2010) or proteasomal-degradation pathway (Finley, 2009).  

  

B.1. Autophagy 
 
The autophagy concept was first introduced in 1963 by the Nobel Prize in Physiology and 

Medicine for lysosome discovery: Christian de Duve. In his studies, he  described how cellular 

material is engulfed within lysosomes destined for clearance (de Duve, 1983). The etymology 

of autophagy derives from the combination of two Greek words: auto, meaning “self”, and 

phagein translated as “to eat”. Thus far, three mechanisms of autophagy are described in the 

literature: macro-autophagy, micro-autophagy, and chaperone-mediated autophagy (Figure 
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3). Among the different types of autophagy, the most described mechanism is the macro-

autophagy pathway which is widely known as autophagy. 

Mechanistically, autophagy is regulated by ATG proteins which sequentially form complexes 

orchestrating the different steps of the pathway (Klionsky et al., 2011). The different steps 

comprise the initiation of the phagophore formation, the phagophore elongation, the 

phagophore closure leading to the creation of the autophagosome structure, and the fusion of 

the mature autophagosome with the lysosomal compartment where the autophagosome 

content is degraded by lysosomal hydrolases (Figure 3a). 

In contrast, micro-autophagy is described as a more direct mechanism of protein clearance. 

Along the process, lysosomes directly engulf the cytosolic material through their own 

membrane invagination (Mijaljica et al., 2011) (Figure 3c). As for chaperone-mediated 

autophagy, the pathway relies on a specific cytosolic chaperone called HSC70 which, upon 

recognition of misfolded proteins, translocates into the lysosome through an association with 

the lysosomal receptor LAMP-2A (lysosomal-associated membrane protein 2A) (Cuervo & 

Wong, 2014) (Figure 3b). 
 

Figure 3. The different mechanisms of autophagy. (a) In macroautophagy, structures 
targeted for destruction are sequestrated in vesicles named autophagosomes. Fully mature 
autophagosomes fuse with endosomes first, then finally expose their content to lysosomal 
hydrolases. (b) In chaperone-mediated autophagy, the chaperone HSC70 recognizes 
specifically tagged misfolded proteins (KFERQ motif) and associates with LAMP-2A at 
the lysosomal surface. This leads to translocation of the misfolded protein into the 
lysosomal content. (c) In microautophagy, proximity targeted components are recruited to 
the lysosome through invagination of its membrane. From (Boya et al., 2013). 
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Studies on autophagy have initially presented this process as regulated by nutrient availability 

(Deter et al., 1967; Novikoff et al., 1964). Nutrient availability is sensed by mTORC1 

(mammalian target of rapamycin C1) (Gonzalez & Hall, 2017). Bar-Peled and Sabatini have 

also showed how, upon fed conditions, mTORC1 keeps autophagy at basal level, and upon 

nutrient deprivation, mTORC1 is deactivated thus increasing autophagy (Bar-Peled & 

Sabatini, 2014). Later, studies have then revealed the implication of ER stress in driving 

autophagy activation. Indeed, all three branches of the unfolded protein response (UPR), 

PERK, IRE1, and ATF6, have been described as promoting autophagy through mTORC1 

inhibition (Deegan et al., 2013). The stress sensor PERK is the most implicated in autophagy 

activation through the transcriptional upregulation of ATG5, ATG12 and LC3 genes involved 

in phagophore elongation via the PERK-ATF4-CHOP arm (Rashid et al., 2015; Rouschop et 

al., 2010).  

Although the three branches of UPR are linked with upregulation of autophagy, they are also 

implicated in the degradation of misfolded protein through the major proteolytic system in 

eukaryotic cells: the ubiquitin-proteasome system, also referred as UPS.  

 
B.2. Ubiquitin-proteasome system (UPS) 
 
The process of protein degradation through the ubiquitination system occurs in two successive 

steps. Firstly, multiple ubiquitin molecules attach covalently to the protein substrate. The 26S 

proteasome complex then degrades the tagged protein, thus releasing reusable ubiquitin. Both 

ubiquitin conjugation and substrate degradation need to be tightly regulated to remove 

targeted proteins efficiently and specifically at the right time.  

Figure 4. The protein ubiquitination pathway. The ubiquitin molecule is activated by E1 
through the use of ATP, then transferred to the E2 enzyme. Following E2 activation, the 
ubiquitin conjugates to the substrate protein via a specific E3 ligase. Further 
polyubiquitination is required to target substrate proteins for degradation. Adapted from 
(D'Arcy et al., 2015).  
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The pathway consists of several components, including ubiquitin, an evolutionarily conserved 

protein of 76 residues that is activated by the ubiquitin-activating enzyme E1 in the presence 

of ATP. Subsequently to activation, an E2 enzyme transfers the activated ubiquitin to an E3 

ubiquitin-protein ligase which, in return, binds to a specific substrate protein. The E3 

catalyzes the covalent attachment of ubiquitin to the substrate protein generating a 

polyubiquitin chain that serves as a recognition marker for the proteasome (Figure 4). 26S 

proteasomes recognize the poly-ubiquitin chain as the main tag for protein degradation, 

several E3 ligases can recognize substrates harboring diverse degradation signals, thus 

contributing to the specificity and selectivity of the UPS (Ciechanover & Iwai, 2004; Pickart, 

2001; Pickart & Cohen, 2004; Voges et al., 1999; Weissman, 2001). Comparative genomic 

analysis has revealed that only a few genes encode for E1 ligases, about ten for E2 and a 

hundred for E3 ligases (Semple et al., 2003). Through E2 and E3-mediated specificity, the 

UPS eliminates specifically proteins while leaving other proteins untouched. In such a way, 

the UPS enables the cells to regulate cell fate in a dynamic fashion (Varshavsky, 2005). Where 

several E2 enzymes were characterized in mammalian cells and appear to act with one or 

more E3 ligases, E3s appear to play a crucial role in recognizing and selecting proteins for 

conjugation and degradation. While only a few E3 ligases have been described, it is likely 

that they belong to a growing family of enzymes that recognize several different cellular 

proteins with similar but not identical structural motifs. Some proteins are recognized through 

their N-terminal residues or downstream primary sequences (Varshavsky, 1992), while others 

are targeted through post-translational modifications, like phosphorylation, or when 

associated with molecular chaperones.  

Figure 5. The 26S proteasome formation. In an ATP-dependent manner, the catalytic 20S 
proteasome structure assembles with the 19S regulators. Adapted from (Nandi et al., 2006). 

Following conjugation, the proteasome complex degrades the protein moiety of the adduct 

and the resulting ubiquitin is released and can be reused (Schmidt & Kloetzel, 1997; Stock et 

al., 1996). The 26S proteasome complex is the most well-studied complex responsible for 

degrading ubiquitin-tagged proteins. Its symmetric structure is composed of a central catalytic 

unit called the 20S proteasome which is flanked by regulatory 19S proteasome complexes on 

both sides (19S-20S-19S) (Figure 5). The crystal structure of the eukaryotic 20S proteasome 
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has been resolved at a resolution of 2.4 Å, confirming previous predictions while also 

revealing unexpected features (Groll et al., 1997). The yeast complex consists of four rings, 

each containing seven distinct subunits, with molecular masses ranging from 25–30 kDa. 

Topological analysis has revealed that the active sites for proteolysis reside in the three β 

subunits (β1 encoded by PMSB6, β2 by PSMB7, and β5 by PSMB5) and that the active sites 

for the three proteolytic activities (trypsin-like, chymotrypsin-like, and postglutamyl peptidyl 

hydrolytic activities) are generated by adjacently paired β-type subunits residing in different 

β rings. The propeptides of β subunits are essential for the biogenesis and stabilization of the 

proteasomal structure, and processing occurs only after assembly. The α chains, although 

catalytically inactive, play a crucial role in stabilizing the two-ring structure of the β chains 

and in binding the 19S cap complexes. The 26S proteasome is prone to structural changes in 

adaptive immunity upon stimuli and is named the immunoproteasome. An 

immunoproteasome is a proteasome-like structure expressed in immune cells and induced by 

interferon gamma (IFNγ) (and other proinflammatory cytokines) as well as oxidative stress. 

These events lead to the transcription of three catalytic subunits that are not present in the 

classical proteasome (Ferrington & Gregerson, 2012) (Figure 6). As in the UPS, the 

immunoproteasome degrades ubiquitin-labeled cytosolic proteins, and its main function is to 

cleave specific proteins into shorter peptides to be displayed on the cell surface of immune 

cells to cope with infection from a pathogen. 

Figure 6. Schematic comparison of mammalian 20S proteasome and 
immunoproteasome. The mammalian 20S proteasome is composed of seven a and b 
subunits. The mammalian immunoproteasome is induced in response to inflammatory 
signals, e.g. IFNγ, where the three constitutive b subunits, b1, b2, and b5, are replaced by 
b1i, b2i, and b5i. Adapted from (Nandi et al., 2006). 

It is now known that not all ubiquitinated proteins are targeted for proteasomal degradation, 

particularly mature cell surface membrane proteins (Hicke, 1997). The degradation of 

membrane-anchored proteins via the ubiquitin system raises unresolved mechanistic issues, 

particularly with regards to the combination of topologically distinct events such as 

misfolding in the endoplasmic reticulum and degradation in the cytosol. The role of ubiquitin 

modification for endocytosis of the tagged protein or its specific targeting and uptake by the 

lysosome remains unclear for cell surface membrane proteins. For endoplasmic reticulum 

proteins degraded by the cytosolic proteasome, important questions revolve around the 
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mechanisms underlying the retrieval of these proteins across the membrane back into the 

cytosol. The membrane-anchored proteins are retrotranslocated to the cytosol through the 

process called ER-associated degradation (ERAD) whereas for lumenal endoplasmic 

reticulum proteins, the remaining question centers on how they are transported back into the 

cytosol. 

 
ER-associated degradation (ERAD) 
 
The ER has developed sophisticated mechanisms to ensure that misfolded polypeptides are 

degraded. These misfolded proteins are labeled and extracted from the ER lumen to be 

degraded by cytosolic proteasomes, a process known as ER-associated degradation (ERAD) 

(Pisoni & Molinari, 2016). 

The process starts with the progressive de-mannosylation of the N-glycan. The mannose 

trimming is the targeting signal for ERAD and is carried out by mannosidases such as ERmanI 

or EDEM proteins (Olivari et al., 2006; Olivari et al., 2005). These enzymes remove mannose 

sequentially in a slow process that enables the expansion of misfolded glycoproteins 

exposition to the action of mannosidases (Lederkremer & Glickman, 2005; Molinari, 2007). 

The removal of mannose is an essential step to prevent the misfolded protein to go through 

more Calnexin-Calreticulin cycles (mentioned earlier) (Aebi et al., 2010). Once trimmed, 

polypeptides are recognized by ERAD lectins known as OS-9 and XTP3-B (Bernasconi et al., 

2008; Hosokawa et al., 2008).  

Following recognition by ERAD lectins, labelled polypeptides must be transported from the 

ER to the cytosol to undergo proteasome degradation. The dislocation process of proteins 

from the ER lumen requires the action of large protein complexes enclosed in the ER 

membrane and surrounded by E3 ubiquitin ligases (Figure 7). 

In mammals, around twenty ER-resident E3 ubiquitin-ligases have been identified, including 

HRD1 (Kikkert et al., 2004), most of which play a role in ERAD (Table 1). The E3 ubiquitin 

ligase HRD1 is the best characterized to be involved in the dislocation machinery. In yeast 

and mammals, analyses have revealed that the dislocation process relies on a highly elaborate 

protein network composed of HRD1 interactors (Carvalho et al., 2006; Christianson et al., 

2011), including the scaffold protein HERP which participates in the assembly and 

stabilization of the machinery (Huang et al., 2014; Schulze et al., 2005), and the adaptor 

protein SEL1L which stabilizes HRD1 (Sun et al., 2014). Following the dislocation of 

misfolded proteins, polypeptides must be recognized on the cytosolic side of the dislocation 

machinery to be targeted for proteasomal degradation. The cytosolic ATPase VCP/p97 

chaperone was characterized as part of the cytosolic HRD1 interactors (Ye et al., 2001).  
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Figure 7. The key steps of ERAD. The ERAD pathway consists in the succession of 
temporally ordered steps, including: - Recognition: in the ER lumen, chaperones and lectins 
interact with misfolded substrate proteins and connect them to the dislocon through 
membrane-embedded adaptors. - Dislocation: Energy generated from ATP hydrolysis by 
VCP/p97 enables the passage of the substrates through the pores of the dislocon structure. 
– Ubiquitination: upon exposure to the cytosol, substrates are polyubiquitinated by E3 
ligases. – Degradation: ubiquitinated substrates are transferred to the cytosolic 26S 
proteasome which degrades them. From (Olzmann et al., 2013). 

The mechanism by which misfolded proteins are translocated from the ER lumen to the 

cytosol for degradation is still relatively obscure. Various proteins have been suggested to 

form a channel or “dislocon” through which misfolded proteins would be expelled from the 

ER (Lilley & Ploegh, 2004; Loureiro et al., 2006; Ye et al., 2004). According to a recently 

proposed model, HRD1 was suggested to form the dislocon through autoubiquitination 

triggering the opening of the channel (Baldridge & Rapoport, 2016; Carvalho et al., 2010; 

Schoebel et al., 2017). Soluble misfolded proteins may require a dislocation channel to be 

transported from the ER lumen to the cytosol, while other machineries will be required to 

extract transmembrane misfolded proteins from the ER membrane. Several proteins were 

suggested to be implicated in the destabilization and extraction of defective transmembrane 

proteins from the ER membrane (Greenblatt et al., 2011; Wunderle et al., 2016; Zettl et al., 

2011). 

Following dislocation, the substrate needs to be ubiquitinated, as mentioned before, to 

undergo proteasomal degradation. The polyubiquitination of the substrate engages the 

cytosolic ATPase VCP/p97 which mediates the extraction of the polypeptide from the ER 

lumen in concert with co-factors (Schuberth & Buchberger, 2008; Ye et al., 2001). After ATP 

binding, VCP/p97 enables the unfolding of the substrate by passing through its central pore 

(Bodnar & Rapoport, 2017). 
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Sometimes along the process of translocation and substrate unfolding, hydrophobic patches 

of the polypeptide are exposed and lead to protein aggregation. To cope with this issue, 

proteasomal degradation occurs simultaneously to ERAD retrotranslocation (Ikeda et al., 

2009). In alternative to direct degradation, dislocated ERAD substrates are transported by 

cytosolic chaperones like DSK2 and RAD23 proteins (Medicherla et al., 2004).  

Subsequently to ER lumen extraction, ERAD substrates are proteolytically processed and 

degraded through the UPS pathway, as described earlier. De-ubiquitinating enzymes (DUBs) 

and peptide:N-glycanase (PNGase) were described to be tightly associated with the 

proteasome to ensure an efficient passage through the proteasomal pore by removing ubiquitin 

and N-glycan (Matyskiela & Martin, 2013). 

 
Table 1. List of some human ER-associated E3 ubiquitin protein ligases. Adapted from (Kevei et al., 
2017). 

E3 ligase Target References 

STUB1/CHIP Misfolded proteins. Hsp90 clients (Connell et al., 2001) 

UBR1 Misfolded proteins (Eisele & Wolf, 2008; 
Heck et al., 2010) 

UBR2 Misfolded proteins (Nillegoda et al., 
2010) 

HUWE1 Unassembled proteins (Xu et al., 2016) 

SYVN1/HRD1 Misfolded proteins from the ER (Kikkert et al., 2004) 

E6AP/UBE3A Misfolded, aggregated proteins (Mishra et al., 2009) 

RNF126 Mislocalized ER proteins (Rodrigo-Brenni et 
al., 2014) 

NEDD4 
Heat-induced misfolded proteins. Plasma 
membrane proteins (Fang et al., 2014) 

RNF5/RMA1 Misfolded proteins (Younger et al., 2006) 

SKP1/CUL1/F-box LRR domain proteins. kinetochore (Kaplan et al., 1997) 

MARCHF6/TEB4 ER and inner nuclear membrane (Hassink et al., 2005; 
Schultz et al., 2018) 

TRIM13/RFP2 Misfolded proteins from the ER (Lerner et al., 2007) 

RNF103 Involved in ERAD (Maruyama et al., 
2008) 

RNF170 Involved in ERAD (Lu et al., 2011) 

RNF185 Misfolded proteins from the ER (El Khouri et al., 
2013) 

TMEM129 Involved in ERAD (van den Boomen et 
al., 2014) 

RNF139/TRC8 MHC I polyubiquitination before ERAD (Stagg et al., 2009) 

ZNRF4 Misfolded proteins from the ER (Neutzner et al., 
2011) 
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C. UPS in health and diseases 
 
The UPS is implicated in the degradation of a very large number of cellular proteins, thus 

controlling several cellular processes. As the central hub of proteostasis, it is not surprising to 

find it involved in the adaptive immune system as much as associated to various diseases upon 

dysfunction. 

 

C.1. MHC Class I antigen processing and presentation 
 
Antigen presentation plays a central role in the activation of adaptive immune responses. 

Along this process, foreign antigens are presented as short peptide fragments on cell surfaces 

to cytotoxic T cells (CTL), and they are presented by two main classes of major 

histocompatibility complexes (MHCs). MHC class II complexes are expressed only on 

professional antigen-presenting cells, and they present exclusively extracellular foreign 

antigens that have been processed in lysosomes (e.g. phagocytosis of viruses or bacteria) 

(Roche & Furuta, 2015; Wieczorek et al., 2017). In contrast, MHC class I complexes are 

expressed by all nucleated cells and present self-peptides from cellular proteins and foreign 

peptides that derive from intracellular pathogens like viruses. Peptides presented by MHC 

class I molecules are about 8-10 amino acids long and are generated through proteasome-

dependent protein degradation. 

Although both proteasomes and immunoproteasomes can generate peptides for MHC class I 

presentation, the induction of specific subunits into proteasomes have either positive or 

negative effects in antigen presentation. Several studies have highlighted a positive role of the 

immunoproteasome in initiating CTL responses against viral and bacterial antigens but it has 

also been described to inhibit the presentation of tumor epitopes (Chapatte et al., 2006; 

Chapiro et al., 2006; de Graaf et al., 2011; Guimaraes et al., 2018; Hutchinson et al., 2011; 

Keller et al., 2015; Kincaid et al., 2011; Morel et al., 2000; Sijts et al., 2000; Van Kaer et al., 

1994). The differences in MHC class I-restricted peptide supply between the two proteasome 

systems can be explained by the higher cleavage rate from immunoproteasomes subunits 

(Mishto et al., 2014), which may result in either increased epitope generation or destruction 

depending on the peptide sequence. 
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Figure 8. Proteasome catalyzed peptide splicing (PCPS) for MHC Class I antigen 
presentation. (a) Most antigenic substrates hold a polyubiquitinated chain, targeting them to 
the 26S complex for proteasomal degradation. (b) Proteasomal degradation results in the 
generation of peptides about 8-10 amino acid long. (c) These small peptides are transported 
to the ER via the TAP complex. (d) Once in the ER, peptides are loaded on the MHC Class I 
complex (composed of one heavy chain and a b2-microglobulin molecule). (e) The assembly 
of the MHC molecule is coordinated by ER-resident chaperones, like BiP, Calreticulin and 
ERp57 and only upon assembly, peptide-loaded MHC complexes can be transported to the 
cell surface through the Golgi apparatus. (f) Cytotoxic T cells (CTLs) are able to recognize 
the unique peptide, presented by the MHC I molecule at the cell surface, through its T-cell 
receptors (TCRs) to stimulate its proliferation and killing of the infected target cell. From 
(Kloetzel, 2001). 

Both proteasomes play a vital role in generating peptides for MHC class I antigen presentation 

through various mechanisms, including proteasome catalyzed peptide splicing (PCPS) 

(Mishto & Liepe, 2017; Platteel et al., 2017) (Figure 8) and defective ribosomal products 

(DRIPs) (Reits et al., 2000; Schubert et al., 2000; Yewdell et al., 1996) (Figure 9). These 

peptides are transported from the cytosol into the ER via the transporter associated with 

antigen processing (TAP) and loaded onto MHC class I molecules (Deverson et al., 1990; 

Monaco et al., 1990; Parham, 1990; Spies et al., 1990; Trowsdale et al., 1990) which 

dissociate from the ER and translocate to the cell surface for presentation to CTLs (van de 

Weijer et al., 2015) (Figure 8). In addition to increased cleavage rate, immunoproteasomes 

play a crucial role in enhancing peptide supply by improving the clearance of inflammation-
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induced DRIPs and inflammation-damaged proteins. This process improves the generation of 

peptides for MHC class I antigen presentation, thus promoting the efficient initiation of CTL 

responses directed against viral and bacterial antigens (Fehling et al., 1994; Kincaid et al., 

2011; Seifert et al., 2010). 

Figure 9. The DRIP model. Due to errors in translation or folding, a large number of newly 
synthetized proteins are never functional. These deficient proteins, named defective 
ribosomal products (DRIPs), are rapidly ubiquitinated and degraded by proteasomes, later 
loaded onto MHC I molecules as illustrated in Figure 8. From (Kloetzel, 2001). 

C.2. Autoinflammatory diseases 
 
Proteasome dysfunction has primarily been associated with proteinopathies in the central 

nervous system and shall be uncovered in the next chapter. It was then unexpected that 

patients suffering from autoinflammation were found to have genetic alterations in genes that 

encode proteasome components, like the loss of function mutations. Autoinflammatory 

disorders are characterized by early-onset fever and organ inflammation, including 

neuroinflammation (H. Kim et al., 2016), and are referred to as CANDLE/PRAAS (Chronic 

Atypical Neutrophilic Dermatosis with Lipodystrophy and Elevated temperature / Proteasome 

Associated Autoinflammatory Syndromes) (Torrelo, 2017; Torrelo et al., 2010). These 

syndromes have been identified as joint contractures, muscle atrophy, microcytic anaemia, 

lipodystrophy, immune dysregulation, and so on (Agarwal et al., 2010; Arima et al., 2011; 

Brehm et al., 2015; Kitamura et al., 2011; Liu et al., 2012). For instance, the mutations in the 

PSMB8 gene were the first identified in causing CANDLE/PRAAS and encode for the 

immunoproteasome subunit β5i/LMP7 (Agarwal et al., 2010; Kitamura et al., 2011; Liu et al., 

2012). This suggests that CANDLE/PRAAS might be a disease related to immunoproteasome 

deficiency. Later, other mutations in proteasome and immunoproteasome genes were 

uncovered, thus proposing that CANDLE/PRAAS were not caused solely by 

immunoproteasome deficiency (Brehm et al., 2015; de Jesus et al., 2019; Poli et al., 2018; 

Sarrabay et al., 2020). 

