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1. Summary 

It is more than forty years since it was described that MHC class I molecules bind and 

present peptides to CD8+ T cells, yet it is only recently that the pathway for processing 

and delivering peptides for MHC class I complexes has begun to be unraveled. It is now 

well appreciated that most of the MHC class I-restricted peptides derive from the 

degradation of proteins by the ubiquitin-proteasome system (UPS). In this process, 

proteins are tagged with a small protein called ubiquitin for subsequent degradation by 

26S proteasome complexes. This allows the generation of peptides which are 

subsequently transported into the lumen of the endoplasmic reticulum (ER) where they 

bind to MHC class I molecules before being transported to the cell surface. Depending on 

the origin of antigens, the MHC class I processing pathway may be referred to as direct 

or cross-presentation. By convention, the term direct presentation (or direct priming) 

applies to antigens of endogenous origin, while cross-presentation (or cross-priming) is 

restricted to exogenous antigens. It is assumed that MHC class I cross-presentation is 

restricted to a subset of immune cells capable of phagocytosis including dendritic cells 

(DC), whereas direct MHC class I antigen presentation occurs as a consequence of 

protein homeostasis in almost all nucleated cells of the body. 

Although the regulation of MHC class I antigen processing by proteasomes is well 

documented, the mechanisms controlling the selection of antigens for ubiquitin 

modification as well as their trafficking and recognition by proteasomes remain poorly 

understood. To close this gap of knowledge, our aim in this work was to unveil the 

events of the MHC class I processing pathway taking place upstream antigen breakdown 

by proteasomes. Interestingly, our data reveal that the supply of MHC class I-restricted 

peptides by the UPS is not restricted to antigens bearing ubiquitin modifications. Here, 

we identified the ubiquitin-like protein HLA-F-adjacent transcript 10 (FAT10) as an 

efficient and alternative signal for MHC class I antigen presentation. In this process, 

FAT10-marked antigens are shuttled to the 26S proteasome by the ubiquitin-binding 

proteins NEDD8 ultimate buster (NUB) 1 and/or NUB1 long (NUB1L) for degradation, 

leading to the generation of fully functional MHC class I epitopes. We also report the 

Rpn10 subunit of the 19S regulator particle as a universal receptor for ubiquitin- and 

FAT10-modified proteins, thereby allowing their recognition by proteasomes prior to 
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their processing into MHC class I-restricted peptides. Finally, our data support a role the 

ER-associated degradation machinery (ERAD) in the MHC class I antigen processing 

pathway whereby p97/VCP ensures the extraction of antigens from the ER in direct 

priming and ER-like vesicles in cross-priming into the cytoplasm for subsequent 

degradation by proteasomes. Altogether, our data describe the identification of a novel 

inducible FAT10/NUB1(L)/Rpn10 route for MHC class I presentation and report p97/VCP 

as an ERAD protein functioning at the interface of the direct and cross-presentation 

pathways. Future work will attempt to determine the precise contribution of these 

components to the mounting of cytotoxic T cell responses in vivo. 
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2. Introduction 

The 2004 Nobel Prize in Chemistry went to three scientists for their discovery of a “heat-

stable polypeptide of the ATP-dependent proteolytic system” (Ciechanover et al., 1980; 

Ciechanover et al., 1978; Hershko et al., 1979) which was later identified as the ubiquitin 

molecule (Wilkinson et al., 1980). Ubiquitin is part of the ubiquitin-proteasome system (UPS) 

which ensures the degradation of most of short-lived intracellular proteins in eukaryotes 

(Rechsteiner and Hill, 2005). In this pathway, proteins which are misfolded, oxidized, 

damaged and/or no longer needed are typically tagged with ubiquitin chains making them 

targets for destruction by the 26S proteasome. By maintaining protein homeostasis in the 

cell, the UPS represents a major source of peptides which can be further degraded into 

amino acids by various peptidases in the cytoplasm. Alternatively, such proteasomal 

products may be presented at the cell surface in association with major histocompatibility 

(MHC) class I molecules for presentation to CD8+ T cells. Therefore, the conversion of 

proteins into MHC class I peptide ligands for recognition by CD8+ T cells involves two 

fundamental steps: (i) the modification of these proteins by ubiquitin and (ii) their 

subsequent degradation by 26S proteasomes. 

 

2.1. Ubiquitin and ubiquitin-conjugation 

Proteins destined to be broken down by 26S proteasomes must undergo a so-called 

ubiquitination process (sometimes also referred as to ubiquitylation). As depicted in Fig. 1, 

conjugation of ubiquitin involves a sequence of reactions (Rajapurohitam et al., 2002). 

Ubiquitin is first activated by an ubiquitin-activating enzyme (E1) in an ATP-hydrolyzing 

reaction that initially results in formation of ubiquitin adenylate intermediate bound to the 

enzyme. E1 then transfers the activated ubiquitin to a so-called ubiquitin-conjugating 

enzyme (E2), which builds a thioester linkage between the active site cysteine and ubiquitin 

(Rajapurohitam et al., 2002). E2 enzymes then support conjugation to substrates together 

with ubiquitin-protein ligases (E3) that recognize specific substrates. Herein, really 

interesting new gene (RING) E3 ligases bind both E2 enzymes and the protein substrate to 

mediate ubiquitin transfer, while homologous to E6-AP carboxyl terminus (HECT) E3 ligases 

first accept the ubiquitin from E2 enzymes before allowing its transfer to protein substrates 

(Pickart and Eddins, 2004). It was long assumed that ubiquitination primarily occurs via 
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isopeptide bonds to lysine residues of target proteins (Breitschopf et al., 1998). However, a 

limited number of protein substrates has been shown to be conjugated on threonine (T), 

serine (S), cysteine (C) residues as well as at the N-terminus (McDowell et al., 2010; Tait et 

al., 2007; Vosper et al., 2009). 

 

 

Figure 1: Ubiquitin conjugation pathway of protein substrates. Ubiquitin is first activated by 

a E1 ubiquitin-activating enzyme in a reaction that requires ATP hydrolysis. The activated 

ubiquitin is then transferred to a E2 ubiquitin-conjugating enzyme and used for the 

modification of protein substrates on lysine (K) residues with the help of HECT and/or RING 

E3 ubiquitin ligases (modified from (Hurley et al., 2006)). 
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Proteins may be attached to one single ubiquitin moiety on one or several acceptor 

sites resulting in mono- or multi-ubiquitination, respectively. Mono-ubiquitination has been 

reported to regulate DNA repair and/or gene expression (Passmore and Barford, 2004), 

while multi-ubiquitination is primarily involved in receptor endocytosis (Haglund et al., 

2003). The ubiquitin molecule itself exhibits seven lysine residues (K6, K11, K27, K29, K33, 

K48 and K63) as well as an NH2-terminal methionine (referred as to M1) which can be used 

individually and/or in combination for the formation of poly-ubiquitin chains (Komander and 

Rape, 2012). This leads to the assembly of at least eight types of poly-ubiquitin chains with 

distinct biological functions (Fig. 2). 

 

 

Figure 2: The type of ubiquitin chain determines the fate of the modified protein substrate. 

The NH2-terminal methionine (M1) as well as each of the seven lysine residues of the 

ubiquitin molecule is a potential acceptor site for modification with further ubiquitin 

moieties. This allows the formation of eight different poly-ubiquitin chains leading to various 

outcomes for the modified protein. 
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A well accepted view in this field is that K48-linked poly-ubiquitin chains target 

substrates for degradation by 26S proteasomes (Chau et al., 1989; Thrower et al., 2000). 

However, K11- and K29-linked poly-ubiquitin chains are likely to signal to proteasome-

mediated degradation as well, since these chains are enriched following proteasome 

inhibition (Kim et al., 2011; Wagner et al., 2011; Wickliffe et al., 2011). Other ubiquitin 

linkages mainly perform non-proteolytic functions such as NF-κB activation by M1-linked 

poly-ubiquitin chains (Tokunaga and Iwai, 2012). Recent work has underlined important 

roles for K6-linked poly-ubiquitin chains in DNA repair (Morris and Solomon, 2004). Both 

K33- and K63-linked poly-ubiquitin chains have been reported to be involved in protein 

sorting in Golgi apparatus (Yuan et al., 2014), multi-vesicular bodies (Huang et al., 2013) 

and/or lysosomes (Kirkin et al., 2009). The K27-linked chains are the most enigmatic ones 

but an increasing body of evidence points to a potential role in mitochondrial biology 

(Geisler et al., 2010). 

It rapidly became clear that the existence of these eight chains types was only the tip 

of the iceberg and that a much greater variety of ubiquitin-based signals exists, as the 

linkage propagated throughout the poly-ubiquitin chain is not necessarily the same. There is, 

indeed, increasing evidence that various linkages can be present in the same poly-ubiquitin 

chain allowing the assembly of heterologous “mixed chains” (Boname et al., 2010; Emmerich 

et al., 2013; Goto et al., 2010; Ikeda and Dikic, 2008; Kravtsova-Ivantsiv and Ciechanover, 

2012). Besides, a single ubiquitin moiety embedded within a chain can be simultaneously 

modified at more than one site giving rise to “branched linkages” (Kim et al., 2007; Meyer 

and Rape, 2014; Peng et al., 2003). In addition to K48-linked poly-ubiquitin chains directing 

targets for proteasome-mediated degradation, mono-ubiquitin or poly-ubiquitin chains 

linked through a range of other lysine residues in the ubiquitin molecule can alter the 

localization or activity of the target protein, generally through the differential recruitment of 

ubiquitin-binding proteins. 

Major substrates for ubiquitination include (i) fully translated mature proteins and (ii) 

the so-called defective ribosomal products (DRiPs). While the modification of full-length 

proteins with ubiquitin may have regulatory function, the ubiquitination of DRiPs is a pure 

quality control process that eliminates nonfunctional newly synthetized proteins during 

translation (Dolan et al., 2011; Yewdell and Nicchitta, 2006). Importantly, both fully 
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translated mature proteins and DRiPs represent good antigen sources for MHC class I 

presentation (Rock et al., 2014; Schubert et al., 2000). 