On top of genomic alterations, it has been noticed that one of the major consequences leading 

to CANDLE/PRAAS was a defect in proteasome assembly and an activity leading to the 

accumulation of ubiquitinated aggregates in cells (Arima et al., 2011; Brehm et al., 2015; de 

Jesus et al., 2019; Kitamura et al., 2011; Liu et al., 2012; Poli et al., 2018; Sarrabay et al., 
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2020). It is worth noting that proteasome loss-of-function mutations do not systematically 

lead to systemic autoinflammation. In cases of alterations in PSMD12, PSMC3, or PSMB1, 

patients suffer from neurodevelopmental disorders instead of the typical CANDLE/PRAAS 

syndromes, and the reason behind these phenotypes require further investigation (Ansar et al., 

2020; Kury et al., 2017; Liepe et al., 2018; Wahl et al., 2008). 

In addition to proteasome gene alterations, other components of the UPS may also contribute 

to the activation of inflammatory signalling pathways such as mutations in DUBs leading to 

NF-κB signalling dysregulation (Beck & Aksentijevich, 2019; Kostura & Mathews, 1989; 

Rigante, 2020; Wertz et al., 2004) and/or, mutation of the E3 Itch leading to ITCH deficiency 

(Aki et al., 2018; Bachmaier et al., 2000; Lohr et al., 2010), and so on. And in the long-term, 

mutations compromise the breakdown of multiple targets in immune cells (Ahmed et al., 

2011; Kang & Jeon, 2020; Kathania et al., 2016; Layman et al., 2017; Meuwissen et al., 2016; 

Theivanthiran et al., 2015; Zhang et al., 2015).  

 

C.3. Neurodegeneration 
 
As mentioned previously, dysregulation in the proteasome has been linked to various diseases. 

When it fails to destruct misfolded or damaged proteins, it leads to their accumulation which 

is deleterious for cells. One of the hallmarks of neurodegenerative diseases is characterized 

by the accumulation of proteins with abnormal shapes that form insoluble aggregates, 

suggesting the capacity of the cell to prevent protein aggregation declines in ageing 

(Chondrogianni et al., 2014). Whereas ageing is a multifactorial issue, dysregulation of 

proteasomal degradation has been associated to it (Chondrogianni et al., 2015; Saez & 

Vilchez, 2014; Vilchez et al., 2014).  

Therefore, there has been a significant effort made to enhance the cellular capacity for protein 

degradation to slow down the progression of neurodegenerative diseases and ageing. One 

approach was to boost cellular autophagic capacity through mTOR1 inhibition (Dikic, 2017) 

since protein aggregates linked to these diseases are often too large for proteasomal 

destruction. Nevertheless, inhibition of TORC1 resulted in increasing both autophagy and 

proteasomal degradation (Rousseau & Bertolotti, 2016; Zhao & Goldberg, 2016), making it 

worth re-evaluating the role of proteasomal degradation in the benefits of TORC1 inhibitors. 

It is also worth mentioning that the precursors of protein aggregates are proteasome substrates 

(Bertolotti, 2011), thus providing an interesting idea to control the increase of proteasomal 

degradation to prevent aggregates of misfolded proteins. Unravelling new nodes of regulation 

of proteasomal degradation offer unique opportunities to manipulate this system for potential 

therapeutics, such as inhibitors of the proteasome-associated DUB USP14 (Lee et al., 2010) 

although their use is controversial (Marshall et al., 2013). 
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C.4. Cancer 
 
Since ageing is implicated in the development of neurodegenerative diseases, it is also an 

important risk factor for cancer (Finkel et al., 2007; Lopez-Otin et al., 2013) due to the age-

dependent enhancement of genetic mutations (Manasanch & Orlowski, 2017). Some of these 

mutations cause alteration of protein expression levels and/or imbalance in expression of 

protein complexes. These changes lead to the accumulation of misfolded or overproduced 

proteins, thus explaining why cancer cells often rely on high levels of proteasomes. This 

vulnerability was exploited through the development of proteasome inhibitors to treat some 

cancers (Grigoreva et al., 2015; Manasanch & Orlowski, 2017). 

Bortezomib was the first proteasome inhibitor to be introduced to clinical settings in the 

treatment of multiple myeloma (Grigoreva et al., 2015; Manasanch & Orlowski, 2017). 

Whereas the use of proteasome inhibitors has been beneficial, relapses were commonly 

observed due to the development of resistance to the treatment. Consequently, understanding 

the mechanisms causing resistance to proteasome inhibitors became a significant research 

question to address. Interestingly, studies have shown that resistance to proteasome inhibitors 

increased upon the knockdown of regulatory particle subunits (Acosta-Alvear et al., 2015). 

As cells adjust proteasome levels to their needs, it is reasonable to assume that they adapt to 

the reduction of regulatory particle subunits through resistance mechanisms (Op et al., 2022) 

(see also chapter VI.A. – Related articles). 

Therefore, disruption of proteasome levels holds a valuable therapeutic strategy, either alone 

or in conjugation with existing drugs that inhibit the catalytic activity of the proteasome, like 

the proteasome inhibitor Bortezomib. 

 

D. Regulation of Proteasome levels 
 
Because the generation of the proteasome is energy consuming for the cells, and when 

compromised, leads to cell death (Navon & Ciechanover, 2009), it is crucial to maintain 

adequate levels of proteasomes in cells. 

To produce and coordinate the correct amount of proteasome subunits, yeasts use the common 

transcription factor Rpn4 (Mannhaupt et al., 1999; Xie & Varshavsky, 2001). Rpn4 binds the 

proteasome-associated control element (PACE), a nonameric box located in the promoter 

regions of most proteasome subunits and some other stress genes (Mannhaupt et al., 1999). 

Due to rapid proteasomal degradation, Rpn4 has a short half-life which results in its 

accumulation when proteasomal function is impaired, thus leading to upregulation of 

proteasome subunits (Xie & Varshavsky, 2001) (Figure 10). Rpn4 expression is also 

regulated transcriptionally by stress-inducible transcription factors, such as Yap1 or Hsf1, 
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suggesting that the upregulation of proteasome genes expression may be a common 

mechanism for cells to adapt to environmental challenges (Ma & Liu, 2010). 

In plants, two transcription factors named NAC53 and NAC78 were identified as the main 

regulators of genes encoding proteasome subunits in response to a proteotoxic stress 

(Gladman et al., 2016; Nguyen et al., 2013; Yabuta et al., 2010). They are essential for the 

plant survival to proteasome inhibition, and their physiological pathways may be particularly 

sensitive to perturbations of this proteasome stress response as they have likely evolved to 

ensure proteasome homeostasis is adapted to the plant's needs. 

Finally, in mammals, two transcription factors were suggested to resemble the function of 

Rpn4 in yeast: the nuclear factor erythroid 2-related factor 1 (NRF1, also named SKN-1A in 

yeast) and -related factor 2 (NRF2) (Kwak et al., 2003; Radhakrishnan et al., 2010). Like 

Rpn4, NRF2 is an unstable protein that becomes stabilized during redox stress to boost 

proteasome gene expression (Kwak et al., 2003; Taguchi et al., 2011). Although NRF2 was 

initially thought to increase proteasome subunit expression after proteasome inhibition (Kraft 

et al., 2006), a later study attributed this role to NRF1 (Radhakrishnan et al., 2010). This last 

point will be discussed thoroughly in the following chapter along with the role of the DDI2-

NRF1 pathway in proteostasis. 

 

Figure 10. The regulation of proteasome subunits transcription in yeast. Upon 
physiological conditions, Rpn4 is constantly degraded through dependent or independent 
ubiquitin-degradation pathways. Upon proteasomal dysregulation, Rpn4 accumulates 
which permits its stabilization to translocate to the nucleus where it binds the PACE region 
located in the promoter region of most proteasome subunits and increase their transcription. 
Adapted from (Rousseau & Bertolotti, 2016). 
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DDI2-NRF1 pathway: a Sensor of 
Proteostasis Imbalance 
 

In recent years, emerging evidence of the contribution of the DDI2-NRF1 pathway in cell-

stress adaptation, for instance in response to proteasome dysfunction, was established. In 

mammalian cells, NRF1 is continuously degraded by the proteasome. Upon proteasome 

impairment, NRF1 escapes degradation and is cleaved into its active form which enables the 

restoration of proteasome function. Studies in the field have revealed that the aspartyl protease 

DDI2 is responsible for the proteolytic activation of NRF1 (Koizumi et al., 2016). However, 

several steps leading to DDI2-mediated NRF1 activation and how DDI2 is activated remain 

obscure.  

In the following paragraph, we will describe thoroughly the distinct features of NRF1 and 

DDI2 proteins and discuss their importance in sensing proteostasis imbalance. 

 

E. The ER membrane sensor NRF1 
 
The vertebrate genome encodes for three different nuclear factor erythroid 2-like (NRF) 

transcription factors: NFE2L1/NRF1, NFE2L2/NRF2 and NFE2L3/NRF3 (Chan et al., 1993; 

Kobayashi et al., 1999; Moi et al., 1994). These genes are strongly conserved across species 

where they are control stress-responsive gene expression programs (Blackwell et al., 2015; 

Sykiotis & Bohmann, 2010) (Figure 11). NRFs genes are part of the cap’n’collar (CnC) and 

basic leucine zipper (bZIP) transcription factor family where they bind to DNA by 

dimerization with small Maf proteins. NRF/Maf complexes recognize the antioxidant 

response element (ARE) within DNA sequence motif and act as transcriptional activator (Itoh 

et al., 1995; Johnsen et al., 1996). Whereas NRF genes resemble in structure and DNA binding 

mechanisms, they have distinct biological roles (Ibrahim et al., 2020; Liu et al., 2019). Upon 

oxidative stress, NRF2 is activated and drives antioxidant defences (Ma, 2013), while NRF3 

function is not well characterised (Kobayashi, 2020) and NRF1 triggers proteasome subunits 

genes transcription. In Caenorhabditis elegans (C. elegans) and Drosophila melanogaster, 

NRFs genes are respectively named SKN-1 and CncC (Blackwell et al., 2015; Sykiotis & 

Bohmann, 2010) and their functions are similar to the different mammalian NRFs (Figure 

11). For instance, both SKN-1C and NRF2 are localised in the cytosol and activate antioxidant 

adaptation programs (Itoh et al., 1999; Xu et al., 2018). For NRF1, SKN-1A and CncC also 

regulate the UPS upon cytotoxic stress (Glover-Cutter et al., 2013; Grimberg et al., 2011; 

Lehrbach & Ruvkun, 2016; Radhakrishnan et al., 2010). Although NRF1 is widely described 

as a mediator of proteasome inhibitor resistance by increasing proteasome levels (Sha & 
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Goldberg, 2014), it also promotes protein turnover through alternative pathways such as 

autophagy, mitophagy, etc. (Cui et al., 2021; Yang et al., 2018). In addition, dysregulation of 

NRF1 is implicated in various diseases such as metabolic disorders, neurodegenerative 

disorders, and cancer.  

 

Figure 11. Domain organization of the CnC-bZIP transcription factor family across 
species. The illustration depicts the structural domains of seven CnC-bZIP proteins (SKN-
1A, SKN-1B, SKN-1C, CncC, NRF1, NRF2, and NRF3). NRFs and CncC shares the CnC 
and the bZIP domain, whereas SKN1 proteins hold a basic leucine domain (BR). Only SKN-
1A, CncC, NRF1 and NRF3 present a transmembrane (TM) region, located in their N-
terminal domain, to tether proteins to the ER membrane. In addition, except for SKN-1B 
and NRF2, they all contain an Asn/Ser/Thr-rich (NST) domain targeted by N-glycosylation 
modification. The red bars represent the processing site (PS). Finally, regions colored in 
light blue are located in the cytosolic side, whereas regions colored in light yellow are 
located in the ER lumen. a.a. stands for amino acids. From (Hamazaki & Murata, 2020). 

E.1. Role in health and diseases 
 
Initially, NRF1 was identified for its role in controlling the expression of antioxidant genes 

driving the compensatory proteasome biogenesis to cells exposed to proteotoxic stress. More 

recently, a broader role for NRF1 was introduced in lipid and cholesterol homeostasis as well 

as an anti-cancer target and in oxidative stress responses. 

 
E.1.1. NRF1 regulates Lipid and Cholesterol Metabolism 
 
Cholesterol surplus in organisms causes the accumulation of glycosylated and non-

glycosylated full-length NRF1 in the ER compartment. Structural studies have demonstrated 

that NRF1 becomes insensitive to cholesterol levels upon deletion of its CRAC (putative 
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cholesterol binding) domain or its N-terminus ER-targeting domain, thus suggesting that 

NRF1 binds to excess cholesterol in the ER, which then reduces the efficacy of ERAD 

retrotranslocation to the cytosol. In mice, liver-specific knockout of NRF1 triggered 

cholesterol-mediated hypersensitivity, emphasizing the role of NRF1 in cholesterol 

homeostasis in vivo (Widenmaier et al., 2017). Others have described NRF1 involvement in 

inflammation, liver pathology, ER stress and increased oxidative stress upon NRF1 deletion 

in livers (Lee et al., 2013; Xu et al., 2005). Lee and collaborators have even established the 

role of single NRF1 knock-out allele in mice leading to hepatic steatosis hypersensitivity upon 

Bortezomib. They have shown how proteasome inhibitors aggravated defects in lipid 

homeostasis caused by loss of NRF1 (Lee et al., 2013). In addition, deletion of NRF1 in 

adipocytes induced adipocyte hypertrophy further supporting the hypothesis of NRF1 

implication in lipid homeostasis (Hou et al., 2018). The same observations were described in 

models deficient for the deglycosylating enzyme NGLY1 (Fujihira et al., 2020). Furthermore, 

evidence in C. elegans has established the conserved implication of NRF1 in lipid 

metabolism. Under high-carbohydrate diet, fat accumulation is prevented by gain-of-function 

mutations in SKN-1 (Pang et al., 2014) and SKN-1 enhances proteasome activity and 

regulation of lipid metabolism (Steinbaugh et al., 2015). 

 

E.1.2. Physiological roles of NRF1 in Proteasome Biogenesis 
 
NRF1 is essential for embryonic development. Indeed, homozygous deletion of NRF1 in mice 

is lethal (Chan et al., 1998). Studies about NRF1 disruption in specific tissues, like adipocytes, 

bone, brain, and liver, have caused abnormalities further cementing the essentiality of NRF1 

for normal embryonic development in mammalian tissues (L. Chen et al., 2003; Kim et al., 

2010; Kobayashi et al., 2011; Lee et al., 2011; Ohtsuji et al., 2008; Widenmaier et al., 2017; 

Xu et al., 2005). Most of these defects likely resulted from failed proteasome function. The 

combination of reduced basal proteasome expression and activity, with increased 

accumulation of ubiquitinated proteins, is observed in liver or nervous system tissues upon 

specific-NRF1 depletion (Kobayashi et al., 2011; Lee et al., 2013; Lee et al., 2011). Similar 

observations are described in Drosophila and C. elegans (Grimberg et al., 2011; Lehrbach et 

al., 2019; Li et al., 2011). Obviously, all evidence points towards a role for NRF1 in 

optimizing proteasome levels in physiological conditions and not solely in response to 

environmental stress. However, which endogenous signals influence NRF1 to regulate 

proteasome levels? 

Several lines of evidence have highlighted NRF1 as a downstream target of mTORC1 which, 

upon activation, promotes transcription of the transcription factor (Zhang, Nicholatos, et al., 

2014). Similarly, in C. elegans the extracellular regulated kinases, ERK1 and ERK2, were 

identified by genetic screening to be essential in promoting proteasome gene expression 
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through the action of SKN-1A (Zhang, 2021). Moreover, studies published on the role of the 

cytosolic O-linked N-acetylglucosamine transferase (OGT), have revealed its direct impact 

on proteasome regulation via modification of NRF1 (Chen et al., 2015; Han et al., 2017; 

Sekine et al., 2018). Overall, the regulation of SKN-1A/NRF1 through these different actors 

influences positively protein quality control at different states of the cell cycle.  

In addition, NRF1 regulates the proteasome in response to accumulation of misfolded proteins 

and protein aggregates. This NRF1 function is greatly illustrated by the neurodegenerative 

disease, Alzheimer’s disease, where the accumulation of amyloid b peptide is described as 

one of the main causes leading to the development the disease. In 2019, Lehrbach and Ruvkun 

have shown that accumulation of amyloid b in C. elegans led to the activation of proteasome 

gene subunit expression through SKN-1A (Lehrbach & Ruvkun, 2019). They further 

demonstrated that activation of the proteasome in this context relied on the same mechanisms 

as in response to proteasome inhibition. Whereas the mechanism prompting NRF1 

degradation remains unclear, SKN-1A activation was directly linked to proteostasis 

maintenance through degradation of misfolded proteins preventing age-dependent 

aggregation and toxicity of amyloid b peptide. Studies in the mouse brain have further shown 

how NRF silencing could drive neurodegeneration and accumulation of ubiquitinated protein 

aggregates (Kobayashi et al., 2011; Lee et al., 2011). Again, NGLY1 deficiency in humans 

and rodents is also correlated with neurodegenerative symptoms and formation of protein 

aggregates (Asahina et al., 2020; Lam et al., 2017; Mueller et al., 2020).   

 

E.1.3. Physiological roles of NRF1 in vivo 
 
To study the significance of NRF1 in vivo, scientific laboratories have developed an important 

number of mouse models. Both genetic loss and gain-of-function mutations in mice have 

clearly established that the dysregulation of NRF1 led to pathological states observed in 

human diseases.  

First, the NRF1 knock-out mouse model is embryonic lethal. This observation results from 

impaired foetal liver erythropoiesis (Chan et al., 1998). In consistency with this observation, 

Chen and others have described the essentiality of NRF1 in controlling hepatocyte 

homeostasis during development in mouse chimeras (L. Chen et al., 2003). Moreover, tissue-

specific knock-out of NRF1 in hepatocytes have led to steatosis, inflammation, and 

tumorigenesis (Xu et al., 2005). Although the mechanisms driving these pathologic states 

remain unclear, NRF1-deficient hepatocytes display both oxidative and ER stress profiles 

(Lee et al., 2013; Ohtsuji et al., 2008; Xu et al., 2005). Interestingly, liver-specific NRF1 

knock-out models raise its potential to study NRF1 physiological role in ER stress responses 

and liver diseases. Recently, studies in both human hepatocytes and mouse have established 

a role for NRF1 in triggering heavy metal detoxification through the restoration of proteasome 
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function upon Cadmium exposure (Ribeiro et al., 2022). Cadmium is an environmentally 

present toxic heavy metal exhibiting cytotoxic and carcinogenic effects. This study has 

outlined the importance of NRF1 in proteostasis maintenance to heavy metal mediated 

toxicity.  

Moreover, NRF1 is implicated in neuronal homeostasis. Using Cam-K2 Cre transgenic 

mouse, researchers have developed neuron-specific conditional knock-out for NRF1. Upon 

NRF1-deficiency, they observed the development of age-dependent forebrain atrophy (Lee et 

al., 2011). Besides the neurodegenerative phenotype, the brain of these mice exhibited 

ubiquitinated protein accumulation and apoptosis. Another study led by Kobayashi in 2011 

has revealed the role of NRF1 in neuronal and glial precursor cells. They generated NRF1-

deficient neurons using Nestin-Cre system in mouse which led to motor ataxia, 

neurodegeneration and chromatolysis in the spinal cord (Kobayashi et al., 2011).  

Additionally, gene expression studies have suggested a role for NRF1 in osteoblast 

homeostasis. Osteoblast-specific conditional NRF1 knock-out leads to decrease in bone size, 

peak bone mass, trabecular bone, and bone strength (Kim et al., 2010). NRF1 is also 

implicated in glucose metabolism. In a genome-wide association study (GWAS), a single 

nucleotide polymorphism in human NRF1 was directly associated to obesity (Speliotes et al., 

2010). Paradoxically, overexpression of NRF1 in transgenic mice appears to be associated 

with weight loss and protection from diet-induced obesity. In addition, these transgenic mice 

exhibited insulin resistance profiles in liver and skeletal muscle (Hirotsu et al., 2014). 

Surprisingly, the NRF1 loss-of-function in pancreatic b cells is also associated with insulin 

resistance. Mice deficient for NRF1 in pancreatic b cells develop glucose intolerance and 

severe hyperinsulinemia, suggesting a role of NRF1 in the development of type-2 diabetes.  

 

E.1.4. NRF1 in Cancer 
 
The use of proteasome inhibitors in cancer treatment is of high relevance. Like in multiple 

myeloma, proteasome inhibitors challenge the proteasome capacity, but their utility is limited 

to cell-elicited resistance mechanisms (Wallington-Beddoe et al., 2018). The necessity to 

recruit NRF1 in response to proteasome dysfunction suggests it is a promising 

pharmacological target to enhance the drugs’ efficiency. Genetic analysis in C. elegans has 

demonstrated the essential role of deglycosylation by NGLY1/PNG-1 of SKN-1A/NRF1 in 

response to proteasome impairment (Lehrbach et al., 2019). Additionally, recent studies in 

multiple myeloma models have demonstrated a role for the protease DDI2 in driving 

adaptation program to proteasome inhibition through the activation of NRF1 (Op et al., 2022). 
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E.2. Regulation and Mechanism of Activation 
 
E.2.1. in the ER 
 
The full-length precursor protein of NRF1 possesses an N-terminal transmembrane domain 

enabling its insertion in the ER via the Sec61-dependent pathway (Glover-Cutter et al., 2013; 

Steffen et al., 2010; Zhang et al., 2006). In the ER, the bulk of NRF1 polypeptide until the C-

terminal domain resides in the ER lumen whereas a small portion of the N-terminus is 

protruding into the cytosol (Radhakrishnan et al., 2014; Wang & Chan, 2006; Zhang & Hayes, 

2010). NRF1 then undergoes N-linked glycosylation which adds around 10 to 15 kDa to its 

size. At steady-state and following N-glycosylation, NRF1 is subjected to ER-associated 

degradation (ERAD) to return to the cytosol where it is degraded by proteasomes. ERAD is a 

very well described pathway specialized in ER misfolded proteins turnover (Sun & Brodsky, 

2019; Wu & Rapoport, 2018). ERAD-dependent degradation of NRF1 involves the action of 

the ER-associated E3 ubiquitin ligase HRD1 and the extraction from the ER by p97 (also 

known as valosin containing protein “VCP”) (Radhakrishnan et al., 2014; Steffen et al., 2010). 

Under proteotoxic stress or proteasome inhibition, following retrotranslocation through 

ERAD, NRF1 is processed in the cytosol (Figure 12). 

 

E.2.2. in the Cytosol 
 
Proteolytic activation by DDI2 
 
When cells are deficient for proteasome function, NRF1 is proteolytically cleaved into a 

different isoform. The cleavage removes around 100 amino acids from the N-terminus of the 

protein (Radhakrishnan et al., 2014). In C. elegans, SKN-1A is similarly cleaved which 

removes around 150 amino acids from its N-terminus (Lehrbach & Ruvkun, 2016). The 

truncated form of SKN-1A generated following its cleavage is capable of inducing 

proteasome gene expression to cope with proteasome impairment. In human and C. elegans, 

this proteolytic cleavage relies on a conserved aspartic protease named DDI2 and Ddi1 

respectively (Koizumi et al., 2016; Lehrbach & Ruvkun, 2016) (Figure 12). Studies have 

reported that when DDI2 or Ddi1 is deficient in cells, NRF1/SKN-1A remains uncleaved and 

fails to restore the proteasome function. However, the requirement of DDI2 in generating an 

active truncated NRF1 is not fully understood. Others have suggested that DDI2 is essential 

to release NRF1 from the ER in some cell types (Koizumi et al., 2016) but it was not 

conserved in C. elegans studies and other human cells (Lehrbach & Ruvkun, 2016; Northrop 

et al., 2020). NRF1 was released from the ER in its full-length form and detected in the 

nucleus whereas it was defective in stimulating proteasome gene expression. Moreover, 
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observations in C. elegans have suggested that Ddi1 deficiency was linked to the 

accumulation of NRF1 aggregates (Lehrbach & Ruvkun, 2016).  

 

Figure 12. SKN-1A/NRF1 mechanism of activation upon proteasomal impairment. 
SKN-1A/NRF1 is an ER-associated protein with its N-terminal transmembrane region 
anchored to the ER membrane. In the ER, SKN-1A/NRF1 undergoes N-linked 
glycosylation. Glycosylated SKN-1a/NRF1 is then retrotranslocated from the ER via the 
ERAD machinery composed of SEL-1 and HRD1 factors. In addition to ERAD factors, 
SKN-1A/NRF1 is pulled-out from the ER via the ATPase VCP/p97 (also named CDC-48) 
through ATP hydrolysis. In cells with full proteasomal capacity, cytosolic SKN-1A/NRF1 
is degraded by the proteasome. In cells with altered proteasome function, SKN-1A/NRF1 
undergoes deglycosylation by the peptide:N-glycanase PNG-1/NGLY1 and proteolytic 
cleavage by Ddi1/DDI2. In this model, removal of N-glycans implies that N-glycosylated 
asparagines (N) are converted into aspartates (D). Proteolytically processed and edited 
SKN-1A/NRF1 finally enters the nucleus and binds ARE regions of proteasome subunits 
genes and other target genes. From (Ruvkun & Lehrbach, 2022). 

Deglycosylation and Deamination by NGLY1/PNG-1 
 
NRF1 contains seven N-glycosylation motifs (N-X-S/T) localised in its central 

asparagine/serine/threonine-rich domain (NST) (Zhang, Ren, et al., 2014). Since NRF1 is 

cotranslationally inserted into the ER, it is likely that these N-linked glycosylations occur 

sequentially (Yoshida et al., 2021; Zhang & Hayes, 2013; Zhang, Ren, et al., 2014). In 2019, 

Lehrbach and collaborators have characterized the deglycosylation-dependent mechanism of 

SKN-1A protein editing in C. elegans. In this model, SKN-1A holds a cluster of four N-linked 

glycosylation motifs similarly positioned as in human. The study has described the 
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importance of deglycosylation and deamination of the four asparagine residues into aspartic 

acids by the N-glycanase PNG-1 to destine SKN-1A to upregulate proteasome gene 

expression (Lehrbach et al., 2019; Yoshida et al., 2021; Zhang, Ren, et al., 2014). Conversely, 

N-glycosylation is not required to destine NRF1 for ERAD degradation, nor to accumulate 

into its active form in the nucleus upon proteasomal dysfunction.  

The N-glycanase, termed NGLY1 in mammals and PNG-1 in C. elegans, is a cytosolic 

enzyme responsible for the deglycosylation of ERAD substrates following their 

retrotranslocation and prior to their degradation by the proteasome (Suzuki et al., 2016) 

(Figure 12). In cellular model lacking the expression of this N-glycanase, both NRF1 and 

SKN-1A respectively fail to activate proteasome gene expression (Lehrbach & Ruvkun, 2016; 

Tomlin et al., 2017). The action of this enzyme consists in a coupled reaction combining the 

release of the N-linked glycan and the conversion of the glycosylation asparagine into an 

aspartic acid (Suzuki et al., 1994). NRF1/SKN-1A, engineered with the mutation of the N-

linked glycosylation motifs into aspartic acids, is functionally competent and bypasses the 

requirement of NGLY1/PNG-1 for modulation of proteasome gene (Lehrbach et al., 2019; 

Yoshida et al., 2021). Interestingly, endogenous genomic mutations to bypass the requirement 

of NGLY1 are observed in phylogenetic comparisons of NRF1 in both human and C. elegans 

(Lehrbach et al., 2019; Ruvkun, 2021).  

 

E.2.3. in the Nucleus 
 
Upon entry into the nucleus in its active and processed form, NRF1 regulation is carried out 

by various factors. The earliest regulators implicated are small MAF (MafF, MafG and MafK) 

cofactors harbouring a bZIP domain, just as NRF1 (Johnsen et al., 1996; H. M. Kim et al., 

2016). Through this domain, NRF1/small Maf heterodimerizes to bind the antioxidant 

response element (ARE) located upstream of proteasome genes or other target genes. More 

recently, another cofactor was identified to be implicated in NRF1 transcriptional activation 

upon proteasome inhibition and is named the RUVBL1-containing TIP60 chromatin 

regulatory complex (Vangala & Radhakrishnan, 2019). In the nucleus, NRF1 protein levels 

are also prone to several regulation processes. NRF1 is regulated by two Cullin-RING 

ubiquitin ligases (Biswas et al., 2013; Biswas et al., 2011; Tsuchiya et al., 2011b) and is also 

subject to regulation by phosphorylation and O-linked glycosylation (Chen et al., 2015). 

However, the regulatory effect of O-GlcNAcylation on NRF1 remains unclear due to 

discordant results in published studies (Han et al., 2017; Sekine et al., 2018). Casein kinase 

2-mediated phosphorylation of NRF1 at residue Ser-497 has been shown to decrease its 

transcriptional activity, but the precise mechanism behind this effect is still unknown 

(Tsuchiya et al., 2013). The cellular location of the CK2-mediated phosphorylation event also 

remains elusive (Faust & Montenarh, 2000; Litchfield, 2003). 
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F. The aspartyl protease DDI2 
 

The DNA-damage inducible 1 homolog 2 (DDI2) protein is an aspartic protease containing a 

retroviral protease-like (RVP) domain and highly conserved among eukaryotes (Perteguer et 

al., 2013; Siva et al., 2016a). DDI2 is ubiquitously expressed and is involved in cell stress 

response. However, function, regulation and molecular mechanisms driving DDI2 activity are 

poorly understood. Recent research conducted in C. elegans, yeast, and human cells have 

demonstrated a role for DDI2 in regulating proteasome activity to sustain protein homeostasis 

(Koizumi et al., 2016; Lehrbach & Ruvkun, 2016) as well as in response to cell stress during 

DNA replication (Kottemann et al., 2018; Serbyn et al., 2020). 

 

F.1. Structure and Function 
 
Aspartic proteases differ from retroviral proteases, like the HIV-1 protease (Kohl et al., 1988), 

in size and structure but are part of the pepsin-like family and are believed to be evolutionarily 

related due to homologous active site loops and the similar localisation of aspartic residues at 

a domain interface (Navia et al., 1989; Richter et al., 1998; Wlodawer et al., 1989). A family 

of eukaryotic proteins harbouring structural and sequence similarity to retroviral proteases 

has been characterised by the presence of a retroviral protease-like (RVP) domain with every 

feature of retroviral proteases conserved. (Krylov & Koonin, 2001) (Figure 13).  

 

Figure 13. Structural comparison between human HIV-1 and Ddi1 proteases. 
Retroviral (HIV) and DNA damage inducible (Ddi) proteins shares homology structure. 
The arrows underline the important regions, with exception for the additional a-helical 
insert, which are known to contribute to dimerization. From (Motyan et al., 2020). 

Several proteases have been described with an RVP domain. Among them, Ddi1 is one of the 

most studied and is conserved across species, from S. pombe, Leishmania species, A. thaliana, 

S. cerevisiae, D. melanogaster, up to mammals (Fatimababy et al., 2010; Liu & Xiao, 1997; 

Morawe et al., 2011; White et al., 2011; Wilkinson et al., 2001). More recently, by multiple 

sequence alignments using yeast Ddi1 as a model, we have expanded our knowledge of 

human RVP-like proteins. Among them are described the yeast orthologs Ddi1 and DDI2. 
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Evidence have shown that Ddi1 is expressed at low levels almost exclusively in testis, which 

suggests it to status as a pseudogene (Sirkis et al., 2006). Conversely, DDI2 appears to be 

expressed at higher levels than Ddi1 in human in a variety of tissues, especially in the bladder, 

prostate, and breast. Structurally, both Ddi1 and DDI2 hold a N-terminal ubiquitin-like (UBL) 

domain whereas in C-terminal, DDI2 lacks the ubiquitin-associated (UBA) domain described 

in its yeast ortholog. Indeed, in human C-terminal DDI2 we find a ubiquitin-interacting motif 

(UIM) which is described to bind weakly but specifically to mono-ubiquitinated substrates 

(Siva et al., 2016a) whereas the N-terminal ubiquitin fold interacts with large ubiquitylated 

proteins (Collins et al., 2022). Moreover, human DDI2 along with RAD23 proteins have been 

identified in a large-scale pull-down study of proteins interacting with proteasomes 

(Bousquet-Dubouch et al., 2009). 

More recently and as mentioned earlier, mammalian DDI2 studies have demonstrated its role 

in mediating NRF1 proteolytic activation (Koizumi et al., 2016). Additionally, biochemical 

analysis has further suggested that purified DDI2 in presence of RAD23 co-factors promoted 

the cleavage of ubiquitylated substrates, including NRF1 (Dirac-Svejstrup et al., 2020b). 

Also, the protease was characterised to potentialize the upregulation of proteasome activity 

(Collins & Goldberg, 2020; Collins et al., 2022).  

 

Figure 14. Schematic representations of ubiquilin proteins in yeast and mammal. Yeast 
Dsk2 and its mammalian orthologs Ubqln1, Ubqln2, Ubqln3, and Ubqln4, present an N-
terminal UBL domain, multiple STI1 domains in their central region, and a C-terminal UBA 
domain. Yeast Rad23 and its mammalian orthologs Rad23A and Rad23B, have an N-
terminal UBL domain, one UBA and one STI1 domain in their central region, and a C-
terminal UBA domain. UBL: ubiquitin-like; UBA: ubiquitin-associated; STI1: heat shock 
chaperone-binding. From (Lee & Brown, 2012). 
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Whereas the role of DDI2 as a protease cleaving NRF1 was recently established, the 

involvement of RAD23 therein remained elusive. It is known that RAD23 proteins and other 

ubiquilins (Figure 14) are shuttling factors involved in protein degradation, and more recently 

connected to ERAD (Medicherla et al., 2004). RAD23 proteins are also able to activate 

proteasomes upon binding with the 26S particle (Collins & Goldberg, 2020; Kim & Goldberg, 

2018). In addition, studies demonstrated that yeast Rad23 and Ddi1 can form a complex 

(Bertolaet et al., 2001a) furthermore supporting the hypothesis of RAD23 requirement to 

enable DDI2 proteolytic activity.  

 

F.2. Physiological role in mice 
 
Although the transcription factor NRF1 was characterized in vivo, as discussed earlier in the 

study, it remained to be investigated for its activating partner DDI2. This study was led in our 

laboratory (see chapter VI.B. – Related articles) to shed light on the DDI2-associated 

molecular mechanisms and physiological functions (Ribeiro et al., 2022).  

To test the involvement of DDI2 in cell stress response, Cadmium (Cd) was used to trigger 

toxicity. Cd is a toxic heavy metal widely present in our environment and capable of triggering 

both cytotoxic and carcinogenic effects in mice and humans. Furthermore, studies have 

demonstrated that Cd can cause accumulation of ubiquitinated proteins, thus disrupting the 

UPS and ultimately resulting in apoptosis of both mouse and human cells (Figueiredo-Pereira 

et al., 1997; Yu et al., 2011). Moreover, the deletion of NRF1 gene in mouse liver was 

described to impair the expression of Mt1 and Mt2 genes (Ohtsuji et al., 2008) which encode 

for cysteine-rich and metal-binding proteins associated with metal-ions chelation and 

detoxification to Cadmium and Arsenic (Habeebu et al., 2000; Klaassen et al., 2009; Ohtsuji 

et al., 2008; Wang et al., 2020; Zhao et al., 2011). Finally, the mouse model reported in the 

study is using a liver specific DDI2 knockout.  

The results establish that, upon Cd exposure, mice exhibited DDI2-mediated NRF1 activation 

and regulation of MT gene expression. In contrast, DDI2 deficiency affected the expression 

of proteasome subunits. However, the activation of MT genes is not exclusively controlled by 

DDI2 and/or NRF1 (Sabolic et al., 2010). In addition, the study uncovers the requirement of 

DDI2 for normal embryonic development where total DDI2 knockout mice die at mid-

gestational stage, whereas lethality is not increase in liver specific DDI2 knockout upon Cd. 

In conclusion, DDI2 in vivo is required for normal embryonic development and is involved 

in response to heavy metal mediated toxicity. Whereas DDI2 causing lethality at embryonic 

level can be compared to NRF1-deficient mice, additional investigations are essential to 

understand the cause(s) of death.  
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F.3. DDI2-NRF1, a promising anti-Cancer target 
 
Although NRF1 was linked to different neuronal dysfunction or diabetes, the role of NRF1 

when activated by the protease DDI2 remains to be characterised. In addition, among several 

tumorigenic cell lines, from leukaemia to skin cancer, cells are sensitive to NGLY1 deficiency 

as well as to NRF1 loss-of-function or to the aspartyl protease DDI2 responsible for NRF1 

activation.  In the Cancer Dependency Map, there are no other genes than NRF1 and/or DDI2 

correlating to the necessity of NGLY1. Most of the cancer cells relying of 

NGLY1/NRF1/DDI2 are proliferating and present diverse oncogenic mutations. But how is 

proteostasis linked to the proliferation of these cancer cells? One hypothesis is that cancers 

elicit NRF1 constitutive activity to cope with mutations effects, thus leading to the disruption 

of proteostasis. 

Recently, our laboratory and others, have unravelled a role for the DDI2-NRF1 pathway in 

mediating adaptation to proteasome inhibition in multiple myeloma (Op et al., 2022) (see 

chapter VI.A. – Related articles). 

To explore the involvement of DDI2-NRF1 pathway, the proteasome inhibitor Bortezomib 

was used to trigger cytotoxic effect and specific resistance observed in multiple myeloma 

patients. The study has revealed that DDI2-deficient cells were more sensitive to Btz 

treatment which has underlined consistently other studies where defect in the proteasome 

function is observed in absence of DDI2 (Northrop et al., 2020). Furthermore, the activation 

of NRF1 by DDI2 contributes to the development of Btz resistance by triggering a proteasome 

bounce-back response which enhances proteostasis. Interestingly, Nelfinavir (NFV), a drug 

originally designed to target HIV protease, partially reduces DDI2 activity and improves the 

effectiveness of Btz in multiple myeloma. These observations were supported by promising 

clinical evidence showing that NFV restores sensitivity of multiple myeloma patients that are 

refractory to proteasome inhibition (Driessen et al., 2018; Erath et al., 2020; Hitz et al., 2019). 

Although, it is worth noting that NFV has additional effects on translation mechanisms that 

contribute to its antitumoral properties (Besse et al., 2021; De Gassart, Bujisic, et al., 2016; 

De Gassart, Demaria, et al., 2016). Based on this work, developing targeted DDI2 inhibitors 

in conjugation with proteasome inhibitors holds the potential to offer novel therapeutic 

approaches for multiple myeloma.  

Altogether, NGLY1, NRF1 and DDI2 are represented as attractive targets for cancer 

therapies.     
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Aim of the Thesis 
 
The focus of this thesis lies on the atypical DDI2-NRF1 signaling pathway through the 

characterization of the underlying mechanisms driving NRF1 activation upon proteasomal 

dysregulation. NRF1 transcriptional activity is preceded by ER retrotranslocation, 

accumulation in the cytosol, cleavage by DDI2 and entry in the nucleus to induce proteasome 

gene expression.  

Although much progress has been made on the mechanical insight of DDI2-mediated NRF1 

activation prior to and during my thesis, the regulation of NRF1 cleavage in terms of post-

translational modifications and the outcome of cleaved NRF1 in other cellular programs than 

proteasome regulation, was unclear. 

Thus, to shed light on these mechanisms, this thesis aimed at answering the following 

questions: 

 

- Is ER-trafficking involved in NRF1 cleavage by DDI2? 

- What NRF1 posttranslational modifications are involved in DDI2-mediated 

cleavage? 

- How is DDI2 activated, and does it directly interact with NRF1? 

- Is DDI2-mediated NRF1 cleavage required for NRF1 function? 

Given that cancers like multiple myeloma and some autoinflammatory diseases are 

characterized by a defect in proteasome function, a detailed view of this pathway is crucial 

for the understanding of these pathologies and critical for future drug development. 
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A. Summary 
 
In this project we set out to interrogate the different biological mechanisms involved upstream 

of NRF1 cleavage by DDI2 and their impact on NRF1 activation. 

Firstly, we aimed at investigating additional NRF1 subcellular localization and its 

consequence on the cleavage by DDI2. In particular, we investigated whether ER-trafficking 

and retrotranslocation into the cytosol were mandatory for DDI2 to execute NRF1 cleavage. 

Since upon ER stress, misfolded proteins are tagged to be retrotranslocated to the cytosol and 

degraded by the proteasome e.g. via the ERAD pathway, a mechanism proposed to lead to 

misfolded proteins degradation (Pisoni & Molinari, 2016), we wondered whether ERAD was 

implicated in the translocation of ER-associated proteins destined for transcriptional 

activation. To answer this question, we intended, as a first step to examine NRF1 cleavage 

upon ER-trafficking, or not. And, in a second step explore the extent and role of this 

trafficking on NRF1 transcriptional activity.  

In addition, we set out to examine NRF1 post-translational modifications. Previous literature, 

in particular HRD1/p97-mediated ubiquitination of ERAD substrates, indicated a role for 

ubiquitination to target misfolded proteins for proteasomal degradation (Ye et al., 2001). 

While previous literature in vitro shows that DDI2 is a ubiquitin-directed endoprotease 

(Dirac-Svejstrup et al., 2020b), it is unclear whether NRF1 requires ubiquitination to be 

cleaved into its active form.   

Moreover, while we were not able to develop an in vitro assay to study DDI2 activity, we 

focused on the nature of the relationship between NRF1 and DDI2. As previous in vitro 

studies observed, DDI2-mediated NRF1 cleavage relied on the presence of a co-factor 

molecule called RAD23 (Dirac-Svejstrup et al., 2020b). This part is split into characterization 

of the interaction of DDI2 and NRF1 and the exploration of the role of RAD23 in this process. 

Finally, the last part is dedicated to NRF1 activity. Research in the last years has made pretty 

clear the role of NRF1 as a master regulator of proteasome gene expression. Thus, we set out 

to understand the potential role of DDI2 in regulating proteasomal programs through NRF1 

activation and further investigate other DDI2-dependent cellular programs and their role in 

disease. 
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A.1. Abstract 
 
The transcription factor NRF1 resides in the endoplasmic reticulum (ER) and is constantly 

transported to the cytosol for proteasomal degradation. However, when the proteasome is 

defective, NRF1 escapes degradation and undergoes proteolytic cleavage by the protease 

DDI2, generating a transcriptionally active form that restores proteostasis, including 

proteasome function. The mechanisms that regulate NRF1 proteolytic activation and 

transcriptional potential remain poorly understood. This study demonstrates that the ER is a 

crucial regulator of NRF1 function by orchestrating its ubiquitination through the E3 ubiquitin 

ligase HRD1. We show that HRD1-mediated NRF1 ubiquitination is necessary for DDI2-

mediated processing in cells. Furthermore, we found that deficiency in both RAD23A and 

RAD23B impaired DDI2-mediated NRF1 processing, indicating that these genes are essential 

components of the DDI2 proteolytic machinery. Our findings highlight the intricate 

mechanism by which the ER activates NRF1 to coordinate the transcriptional activity of an 

adaptation response in cells and suggest potential avenues for therapeutic interventions in 

conditions associated with proteasome impairment.  
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A.2. Introduction 
 
The endoplasmic reticulum (ER) is an organelle conserved in eukaryotes that plays a crucial 

role in protein synthesis, folding, and trafficking, as well as in other essential cellular 

functions, such as lipid synthesis, calcium storage, and carbohydrate metabolism (Lynes & 

Simmen, 2011; Sitia & Meldolesi, 1992). Moreover, the ER serves as a gateway to the 

degradation pathway by targeting misfolded proteins for degradation through the ubiquitin-

proteasome system (UPS) (Christianson & Ye, 2014). This process is known as the ER-

associated degradation (ERAD) pathway, whereby misfolded proteins are extracted from the 

ER lumen and retrotranslocated into the cytosol for degradation (Olzmann et al., 2013). 

 

Considered a central protein folding hub, the ER governs the modifications, structural 

maturation, and targeted transportation of over one-third of the cellular proteome, including 

all proteins embedded in membranes or those retained in specific cellular compartments or 

released extracellularly (Stevenson et al., 2016). Furthermore, recent evidence suggests that 

the ER may also be involved in the posttranslational modifications of at least one cytosolic 

protein, the Cap'n'Collar (CnC) basic leucine zipper (bZIP) transcription factor NFE2L1, also 

known as NRF1 (Ruvkun & Lehrbach, 2022). In C. elegans, the homolog of NRF1, SKN-1A, 

undergoes N-glycosylation within the ER lumen. In the cytosol, the glycosylated asparagine 

residues are processed, and the asparagine amino acids edited into aspartic acid residues 

(Lehrbach et al., 2019). This amino acid change is required to unleash NRF1 transcriptional 

activity (Lehrbach et al., 2019). 