2.1.1. Ubiquitin-like modifiers 

Interestingly, in addition to ubiquitin which is constitutively expressed in all cells, a 

series of ubiquitin-like proteins sharing structural homology with the ubiquitin molecule may 

be up-regulated in response to inflammatory stimuli. These include interferon-stimulated 

gene 15 (ISG15) and the HLA F-adjacent transcript 10 (FAT10) as well as their inherent 

conjugation machineries (Fig. 3). 

IFN-α/β and, to a lesser extent, IFN-γ are strong inducers of the ISG15 conjugation 

system (Ebstein et al., 2013). ISG15 is a ubiquitin-like modifier which can be conjugated to a 

vast number of cellular proteins through the sequential action of three conjugation enzymes 

that are  also induced by IFN-α/β: E1 (UBE1L), E2 (UBE2L6) and E3 (Herc5 and TRIM25). As 

illustrated in Fig. 3, intersections occur between the ubiquitin and the ISG15 conjugation 

pathways with UBE2L6 being involved in both of these processes. However and in contrast 

to the ubiquitin system that uses a large number of E3 enzymes to select substrates in a 

specific manner, most of the IFN-induced ISG15 conjugation relies on a single E3 enzyme, 

namely Herc5 (Wong et al., 2006). Unlike ubiquitin, ISG15 is not a degradation signal for 26S 

proteasomes and the functional consequences of ISG15 modification are largely unknown. 

The observation that many components of the antiviral response are frequently modified 

with ISG15 (Yuan and Krug, 2001; Zhao et al., 2005) suggested a potential role of this 

modifier in innate immunity. However, the antiviral function of ISG15 remains controversial, 

since ISG15 null mice show an increased susceptibility to infection with coxsackievirus virus 

B3 (CVB3) (Rahnefeld et al., 2014), Sindbi virus, influenza virus or herpes virus (HSV) type 1 

(Lenschow et al., 2007) but not with vesicular stomatitis virus (VSV) (Knobeloch et al., 2005) 

or lymphocytic choriomeningitis virus (LCMV) (Osiak et al., 2005). 

Both TNF-α and IFN-γ lead to the activation of the FAT10 conjugation machinery 

within the infected cells. FAT10 is probably one of the most recent identified members of 

the ubiquitin-like family and, its biological significance remains obscure. Interestingly, like 

ubiquitin, FAT10 targets its modified substrates to the 26S proteasome for degradation (Hipp 

et al., 2005; Raasi et al., 2001). FAT10 is frequently constitutively expressed in tumors such 
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as hepatocellular carcinoma as well as gastric and gynecological cancers (Ji et al., 2009; Lee 

et al., 2003). In spite of an increased susceptibility of lymphocytes to apoptosis, the overall 

phenotype of the FAT10 knockout mice does not substantially vary from that of their wild-

type littermates (Canaan et al., 2006), suggesting that this ubiquitin-like modifier is not 

essential. 

 

 

Figure 3: Conjugation pathways of ubiquitin and ubiquitin-like proteins. Like ubiquitin, the 

ubiquitin-like modifiers ISG15 and FAT10 use a conjugation system that relies on E1 and E2 

enzymes as well as on E3 ligases. These pathways partially overlap with UBE2L6 being the E2 

ubiquitin-conjugation enzyme for both ISG15 and ubiquitin. Likewise, Both FAT10 and 

ubiquitin require UBE1L2 and UBE2Z as E1 and E2 enzyme, respectively (modified from 

(Schulman and Harper, 2009)). 
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In a similar manner to ubiquitin and ISG15, the conjugation of FAT10 to cellular 

proteins relies on a E1-E2-E3 enzyme cascade which is not fully characterized. Herein, 

UBE1L2 has been recently described an E1 enzyme for FAT10 (Chiu et al., 2007) and, 

apparently, the UBE2Z ubiquitin E2 enzyme could also be used for FAT10 conjugation 

(Aichem et al., 2010). However and up to now, no FAT10-specific E3 enzymes have been 

experimentally verified. Our current knowledge about potential FAT10 substrates is also 

extremely limited with LRRFIP2, LULL1 and UBE1 being so far identified (Bialas et al., 2015; 

Buchsbaum et al., 2012). 

 

2.2. The proteasome as peptide supplier for MHC class I antigen presentation 

The 26S proteasome is composed of one 20S proteolytic complex and two axially 

positioned 19S regulatory complexes (Puttaparthi et al., 2007) which contain ATPase activity 

and are responsible for the recognition of the ubiquitinated proteins (Lam et al., 2002; 

Tanaka and Tsurumi, 1997). The 20S proteasome is itself defined as the latent and free form 

of proteasomes which is composed of 2 copies each of 7 α and β type subunits, each 

encoded by a distinct gene (Coux et al., 1996). 

 

2.2.1. Standard and immunoproteasomes 

Certain β subunits of the 20S core such as LMP2 (iβ1), MECL1 (iβ2) or LMP7 (iβ5) 

subunits are inducible and can replace the standard (S-Proteasome) β1, β2 and β5 subunits, 

conveying differing proteolytic functions to the so-called immunoproteasome (I-

Proteasome) (Kloetzel and Ossendorp, 2004). While S-Proteasomes are constitutively 

expressed in all cells, I-Proteasomes are present in immune cells including dendritic cells 

(DC) or can be formed in other cell types by interferon (IFN)-α/β or IFN-γ (Ebstein et al., 

2009; Strehl et al., 2005; Tanaka, 1994). Complexity to this system has been recently added 

through the discovery of intermediate-type proteasomes bearing one or two out of the 

three inducible subunits (Guillaume et al., 2010; Guillaume et al., 2012; Klare et al., 2007). 