 

The transcription factor NRF1 regulates genes associated with inflammation, oxidative stress 

response, and other cellular processes in mammals. It does so via the antioxidant response 

element (ARE) or the Maf recognition element (MARE) (Motohashi et al., 2002). Similar to 

its homolog NRF2, which initiates an appropriate adaptation response to oxidative stress 

(Tebay et al., 2015), NRF1 can detect various insults and trigger specific transcriptional 

programs. For example, NRF1 is activated as a response to proteasome impairment to restore 

proteasomal activity by promoting the transcription of proteasome subunit genes 

(Radhakrishnan et al., 2014; Radhakrishnan et al., 2010; Roeten et al., 2018). Furthermore, 

inhibition of NRF1 activation has been shown to increases the susceptibility of Multiple 

Myeloma to proteasome inhibitor-based chemotherapy (Chen et al., 2022; Collins & 

Goldberg, 2020; Dirac-Svejstrup et al., 2020a; Op et al., 2022). Moreover, NRF1 has been 

shown to be involved in the physiological response to pollutants such as cadmium (Ribeiro et 

al., 2022).  
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The stability and proteolytic maturation of the NRF1 protein are crucial steps in controlling 

its activation as observed upon proteasome system impairment (Steffen et al., 2010; Tsuchiya 

et al., 2011a). Conversely, proteasome inhibition allows NRF1 to escape degradation and 

orchestrate the transcriptional response that restores proteasome homeostasis (Radhakrishnan 

et al., 2014; Radhakrishnan et al., 2010). 

 

Another critical step that controls NRF1 activity relies on its proteolytic maturation, which 

requires the protease DDI2 (Koizumi et al., 2016; Lehrbach & Ruvkun, 2016). However, the 

mechanisms by which DDI2 contributes to this process are poorly understood. Biochemical 

experiments have suggested that purified DDI2 could promote the cleavage of high molecular 

weight ubiquitinated substrates, including NRF1 (Dirac-Svejstrup et al., 2020a). The aspartic 

protease DDI2 can increase proteasome activity (Collins & Goldberg, 2020; Collins et al., 

2022) and may bind substrates via ubiquitin chains through its ubiquitin-interacting motif 

(UIM) and ubiquitin-like domain (UBL) (Collins et al., 2022; Siva et al., 2016b).  

 

While NRF1 cleavage has been proposed to require ubiquitination (Sha & Goldberg, 2014, 

2016), cellular experiments have shown that DDI2's UBL and UIM are dispensable for NRF1 

maturation (Op et al., 2022). This suggests that other domains, including the helical domain 

(HDD), may be involved in this process. Moreover, evidence in yeast indicates that DDI2 

homologs interact with RAD23 proteins through their respective ubiquitin-associated (UBA) 

domains (Bertolaet et al., 2001a). In humans, DDI2 lacks the UBA domain; however, in vitro, 

RAD23 has been shown to enhance DDI2 proteolytic activity (Dirac-Svejstrup et al., 2020a), 

suggesting that UBL-harboring proteins may cooperate to trigger NRF1 activation in humans. 

NRF1 activation also requires p97/VCP, a component of the endoplasmic reticulum (ER) 

retrotranslocation machinery (Radhakrishnan et al., 2014; Steffen et al., 2010). This 

machinery is involved in the transport of misfolded proteins into the cytosol for degradation, 

suggesting that trafficking to the ER and subsequent retrotranslocation of NRF1 could precede 

maturation by cytosolic DDI2. 

 

In this study, we show that ER trafficking function is to tag NRF1 protein for DDI2-mediated 

proteolytic maturation. Mechanistically, we describe that this process is independent of 

glycosylation and relies on NRF1 ubiquitination by the E3-ligase HRD1-mediated. The role 

of NRF1 ubiquitination is also supported by the observation that UBA-harboring RAD23 

proteins are required for DDI2-mediated NRF1 activation. Additionally, we demonstrate that 

ER-dependent glycosylation in human cells plays a DDI2-independent role in promoting the 

transcriptional activity of NRF1. Moreover, we show that DDI2-mediated cleavage affects 

the transcriptional program induced by NRF1 but is not required for NRF1's ability to promote 
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transcription. These findings indicate that posttranslational modifications within the ER are 

essential and cooperate to coordinate NRF1 transcriptional responses. 
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A.3. Material and Methods 
 
Plasmids and molecular biology. 

Most DDI2 and NRF1 constructs (N-terminal and C-terminal deletions, C-terminal FLAG 

tag, N-terminal eGFP tag) were generated by PCR amplification using the Phusion High-

Fidelity PCR kit and restriction enzyme cloning into a pCR3 backbone. The NRF1 30NTD 

(1-30 amino acids) was annealed and cloned into a pCR3-derived NRF1 construct. NRF1 and 

DDI2 point mutants were generated on pCR3-derived NRF1 and DDI2 expression constructs 

by Pfu DNA Polymerase or by standard double PCR approach. NRF1 7NA and 7ND were 

generated by subcloning a synthetic pre-annealed oligo, designed, and ordered at Biomatik, 

into a pCR3-derived NRF1 construct. Ub-NRF1 derived constructs were generated by 

attachment of one ubiquitin moiety (with substitution of the final C-terminal glycine of 

ubiquitin with a valine residue) in-frame to the N-terminus of NRF1 with pCR3-derived 

NRF1 constructs. Single guide RNA (sgRNA) sequences for DDI2, NRF1, Rad23A, Rad23B 

and HRD1 were annealed, Esp3I-digested (Biolabs), gel-purified (Cytiva kit), and ligated into 

pLentiCRISPRv2-Puro (Sanjana et al., 2014) and pLentiCRISPRv2-Blast for sgRad23B, 

using  T4 DNA ligase (Thermo Scientific). All mutations were verified by sequencing.  

 

Generation cell lines. 

Gene knock-out cell lines were generated by viral transduction of pLentiCRISPRv2 (Sanjana 

et al., 2014) vector containing the sgRNA sequence and a puromycin selection marker. The 

sgRNA sequence of the Luciferase gene was used as control (sgLuci). Positive populations 

were selected with 2-3 μg/ml puromycin and/or blasticidin for 15 days. Clones were tested by 

western blot for each protein knock-out level. Gene-targeted single guide RNA sequences 

were designed using the CRISPRseek package of Bioconductor (version 3.6) on R. DDI2 

knock-out and NRF1 knock-out ARH77 cells were infected with pINDUCER-21 lentiviruses 

containing the different NRF1 constructs inducible upon doxycycline treatment and a GFP 

selection marker. GFP-positive cells were FACS sorted 5 days following infection. 

 

Single guide RNA design. 

Gene-targeted single guide RNA sequences were designed using the CRISPRseek package of 

Bioconductor (version 3.6) on R. 

 

Transient transfection. 

HEK293T cells were transfected with plasmid of interest along with eGFP expression vector 

used as a control for transfection. After 24h, eGFP expression in HEK293T was assessed by 

fluorescent microscopy. 
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Immunoblotting. 

Cell lysates were either lysed directly in Laemmli buffer 4X (10% glycerol, 2% SDS, 50mM 

Tris-HCl pH 6.8, 12.5mM EDTA, 0.02% Bromophenol Blue) complemented with 100 mM 

of dithiothreitol (DTT) or prepared with ice cold RIPA buffer (50 mM NaCl, 50 mM Tris pH 

7.4, 1 mM EDTA, 0.1 % SDS, 1 % NP-40, 1 % sodium deoxycholate) supplemented with 

protease inhibitor cocktail (Roche, Basel, Switzerland), 10 mM Na3VO4, 50 mM NaF, 10 mM 

Na4P2O7, and 5 μM MG132. Protein extracts were denatured, and equal amounts were 

separated by SDS-PAGE and transferred to nitrocellulose blotting membranes (Amersham). 

 

Quantitative real time PCR. 

Total RNA from cells was extracted with PRImeZOL (Canvax, #AN1100) and cDNA was 

synthetized using 2X Reverse transcription master mix (Applied Biosystems, Waltham, MA, 

USA) according to manufacturers’ protocols. For quantitative real time PCR (RT-PCR), 

SYBR Green fluorescent reagent and LightCycler 480 Real-Time PCR System (Roche) were 

used. All RT-PCR were performed in experimental triplicate. Primer sequences are listed in 

Table EV1.  

 

Immunoprecipitation assay. 

HEK293T cells were lysed in lysis buffer containing 0.2% NP-40, 20 mM Tris-HCl pH 7.4, 

150 mM NaCl, supplemented with protease inhibitors (cocktail from Roche) and phosphatase 

inhibitors (Naf, Na4P2O7 and Na3VO4). Lysates were precleared for 30 minutes with 

Sepharose beads (6B100, Sigma-Aldrich), then anti-FLAG agarose beads (Anti-FLAG M2 

A2220 Sigma-Aldrich) were added, followed by incubation for two hours at 4°C. The 

immunocomplexes were then washed three times with lysis buffer, resuspended in 4X 

Laemmli buffer and analysed by Western Blot. 

 

Cell fractionation assay. 

Confluent HEK293T or ARH77 cells grown in 10 cm2 petri dish or T25 flask were washed 

once with cold PBS 1X. Cells were permeabilized in lysis buffer A (150 mM NaCl, 50 mM 

HEPES pH 7.4, digitonin 25 µg/ml, 1M Hexylene glycol) for 20 minutes at 4°C on a rotating 

wheel. Following centrifugation, supernatants corresponding to cytosolic fraction were 

recovered. Pellets were then washed twice and lysed in lysis buffer B (150 mM NaCl, 50 mM 

HEPES pH 7.4, 1% NP-40, 1M Hexylene glycol) for 30 minutes on ice. Subsequent 

centrifugation followed and supernatants corresponding to membrane fraction were 

withdrawn. Pellets corresponding to nucleic fraction were lysed in lysis buffer C (150 mM 

NaCl, 50 mM HEPES pH 7.4, 0.1% SDS, 0.5% sodium deoxycholate, 1M Hexylene glycol) 

supplemented with Benzonase. All buffers were complemented with protease inhibitors 
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(cocktail from Roche). The samples were mixed with 4X Laemmli buffer and analysed by 

Western Blot. 

 

Microsome purification assay. 

HEK293T cells, grown in 10cm2 petri dish up to 90% confluency, were washed twice, 

resuspended in 10 mM HEPES-KOH pH 7.5 buffer, and incubated on ice for 10 minutes. 

Swollen cells were then sedimented, resuspended in homogenization buffer (10 mM HEPES-

KOH pH 7.5, 10 mM KCl, 1.5 mM MgCl2, 5 mM EGTA, and 250 mM sucrose) and passed 

through a 27G syringe needle for five to 10 times. Homogenates were subjected to serial 

centrifugations at 600xg (10 min), 3000xg (10 min) and 100,000xg (60 min). Microsomes 

collected at the end of the ultracentrifugation step were resuspended in membrane buffer (10 

mM HEPES-KOH pH 7.5, 50 mM KOAc, 2 mM Mg(OAc)2, 1 mM DTT, and 250 mM 

sucrose). Microsomes were mock-treated or subjected to Proteinase K (0.5 µg/µl) treatment 

either in the absence or presence of 1% Triton X-100 for one hour on ice. Samples were then 

precipitated with trichloroacetic acid (TCA), resuspended in 4X Laemmli buffer and analyzed 

by Western blot.  

 

High-throughput sequencing. 

 

For RNA sequencing, RNA was extracted using RNeasy mini kit (Qiagen) from three 

independent wells of different ARH77 cell lines treated with 2.5 μg/ml of doxycycline and 

treated or not with 10 nM Btz. High-throughput sequencing was performed at the Lausanne 

Genomics Technologies Facility (University of Lausanne) on the Illumina HiSeq 2500 using 

TruSeq SBS Kit v3 reagents. For the RNA-seq analysis, we used a moderated t-test from the 

R bioconductor package “limma” (R version 3.1.1, limma version 3.20.8). The “adjusted P-

value” corresponds to the P-values corrected for multiple testing using the Benjamini–

Hochberg method. 

 

Analysis of NRF1 cleavage site and post-translational modification sites by mass 

spectrometry. 

Large-scale precipitation of proteins from control (sgLuci) and DDI2 knock-out (sgDDI2) 

HEK293T cell lysates transfected with FLAG-tagged NRF1 was done using anti-FLAG M2 

agarose beads (see Immunoprecipitation assay section), followed by SDS-PAGE, and staining 

with colloidal Coomassie. Bands corresponding to NRF1 in control and DDI2 knock-out cells 

were excised, and after in-gel digested with trypsin and chloroacetamide as alkylating reagent. 

Samples were analysed by liquid chromatography – mass spectrometry (protein analysis 

facility at Lausanne University).  
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Quantification and statistical analysis. 

Data from one representative independent experiment is shown. All experiments were 

performed two or three times, except some adaptation experiments. Statistical significances 

were determined using Graph Pad Prism version 9. The error bars are the standard deviation 

of the sample. 

 
Table 2. List of reagents and resources. 

REAGENT or RESOURCE SOURCE IDENTIFIER 
Antibodies 
See table S1 for a list of antibodies.   

Chemicals, Peptides, and Recombinant Proteins 
Doxycycline hyclate Sigma-Aldrich Cat# D9891 

MG-132 (Z-Leu-Leu-Leu-al) Sigma-Aldrich Cat# C2211 

OSMI-1 Sigma-Aldrich Cat# SML1621 

NMS-873 Sigma-Aldrich Cat# SML1128 

Tunicamycin Enzo Life Sciences Cat# BML-CC104-0010 

Puromycin Enzo Life Sciences Cat# BML-GR312-0250 

Bortezomib LC Laboratories Cat# B-1408 

TAK-243 Lucerna-chem Cat# HY-100487 

CP-26 Anawa Cat# AOB13238-1 

Proteinase K Roche Cat# 03115887001 

Critical Commercial Assays 
Phusion High-Fidelity PCR kit New England BioLabs Cat# E0553 

Pfu DNA Polymerase Promega Cat# M774A 

2X Reverse Transcription master mix Applied Biosystems Cat# 4368814 

Deposited Data 
Raw sequencing data RNA-seq This paper BioProject ID PRJNA897493 

Raw mass spectrometry data ProteomeXchange 
Consortium 

ID PXD041331  
10.6019/PXD041331 

Raw data for immunoblots Mendeley DOI: 10.17632/dcxmrzdkvk.1 

Experimental Models: Cell Lines 
HEK293T Jürg Tschopp N/A 

ARH77 Pascal Schneider N/A 

HeLa Pascal Schneider N/A 

See Table S2 for a list of generated cell 
lines used in this manuscript. 

  

Oligonucleotides 
See Table S3 for a list of oligonucleotides.   

Recombinant DNA 
pCR3 Pascal Schneider N/A 

pDONR-221 Thermo Fisher Scientific Cat# 12536017 

pINDUCER-21 Stephen Elledge and Thomas 
Westbrook 

N/A 

pLentiCRISPRv2-Puro (Sanjana et al., 2014) RRID:Addgene_52961 

Software and Algorithms 
CRISPRseek Bioconductor package (Zhu et al., 2014) DOI: 10.18129/B9.bioc.CRISPRseek 

  



RESULTS 

 55 

A.4. Results 
 

NRF1 cleavage by DDI2 requires sequences upstream and downstream of the cleavage 

site. 

To investigate DDI2-mediated NRF1 cleavage, we generated a DDI2 knock-out population 

using Crispr-Cas9 technology in human embryonic kidney (HEK) 293T cells. To inhibit 

NRF1 constitutive degradation by the proteasome (Steffen et al., 2010), we treated the cells 

with Bortezomib (Btz) and monitored DDI2-mediated NRF1 cleavage by immunoblot 

analysis (Figure 15A). DDI2-mediated processing was also observed in ARH77 (Op et al., 

2022) and HeLa cells in the presence of proteasome inhibitors (Figures 15B and S1A). 

Previous studies using Edman degradation-based N-terminal sequencing have shown that 

NRF1, upon overexpression, was cleaved in N-terminal at Leucine-104 (Radhakrishnan et al., 

2014). To confirm that DDI2 targets this site, we mutated the putative cleavage site at residues 

103 and 104 (W103A L104A). We confirmed that this mutation partially affected DDI2-

dependent NRF1 processing, suggesting that DDI2 could recognize alternative sites within 

NRF1 (Figure 15C). 

 

To test this hypothesis, we purified FLAG-tagged NRF1 proteins expressed in cells proficient 

or deficient for DDI2 and investigated the cleavage site by liquid-chromatography mass-

spectrometry (LC-MS) analysis. We detected only fragments with cleavage between positions 

103 and 104 in DDI2-expressing cells (Figure S1B). These data confirm that DDI2 cleaves 

NRF1 at position 103 and suggest that DDI2 may recognize structural elements in addition to 

particular amino acid sequences, similar to mechanisms used by the closely related protease 

from HIV (Pettit et al., 1991). Furthermore, phylogenetic comparisons show some 

conservation in the cleavage site in NRF1, indicating the region's structural preservation. 

NRF3, a paralog of NRF1 cleaved by similar mechanisms (Zhang et al., 2009), displays 

similar conservation around the cleavage site (Figure 15D). 

 

To identify the minimal regions required for DDI2-mediated processing, we generated several 

NRF1 deletion constructs and monitored processing in DDI2 deficient or control cells. We 

found that deletion within the N-terminal sequence of NRF1 completely abolished processing 

(Figure 15E). Furthermore, adding an N-terminal FLAG tag did not impact NRF1 processing 

and showed comparable cleavage as NRF1 fused to a FLAG tag at the C-terminus (Figure 

15F). In contrast, linking a 28 kDa eGFP moiety at the N-terminus of NRF1 abrogated its 

processing (Figure 15G). 
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Figure 15. DDI2 mediates NRF1 cleavage at Leucin 104. (A and B) Endogenous NRF1 
cleavage in control (sgLuci) and DDI2 knock-out (sgDDI2) HEK293T cells (A) or ARH77 
cells (B) treated with Bortezomib (Btz) for six hours as indicated. Protein expression is 
measured by western blot. Tubulin is used as loading control; t indicates the full-length 
NRF1 protein; v indicates the cleaved NRF1 protein. (C) NRF1 cleavage in control (sgLuci) 
and DDI2 knock-out (sgDDI2) HEK293T transfected with NRF1 wild-type or cleavage site 
mutant W103A L104A. Protein expression is measured by western blot as in A. (D) Sequence 
alignment of the conserved cleavage site of NRF1 and NRF3 among representative species. 
(E-H) NRF1 cleavage in control (sgLuci) and DDI2 knock-out (sgDDI2) HEK293T 
transfected with NRF1 deletion constructs within the N-terminus (E), fused with a FLAG tag 
at the N-terminus or C-terminus (F) or fused with a eGFP tag at the N-terminus (G), and the 
C-terminus (H), the C-terminus (H), as illustrated on the left of the panels. NTD, N-terminal 
domain; NST, Asn/Ser/Thr-rich glycosylated domain; bZIP, Basic Leucine Zipper domain; 
CTD, C-terminal domain. Protein expression is measured by western blot as in A. Western 
blots are representative of three (A, B, E, F) or two (C, G, H) independent experiments.  

To study the involvement of the C-terminal portion of NRF1, we deleted several regions in 

NRF1 C-terminus. We found that all constructs with sequences shorter than 1-246 could not 

be cleaved by DDI2 (Figure S1C). Truncated NRF1 protein (amino acids 1-246) showed 

partial cleavage compared to full-length NRF1. In contrast, construct 1-296 corresponding to 

the N-Terminal region (NTD) and the intermediate domain preceding the Asn/Ser/Thr-rich 
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glycosylated region (NST), as well as other shorted deletions in the C-terminus showed robust 

DDI2-mediated cleavage (Figure 15H). 

 

Taken together, these observations indicated that NRF1 processing requires several elements 

upstream and downstream of its cleavage site, with the N-terminus being essential. Adding a 

short sequence did not affect the function of the N-terminus; however, a more prominent 

independent fold could impact its function.  

 

ER localization is required for NRF1 proteolytic maturation. 

Given that the N-terminal region of NRF1 was proposed to be involved in anchoring the 

protein within the ER (Wang & Chan, 2006; Zhang et al., 2007; Zhang, Ren, et al., 2014), we 

hypothesized that ER trafficking could be a prerequisite to license NRF1 for DDI2-mediated 

cleavage in the cytosol. 

 

To examine the importance of NRF1 cellular localization, we tested whether the NRF1 N-

terminal domain (NTD) is dispensable for DDI2-mediated activation. Structural studies 

suggested that the region encoding the first 30 amino acids of NRF1 (30NTD) could dictate 

its entry into the ER (Zhang et al., 2007). HEK293T cells expressing wild-type NRF1 (1-742) 

or lacking its first 30 amino acids (31-742) were fractionated, and proteins were isolated from 

membrane compartments of the Golgi apparatus, the mitochondria, and the ER (as indicated 

by the "M" fraction on the immunoblots) (Figure 16A). Notably, NRF1 lacking the 30NTD 

was absent from the M fraction, highlighting the importance of this region in mediating NRF1 

membrane localization. These findings were confirmed using the shorter version of NRF1 (1-

296) and (31-296) (Figure 16B). 

 

To further examine the role of the NRF1 first 30 amino acids in facilitating ER-trafficking, 

microsomes were isolated from HEK293T cells expressing wild-type NRF1 (1-742) or 

lacking the 30NTD (31-742) (Figure 16C) or similar shorter constructs (Figure 16D). 

Purified microsomes were subjected to proteinase K (PK) treatment to determine the 

conformation of ER-associated proteins. We monitored Calnexin, an ER-specific type I 

transmembrane protein as a control. The digestion of microsomes revealed a 70 kDa 

proteinase-resistant fragment, consistent with the fact that the majority of the Calnexin was 

intraluminal. Unprocessed NRF1 remained intact after PK treatment in comparison to the 

Calnexin control, indicating that NRF1 protein is entirely located in the ER lumen before 

retrotranslocation (Figures 16C and 16D). 

 

To demonstrate that ER-localization is required for proteolytic activation, the NRF1 region 

coding for 30NTD was fused to the N-terminus of the eGFP moiety, which abrogated NRF1 
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cleavage, as shown in Figure 15G. Constructs were then monitored for NRF1 processing in 

DDI2-deficient and control cells. Fusion of the NRF1 30NTD sequence in front of the eGFP 

restored DDI2-mediated NRF1 cleavage. Both the eGFP (31-742) NRF1 (Figure 16E) and 

eGFP (31-296) NRF1 (Figure 16F) showed DDI2-dependent cleavage, confirming that ER-

localization can promote NRF1 processing.  