Importantly, the ability of 20S proteasomes to produce peptides suited for presentation by 

MHC class I molecules can be enhanced by the proteasome activator PA28 (Liu et al., 2007). 

The PA28 regulator is a ring shaped complex composed of a heterohexamer of two types of 
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subunits α and β having similar molecular masses of approximately 28 kDa (Zhang et al., 

1998). PA28 binds to the 20S proteasome and the resulting PA28-20S-PA28 complex 

degrades proteins independently of ubiquitination (Baumeister et al., 1998). Alternatively, 

both PA28 and 19S regulators can simultaneously bind the 20S core particle to form a PA28-

20S-19S hybrid proteasome complex, whose precise function remains to be fully determined 

(Liu et al., 2007). Under physiological conditions, the majority of proteasomes exists in form 

of 26S complexes which are the configuration responsible for ATP- and ubiquitin-dependent 

degradation (Livnat-Levanon et al., 2014). 

 

The intrinsic subunit composition of proteasomes critically determines their capacity 

of generating peptides that are relevant and suitable for MHC class I presentation. Over the 

past two decades, several experimental approaches have been used to explore the role of 

the inducible subunits LMP7, LMP2 and MECL1 in MHC class I antigen processing as well as 

in other cellular processes including protein homeostasis (Seifert et al., 2010), cell signaling 

and/or proliferation (Basler et al., 2013; Ebstein et al., 2012a; Kruger and Kloetzel, 2012). 

One common method for evaluating I-Proteasome function in vivo is undoubtedly 

represented by the use of knock-out mice with an individual or combined deficiency of the 

inducible subunits. However and despite the massive efforts undertaken in these models, no 

general consensus has been reached as to how I-Proteasomes exactly affect the generation 

of MHC class I-restricted peptides, since both beneficial and detrimental effects have been 

reported. A substantial number of studies originally suggested that the incorporation of at 

least one of the three inducible subunits was critically required for the initiation of CTL 

responses directed against viral antigens (de Graaf et al., 2011; Hutchinson et al., 2011; 

Kincaid et al., 2012; Sijts et al., 2000; Van Kaer et al., 1994). Similar observations have been 

made in mice deficient for LMP7 or LMP2 and infected with parasites (Chou et al., 2010; 

Chou et al., 2008; Ishii et al., 2006; Tu et al., 2009). On the other hand, I-Proteasomes have 

also been reported to abrogate the presentation of self- (Zaiss et al., 2011), tumor (Chapiro 

et al., 2006; Dannull et al., 2007; Morel et al., 2000) and viral epitopes (Basler et al., 2004). 

Finally, a substantial body of evidence indicates that the switch from S-Proteasome to I-

Proteasome has no detectable effect of the efficiency of the CTL response (Brosch et al., 

2012; Frausto et al., 2007; Nussbaum et al., 2005). Recent work suggest that intermediated-

type proteasomes bearing standard and inducible subunits may be the best equipped 
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proteasome complexes for the generation of the majority of tumor epitopes (Guillaume et 

al., 2010; Guillaume et al., 2012; Vigneron and Van den Eynde, 2012). 

 

2.3. The MHC class I antigen processing pathway 

The MHC class I antigen presentation pathway is an orchestrated pathway referring 

to the conversion of protein antigens into MHC class I-restricted peptides. It involves: (i) the 

generation of peptides by proteasomes, (ii) the transport into the lumen of the endoplasmic 

reticulum (ER), (iii) the binding to nascent MHC class I molecules and (iv) the trafficking of 

such MHC class I/peptide complexes via the secretory pathway to the cell surface for 

presentation to CD8+ T cells. Depending on the endogenous or exogenous origin of antigens, 

one can distinguish between direct and cross-presentation, respectively. 

 

2.3.1. Direct presentation 

MHC class I direct presentation (Fig. 4) occurs as a consequence of protein 

homeostasis in almost all nucleated cells of the body. Remarkably, most of the generated 

proteasomal products are too long and need to be further cleaved or trimmed from the N- 

and/or C-termini until the correct size (8-10 amino acids) is attained for optimal binding to 

MHC class I molecules in the ER (Lazaro et al., 2015). Such post-proteasomal processing may 

take place in various cellular compartments including the cytoplasm, the ER or the Golgi 

apparatus. Major cytosolic peptidases participating in the generation of MHC class I-

restricted peptides are mostly aminopeptidases and include puromycin-sensitive 

aminopeptidase (PSA), bleomycin hydrolase (BH) (Stoltze et al., 2000), thimet oligopeptidase 

(TOP) (York et al., 2003), leucine aminopeptidase (LAP) (Beninga et al., 1998), 

aminopeptidase-B (AP-B) and prolyl-oligopeptidase (POP) (Urban et al., 2012). Proteolytic 

trimming in the ER typically involves the IFN-γ-inducible ER-associated aminopeptidases 