Figure 16. ER-localization of NRF1 is essential for its DDI2-mediated processing. (A 
and B) NRF1 full-length (1-742) or lacking a functional 30NTD (31-742) (A) or NRF1 (1-
296) and (31-296) (B) were expressed in HEK293T. Lysates were fractionated by sequential 
centrifugation into the membrane fraction (M: ER, Golgi, mitochondria), the nucleus (N) and 
the cytosol (C), respectively. NRF1 was monitored by western blot. Calnexin, Lamin B and 
Tubulin are loading and fractionation controls. (C and D) NRF1 full-length (1-742) or 
lacking a functional 30NTD (31-742) (C) or NRF1 (1-296) and (31-296) (D) were expressed 
in HEK293T. Microsomes were isolated as described under “Material and Methods”. 
Microsomes were incubated with or without Proteinase K (PK) or Triton X-100 as indicated. 
NRF1 was monitored by western blot. Calnexin and Tubulin are loading and microsomes 
controls. (E and F) NRF1 full-length (1-742), or fused to an N-terminal eGFP tag, or 
expressing the 30 first amino acids in front of the eGFP tag and lacking a functional 30NTD 
(E) or similar shorter functional constructs (F) were expressed in control (sgLuci) and DDI2 
knock-out (sgDDI2) HEK293T. NRF1 cleavage was monitored by western blot. v indicates 
the unprocessed NRF1 protein fused to an N-terminal eGFP tag; se: short image exposure; 
le: long image exposure. Tubulin is a loading control. t indicates the unprocessed NRF1 
protein and v indicates the cleaved NRF1 protein. Western blots are representative of three 
(A, B, E) or two (C, D, F) independent experiments.  
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The fractionation assays (Figures 16A and 16B) are consistent with DDI2 being a cytosolic 

protein. Therefore, in line with previous observations (Radhakrishnan et al., 2014), we 

confirmed that NRF1 retrotranslocation into the cytosol is required for DDI2-mediated 

processing. To assess this question, we treated the cells with NMS-873, an inhibitor of 

p97/VCP protein. The p97/VCP protein is an essential AAA+ ATPase that contributes to the 

ERAD pathway (Lim et al., 2009). Upon treatment with the p97 inhibitor, NRF1 cleavage in 

HEK293T was partially abrogated (Figure S2A). Moreover, endogenous NRF1 cleavage was 

blocked entirely in ARH77 cells (Figure S2B). These results indicate that ER trafficking of 

NRF1 licenses NRF1 for cleavage by DDI2 in the cytosol. Considering the role of the ER in 

post-translational modification of proteins (Schwarz & Blower, 2016; Stevenson et al., 2016), 

we sought to interrogate NRF1 posttranslational modifications and their importance in 

licensing NRF1 for subsequent processing by DDI2. 

 

DDI2-mediated NRF1 cleavage requires ubiquitination but occurs independently of its 

glycosylation state. 

One of the most frequent ER-initiated modifications is N-glycosylation, which involves 

attaching a pre-existing sugar chain to an asparagine residue on a newly formed protein. In 

the glycodomain of NRF1 (NST), there are seven potential asparagine sites that could undergo 

N-glycosylation (Tomlin et al., 2017; Zhang, Ren, et al., 2014). We investigated the role of 

N-glycosylations by treating cells with Tunicamycin (TM), an N-glycosylation inhibitor, and 

monitoring DDI2-mediated NRF1 cleavage via immunoblot analysis. In the presence of TM, 

DDI2 retained its ability to cleave non-glycosylated NRF1 in ARH77 cells (Figure S3A) and 

full-length NRF1 protein in HEK293T cells (Figure S3B). 

 

We found that the glycodomain was not required for DDI2 mediated processing of NRF1, as 

NRF1 constructs with full (1-402), partially deleted (1-349), or completely deleted (1-296) 

glycodomain were still processed in a DDI2-dependent manner (Figure S3C). Furthermore, 

it was shown in C. elegans that deglycosylation in the cytosol catalyzes a deamidation 

reaction that releases the glycan moiety and concomitantly converts N-glycosylated 

asparagine residues to aspartate (Lehrbach et al., 2019). To assess whether this mechanism in 

mammals contributes to DDI2-mediated NRF1 processing, we engineered NRF1 constructs 

where the seven glycosylated asparagines are either replaced by aspartic acids (hereafter 

“7ND”) or alanines to mimic a deglycosylated inactive NRF1 protein (hereafter “7NA”). 

When expressed in HEK293T cells, both 7ND and 7NA NRF1 mutants are processed in a 

DDI2-dependent manner (Figure S3D). Altogether these observations indicate that DDI2 

mediates NRF1 cleavage independently of the status of its N-glycosylation sites. 
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To identify other posttranslational modifications (PTMs) of NRF1 that could regulate its 

processing, we purified FLAG-tagged NRF1 proteins expressed in cells proficient or deficient 

for DDI2 and analyzed PTMs by LC-MS (liquid chromatography-mass spectrometry) 

analysis (Figure S4). We detected the presence of one O-glycosylated site at T98, very close 

to the cleavage site, and two ubiquitinated sites (Figures S3E and S4). First, we investigated 

the involvement of the O-glycosylation at T98. To test this hypothesis, we monitored DDI2-

mediated NRF1 cleavage in DDI2 deficient or control cells treated with OSMI-1, an inhibitor 

of O-GlcNAc transferase. In the presence of the OSMI-1 inhibitor, NRF1 cleavage was not 

affected (Figure S3F). Mutation of the O-glycosylated site at residue 98 (T98A) did not affect 

DDI2-dependent NRF1 processing (Figure S3G), further suggesting that NRF1 is cleaved 

independently of O-glycosylation.  

 

Next, we explored the involvement of ubiquitination in NRF1 recognition by DDI2. This 

hypothesis is supported by previous reports indicating that an inhibitor of ubiquitination 

affected NRF1 activation and that DDI2 may preferentially recognize large ubiquitylated 

proteins for degradation by the proteasome (Collins et al., 2022; Dirac-Svejstrup et al., 2020a; 

Sha & Goldberg, 2014).  To investigate the role of NRF1 ubiquitination in DDI2-mediated 

processing of NRF1, we treated HeLa cells with bortezomib and TAK-243, a UBA1 inhibitor, 

to block most constitutive ubiquitination. As expected, UBA1 inhibition prevented NRF1 

cleavage (Figure 17A). We also generated various mutations within NRF1 lysines residues 

identified by LC-MS (Figure S4) and four other lysines located within the N-terminus 

(Figure 17B). Interestingly, when one single lysine mutation is introduced, NRF1 processing 

was not affected (Figures 17C and 17D). Furthermore, combinations of mutations in the 

lysine residues also led to no change in NRF1 activation (Figure 17E). In contrast, mutating 

all six lysine residues within NRF1 N-terminus abolished its DDI2-mediated cleavage 

(Figures 17F and 17G). These findings suggest that DDI2-mediated NRF1 cleavage does 

not require a specific lysine residue, but rather any lysine residue that can be ubiquitinated. 

To confirm the presence of NRF1 ubiquitination, we performed immunoprecipitation of 

FLAG-tagged NRF1 (1-296) or a version with the six lysine residues mutated (1-296 6KA), 

in the presence of an HA-tagged ubiquitin moiety (Figure 17H). We then monitored ubiquitin 

conjugation in the pull-downs. As seen in Figure 17H, NRF1 was found to be conjugated with 

the HA-tagged ubiquitin, whereas NRF1 lacking all six N-terminal lysine residues showed 

decreased ubiquitination. These results suggest that the lysines within NRF1's N-terminus 

play a critical role in directing its ubiquitination and subsequent cleavage by DDI2. 
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Figure 17. Ubiquitination is essential to mediate NRF1 cleavage.(A) Endogenous NRF1 
cleavage in control (sgLuci) and DDI2 knock-out (sgDDI2) HeLa cells treated with TAK-
243 or/and Bortezomib (Btz) for six hours as indicated. Protein expression is measured by 
western blot. Tubulin is used as loading control; t indicates the full-length NRF1 protein; 
v indicates the cleaved NRF1 protein. (B) Schematic representation of NRF1 ubiquitination 
sites (in green); ¾ indicates four lysin residues in NTD of NRF1. (C-G) NRF1 cleavage in 
control (sgLuci) and DDI2 knock-out (sgDDI2) HEK293T transfected with full-length NRF1 
with single ubiquitination site mutants (C), or NRF1 (1-296) or (1-246) (D), or with double 
ubiquitination site mutants (E), or multiple ubiquitination site mutants (F, G). Protein 
expression is measured by western blot. Ponceau or Tubulin is used as a loading control; t 
indicates the unprocessed NRF1 protein; v indicates the cleaved NRF1 protein. (H) NRF1 
immunoprecipitation in HEK293T co-transfected with an HA tagged ubiquitin and Flag-
tagged NRF1 (1-296) or (1-296 6KA). Protein expression is monitored by western blot as in 
A. Western blots are representative of three (C, D, E, H) or two (A, F, G) independent 
experiments. 

ER-trafficking of NRF1 licenses its cleavage by promoting its ubiquitination. 

To understand how the trafficking within the ER affects NRF1 ubiquitination, we studied 

NRF1 constructs that do not traffic to the ER. We previously observed that NRF1 lacking the 

30NTD does not localize to the ER (Figures 16A and 16B). Interestingly, NRF1 lacking the 

30NTD is not ubiquitinated and therefore cannot be cleaved (Figure 18A), suggesting that 
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ER trafficking is involved in the ubiquitination of NRF1.  We used this cytosolic form of 

NRF1 that is not subject to ubiquitination to investigate whether we could restore the process 

of proteolytic maturation by fusing a ubiquitin moiety to the N-terminus of the protein.  

Figure 18. Without trafficking through the ER, ubiquitin-tagged NRF1 is cleaved via 
conjugation with DDI2. (A) Co-immunoprecipitation in HEK293T co-transfected with an 
HA tagged ubiquitin and Flag-tagged NRF1 or (31-742). Protein expression is monitored by 
western blot. Tubulin is used as a loading control; t indicates the full-length NRF1 protein; 
v indicates the cleaved NRF1 protein. (B and C) NRF1 cleavage in control (sgLuci) and 
DDI2 knock-out (sgDDI2) HEK293T transfected with NRF1 (1-742), or (31-742), or fused 
with a ubiquitin moiety at the N-terminus (B), or similar shorter functional constructs (C) as 
illustrated on the top of the panels. Protein expression is measured by western blot. Tubulin 
is used as a loading control; t indicates the unprocessed NRF1 protein; v indicates the 
cleaved NRF1 protein; t indicates the unprocessed NRF1 protein fused to ubiquitin moiety 
in N-terminus; v indicates the cleaved NRF1 protein fused to ubiquitin moiety in N-
terminus. (D and E) NRF1 full-length (1-742) or (31-742) fused to ubiquitin moiety in N-
terminus (D) or similar shorter functional constructs (E) were expressed in HEK293T. 
Lysates were fractionated by sequential centrifugation into the membrane fraction (M: ER, 
Golgi, mitochondria), the nucleus (N) and the cytosol (C), respectively. Calnexin, Lamin B 
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and Tubulin are loading and fractionation controls. NRF1 was monitored by western blot as 
in B. (F) NRF1 cleavage in NRF1 knock-out (sgNRF1) or reconstituted with full-length 
NRF1 (sgNRF1 p21 NRF1) or NRF1 lacking its functional 30NTD but fused to ubiquitin 
moiety in N-terminus (sgNRF1 p21 Ub-NRF1) upon doxycycline, in ARH77 cells treated 
with Btz and/or NMS-873 for six hours as indicated. Protein expression is monitored by 
western blot as in B. (G) Flag-tagged NRF1 (31-742) fused to ubiquitin moiety in N-terminus 
co-immunoprecipitation with DDI2 wild-type or protease domain mutant (D252A) in 
HEK293T cells. Protein expression is monitored by western blot as in A. (H and I) Flag-
tagged full-length NRF1 (1-742) or lacking functional 30NTD (31-742) (H), or similar 
shorter functional constructs (I), co-immunoprecipitation with DDI2 wild-type or protease 
domain mutant (D252A) in HEK293T cells. Protein expression is monitored by western blot 
as in A. Western blots are representative of three (A, B, C, D, E, F) or two (G, H, I) 
independent experiments. 

Our results revealed that adding a single ubiquitin fold to the N-terminus of NRF1 was 

sufficient to restore DDI2-mediated cleavage (Figures 18B and 18C). Cell fractionation 

studies indicated that these constructs were only present in the cytosolic fraction and not in 

the membrane fraction (Figures 18D and 18E). To confirm that the cytosolic, ubiquitinated 

form of NRF1 is cleaved independently of ERAD, we monitored NRF1 cleavage in ARH77 

cells deficient in NRF1, reconstituted with an inducible form of full-length NRF1 or the 

cytosolic version (lacking the 30NTD) fused to ubiquitin at its N-terminus. We induced NRF1 

expression in the presence of NMS-873. Consistently, this ERAD inhibitor blocked the 

proteolytic maturation of full-length NRF1 (Figures 18F and S2A). However, NMS-873 did 

not affect the processing of the Ub-NRF1 construct at basal or upon treatment with 

bortezomib (Figure 18F). These findings provide evidence that DDI2 is capable of processing 

cytosolic proteins directly and that NRF1 localization within the ER main function is to 

license NRF1 for cleavage by promoting its ubiquitination. 

  

To investigate the role of NRF1 ubiquitination in its recruitment to DDI2, a protease known 

to interact with ubiquitinated proteins (Collins et al., 2022; Dirac-Svejstrup et al., 2020a), we 

expressed NRF1, lacking its functional 30NTD, and fused with a ubiquitin moiety at the N-

terminus, along with either DDI2 or an enzymatic inactive form of DDI2 (D252A), in 

HEK293T cells deficient in DDI2. We then analyzed NRF1 pull-downs. We observed that 

only the enzymatically inactive DDI2 was pulled down together with NRF1 (Figure 18G), 

suggesting that DDI2 binds to full length NRF1 and dissociates right after proteolytic 

processing. Additionally, we found that only NRF1 constructs that have the 30NTD and 

thereby can be ubiquitinated could interact with DDI2 (Figures 18H and 18I). Collectively, 

these findings indicate that the ubiquitination at the N-terminus of NRF1 is ER-dependent 

and that this process is required for the recognition and the subsequent processing by DDI2. 
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The E3 ligase HRD1 ubiquitinates NRF1 upon retrotranslocation from the ER. 

The ER plays a critical role in regulating protein quality control and ER-associated 

degradation (ERAD) pathways through the action of several E3 ligases. One such E3 ligase 

is the HMG-CoA reductase degradation 1 (HRD1), which is a transmembrane protein 

involved in the degradation of misfolded ER proteins via the ERAD pathway. Previous studies 

have suggested that HRD1 may also contribute to the degradation of NRF1 and other 

misfolded proteins (Dirac-Svejstrup et al., 2020a; Tsuchiya et al., 2011a; Wu et al., 2020). To 

investigate the potential involvement of HRD1 in NRF1 processing, we generated HRD1 

knock-out cell lines and assessed the impact of HRD1 deficiency on NRF1 activation. 

First, we immunoprecipitated a functional NRF1 construct co-expressed with HA-tag 

ubiquitin in wild-type and HRD1-deficient HEK293T cells. We observed that the 

ubiquitination of NRF1 was abrogated in HRD1 knock-out cells (Figure 19A). Furthermore, 

in ARH77 cells, HRD1 deficiency led to the accumulation of NRF1 and impaired its 

proteolytic cleavage (Figure 19B). This accumulation of NRF1 was observed in the absence 

of bortezomib, highlighting the dual role of HRD1 in mediating NRF1 degradation and its 

requirement for activation. 

Figure 19. HRD1 mediates NRF1 ubiquitination following its retrotranslocation from 
the ER. (A) Flag-tagged NRF1 (1-296) or (1-296 6KA) immunoprecipitation in wild-type 
and HRD1 knock-out (sgHRD1 cl.6) HEK293T co-transfected with an HA tagged ubiquitin. 
Protein expression is monitored by western blot. Tubulin is used as a loading control; t 
indicates the full-length NRF1 protein; v indicates the cleaved NRF1 protein. (B) 
Endogenous NRF1 cleavage in control (sgLuci), NRF1 knock-out (sgNRF1), DDI2 knock-
out (sgDDI2) and two clones for HRD1 knock-out (sgHRD1 cl.10 and cl.17) ARH77 cells 
treated with Btz for 24 hours as indicated; se: short image exposure; le: long image exposure. 
Protein expression is measured by western blot as in A. (C) NRF1 cleavage in control 
(sgLuci) and HRD1 knock-out (sgHRD1 cl.1 and cl.6) HEK293T transfected with NRF1 
wild-type or lacking its functional 30NTD and fused to ubiquitin in N-terminus (Ub-NRF1) 
and with N-glycosylation sites mutations (Ub-NRF1 7ND). Protein expression is measured 
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by western blot as in A; t indicates the unprocessed NRF1 protein fused to ubiquitin moiety 
in N-terminus; v indicates the cleaved NRF1 protein fused to ubiquitin moiety in N-
terminus. (D) Endogenous NRF1 localization in control (sgLuci) and HRD1 knock-out 
(sgHRD1 cl.10) ARH77 treated with Btz for six hours. Lysates were fractionated by 
sequential centrifugation into the membrane fraction (M: ER, Golgi, mitochondria), the 
nucleus (N) and the cytosol (C), respectively. Calnexin, Lamin B and Tubulin are loading 
and fractionation controls. NRF1 was monitored by western blot as in A. Western blots are 
representative of two (D) or one independent experiment. 

To demonstrate that HRD1 did not impact DDI2 activity per se, we analyzed the proteolytic 

activation of the cytosolic versions of Ub-NRF1 and Ub-NRF1 7ND. HRD1 deficiency did 

not impact cytosolic Ub-NRF1 cleavage, indicating that its function is required upstream of 

DDI2 activation (Figure 19C). Importantly, HRD1 deficiency did not affect NRF1 

retrotranslocation in the cytosol, as demonstrated by fractionation studies showing that NRF1 

accumulated in the cytosolic fraction of HRD1-deficient ARH77, independently of 

proteasome inhibition. In contrast, in HRD1-proficient cells, only the cleaved form of NRF1 

was detected in the cytosol (Figure 19D). 

 

These experiments indicate that HRD1 is crucial for the ubiquitination of NRF1 at the ER, a 

key step that licenses NRF1 for the subsequent DDI2-mediated cleavage in the cytosol. 

 

RAD23 is required for DDI2-mediated NRF1 cleavage. 

The yeast homolog of DDI2 has a ubiquitin-associated domain (UBA), which mediates 

interaction with ubiquitinated proteins. However, in humans, DDI2 lacks this domain and 

reconstitution experiments have shown that neither the ubiquitin-like domain (UBL) nor its 

C-terminus are required for DDI2 activity (Op et al., 2022). Interestingly, RAD23, a UBA-

containing protein, has been shown to enhance DDI2 proteolytic activity in vitro (Dirac-

Svejstrup et al., 2020a). In addition, studies in yeast have shown a genetic and physical 

interaction between yeast Ddi1 and RAD23 (Bertolaet et al., 2001b). Therefore, we 

hypothesize that RAD23 may contribute to recruit ubiquitinated proteins to DDI2. 

 

To investigate whether human RAD23 proteins are required for NRF1 maturation in cells, we 

generated RAD23 knock-out HEK293T by targeting the two RAD23 paralogues (Rad23a and 

Rad23b). We found that double deficiency of Rad23a and Rad23b, similar to DDI2 

deficiency, decreased NRF1 cleavage (Figure 20A) whereas single deficiency of either 

Rad23a or Rad23b did not impaired NRF1 cleavage (Figure S5). Additionally, reconstitution 

of Rad23a expression in the double RAD23 knock-out HEK293T cells rescued partially 

NRF1 cleavage upon Bortezomib (Figure 20B). Moreover, RAD23 proteins were required 

for maximal cleavage of the cytosolic NRF1 construct lacking the 30NTD but fused to the 

ubiquitin fold (Figures 20C and 20D). In addition, we demonstrated that RAD23 deficiency 
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did not impact NRF1 ubiquitination (Figure 20E). These results indicate that RAD23 

functions downstream of NRF1 trafficking to the ER or ubiquitination.  

Figure 20. Rad23B conjugates to DDI2 to trigger NRF1 cleavage. (A) Endogenous NRF1 
cleavage in control (sgLuci), double RAD23 knock-out (sgRad23 cl.3) and DDI2 knock-out 
(sgDDI2) HEK293T cells treated with Btz for six hours as indicated. Protein expression is 
measured by western blot. Tubulin is used as loading control; t indicates the full-length 
NRF1 protein; v indicates the cleaved NRF1 protein. (B) NRF1 cleavage in control (sgLuci) 
or double RAD23 knock-out (sgRad23A/B) reconstituted with Rad23a (p21 Rad23A), in 
HEK293T cells treated with Btz for six hours as indicated. Protein expression is monitored 
by western blot as in A. (C and D) NRF1 cleavage in control (sgLuci), double RAD23 knock-
out (sgRad23 cl.3) and DDI2 knock-out (sgDDI2) HEK293T transfected with full-length 
NRF1, NRF1 lacking its functional 30NTD and with ubiquitin moiety fused in N-terminus 
(C), or with similar shorter functional constructs (D) as illustrated on the left of the panels. 
Protein expression is measured by western blot as in A. t indicates the unprocessed NRF1 
protein fused to ubiquitin moiety in N-terminus; v indicates the cleaved NRF1 protein fused 
to ubiquitin moiety in N-terminus. (E) Flag-tagged NRF1 immunoprecipitation in wild-type 
(sgLuci), double RAD23 knock-out (sgRad23) and DDI2 knock-out (sgDDI2) HEK293T co-
transfected with an HA tagged ubiquitin and short functional NRF1 or (31-296). Protein 
expression is monitored by western blot as in A. (F) DDI2 immunoprecipitation in DDI2-
deficient HEK293T cells transfected with flag-tagged wild-type DDI2 or DDI2 
proteolytically inactive (D252A). Protein expression is measured by western blot as in A. 
Western blots are representative of at least two independent experiments.    
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To investigate the possible interaction between RAD23 and DDI2, we expressed DDI2 or a 

catalytically inactive DDI2 construct in HEK293T cells. We found that RAD23B interacted 

with both active and inactive DDI2, but the interaction was more robust with inactive DDI2, 

suggesting that the complex is more stable when DDI2 is inactive (Figure 20F). Altogether, 

these findings indicate that RAD23 is a co-factor protein possibly involved in shuttling 

ubiquitinated NRF1 to DDI2 through its interaction with DDI2. 

 

N-D protein sequence editing and DDI2 mediated cleavage in the cytosol influence NRF1 

transcriptional activity. 

ER signaling contributes to NRF1 activity via two possible mechanisms. First, it promotes 

the glycosylation and deglycosylation of NRF1, which results in the editing of glycosylated 

asparagine into aspartic acids. Second, allows for ubiquitination which is essential for NRF1 

activation by DDI2. To study how these events contribute to NRF1 transcriptional program, 

we examined gene expression in NRF1-deficient ARH77 cell line reconstituted with different 

NRF1 constructs.  We used wild-type NRF1, NRF1 lacking its functional N-terminal domain 

(30NTD) fused to a ubiquitin moiety in the N-terminus (hereafter referred to as "Ub-NRF1"), 

NRF1 with its seven glycosylation sites replaced by alanines (hereafter referred to as "Ub-

NRF1 7NA") or replaced by aspartic acids (hereafter referred to as "Ub-NRF1 7ND"). We 

induced the expression of the above-mentioned constructs with doxycycline and treated the 

cells with bortezomib to inhibit the proteasome and thereby trigger NRF1 activation. Upon 

doxycycline or bortezomib treatment, we confirmed that all NRF1 constructs are cleaved in 

ARH77 cells (Figure 21A) and confirmed that Ub-NRF1 constructs did not traffic to the ER 

(Figure S6). The migration of the various products was affected by the glycosylation status 

and differences in charge observed with the N-D amino acid changes. 