(ERAP) 1 and 2 (Saveanu et al., 2005) and/or the angiotensin-converting enzyme (ACE) (Shen 

et al., 2011). Eventually, MHC class I ligands may be subjected to a final processing step 

during their transport to the cell surface in the trans-Golgi network by the pro-protein 

convertase furin (Gil-Torregrosa et al., 1998; Medina et al., 2009; Tiwari et al., 2007). 
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Figure 4: MHC class I antigen presentation pathway. MHC class I direct presentation starts 

with the modification of antigens with ubiquitin. Ubiquitin-modified antigens are then 

degraded in the cytosol by the 26S proteasome, thereby leading to the generation of 

peptides which after N-terminal trimming from are exported into the ER via TAP. Once in the 

ER, these peptides are loaded onto MHC class I molecules prior to their subsequent 

transport to the cell surface for recognition through CD8+ T cells. 
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The translocation of proteasomal degradation products from the cytosol into the 

lumen of the ER is ensured by the transporters with antigen processing (TAP) 1 and 2. Both 

TAP1 and TAP2 are associated in the ER with MHC class I heavy chain/β2-microglobulin (β2-

m) dimers via the TAP-associated molecule Tapasin (Tsn) (Ortmann et al., 1997; Sadasivan et 

al., 1996). The binding of TAP to Tsn and MHC class I molecules in the ER is believed to be 

stabilized by the protein disulphide isomerase ERp57 which, in turn, binds to Tsn and the 

lectin chaperone calreticulin which, itself, recognizes a glycosylated part of the MHC class I 

molecule. These interactions allow the formation of a protein complex called peptide loading 

complex (PLC) in which empty MHC class I molecules are loaded by high-affinity peptides 

(Peaper et al., 2005). Newly formed peptide-MHC class I complexes dissociate from the PLC 

prior to transportation to the cell surface via the Golgi apparatus for recognition by CD8+ T 

cells. 

2.3.2. Cross-presentation 

Antigen cross-presentation describes the unique capacity of DC to acquire exogenous 

antigens and present them onto MHC class I molecules. DC represent a heterogeneous 

group of professional antigen-presenting cells (APC) found in the blood, lymph nodes and in 

a small amount in non-lymphoid tissues throughout the body. DC are considered as the 

major professional APC of the immune system presenting processed antigens to the effector 

T cells. At least two pathways in which peptides from exogenous antigens could be made 

and bound to MHC class I molecules have been described (Fig. 5). The first one involves the 

transfer of exogenous antigens from endosomes into the cytosol for subsequent degradation 

by proteasomes (Arnold et al., 1995; Fonteneau et al., 2003; Kovacsovics-Bankowski and 

Rock, 1995; Li et al., 2001; Norbury et al., 1995). The second one implies the production of 

MHC class I ligands inside the endosomes by non-proteasome proteases (Shen et al., 2004). 

It is assumed that the contribution of the endosome-to-cytosol pathway to cross-

presentation is more important under physiological conditions than the endosomal one 

(Rock and Shen, 2005). In 2003, a flurry of studies reported the existence of a cellular 

process whereby endosomes may fuse with ER-derived vesicles in DC to promote cross-

presentation (Ackerman et al., 2003; Guermonprez et al., 2003; Houde et al., 2003). 

Interestingly, the resulting endosome-ER mixed compartments possess newly synthesized 

MHC class I molecules as well as many ER-derived elements such as TAP, tapasin, calreticulin 
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and ERp57 making them potentially fully competent organelles for MHC class I antigen 

presentation (Cresswell et al., 1999). Besides, they appear capable of recruiting further 

proteins with antigen processing properties such as the insulin-regulated aminopeptidase 

(IRAP) which ensures amino-terminal peptide trimming of internalized antigens (Saveanu et 

al., 2009; Weimershaus et al., 2012).  

 

Figure 5: Potential MHC class I cross-presentation pathways. MHC class I cross-presentation 

begins with the uptake of exogenous proteins by DC. The proteasomal pathway implies the 

transport of internalized antigens from ER-endosome mixed compartments into the cytosol 

for degradation by 26S proteasomes. Whether such export occurs through the sec61 

translocation channel and/or ERAD remains controversial. The endosomal route describes 

the generation of MHC class I-restricted epitopes in endosomes by non-proteasome 

enzymes. 
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Given their positive staining for Rab5, EEA1 (Burgdorf et al., 2007), Rab14 (Saveanu et al., 

2009) and RAB3b/3c (Zou et al., 2009), it is assumed that such compartments partially 

originate from early endosomes. The trafficking of ER-vesicles into endosomes is thought to 

rely on the SNARE sec22b (Cebrian et al., 2011). Controversy exists in the field as to how 

antigens gain access to the cytosol for proteasome degradation. It has been reported that 

the transfer of antigens from endosome-ER mixed compartments into the cytosol could be 

mediated by the ER translocation channel sec61 (Zehner et al., 2015). However, other 

studies have shown a possible role for the ER-associated degradation (ERAD) machinery in 

this process. ERAD is a quality control system responsible for the degradation of aberrant 

proteins in the ER which allows the transport of substrates across the ER membrane from 

the lumen into the cytosol through a channel called the retro-translocation channel (as 

opposed to the translocation channel sec61 which allows the trafficking of proteins from the 

cytosol into the ER lumen). Importantly, the retro-translocation of polypeptides across the 

ER membrane requires their poly-ubiquitination and subsequent extraction from the 

membrane by the p97 ATPase [also called valosin-containing protein (VCP)] (Ye et al., 2005). 

The p97/VCP protein itself is associated to the ER membrane via specific interaction with a 

membrane protein complex containing Derlin-1 and the VCP-interacting membrane protein 

(VIMP). Once in the cytoplasm, the “pulled” substrate is degraded by the 26S proteasome 

(Meusser et al., 2005). The observation that antigen cross-presentation is blocked by over-

expression of a dominant-negative form of p97 supports the implication of ERAD may in the 

endosome-to-cytosol pathway (Ackerman et al., 2006). The precise nature of such retro-

translocation channel for cross-presentation, however, remains to be fully defined. 
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3. Objectives 

Although the role of proteasomes in the supply of MHC class I-restricted is well 

documented, our current knowledge on how ubiquitin regulates MHC class I antigen 

processing and presentation is still limited and partially conflicting. Pioneering work of 

Townsend and colleagues originally suggested that ubiquitin modification allows antigens to 

enter the MHC class I antigen processing pathway, as evidenced by the increased MHC class I 

presentation of antigens fused with one ubiquitin moiety (Townsend et al., 1988). The 

notion that ubiquitin modification is a prerequisite for the processing of endogenous 

antigens was further supported by later studies showing that MHC class I antigen 

presentation is compromised in cells defective in ubiquitin conjugation and/or for antigens 

devoid of ubiquitin acceptor sites (Grant et al., 1995; Michalek et al., 1993). However, it was 

later suggested that MHC class I antigen presentation, although relying on proteasomes, 

may occur in a ubiquitin-independent manner (Cox et al., 1995; Yellen-Shaw and Eisenlohr, 

1997). In these works, it is implied but nor formally demonstrated that 20S rather 26S 

proteasome complexes are responsible for the supply of MHC class I-restricted peptides. It is 

also argued that the ubiquitin-dependency for MHC class I processing may vary according to 

the folded state and/or localization of antigens (Huang et al., 2011; Michalek et al., 1996; 

Park et al., 2010). 

 

Therefore, to broaden our understanding in this field, our aim in this work is to dissect 

the MHC class I antigen processing pathway upstream protein degradation by proteasomes 

at the level of ubiquitin conjugation, trafficking and recognition. We expect from the use of 

dendritic cells and tumor cells as antigen-presenting cell models to gain new insights into the 

MHC class I direct and cross-presentation pathways. 
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4. Results and Discussion 

 

4.1. Transcriptome analysis of dendritic cells reveals the activation of the ISG15 and 

FAT10 conjugation machineries in response to maturation stimuli (this chapter 

is based on Ebstein and coworkers (Ebstein et al., 2009)) 

 

Dendritic cells (DC) are professional antigen-presenting cells which are capable of 

cross-presentation and reside in the periphery at an immature stage. Upon maturation, 

they migrate into the lymph nodes where they present MHC/peptide complexes to T 

cells and stimulate them to initiate primary immune responses. To further understand 

the maturation process at the level of the ubiquitin-proteasome system (UPS), we used 

the human U133 2.0 Plus-Array (Affimetrix) to assess the transcriptional program in DC in 

response to various stimuli including a cytokine cocktail of TNF-α, IL-6, IL-1-β and PGE2 as 

well as LPS, Poly(I:C) or CD40L. Interestingly, the core response common to the four 

maturation regimens comprised a total of 33 up-regulated genes. Many of these genes 

encode proteins belonging to the FAT10-conjugation machinery such as the FAT10 

ubiquitin-like protein itself as well as the UBE1L2 E1 enzyme and the NUB1 ubiquitin-

binding protein. Noteworthy, both LPS and Poly(I:C) induced the transcription of 

signature of genes from the interferon (IFN) pathway including the ubiquitin-like 

modifier ISG15 as well as enzymes linked to the ISG15 conjugation system (i.e. HERC5, 

TRIM25, UBE2L6, USP18). Interestingly, we further demonstrate that the increased 

expression of the E2 enzyme UBE2L6 is required for efficient antigen cross-presentation 

by DC in response to LPS. In summary, our data underline the importance of remodeling 

the UPS for DC function. 

  



19 

 

 

 

 

 

 

 



20 

 

 

 

 

 

 



21 

 

 

 

 

 

 



22 

 

 

 

 

 

 

 

 



23 

 

 

 

 

 

 



24 

 

 

 

 

 

 



25 

 

 

 

 

 

 



26 

 

 

 

 

 

 



27 

 

 

 

 

 

 



28 

 

 

 

 

 

 



29 

 

 

 

 

  



30 

 

4.2. The ubiquitin-like modifier FAT10 efficiently targets antigens to MHC class I 

presentation (this chapter is based on the work of Ebstein and coworkers 

(Ebstein et al., 2012b)) 

 

The HLA-F adjacent transcript 10 (FAT10) is a member of the growing family of 

ubiquitin-like proteins and is strongly up-regulated following inflammatory and/or 

immunological stimuli including TNFα- and IFN-γ. Like ubiquitin, FAT10 serves as a signal for 

protein degradation by proteasomes. However, it remains unclear whether the breakdown 

of FAT10-modified substrates leads to the production of peptides potentially suitable for 