 

To investigate the transcriptional responses, we performed RNA-seq to compare the 

transcriptional profile of ARH77 control cells (sgLuci), NRF1-deficient (sgNRF1) cells, or 

(Ub-NRF1 7ND) cells in the presence/absence of bortezomib. Moreover, using the 

hierarchical clustering method, we were able to detect an overlapping set of genes triggered 

by bortezomib in an NRF1-dependent manner that are similarly induced in cells expressing 

the Ub-NRF1 7ND protein (Figure 21B). These data indicate that expression of Ub-NRF1 

7ND without proteasome impairment is sufficient to recapitulate the transcriptional programs 

triggered by NRF1 in the presence of Bortezomib. 

 

To verify the activity of the top identified NRF1 targets, we performed real-time qPCR 

analysis. STYK1, and CLU gene expression were enriched upon Ub-NRF1 7ND expression, 

as well as wild-type NRF1 expression (Figure 21C). In contrast, these genes were not induced 

upon expression of Ub-NRF1 and Ub-NRF1 7NA, indicating that, as previously discovered 
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in C. elegans, N-D editing of glycosylated sites is required for optimal transcriptional 

induction. 

Figure 21. N-D editing and subsequent cytosolic DDI2 cleavage of NRF1 are involved 
controlling gene expression. (A) NRF1 cleavage in control (sgLuci), DDI2 knock-out 
(sgDDI2), NRF1 knock-out (sgNRF1) - or reconstituted with full-length NRF1 (p21 NRF1), 
or NRF1 lacking its functional 30NTD but fused to ubiquitin moiety in N-terminus (p21 Ub-
NRF1), and with N-glycosylation sites mutated into alanine (p21 Ub-NRF1 7NA) or into 
aspartic acid (p21 Ub-NRF1 7ND) - upon doxycycline, in ARH77 cells treated with Btz for 
six hours as indicated. Protein expression is monitored by western blot. Tubulin is used as a 
loading control; t indicates the unprocessed NRF1 protein; v indicates the cleaved NRF1 
protein; t indicates the non-glycosylated unprocessed NRF1 protein; v indicates the non-
glycosylated cleaved NRF1 protein. (B) Heatmap showing the NRF1 up-regulated genes in 
control (sgLuci) and NRF1 knock-out (sgNRF1) reconstituted or not with Ub-NRF1 7ND, 
ARH77 cells treated with Btz for 24 hours. Purified RNA was analyzed for gene expression 
by RNA-seq. The genes are listed based on hierarchical clustering generated on NG-CHM 
Builder and with a P-value <0.01. The LogFC is based on the mean from the triplicates from 
each condition; red color indicates high expression and blue low expression. The right panel 
shows the more strongly 27 genes upregulated by NRF1. (C) As in A, but treated with Btz 
for 24 hours as indicated. Induction of STYK1 and CLU genes was measured by real-time 
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PCR relative to GAPDH and RPL19 (mean and SEM of technical triplicates of one 
representative experiment are shown). (D) NRF1 activation in control (sgLuci), DDI2 knock-
out (sgDDI2 cl.30), or reconstituted with NRF1 lacking its functional 30NTD but fused to 
ubiquitin moiety in N-terminus and with N-glycosylation sites mutations (p21 Ub-NRF1 
7ND) - upon doxycycline, in ARH77 cells treated with Btz for 24 hours as indicated. 
Induction of STYK1 and CLU genes was measured by real-time PCR relative to GAPDH 
and RPL19. Western blots and RT-PCR are representative of three (C, D) and one (A) 
independent experiments. RT-PCR data are represented as means ± SEM and tested for 
statistical significance using Sidak’s multiple comparisons test (*p≤0.05, **p≤0.01, 
***p≤0.001, ****p≤0.0001, are considered significant).  

The fact that Ub-NRF1 7ND functions independently of treatment with bortezomib offers a 

unique opportunity to dissect DDI2 cleavage to its activity. To answer this question, we 

generated DDI2-deficient ARH77 cells expressing Ub-NRF1 7ND. We treated these cells 

with doxycycline to induce NRF1 expression and performed real-time qPCR analysis in these 

different ARH77 cell models under bortezomib treatment. We found that while some NRF1-

dependent genes like CLU were induced in a DDI2-dependent manner, other genes like 

STYK1 could be induced in a DDI2-independent manner (Figure 21D), indicating that DDI2 

engagement may differentially affect NRF1's transcriptional output. 
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A.5. Discussion 
 
The behavior of NRF1 is unique as it traffics to the ER before being retrotranslocated in the 

cytosol and eventually functions in the nucleus as a transcription factor. This process involves 

several layers of regulation that orchestrate NRF1 responses. Our study reveals two main 

regulatory functions of ER trafficking of NRF1 in mammalian cells: NRF1 ubiquitination and 

N-glycosylation. 

 

Early studies have shown that NRF1 cellular localization was controlled through residues 1–

30 within the N-terminus (Zhang et al., 2007). It was hypothesized that this sequence could 

represent an atypical signal sequence that could be regulated during stress in a fashion that 

ensures its incorporation into the ER at basal (Zhang et al., 2007). In line with these initial 

observations, our studies demonstrated that this sequence is required for NRF1 import in the 

ER, a process that initiates a cycle of degradation or activation of NRF1. However, the nature 

of the 30NTD is unclear as it does not contain a typical signal peptidase cleavage site, and the 

fusion of a FLAG tag at the N-terminus of NRF1 does not perturb its trafficking within the 

ER. In contrast, we could show that fusing this sequence in front of a cytosolic version of 

NRF1, harboring an eGFP at the N-terminus, restored both trafficking and DDI2-mediated 

cleavage. These findings suggest that this sequence alone is sufficient to direct NRF1 import 

into the ER. It is also possible that this sequence could contribute directly to the 

retrotranslocation of NRF1 via the ER-associated degradation (ERAD) pathway. However, 

we cannot rule out the possibility that additional motifs within the first 296 amino acids of 

NRF1 could also direct its trafficking to the ERAD machinery, as this portion of NRF1 is the 

minimal structure that traffics in and out of the ER and is required for cleavage by DDI2. The 

first 296 residues of NRF1 may also contain sequences required for DDI2 recognition. Several 

attempts at generating an uncleavable version of NRF1 by mutating the region surrounding 

the cleavage site failed to abolish its cleavage completely. Moreover, attempts at identifying 

other potential cleavage sites by mass spectrometry only identified the cleavage site between 

residues 103 and 104. It is, therefore, possible that DDI2 recognition may rely on additional 

features within the 296 first amino acids. In line with this possibility, it is worth noting that 

DDI2 proteolytic domain shares homology with that of HIV-1 aspartyl protease, which is 

known to recognize structural shapes of its substrates rather than a particular amino acid 

sequence (Prabu-Jeyabalan et al., 2002).    

 

Importantly, we describe that NRF1 trafficking within the ER is a prerequisite for DDI2-

mediated processing via ubiquitination by HRD1. This ERAD associated E3-ligase has been 

implicated in various physiological processes, including the ubiquitination of NRF1 homolog, 

NRF2, upon ER stress during liver cirrhosis (Wu et al., 2014). Here we found that HRD1 
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deficiency impaired NRF1 ubiquitination without affecting its retrotranslocation leading to 

its accumulation in the cytosol. In addition to its function in promoting degradation at basal 

levels, we show that HRD1-mediated ubiquitination is also required for NRF1 proteolytic 

maturation by DDI2 when proteasome is impaired.  We also showed that a cytosolic version 

of NRF1 fused to a ubiquitin moiety can bypass this step and undergo DDI2-mediated 

cleavage in an HRD1-independent manner. Altogether these findings suggests that the 

accumulation of ubiquitylated NRF1 substrate in the cytosol is critical to elicit NRF1 

responses.  

 

Previous studies have shown that DDI2 activity on NRF1 was observed only upon the addition 

of recombinant RAD23 in vitro (Dirac-Svejstrup et al., 2020a). Our study using human 

knockout cells demonstrates that both RAD23 paralogues are necessary for both NRF1-

mediated proteasome degradation and NRF1 proteolytic maturation by DDI2. RAD23 acts as 

a ubiquitin receptor that binds the proteasome via its N-terminal ubiquitin folds and two UBA 

domains that can bind ubiquitinated proteins (Collins & Goldberg, 2020; Kim & Goldberg, 

2018; Wade & Auble, 2010). It functions as a shuttle or receptor to bring substrates to the 

proteasome and promote turnover. Interestingly, we observed that RAD23 binding to DDI2 

was stabilized in the absence of DDI2 catalytic activity, suggesting that the stalling of 

uncleaved substrates with the complex stabilized the interaction. Overall, our findings support 

a model where the same mechanisms involved in NRF1 proteasomal degradation, such as 

HRD1-dependent ubiquitination and RAD23-mediated proteasome targeting, are also 

engaged, and required in promoting DDI2-mediated NRF1 cleavage.  

 

The second step that occurs upon trafficking in the ER is glycosylation. This was described 

in a breakthrough study in C. elegans  that identified the editing by the cytosolic N-glycanase 

PNG1 of glycosylated asparagine residues into aspartic acid (Lehrbach et al., 2019). Using 

several mutated constructs within the glycosylation residues, we showed that neither 

glycosylation nor editing of these residues impacted NRF1 processing by DDI2. In contrast, 

we observed that the editing of glycosylated asparagine into aspartic acid increased NRF1 

transcriptional activity similar to that described in C. elegans. These observations suggest that 

this process is conserved in mammals and further defines an additional regulatory function of 

ER trafficking. We took advantage of this knowledge to investigate the transcriptional activity 

of NRF1 in cells expressing an ubiquitinated and edited NRF1 construct that does not traffic 

to the ER. We identified genes triggered by this cytosolic NRF1 that overlapped with the 

signature elicited by wild-type NRF1 in the presence of bortezomib. This finding confirmed 

that editing and ubiquitination were sufficient to bypass ER trafficking and restore 

transcriptional activity. Consistently, we observed that several of the NRF1-induced genes, 

including clusterin (CLU), were induced in a DDI2-dependent manner and therefore relied on 
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the proteolytic maturation of NRF1. CLU was identified as among the most NRF1-dependent 

genes. In contrast, we observed that some of the genes that were identified as NRF1-

dependent did not rely on DDI2. For example, the kinase STYK1 was induced by treatment 

with bortezomib or expression of an ubiquitinated and edited NRF1 construct in a DDI2-

independent manner, suggesting that DDI2 engagement could contribute to determining 

NRF1 transcriptional programs. Investigation of these different programs and their 

physiological relevance and implication within NRF1 responses and adaption programs is an 

important question that remains to be addressed. 

 

In summary, this study delineates the importance of ER trafficking for NRF1 to exert its 

functions. We demonstrated that editing of the N-glycosylated sites contributes to 

transcriptional activity and that HRD1-mediated NRF1 ubiquitination contributes to 

degradation as well as recognition by the RAD23-DDI2 pathway leading to the expression of 

distinct transcriptional program. The DDI2-dependent NRF1 pathway has been mostly 

proposed to contribute to susceptibility and resistance to treatments with proteasome 

inhibitors in multiple myeloma (Chen et al., 2022; Collins & Goldberg, 2020; Dirac-Svejstrup 

et al., 2020a; Op et al., 2022). The identification of these additional steps and novel proteins 

involved in the pathway such as HRD1 and RAD23 could shed a new light on the mechanisms 

of adaptation and resistance to proteasome inhibition and provide with new therapeutic targets 

in these diseases. 
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Supplementary figure 1. DDI2 mediates NRF1 cleavage at Leucine 104, related to 
Figure 15. (A) NRF1 cleavage in control (sgLuci) and DDI2 knock-out (sgDDI2) HeLa cells 
treated with Bortezomib (Btz) for six hours as indicated. Protein expression is monitored by 
western blot. Tubulin is used as loading control; t indicates the unprocessed protein; v 
indicates the cleaved protein. (B) NRF1 immunoprecipitation in control (sgLuci) and DDI2 
knock-out (sgDDI2) HEK293T cells. Immunoprecipitated samples were loaded on 9% SDS-
PAGE gel (top panel). Three bands per condition corresponding to full-length (A and B) and 
cleaved (C) NRF1 were cut off and digested with trypsin for subsequent LC-MS analysis. 
The increase of the characteristic peptide 104-141 (bottom panel) in fraction C of control 
(sgLuci) and not in DDI2 knock-out (sgDDI2) points out a cleavage site between residues 
103 and 104. (C) NRF1 cleavage in control (sgLuci) and DDI2 knock-out (sgDDI2) 
HEK293T transfected with NRF1 (1-140) or (1-204) or (1-246). Protein expression is 
monitored as in A. 
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Supplementary figure 2. DDI2 mediates NRF1 cleavage upon ER-retrotranslocation 
blockade, related to Figure 16. (A) NRF1 cleavage in HEK293T transfected with full-
length NRF1 (1-742) and treated with NMS-873 for six hours as indicated. Protein expression 
is measured by western blot; t indicates the unprocessed protein; v indicates the cleaved 
protein. (B) Endogenous NRF1 cleavage in control (sgLuci) and DDI2 knock-out (sgDDI2) 
ARH77 cells treated with the N-glycosylation inhibitor, Tunicamycin (TM) or NMS-873, an 
inhibitor of VCP/97 for six hours as indicated; t indicates the deglycosylated unprocessed 
protein; v indicates the deglycosylated cleaved protein. Protein expression is measured as in 
A. Western blots are representative of at least two independent experiments.  
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Supplementary figure 3. NRF1 is cleaved independently of its glycosylation state, 
related to Figure 17. (A) Endogenous NRF1 cleavage in control (sgLuci) and DDI2 knock-
out (sgDDI2) ARH77 cells treated with Tunicamycin (TM) for six hours as indicated. Protein 
expression is measured by western blot. Tubulin is used as loading control; t indicates the 
unprocessed NRF1 protein; v indicates the cleaved NRF1 protein; t indicates the 
deglycosylated unprocessed NRF1 protein; v indicates the deglycosylated cleaved NRF1 
protein. (B) NRF1 cleavage in HEK293T transfected with NRF1 wild-type and treated with 
TM for six hours. Protein expression is measured by western blot as in A. (C) NRF1 cleavage 
in control (sgLuci) and DDI2 knock-out (sgDDI2) HEK293T transfected with NRF1 deletion 
constructs within the C-terminus and treated with TM for six hours as illustrated on the top 
of the panels. Protein expression is measured by western blot as in A. (D) NRF1 cleavage in 
control (sgLuci) and DDI2 knock-out (sgDDI2) HEK293T transfected with full-length NRF1 
or N-glycosylation sites mutants (7NA and 7ND) as illustrated on the top of the panel. Protein 
expression is measured by western blot as in A. (E) Schematic representation of NRF1 PTMs 
sites predicted by LC-MS analysis described under “Material and Methods”. ¾ indicates O-
glycosylated residue; ¾ indicate ubiquitinated residues; ¾ indicates N-glycosylated 
residues. (F) Endogenous NRF1 cleavage in control (sgLuci) and DDI2 knock-out (sgDDI2) 
HEK293T cells treated with OSMI-1 for six hours as indicated. NRF1 cleavage was 
monitored by western blot. Tubulin is used as loading control; t indicates the full-length 
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NRF1 protein; v indicates the cleaved NRF1 protein. (G) NRF1 cleavage in control (sgLuci) 
and DDI2 knock-out (sgDDI2) HEK293T transfected with NRF1 wild-type or O-
glycosylation site mutant (T98A). NRF1 cleavage was monitored by western blot as in F. 
Western blots are representative of three (C, F), two (B, D, E) or one (G) independent 
experiments. 
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Supplementary figure 4. NRF1 is ubiquitinated at lysin 70 and 205, related to Figure 17 
and S3. NRF1 immunoprecipitation in control (sgLuci) and DDI2 knock-out (sgDDI2) 
HEK293T cells. Immunoprecipitated samples were loaded on SDS-PAGE gel. One band per 
condition corresponding to full-length and cleaved NRF1 respectively, were cut off and 
digested with trypsin for subsequent LC-MS analysis. A relevant peptide was selected for 
each post-translational modification and quantified based on signal intensity (precursor mass 
intensity). Mascot search results were imported into the MsViz software (Martin-Campos et 
al., 2017), which was used for validation of the PTM localization and quantitation of 
modified peptide intensities across samples based on extracted ion chromatograms (XIC). 
Peak heights in XIC traces as extracted by MSViz were used as quantitative measure.  
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Supplementary figure 5. NRF1 cleavage requires both RAD23 paralogues, related to 
Figure 20. Endogenous NRF1 cleavage in control (sgLuci), double RAD23 knock-out 
(sgRad23A/B cl.3), RAD23A knock-out (sgRad23A cl.1 and cl.3) and RAD23B knock-out 
(sgRad23B cl.18 and cl.19) HEK293T cells treated with Btz for six hours as indicated. 
Protein expression is measured by western blot. Tubulin is used as loading control; t 
indicates the full-length NRF1 protein; v indicates the cleaved NRF1 protein. 
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Supplementary figure 6. Ub-NRF1 constructs are cleaved in the cytosol, related to 
Figure 21. NRF1 cleavage in control (sgLuci), DDI2 knock-out (sgDDI2), NRF1 knock-out 
(sgNRF1) - or reconstituted with full-length NRF1 (p21 NRF1), or NRF1 lacking its 
functional NTD but fused to ubiquitin moiety in N-terminus (p21 Ub-NRF1), and with N-
glycosylation sites mutated into alanine (p21 Ub-NRF1 7NA) or into aspartic acid (p21 Ub-
NRF1 7ND) - upon Doxycycline, in ARH77 cells treated with Btz for six hours as indicated. 
Lysates were fractionated by sequential centrifugation into the membrane fraction (M: ER, 
Golgi, mitochondria), the nucleus (N) and the cytosol (C), respectively. Calnexin, Lamin B 
and Tubulin are loading and fractionation controls. Protein expression is monitored by 
western blot. t indicates the unprocessed NRF1 protein; v indicates the cleaved NRF1 
protein; t indicates the non-glycosylated unprocessed NRF1 protein; v indicates the non-
glycosylated cleaved NRF1 protein.  
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Supplementary table 1. List of antibodies, related to Table 2. 

REAGENT or RESOURCE SOURCE IDENTIFIER 

Antibodies 
Rabbit monoclonal anti-
TCF11/NRF1 

Cell Signaling 
Technology 

Cat# 8052, RRID:AB_11178947 

Rabbit monoclonal anti-
SYVN1/HRD1 

Cell Signaling 
Technology 

Cat# 14773, RRID:AB_2798607 

Rabbit monoclonal anti-
Calnexin 

Cell Signaling 
Technology 

Cat# 2679, RRID:AB_2228381 

Rabbit monoclonal anti-HA-
tag 

Cell Signaling 
Technology 

Cat# 3724, RRID:AB_1549585 

Human anti-alpha-Tubulin Adipogen 
Cat# AG-27B-0005, 
RRID:AB_2490494 

Rabbit polyclonal anti-DDI2 Abcam 
Cat# ab197081, 
RRID:AB_2928956 

Rabbit monoclonal anti-
Rad23A 

Cell Signaling 
Technology 

Cat# 24555, RRID:AB_2750888 

Rabbit monoclonal anti-
Rad23B 

Cell Signaling 
Technology 

Cat# 13525, RRID:AB_2798247 

Rabbit polyclonal anti-VSV-G Sigma-Aldrich Cat# V4888, RRID:AB_261872 

Goat polyclonal anti-Lamin B 
Santa Cruz 
Biotechnology 

Cat# sc-6217, RRID:AB_648158 

Goat polyclonal anti-Mouse 
IgG (H+L) 

Jackson 
ImmunoResearch Labs 

Cat# 115-035-146, 
RRID:AB_2307392 

Goat polyclonal anti-Rabbit 
IgG (H+L) 

Jackson 
ImmunoResearch Labs 

Cat# 111-035-144, 
RRID:AB_2307391 

Donkey polyclonal anti-Goat 
IgG (H+L) 

Jackson 
ImmunoResearch Labs 

Cat# 705-035-003, 
RRID:AB_2340390 

Donkey polyclonal anti-
Human IgG (H+L) 

Jackson 
ImmunoResearch Labs 

Cat# 709-035-149, 
RRID:AB_2340495 
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Supplementary table 2. List of cell lines, related to Table 2.  

REAGENT or RESOURCE SOURCE IDENTIFIER 

Cell lines 
HEK293T sgLuci This paper N/A 

HEK293T sgDDI2 This paper N/A 

HEK293T sgRad23A/B cl.3 This paper N/A 

HEK293T sgRad23A cl.1 L. Zaffalon N/A 

HEK293T sgRad23A cl.3 L. Zaffalon N/A 

HEK293T sgRad23B cl.18 L. Zaffalon N/A 

HEK293T sgRad23B cl.19 L. Zaffalon N/A 

HeLa sgLuci This paper N/A 

HeLa sgDDI2 #5 This paper N/A 

ARH77 sgLuci 
(Op et al., 
2022) 

N/A 

ARH77 sgDDI2 #30 
(Op et al., 
2022) 

N/A 

ARH77 sgDDI2 #30 p21 Ub-NRF1 7ND  This paper N/A 

ARH77 sgNRF1 #13 
(Op et al., 
2022) 

N/A 

ARH77 sgNRF1 #13 p21 NRF1 (Op et al., 
2022) 

N/A 

ARH77 sgNRF1 #13 p21 Ub-NRF1 This paper N/A 
ARH77 sgNRF1 #13 p21 Ub-NRF1 7NA This paper N/A 
ARH77 sgNRF1 #13 p21 Ub-NRF1 7ND This paper N/A 
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Supplementary table 3. List of oligonucleotides, related to Table 2. 