MHC class I antigen presentation. In this work, investigations were undertaken to address 

this issue using a model substrate consisting of the human cytomegalovirus (HCMV)-derived 

pp65 antigen which is fused to FAT10 at its NH2-terminus. The impact of FAT10 modification 

on pp65 processing and presentation was assessed by measuring the activation of a CD8+ T 

cell clone recognizing the HLA-A2-restricted pp65495-503 antigenic peptide. Interestingly and 

in contrast to ubiquitin, we show that covalent attachment of FAT10 to pp65 resulted in 

substantial improvement of pp65 antigen presentation which is not influenced by 

immunoproteasomes or PA28. Taken together, these data highlight the importance of the 

FAT10 conjugation system as a new and alternative pathway for MCH class I presentation. 
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4.3. MHC class I cross-presentation of the Melan-A/MART-126-35 tumor epitope by 

dendritic cells relies on the ERAD protein p97/VCP (this chapter is based on the 

work of Ménager and coworkers (Menager et al., 2014)) 

 

Synthetic long peptides (SLP) represent an additional and promising therapeutic 

strategy for antitumor vaccination. Such approach consists in the internalization of SLP by 

professional antigen-presenting cells (APC) such as DC and their subsequent processing and 

presentation onto MHC class I molecules. Up to now, the intracellular mechanisms involved 

in cross-presentation of SLP are unclear. In this work, we have characterized the cross-

presentation pathway of the Melan-A/MART-116-40 SLP containing the HLA-A2-restricted 

tumor epitope26-35 (A27L) in human DC. Using confocal microscopy and specific inhibitors, we 

show that SLP16-40 is rapidly taken up by DC and follows a conventional TAP- and 

proteasome-dependent cross-presentation pathway. Our data support a role for the ERAD-

related ubiquitin-binding protein p97/VCP in the transfer of SLP16-40 from early endosomes 

to the cytoplasm and rule Derlin-1 out as a possible retro-translocation channel for cross-

presentation. Our findings propose a model for cross-presentation of SLP which is in line 

with the hypothesis that internalized antigens undergo a ubiquitination process for their 

extraction from the early endosomes by p97/VCP. 
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4.4. Critical role of the ERAD protein p97/VCP in MHC class I presentation of 

epitopes arising from membrane-spanning tumor antigens (this chapter is 

based on the works of Ebstein and coworkers (Ebstein et al., 2016a; Ebstein et 

al., 2016b)) 

 

Antitumor T-cell therapies rely on the ability of tumor cells to efficiently process 

target antigens by the UPS. As such, any impairment of the MHC class I antigen presentation 

machinery may potentially lead to failure of such therapies. Accordingly, the capacity of 

tumor cells to escape the immune system may serve as a basis for the identification of so far 

unknown critical components of the MHC class I antigen presentation pathway. The Melan-

A/MART-1 protein is a well-known membrane-bound antigen mostly found in melanosomes 

of melanoma cells which gives rise to the Melan-A/MART-126-35 epitope. In this work, we 

generated and isolated melanoma cell clones resistant to Melan-A/MART-126-35 cytotoxic T 

cell (CTL)-mediated cytolysis by exposing melanoma cells repeatedly to Melan-A/MART-126-35 

CTL. Analysis of these resistant melanoma cell clones revealed a defect in the expression of 

the ERAD-related ubiquitin-binding protein p97/VCP. Re-expression of p97/VCP in such 

resistant melanoma cell clones completely restored immune recognition by CTL, confirming 

that p97/VCP is a critical component of the Melan-A/MART-126-35 MHC class I antigen 

processing pathway. Interestingly, a p97/VCP-dependency was also observed for the 

presentation of a spliced gp10047-52/40-42 epitope emerging from the gp100 melanoma 

antigen which shares the same topology of melanosome localization. In conclusion, our data 

highlight a critical for the p97/VCP in the supply of MHC class I-restricted peptides arising 

from membrane-spanning tumor antigens. 
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4.5. Identification of the Rpn10 proteasome subunit as a universal receptor of the 

MHC class I antigen presentation pathway (this chapter is based on the work of 

Golnik and coworkers (Golnik et al., 2016)) 

 

The degradation of intracellular proteins via the UPS ensures the supply of most of the 

MHC class I-restricted peptides. Up to now, it remains unclear whether this process is 

regulated by ubiquitin linkages, length and attachment sites of antigens. In an attempt to 

better understand the relationship between antigen ubiquitination and MHC class I 

presentation, we manipulated the ubiquitination profile of the NY-ESO-1 cancer/testis 

antigen by removing its unique lysine residue at position 124 (K124). Surprisingly, we show 

that a lysine-free form of NY-ESO-1 (NY-ESO-1K0) was incapable of undergoing K48-linked 

ubiquitination. Nonetheless, the loss of K48 ubiquitin linkages did not substantially influence 

the presentation of the HLA-A*0201-restricted NY-ESO-1157-165 antigenic peptide. Indeed, the 

NY-ESO-1157-165 CTL responses initiated by either wild-type NY-ESO-1 or NY-ESO-1K0 were 

comparable and mainly driven by the β2 catalytic proteasome subunit. Of note, despite 

exhibiting distinct ubiquitination patterns, both of these antigen forms were entirely 

dependent on the Rpn10 proteasome subunit for the generation of the NY-ESO-1157-165 

epitope. Our work therefore identifies Rpn10 as a major antigen receptor of the MHC class I 

processing pathway, and further suggests that such recognition of antigens occurs 

independently of their ubiquitination profile. 
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5. Comprehensive discussion and outlook 

The dissection and full characterization of the MHC class I antigen processing pathway is 

crucial for understanding the events that trigger the initiation of a CTL immune response and 

for the design of potential drug targets in tumor immunology and/or autoimmunity. 