REAGENT or RESOURCE SOURCE IDENTIFIER 

Oligonucleotides 
single guide RNA targeting Luciferase forward: CAC CGC TTC 
GAA ATG TCC GTT CGG T 

(Op et al., 
2022) 

N/A 

single guide RNA targeting Luciferase reverse: AAA CAC CGA 
ACG GAC ATT TCG AAG C 

(Op et al., 
2022) 

N/A 

single guide RNA targeting DDI2 forward: CAC CGG CTC GAA 
GTC GGC GTC GAC 

(Op et al., 
2022) 

N/A 

single guide RNA targeting DDI2 reverse: AAA CGG TCG ACG 
CCG ACT TCG AGC C 

(Op et al., 
2022) 

N/A 

single guide RNA targeting NRF1 forward: CAC CGC TTT CTC 
GCA CCC CGT TGT C 

(Op et al., 
2022) N/A 

single guide RNA targeting NRF1 reverse: AAA CGA CAA CGG 
GGT GCG AGA AAG C 

(Op et al., 
2022) 

N/A 

single guide RNA targeting Rad23A exon 2 forward: CAC CGT 
GAG TTT CTG TCC AGC CAC G 

This paper N/A 

single guide RNA targeting Rad23A exon 2 reverse: AAA CCG 
TGG CTG GAC AGA AAC TCA 

This paper N/A 

single guide RNA targeting Rad23B tr59139 exon 4 forward: CAC 
CGC TAG CCC AAC AGC AAC TGA C 

This paper N/A 

single guide RNA targeting Rad23B tr59139 exon 4 reverse: AAA 
CGT CAG TTG CTG TTG GGC TAG 

This paper N/A 

single guide RNA targeting HRD1 exon 4 #1 forward: TCC CGT 
GAA GAG TGC AAC AAA GCG G 

This paper N/A 

single guide RNA targeting HRD1 exon 4 #1 reverse: AAA CCC 
GCT TTG TTG CAC TCT TCA C 

This paper N/A 

single guide RNA targeting HRD1 exon 4 #2 forward: TCC CGG 
CTG AAG TCA TCC CGA AAA A 

This paper N/A 

single guide RNA targeting HRD1 exon 4 #2 reverse: AAA CTT 
TTT CGG GAT GAC TTC AGC C 

This paper N/A 

qPCR primer for GAPDH housekeeping gene forward: CGC TCT 
CTG CTC CTC CTG TT 

(Op et al., 
2022) 

N/A 

qPCR primer for GAPDH housekeeping gene reverse: CCA TGG 
TGT CTG AGC GAT GT 

(Op et al., 
2022) N/A 

qPCR primer for RPL19 housekeeping gene forward: CAA GCG 
GAT TCT CAT GGA ACA CAT C 

This paper N/A 

qPCR primer for RPL19 housekeeping gene reverse: CTT GAT 
GAT CTC CTC CTT CTT GGC 

This paper N/A 

qPCR primer for GABARAPL1 gene forward: CCC TCC CTT 
GGT TAT CAT CCA 

This paper N/A 

qPCR primer for GABARAPL1 gene reverse: ACT CCC ACC 
CCA CAA AAT CC 

This paper N/A 

qPCR primer for STYK1 gene forward: AGC GTT CTG GAC 
CTC AAG G 

This paper N/A 

qPCR primer for STYK1 gene reverse: ATA TTG GCT CGA 
AAG ATG GGC 

This paper N/A 

qPCR primer for CLU gene forward: CGA GAA GGC GAC GAT 
GAC 

This paper N/A 

qPCR primer for CLU gene reverse: GGT GGA ACA GTC CAC 
AGA CA 

This paper N/A 
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B. Additional Results to Research Article 
 

B.1. Additional Material and Methods 
 
Metabolic labelling and in vitro production of radioactive-labelled NRF1 protein. The in 

vitro transcription/translation of radio-labelled NRF1 protein was performed according to the 

kit protocol (TnT® coupled Reticulocyte Lysate System). The translation process was 

performed using a pCR3 NRF1 Flag-tagged plasmid with a CMV promoter. The radioactive 

labelling was enabled using 35S-methionine/cysteine (10 µCi/µl). The in vitro 35S NRF1 

protein was loaded on an SDS-PAGE, transferred on a PVDF membrane, and analysed by 

autoradiography. 

 

Production and purification of recombinant DDI2 protein from wheat germ extract. 

Large-scale in vitro production of recombinant DDI2 was performed according to the kit 

protocol (ENDEXT® Technology, premium PLUS expression kit). pEU-E01 Strep-tagged 

DDI2 plasmid was incubated for six hours at 37°C in presence of the transcription reaction 

mix. The translation reaction was performed by mixing the mRNA reaction with the wheat 

germ extract WEPRO1240. On top of this mix, the translation buffer was layered in a 96-well 

and incubated o/n at RT. Then, 250 U of Pierce Nuclease was added to the mix, with 1% of 

n-dodecyl β-D-maltoside when required, and incubated for 30 minutes at RT on a rotating 

wheel, then centrifuged at max speed for 30 minutes, 4°C. The supernatant was purified using 

Strep-Tactin® Sepharose columns according to kit protocol. The elution was quantified using 

BCA protein kit. Purified recombinant DDI2 was monitored by Western blot.  

 

In vitro protease assay using synthetic substrates. The protease assays were performed in 

50 µl of HIV buffer (0.1 M NaOAc, 1 M NaCl, 1 mM EDTA, 1 mM DTT, 10% DMSO, 1 

mg/ml BSA, pH 4.7) in 200 µl PCR tubes. 20 µg or 40 µg of recombinant DDI2 protein were 

incubated with 1 µl of 35S NRF1 substrate (50 µM) for one hour at 37°C. The resulted protease 

assays were loaded on SDS-PAGE for subsequent Western blot analysis. 

 
Additional table 1. List of additional reagents and resources. 

REAGENT or RESOURCE SOURCE IDENTIFICATION 
Antibodies 
Rabbit monoclonal anti-GABARAPL1 Cell Signaling Technology Cat# 26632 

Mouse monoclonal anti-Streptavidin IBA Lifesciences Cat# 2-1507-001 

Chemicals, Peptides, and Recombinant Proteins 
CP-26 Anawa Cat# AOB13238-1 

Pierce Nuclease Thermo Scientific Cat# 88700 

n-dodecyl β-D-maltoside Thermo Scientific Cat# 89902 
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Critical Commercial Assays 
TnT® coupled Reticulocyte Lysate System Promega Cat# L4600 

ENDEXT® Technology, premium PLUS expression 
kit 

CellFree Sciences Co. Cat# CFS-EDX-PLUS 

Pierce™ BCA Protein Assay Kit Thermo Scientific Cat# 23225 

Strep-Tactin® Sepharose columns IBA Lifesciences Cat# 2-1202-001 

Oligonucleotides 
qPCR primer for PSMD14 gene forward: CCG 
TGC TGG AGT TCC AAT  

(Op et al., 2022) N/A 

qPCR primer for PSMD14 gene reverse: TGC CTC 
CAC ACT GAC ACC 

(Op et al., 2022) N/A 

qPCR primer for PSMD12 gene forward: GTG 
CGC GAC TGA CTA AAA CA 

Ribeiro S.T. N/A 

qPCR primer for PSMD12 gene reverse: TAG 
GCA GAG CCT CAT TTG CT 

Ribeiro S.T. N/A 

qPCR primer for PSMD11 gene forward: ATG 
CAG GGA GGC AGA CAG 

(Op et al., 2022) N/A 

qPCR primer for PSMD11 gene reverse: GGA 
GCT CTG CCC GGT AAT 

(Op et al., 2022) N/A 

qPCR primer for PSMB7 gene forward: TGC AAA 
GAG GGG ATA CAA GC 

Op M. N/A 

qPCR primer for PSMB7 gene reverse: GCA ACA 
ACC ATC CCT TCA GT 

Op M. N/A 

Recombinant DNA 
pEU-E01 Jérôme Gouttenoire N/A 
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B.2. Additional results 
 

The investigation II.D – Research Article – Results, showed that NRF1 cleavage required 

ubiquitination, following its retrotranslocation from the ER, by the ubiquitin ligase HRD1 

(Figure 19). To corroborate with these observations, we also intended to block HRD1 activity 

through pharmacological agent. We treated ARH77 cells deficient for NRF1, reconstituted 

with an inducible form of full-length NRF1 or the cytosolic version (lacking the N-terminal 

domain) fused to ubiquitin at its N-terminus, with CP-26 - a small molecule inhibitor of HRD1 

(Ruan et al., 2019) – along with Btz and monitored wild-type NRF1 and ubiquitinated 

cytosolic NRF1 cleavage (Additional figure 1). We found that NRF1 cleavage was 

significantly reduced and in contrast, Ub-NRF1 cleavage remained intact, furthermore 

confirming the role of HRD1 in mediating NRF1 ubiquitination following ER-trafficking. 

Additional figure 1. HRD1 mediates NRF1 ubiquitination following ERAD 
retrotranslocation. NRF1 cleavage in NRF1 knock-out (sgNRF1), or reconstituted with 
full-length NRF1 (sgNRF1 p21 NRF1) or NRF1 lacking its functional NTD but fused to 
ubiquitin moiety in N-terminus (sgNRF1 p21 Ub-NRF1) upon Doxycycline, in ARH77 
cells treated with Btz and/or CP-26, an inhibitor of HRD1 for six hours as indicated. Protein 
expression is monitored by western blot. Tubulin is used as a loading control; t indicates 
the unprocessed NRF1 protein; v indicates the cleaved NRF1 protein; t indicates the 
unprocessed NRF1 protein fused to ubiquitin moiety in N-terminus; v indicates the cleaved 
NRF1 protein fused to ubiquitin moiety in N-terminus. 

Moreover, while CLU gene expression profile was elicited to be DDI2 and NRF1-dependent 

(Figure 21C and 21D), other gene expression profiles appeared to be upregulated in ARH77 

cells expressing Ub-NRF1 7ND as well as upon endogenous NRF1 expression, like STYK1 

(Figure 21C) and GABARAPL1 (Additional figure 2A). While previous studies 

demonstrated the induction of p62 and GABARAPL1 upon proteasome inhibition (Sha et al., 

2018), we were not surprised to find it following the RNA-sequencing analysis of ARH77 

treated with Bortezomib. Although Sha & collaborators shown the induction of GABARAPL1 

upon proteasome inhibition, they did not connect it to NRF1 proteolytic activation. 
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Additional figure 2. GABARAPL1 gene and protein expression profiles are NRF1-
dependent. (A) Induction of GABARAPL1 gene measured in control (sgLuci), DDI2 
knock-out (sgDDI2), NRF1 knock-out (sgNRF1) - or reconstituted with NRF1 lacking its 
functional NTD but fused to ubiquitin moiety in N-terminus and with N-glycosylation sites 
mutated into aspartic acid (p21 Ub-NRF1 7ND) - upon Doxycycline, in ARH77 cells treated 
with Btz for 24 hours as indicated. Gene expression profile was measured by real-time PCR 
relative to GAPDH and RPL19 (mean and SEM of technical triplicates of three 
representative experiment are shown). (B) As in A, but NRF1 cleavage is monitored by 
western blot. Tubulin is used as a loading control; t indicates the unprocessed NRF1 
protein; v indicates the cleaved NRF1 protein; se: short image exposure; le: long image 
exposure.  

To investigate this question, we interrogated the activity of GABARAPL1 gene upon N-D 

protein sequence editing of NRF1 by real-time qPCR analysis (Additional figure 2A) and by 

Western-blot (Additional figure 2B). Whereas the observations by qPCR were not 

significantly convincing for GABARAPL1 induction upon Ub-NRF1 7ND expression, the 

protein expression profile of GABARAPL1 formerly indicated that GABARAPL1 protein is 

dependent on NRF1 expression. Additionally, the Western-blot analysis of cells deficient for 

DDI2 demonstrates that GABARAPL1 expression is not dependent on NRF1 cleavage, 

suggesting that unprocessed NRF1 protein is able to enter the nucleus and activate 

downstream specific genes, such as GABARAPL1. 

 
While new gene expression profiles were uncovered upon RNA-sequencing analysis, the 

dogma in the literature always supported the idea that the DDI2-NRF1 pathway was involved 

in the bounce-back response to proteasome impairment by upregulating proteasome gene 

expression, as mentioned earlier in the study. Although some proteasome genes were 

upregulated but only by 2-fold induction in the RNA-sequencing analysis, we sought to 

interrogate their expression by real-time qPCR. 
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Additional figure 3. Proteasome subunits gene expression profiles upon proteasome 
inhibition. ARH77 control (sgLuci), NRF1 knock-out (sgNRF1) - or reconstituted with 
wild-type NRF1 or NRF1 lacking its functional NTD but fused to ubiquitin moiety in N-
terminus and with N-glycosylation sites mutated into aspartic acid (p21 Ub-NRF1 7ND) - 
upon Doxycycline, cells treated with Btz for 24 hours as indicated. Proteasome subunits 
(PSM) mRNA expression analysis by real-time PCR relative to GAPDH and RPL19 (mean 
and SEM of technical triplicates of three or two representative experiments are shown).  

Btz-mediated induction of proteasome subunits genes appeared irregularly regulated in the 

different conditions (Additional figure 3). Whereas PSMD14 and PSMB7 were significantly 

upregulated upon NRF1 expression, and also upon Ub-NRF1 7ND for PSMD14, PSMD11 

and PSMD12 profiles were inconsistent. To corroborate studies performed in our laboratory 

(Op et al., 2022) and the results of the RNA-sequencing analysis, these observations indicated 

that the DDI2-NRF1 pathway contributes, at least in part, to the proteasome feedback-loop in 

ARH77 cells. 

Finally, in chapter I – Aim of the Thesis, we sought to answer the following question: How 

is DDI2 activated? Although we described in detail the different steps leading to DDI2-

mediated NRF1 cleavage and activation, the question about DDI2 activity remained to be 

answered. 
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Additional figure 4. Cell-free based protein synthesis and assay. (A-B) Western-blot 
analysis of radio-labelled 35S NRF1 in vitro translated protein (A) and recombinant 
Streptavidin-tagged DDI2 protein (B). (C) In vitro cleavage assay of 35S NRF1 in presence 
of increasing concentration of recombinant DDI2 (20 µg and 40 µg), in HIV buffer for one 
hour at 37°C. Protein expression is assessed by Western-blot analysis. 

 
As explained in chapter I.F.1. – Introduction, the HIV-1 protease and DDI2 shares strong 

homology structure. It is naturally that our investigations towards DDI2 activity turned to the 

studies investigating the activation of the HIV-1 protease.  

 

Beforehand, we first successfully generated soluble in vitro protein for NRF1 and DDI2 

(Additional figures 4A and 4B). To avoid non-specific interaction due to inherent proximity-

induced in a cell-free based assay, both proteins were synthetized through two different 

approaches (see II.G.1. – Results). Since we demonstrated that DDI2 was interacting with 

NRF1 (Figures 18G, 18H and 18I), we simplified our study model by using in vitro 

translated NRF1 as a read-out of DDI2 activity following incubation in a buffer at acidic pH 

(hereafter “HIV buffer”) since it is an essential parameter enabling the correct protonation of 

the aspartic acids localized in the active site of aspartyl proteases (Xie et al., 1997). Results 

demonstrated that radio-labelled NRF1 protein remained uncleaved following incubation in 

HIV buffer in presence of recombinant DDI2 (Additional figure 4C). In conclusion, these 

conditions did not enable the activation of DDI2 in vitro. Further studies on the biochemical 

characteristics of this protease are required to gain a better understanding of its mechanism of 

activation. 
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In the literature, HIV-PIs were demonstrated to target the RVP domain of the HIV protease 

and, de facto, several indications reported that the RVP domain of DDI2 is responsible for its 

proteolytic activity. In addition, on top of being extensively conserved through evolution in 

eukaryotes, the DDI2 RVP domain is present in bacteria and lower organisms (Krylov & 

Koonin, 2001; Morawe et al., 2011; Sato et al., 2000; Sirkis et al., 2006). This highly sequence 

conservation indicates that the RVP domain is responsible for essential functions in these 

organisms, like the proteolytic cleavage of substrates. To reinforce the proteolytic activity 

hypothesis of DDI2, its ortholog in Leishmania and its homolog in human, the SASPase 

protein, were identified as active proteases (Matsui et al., 2011; Perteguer et al., 2013). 

Moreover, HIV-PIs have demonstrated their inhibitory capacity by blocking the substrate 

cleavage of these proteins (Bernard et al., 2005; White et al., 2011). Recent studies suggested 

that the HIV-PIs, Nelfinavir (NFV), inhibits DDI2 (Gu et al., 2020). NFV was initially 

developed to target the RVP domain of HIV protease and was reported with off-target effects 

in human presenting anti-cancer properties (Kawabata et al., 2012; Kraus et al., 2013). 

Because of the shared homology structure of HIV and DDI2 RVP domains, NFV was the first 

candidate inhibitor to study DDI2 activity. 

 

To investigate DDI2 activity, our approach aimed at producing a recombinant protein for 

DDI2 and analyze its activity against a synthetic substrate. To overcome the inconveniences 

of synthetically producing conformationally active protein, we took advantage of the intensive 

thesis work of a former colleague, Gianluca Frera, where he uncovered different techniques 

to produce soluble synthetic substrates (Frera, 2015). Particularly, he showed that he could 

produce high levels of recombinant proteins using wheat germ extract, which were formerly 

successfully used for the generation of an active HCV protease (Pieroni et al., 1997). In 

addition, at this time in the laboratory, the current literature just reported NRF1 as a substrate 

of DDI2 (Koizumi et al., 2016). 

 

Nevertheless, synthetic NRF1 cleavage failed, following incubation at acidic pH, in presence 

of purified recombinant DDI2. Although, one example of in vitro protease assay was 

described in this study (Additional figure 4C), we have tested several conditions in an 

attempt to trigger DDI2 activity in vitro. It seems that other factors are required to convey in 

vitro reconstitution of NRF1 cleavage by DDI2, such as a set of specific experimental set-up, 

co-activators of DDI2, and substrate unfolding.  

 

As of experimental conditions, the reaction buffer composition is of primary importance when 

designing an in vitro protease assay. To boost synthetic DDI2 activity, we thought an acidic 

pH would be adapted as it enables the correct protonation required for the proteolytic activity 

of aspartic proteases (Suguna et al., 1987). In addition, where these enzymes usually reside in 
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acidic compartments, such as lysosomes (Conner, 1992; Kinoshita et al., 2003; Matsui et al., 

2011; Richter et al., 1998), DDI2 appeared to be localized in the cytosol (Figures 16A and 

16B). A few biochemical techniques are established to investigate the optimal buffer required 

for a specific proteolytic activity, but their success rely on the substrate cleavage efficiency. 

Therefore, it is of high importance to gain more insights on DDI2 cellular function, – which 

could uncover the presence of specific co-activators essential to mediate its activity in vitro – 

and on the mechanisms of activation of DDI2 substrate, NRF1. 
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IV. DISCUSSION  
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At the beginning of my PhD, DDI2 was discovered as the executor protease of NRF1 

cleavage. Early papers showed that DDI2 was cleaving NRF1 at the N-terminus (at 

Tryptophan 103) to enforce proteasome subunit synthesis in response to proteasomal 

impairment (Koizumi et al., 2016; Radhakrishnan et al., 2014). Subsequently, we and others 

found that NRF1 N-terminus triggers ER-trafficking where it is N-glycosylated before being 

retrotranslocated through the ERAD pathway for subsequent proteasomal degradation. The 

discovery of DDI2 proteolytic cleavage ensued many questions surrounding the mechanism 

of activation of its substrate NRF1 and its role in re-establishing proteasomal integrity in 

response to proteasome dysfunction. 

During my PhD work I focused on the different mechanistic steps involved upstream of NRF1 

cleavage in presence or absence of DDI2. In all, I was able to contribute to the deeper 

characterization and understanding of these mechanisms e.g. demonstrating the essentiality 

of ER-trafficking and ubiquitination in allowing DDI2-mediated NRF1 cleavage and also 

provided new evidence that proteolytically active NRF1 triggers different transcriptional 

programs than the proteasome bounce-back response.  

Here I will integrate our findings with present literature, critically interrogate our data and 

pin-point shortcomings and future perspectives of this project. 

The ER is widely known for its role in targeted transportation of proteins that are embedded 

in membranes, retained in specific cellular compartments, or released extracellularly 

(Stevenson et al., 2016). Therefore, today we conveyed a new role for the ER in orchestrating 

the transportation of a protein destined for proteolytic activation in the cytosol: the 

transcription factor NRF1. We shed light on the two main regulatory functions of the ER in 

enabling NRF1 processing which are its ubiquitination and N-glycosylation. 

Our work shows that a 30-amino acid sequence within the N-terminus of NRF1 is required 

for its import into the ER and subsequent processing by DDI2. The study also highlights the 

role of HRD1 in directing NRF1 to proteolytic maturation by DDI2 when proteasome-

mediated degradation is impaired. Additionally, we describe the involvement of RAD23 in 

both NRF1-mediated proteasome degradation and NRF1 proteolytic maturation by DDI2. 

Finally, the study shows that glycosylation and editing of glycosylated asparagine residues 

into aspartic acid do not impact NRF1 processing by DDI2. Altogether, these data convey a 

rather complicated but unique signal transduction of NRF1 upstream of its cleavage by DDI2 

(Figure 22). 
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Figure 22. The signal transduction of NRF1 upon proteasome inhibition or overload. 
NRF1 is an ER-associated protein with its N-terminal transmembrane region anchored to the 
ER membrane. In the ER, NRF1 undergoes N-glycosylation. Upon proteasomal dysfunction, 
glycosylated NRF1 is retrotranslocated through ERAD. Following retrotranslocation, 
glycosylated and ubiquitinated NRF1 is (1) recognized by RAD23 and (2) concomitantly 
deglycosylated by the peptide:N-glycanase NGLY-1. (3) The shuttle protein RAD23 then 
transmit deglycosylated NRF1 to DDI2 for subsequent proteolytic cleavage. (4) 
Deglycosylated and cleaved NRF1 enters the nucleus to activate DDI2-dependent genes, like 
CLU. Alternatively, we may have uncovered that (2’) subsequently to deglycosylation by 
NGLY-1, (3’) deglycosylated and uncleaved NRF1 can enter the nucleus to induce the 
activation of NRF1-dependent and DDI2-independent genes, like STYK1 or GABARAPL1. 
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Why is NRF1 mechanism of activation so complicated?  
In line with the discovery on the role of NRF1 in sensing cholesterol excess in the ER 

(Widenmaier et al., 2017), we cannot rule out the possibility that NRF1 may have additional 

functions within the ER. It may function as a sensor of ER homeostasis. Indeed, it was 

suggested that cholesterol regulates NRF1 localization, processing, turnover and 

transcriptional activity (Widenmaier et al., 2017). In our study, we underlined how NRF1 

localization, modification, processing, and transcriptional activity are influenced by 

proteasomal dysfunction. Overall, we can hypothesize that NRF1, upon entry in the ER, 

senses environmental stimuli that will influence its fate in the cell. How this sensing is done, 

or which triggers are involved, have yet to be investigated.  

Another important observation we made is the fact that the biological mechanisms involved 

in NRF1 stabilization also control the susceptibility to DDI2 cleavage. We showed that 

RAD23 binding to DDI2 is stabilized in presence of proteolytically inactive DDI2. RAD23 is 

described as a ubiquitin receptor, able to bind the proteasome through its N-terminus ubiquitin 

fold and holds two UBA domains which bind ubiquitinated substrates upon ERAD-

retrotranslocation (Collins & Goldberg, 2020; Kim & Goldberg, 2018; Wade & Auble, 2010). 

This observation is consistent with the fact that RAD23 may function as a proteasome receptor 

that targets NRF1 to the proteasome while functioning also as a DDI2 receptor required for 

NRF1 targeting by DDI2. As for how RAD23 decides to act as a proteasome shuttle or a 

receptor for DDI2 remain to be elucidated. Here, the factor that will influence this decision is 

the proteasome function. Indeed, DDI2 is engaged only when the proteasome is non-

functional. Whether DDI2 function within the proteasome complex or within a separate 

complex, with RAD23 possibly, is a question that remains to be addressed. 

Importantly, our observations highlighted the conservation of NRF1 deamidation by the N-

glycanase PNG-1/NGLY-1 in mammals. Similarly, to ER-trafficking and ubiquitination, 

NRF1 deamidation is a key step in determining the activation of different transcriptional 

program. The conservation of such a phenomenon across species is reflective of an important 

functional role in maintaining NRF1 activity. This process underlines the immense diversity 

of the proteome where the final amino acid sequence of a protein is not directly encoded in 

the DNA but reassembled enzymatically in an ER-dependent process.  

It is also worth noting that whereas it was suggested that uncleaved NRF1 was inactive in the 

nucleus (Northrop et al., 2020), our real-time PCR data demonstrated that unprocessed NRF1 

was able to activate different transcriptional program that are DDI2-independent. These 

observations suggested that uncleaved and deaminated NRF1 is transcriptionally active in the 

nucleus. Altogether, these findings propose a leading role for NGLY-1 in determining cell 

fate through NRF1 deamination. It is unlikely that NRF1 is the only substrate subject to 
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NGLY-1 deglycosylation and therefore, it would be interesting to investigate additional 

substrates, their function, and their conservation among species.  

Although we strengthened our knowledge on the underlying biological regulation of DDI2-

mediated NRF1 cleavage, the biological characterization of DDI2 remains to be evaluated in 

detail to convey its function. As a result, we also worked on the molecular characterization of 

DDI2 activity in vitro.  

How is the protease DDI2 activated?  
For the treatment of HIV positive patients, HIV protease inhibitors (HIV-PIs) are widely used 

in the clinic. Nevertheless, the presence of undesired side effects remains and results as an 

off-target effect blocking cellular pathways. Our working hypothesis suggests that HIV-PIs 

are able to target and block cellular proteins while interfering with cellular processes, thus 

generating the secondary effects observed. To interrogate this question, we studied the 

aspartyl protease DDI2, which shares structural homology with the HIV protease, to provide 

a functional rationale of the side effects pathophysiology of HIV-PIs. In human, no evidence 

pointed out this protease as a target of HIV-PIs. Additionally, no functional studies ever 

reported proof of DDI2 cellular function to our knowledge.  

To investigate DDI2 activity, our approach aimed at using a recombinant DDI2 protein and 

analyze its activity against an NRF1 synthetic substrate. We were not able to convey synthetic 

NRF1 cleavage in vitro (Additional figure 4C) at acidic pH, we have tested several 

conditions in an attempt to trigger DDI2 activity in vitro. We concluded that other factors are 

required to convey in vitro reconstitution of NRF1 cleavage by DDI2, such as a set of specific 

experimental set-up, co-activators of DDI2, and substrate unfolding. 

As a result of unsuccessful in vitro characterization of DDI2 activity, the quest of finding 

DDI2 inhibitors became challenging. Whereas, as mentioned earlier, NFV was presented as 

an excellent candidate for DDI2 inhibition, it became challenging to test its inhibitory 

properties. Therefore, our laboratory started to interrogate DDI2 function in a different 

system. This study was led by a former colleague, Mélanie Op, and we demonstrated that 

NFV was able to disrupt NRF1 cleavage at basal conditions (VI.A. – Figure 5a), suggesting 

a likely NFV-mediated DDI2 inhibition (Op et al., 2022). Although NRF1 cleavage was 

disrupted, NFV only partially inhibited DDI2 in this set-up in comparison to its effect on HIV-

1 protease. We also tested several analogs to NFV, and none conveyed an impact on NRF1 

cleavage (Op et al., 2022). Whereas NFV was designed to inhibit HIV-1, we suspect that the 

affinity of NFV for DDI2 is not sufficient to elicit a strong inhibition. 

Additionally, in this study we gained insights on potential DDI2 co-factors involved in its 

proteolytic activity. We uncovered the conjugation of Rad23B with DDI2 (Figure 20F), 

thereby promoting NRF1 cleavage and may explain our failures at engineering a working in 
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vitro assay for DDI2 activity. This discovery corroborated the initial findings of Dirac-

Svejstrup & al. where they showed that DDI2 cleaves NRF1 in vitro uniquely in presence of 

Rad23 (Dirac-Svejstrup et al., 2020b), as well as the findings on yeast Ddi1 and Rad23 being 

able to form a complex (Bertolaet et al., 2001a). If Rad23B and other ubiquilins (UBQLNs; 

the mammalian Dsk2 homologs) (Figure 14) are established as shuttling factors involved in 

ERAD (Medicherla et al., 2004), DDI2 was recently suggested to serve as a shuttling factor, 

despite the absence of the typical Ub-binding domain (UBA domain) (Collins et al., 2022). 

The term “shuttling factor” implies a delivery process from one site to proteasomes 

(Medicherla et al., 2004; Richly et al., 2005). Literature have shown that Rad23B can activate 

proteasomes when it binds the 26S particle (Collins & Goldberg, 2020; Kim & Goldberg, 

2018) and dissociate once the proteasome begins to process the ubiquitylated substrate (Kuo 

& Goldberg, 2017). And DDI2 has been similarly described to activate proteasomes (Kim & 

Goldberg, 2018). Paradoxically, our findings suggest that DDI2 requires Rad23B in vivo 

rather than working as a shuttling factor of NRF1 following its retrotranslocation from the 

ER. Hence, to explain Rad23B conjugation with DDI2, it is possible that Rad23 is functioning 

as a shuttling factor while DDI2 acquired different function such as its proteolytic activity 

towards NRF1.    

Finally, as mentioned, when designing an in vitro assay, the folding of the substrate is always 

of great challenge. In the case of NRF1, we demonstrated the multiple steps NRF1 has to go 

through to be cleaved by DDI2 in vivo. Remarkably, we generated a cytosolic version of 

NRF1 fused to a ubiquitin moiety that is able to bypass the requirement of ER-trafficking and 

retrotranslocation but can undergo DDI2 cleavage in an HRD1-independent manner. The 

development of this tool holds the potential to be a game-changer when establishing an in 

vitro system to test for DDI2 activity. 

Altogether, these studies offer a promising hope in producing a synthetically active 

recombinant Rad23 to test in vitro along with recombinant DDI2, towards a Ub-NRF1 

synthetic substrate, in adequate conditions. Such an approach will allow not only to screen 

for multiple chemical compounds, like commercial libraries of HIV inhibitors, but also to 

generate other analogs of NFV through bioinformatic approaches to find the best match for 

DDI2 (Guan et al., 2015). 

The extensive interest to target DDI2 in cancer therapy is no more to be presented. Following 

our findings on the role of DDI2 in multiple myeloma (Op et al., 2022) and in response to 

heavy metal mediated toxicity (Ribeiro et al., 2022), DDI2 is at the center of stress related-

pathways where the necessity to understand its function(s) would be game-changing in the 

clinic.  
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But what is the function of DDI2? 
Physiological investigations of the role of DDI2 in vivo allowed us to uncover that DDI2 

knock-out in mice is embryonic lethal (Ribeiro et al., 2022), indicating a role for the protease 

during development. This observation corroborated with the essential role of NRF1 during 

embryonic development. Indeed, studies in the field revealed the essentiality of NRF1 to 

sustain normal embryonic development in mammals and established that defect in NRF1 most 

likely resulted in failed proteasomal function (L. Chen et al., 2003; Kim et al., 2010; 

Kobayashi et al., 2011; Lee et al., 2011; Ohtsuji et al., 2008; Widenmaier et al., 2017; Xu et 

al., 2005). From our observations from DDI2 knock-out mice, we can speculate that the 

disruption of the DDI2-NRF1 pathway is the leading cause of proteasome dysfunction, 

triggering embryonic lethality in mammals. 

Interestingly, while the implication of the UPS in the development of neurodegenerative 

diseases and NRF1 in neuronal homeostasis are widely established, this work enabled to 

uncover a potential role for DDI2 in driving this phenotype. Earlier, we discussed on the 

function of CLU gene which mRNA levels appeared to be enriched in a DDI2-dependent 

manner (Figure 21D). Gene ontology revealed its involvement in the regulation of neuronal 

signal transduction and in positive regulation of neuronal proteins assembly. Moreover, 

GWAS studies depicted that single nucleotide polymorphisms (SNPs) within CLU are 

representative risk factors of Alzheimer’s diseases (AD) (Bertram et al., 2007; Harold et al., 

2009) and CLU proteins levels are correlated to the severity of cerebral amyloid angiopathy 

(Miners et al., 2017). In fact, the role of the CLU gene in AD is widely studied and depicted 

at the current moment (Wilson & Zoubeidi, 2017). Together our data encourage the 

hypothesis that the DDI2-NRF1 pathway is involved in neurodegeneration phenotypes. We 

can propose a role for DDI2 which, upon proteasomal dysregulation, leads to the transcription 

of CLU proteins which accumulates, thus driving the development of neurodegenerative 

diseases.  

In comparison to CLU, STYK1 mRNA levels were not enriched in a DDI2-dependent manner 

(Figure 21D). Although, both genes are widely described in the literature as involved in many 

human cancers (X. Chen et al., 2003; Fang et al., 2018; Girard et al., 2010; July et al., 2002; 

Lai et al., 2021; Lai et al., 2019; Li et al., 2020; Miyake, Gleave, et al., 2002; Miyake, Hara, 

et al., 2002; Miyake et al., 2005; Redondo et al., 2000; Steinberg et al., 1997). CLU and 

STYK1 are depicted as essential proteins of protein homeostasis and, whereas there are not 

classified as oncogenes, their high expression is correlated with higher grade tumors and poor 

prognosis. In combination with our knowledge on the key role of the UPS in the maintenance 

of proteostasis, we suspect that overexpression of CLU and STYK1 upon DDI2-mediated 

NRF1 cleavage is one of the leading causes of the development of these cancers.  



DISCUSSION 

 103 

While inhibition over-time of the proteasome irretrievably induces the accumulation of 

ubiquitinated proteins in the cytosol, the cellular adaptation programs activate autophagy 

pathway, and these proteins are degraded through lysosomal degradation (Korolchuk et al., 

2010; Pankiv et al., 2007). Interestingly, STYK1 was recently described as a new upstream 

regulator of autophagy (Zhou et al., 2020). Whereas GABARAPL1 gene turned-out enriched 

in the RNA-sequencing analysis (Figure 21B) and by real-time PCR for NRF1 wild-type 

(Additional figure 2A), as well as by Western-blot analysis (Additional figure 2B), the gene 

did not seem to be dependent of DDI2-mediated cleavage. Nevertheless, the GABARAPL1 

gene was established as involved in the phagophore maturation during autophagy (An et al., 

2019; Chakrama et al., 2010; Chen et al., 2006; Chino et al., 2019). Together with STYK1, 

these observations allow us to extrapolate on a potential role for NRF1 – along with DDI2 or 

not – in enhancing autophagy-related pathway in response to proteasome inhibition. 

Particularly, autophagy is described to reduce cellular stress induced by proteasome inhibitors 

and would probably impact the efficiency of proteasome inhibitors on multiple myeloma 

therapies. In this situation, targeting DDI2 in multiple myeloma phenotypes holds the 

potential to decrease both proteasomal and lysosomal degradation of misfolded proteins, and 

would drastically enhance the sensitivity of multiple myeloma cancer cells to proteasome 

inhibition.  

Collectively, the current knowledge on DDI2 function is wide and still remain to be 

characterized in more detail. These discoveries enabled to shed light on new physiological 

roles of the DDI2-NRF1 pathway and emphasized the essentiality to study DDI2 activity more 

than ever as a key protease of protein homeostasis. 

In conclusion, this study reported new discoveries essential to understand better the role of 

the DDI2-NRF1 pathway. We showed that not only ER-trafficking and subsequent 

ubiquitination were implicated in targeting proteins for proteasomal degradation but were 

essential in enabling DDI2-mediated NRF1 cleavage. Interestingly, we uncovered a potential 

new role for the shuttling factor Rad23B in triggering DDI2 activity. Finally, we conveyed 

that N-D sequence editing of NRF1 following its retrotranslocation from the ER was a pre-

requisite for its transcriptional activation in mammals. Altogether, these data brought new 

insights on the mechanisms of activation of NRF1 which are essential to deepen our study of 

DDI2 activity. A better understanding of DDI2 would allow to screen for pharmacological 

inhibitors which holds the potential to improve targeted cancer therapies, and eventually other 

diseases.  

Overall, since the beginning of my PhD, great advances have been made in uncovering new 

mechanistical details of DDI2-mediated NRF1 activation. These studies open the way for 

important questions that remain to be answered and will need to be interrogated in the future.  
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Figure S1: DDI2 deficiency affects Bortezomib sensitivity of common cell lines 

a ARH77 population expressing control luciferase (Luci) sgRNA or representative clonal 
DDI2 deficient populations and representative clonal NRF1 deficient populations were treated 
with BTZ or vehicle as indicated and analyzed by immunoblotting for expression of DDI2 
and NRF1, cNRF1, indicates cleaved NRF1. Sensitivity to BTZ of control cells and 
representative DDI2 or NRF1 deficient clones was analyzed by viability assay. b-d 293T, 
HeLa, and HAP1 populations expressing control luciferase (Luci) sgRNA or representative 
DDI2 deficient populations were treated with BTZ or vehicle as indicated and analyzed by 
immunoblotting for expression of DDI2 and NRF1. Sensitivity to BTZ was analyzed by 
viability assay. Curve graphs are from one representative experiment of three performed in 
triplicate. P-values were calculated using two-way ANOVA between control cells and KO 
cells. Dots graph represents the EC50 (half-maximal effective concentration) of the dose 
responses; data are from at least three independent experiments performed in triplicate. P-
values were calculated using one-way ANOVA followed by Dunnett’s multiple comparison 
tests. 
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Figure S2: DDI2 reconstitution in DDI2-deficient HeLa cells 

a Indicated ARH77 cells were primed or not with doxycycline and treated 24 h with 10 nM 
BTZ and analyzed for PSMB5 mRNA expression by real-time PCR. Normalization was done 
relative to HPRT levels (representative of 2).  b The protein expression of NRF1, DDI2, and 
FLAG was analyzed by Western Blot in HeLa cells transfected with some of the FLAG-DDI2 
constructs. Doxycycline is used to induce their expressions. Tubulin is used as a loading 
control. 
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Figure S3: Effects of nelfinavir analogues effects on NRF1 maturation 

a ARH77 were treated with different analogues of nelfinavir (NFV) identified in the NCI 
Open Chemical Repository Collection. The protein expression of DDI2, NRF1, and ATF4 
after treatment was assessed by Immunoblotting. cNRF1 indicates cleaved NRF1. Tubulin is 
used as a loading control. b-c Indicated cells were treated with increased doses of NFV, in 
combination with BTZ. The protein expression of DDI2, NRF1, P-EEF2 after treatment was 
assessed by Immunoblotting. cNRF1 indicates cleaved NRF1. Tot-EEF2 was used as a 
loading control. d Parental AMO-1 cells were treated with BTZ and NFV. The protein 
expression of DDI2, NRF1, and ATF4 after treatment was assessed by Immunoblotting. 
cNRF1 indicates cleaved NRF1. Tubulin is used as a loading control. c A representative HeLa 
clone expressing DDI2 sgRNA and deficient for DDI2 expression was reconstituted with an 
inducible FLAG-DDI2 construct (backbone PINDUCER21) and treated with BTZ and 
increased doses of doxycycline (Dox) as indicated. The expression of DDI2 and NRF1 was 
monitored by immunoblotting.  
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Materials and methods 
 

Antibodies and materials 

Bortezomib and Carfilzomib were from LC-Laboratories. Nelfinavir Mesylate (CAS 159989-
65-8) was from Axon Medchem. 1,4-Dithiothreitol (DTT) and Doxycycline were from 
AppliChem. The anti-NRF1 (8052), anti-PSMB5 (12919) were purchased from Cell 
Signalling. The anti-FLAG (F425) was purchased from Sigma. The anti-ATF4 (sc-200) was 
purchased from Santa Cruz. The anti-Tubulin (AG-27B-0005-C100) was purchased from 
Adipogen. The anti-DDI2 antibody was purified in our lab from human DDI2 immunized-
rabbit serum using HiTrap NHS activated HP columns (GE Healthcare). 

 

Western blotting 

Cells were directly lysed in sodium dodecyl sulfate (SDS) loading buffer (10% glycerol, 2% 
SDS, 50 mM Tris-HCl pH 6.8, 12.5 mM EDTA, 0.02% Bromophenol Blue) containing 80-
120 mM of dithiothreitol (DTT). Extracts were separated by SDS-PAGE and transferred to 
nitrocellulose blotting membranes (Amersham).  

 

Proteasome activity assay 

Between 3 and 5.106 cells were lysed in 120µl of Proteasome lysis Buffer (50 mM HEPES 
pH 7.8, 10mM NaCl, 1.5mM MgCl2, 1mM EDTA, 1mM EGTA, 250mM sucrose and 5mM 
DTT in PBS without Ca2+ or Mg2+). The cell lysates were sonicated 3 sec using microtip 
output set on ~3, then they were centrifuged at 16000 RCF for 10min at 4°C. The supernatants 
were transferred in new tubes.  

For the assay, the Proteasome lysis Buffer is complemented with ATP 2 mM. The proteasome 
substrates used for the assay are Suc-LLVY-AMC chymotrypsin-like activity substrate from 
Enzo (BML-P802-0005), Z-ARR-AMC trypsin-like activity substrate from Calbiochem 
(CAS 90468-18-1), and Z-LLE-AMC caspase-like activity substrate from Adipogen (CAS 
348086-66-8). The AMC positive control comes from Biovision (#K245-100-4). Each well is 
filled with 30-50µg of total proteins and one of the proteasome substrates concentrated at 100 
µM. During 60 min, the A360ex/A360em is measured on a fluorescent plate reader at 37°C.  

 

Chromatin immunoprecipitation 

This experiment was performed as previously described. (Bujisic et al., 2017). Briefly, for 
each ChIP reaction cells were harvested and fixed in 1% formaldehyde. Reactions were 
stopped in 0.18 M glycine. The cells were lysed in 0.5% NP-40 buffer (10 mM Tris pH 8, 1 
mM EDTA, 0.5% NP-40) which was followed by the second round of lysis in 1% Triton X-
100 (10 mM Tris pH 8, 1 mM EDTA, 1% Triton X-100, 0.5% Na-DOC, 0.5% Sarcosyl, 0.5M 
NaCl). Lysis buffers were supplemented with Protease’s inhibitors cocktail (Roche). Lysates 
were sonicated using Diagenode's Bioruptor® Sonicator. For each ChIP reaction, 30 μg of 
chromatin was pre-cleared by co-incubation with Protein G sepharose beads (4 Fast Flow; GE 
Health Care Life Sciences), BSA, and Salmon Sperm DNA (UltraPureTM Salmon Sperm 
DNA Solution; ThermoFisher). Next, a fraction (10%) of pre-cleared chromatin was kept as 
input and the remaining part of the chromatin was incubated overnight with antibodies. The 
next day, immunoprecipitation was done using Protein G Sepharose beads. After washes 
beads were resuspended in elution buffer (111mM Tris pH 8, 1.11% SDS), heated, and treated 
overnight with Proteinase K. Following day DNA was extracted by phenol-chloroform-
isoamyl alcohol (25:24:1). Real-time PCR was performed using Kapa SYBR Fast qPCR kit. 
Primer sequences used in ChIP experiments are shown in Table 1.   
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Statistical analysis 

Data from one representative independent experiment is shown. All experiments were 
performed two or three times, except some adaptation experiments of the MM.1S. Statistical 
significances were determined using Graph Pad Prism version 6 as described in the figure 
legends. The error bars are the standard deviation of the sample. Significant differences were 
considered as follow *P ≤ .05, **P ≤ .01, ***P ≤ .001, or **** P ≤ .0001. 

 

Table 1: List of primers used in this study: 

  

Purpose Genes Forward primer (5’-3’) Reverse (5’-3) 

CRISPR hDDI2 CACCGGCTCGAAGTCGGCGTCGAC AAACGGTCGACGCCGACTTCGAGCC 

CRISPR hNRF1 CACCGCTTTCTCGCACCCCGTTGTC AAACGACAACGGGGTGCGAGAAAGC 

CRISPR luciferase CACCGCTTCGAAATGTCCGTTCGGT  AAACACCGAACGGACATTTCGAAGC 

RT-PCR hGAPDH CGCTCTCTGCTCCTCCTGTT CCATGGTGTCTGAGCGATGT 

RT-PCR hSRPR GTCCTGAGAACGGAGTAGAACT ACCCCTCCCATGCTTCTGAAT 

RT-PCR hPSMB5 AGGAACGCATCTCTGTAGCAG AGGGCCTCTCTTATCCCAGC 

RT-PCR hPSMB6 CTGATGGCGGGAATCATC CCAATGGCAAAGGACTGC 

RT-PCR hPSMD1
1 

ATGCAGGGAGGCAGACAG GGAGCTCTGCCCGGTAAT 

RT-PCR hPSMD1
4 

CCGTGCTGGAGTTCCAAT TGCCTCCACACTGACACC 

CHIP hGAPDH TACTAGCGGTTTTACGGGCG TCGAACAGGAGGAGCAGAGAGCGA 

CHIP hGata1 GCCTCAACTGTGTGTCCCAC GAAGGTACTGGAAAAGTCAG 

CHIP PSMB5 GGACTCACCGCTAAGGGTTC CGTCCATGTTGCGTAAGGGA 

CHIP PSMB6 TTCTTTTCCCTTCTGCCGTC ACTGTCGTAAAGCGCTCTGTC 

CHIP PSMD11 CGGTGTGAGAGCGGTAAGAT CCGATGGAGTGGAGGATGTC 

CHIP PSMD14 GCTGCTGTTGCCTCTGTCTT GCCTGCCTTCTGGGTCTTAC 
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