 

5.1. Identification of the FAT10/NUB1(L) axis as a novel route for MHC class I 

antigen presentation 

Because the priming of naïve T cells is strictly dependent on antigen presentation by 

DC (Inaba et al., 1990), our initial aim in this work was to determine regulation of the UPS in 

DC in response to various maturation-inducing strategies including pro-inflammatory 

cytokines, LPS, Poly-IC and CD40L treatments. Although a number of genes showed down-

regulation, we found an overall increase in expression affecting the majority of UPS 

sequences, regardless of the maturation regimen employed. Amongst commonly up-

regulated genes was found the 18-kDa ubiquitin-like modifier FAT10, which is believed to 

provide a ubiquitin-independent pathway for proteasome degradation (Hipp et al., 2005; 

Schmidtke et al., 2006). The elevated amount of FAT10 transcripts in maturing DC was 

followed by a parallel rise of FAT10-modified proteins which were only visualized in the 

presence of the proteasome inhibitor MG132, thereby confirming the role of FAT10 as 

degradation signal (Hipp et al., 2004). Here, we also provide compelling evidence that FAT10 

modification of the HCMV-derived antigen pp65 results in its increased intracellular 

degradation with improved presentation of the HLA-A2-restricted pp65495-509 antigenic 

peptide. Importantly, FAT10 was as efficient as ubiquitin in its capacity to enhance the 

pp65495-509 CD8+ T cell-response. To our knowledge, this the first report stating that antigens 

have the potential to be modified by addition of either ubiquitin or FAT10, thereby providing 

two alternative pathways for antigen processing and subsequent MHC class I presentation. It 

is tempting to speculate that, besides the ubiquitin-conjugation pathway, the less-defined 

FAT10-conjugation pathway also participates to eliciting a functional CD8+ T cell response in 

vivo. Herein, the existence of this new route may allow presentation of antigenic peptides 

that would not be generated in adequate amounts by the classical ubiquitin-conjugation 

pathway, thus increasing the diversity of epitopes displayed by the immune system. 

Nevertheless, the contribution of each pathway to antigen presentation may difficult to 

assess. The fact that FAT10 is normally not express under physiological conditions suggests 
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that the FAT10-conjugation pathway is only a complementary one which is used by the cell 

when the conventional ubiquitin pathway is overloaded. This notion is further supported by 

the lack of substantial phenotypic and functional impairment in FAT10 knockout mice 

(Canaan et al., 2006). 

 

Both NUB1L and its natural splicing variant NUB1 (with a deletion of 14 amino acids) 

have been reported to shuttle FAT10-modified proteins to 26S proteasome complexes (Hipp 

et al., 2005; Hipp et al., 2004). Our experimental data confirm the capacity of both of these 

proteins to promote proteasome-mediated degradation of FAT10-protein conjugates, as 

shown by the drop of the steady-state expression level of FAT10-pp65 in the presence of 

NUB1 or NUB1L. This notion is also in line with the fact that both NUB1 and NUB1L contain a 

UBL domain that allows interactions with the Rpn10 proteasome subunit (Kamitani et al., 

2001) thereby facilitating the targeting of FAT10-pp65 to proteasome-mediated degradation. 

More importantly, the increased degradation rate of FAT10-pp65 following over-expression 

of either NUB1 or NUB1L resulted in substantial improvement of pp65495-503 presentation. 

Nevertheless and in contrast to previous findings (Hipp et al., 2005), our data suggest that 

NUB1 exhibits a preference for FAT10 binding over ubiquitin binding, as evidenced by the 

failure of NUB1 to accelerate the degradation of the ubiquitin-pp65 fusion protein. It is 

conceivable that the specificity of NUB1 and NUB1L for ubiquitin and/or FAT10 is 

determined by their intrinsic number of ubiquitin-associated domains (UBA). Hence, NUB1L 

with 3 UBA domains has access to both of the FAT10 and ubiquitin pathways, while NUB1 

with only 2 UBA domains can only enter the FAT10 pathway (Fig. 6). This in turn, would 

imply that FAT10 binds to UBA domains with a higher affinity than its ubiquitin counterpart. 

 

Although the ability of ubiquitin fusion proteins to improve MHC class I-restricted 

antigen presentation is well established (Townsend et al., 1988), there is less agreement as 

to their ability to facilitate antigen cross-presentation. Indeed, controversy still exists with 

respect to the optimal form of antigenic source for effective cross-priming. It was earlier 

suggested that cross-presentation favors unstable antigens or defective ribosomal products 

(DriPs) (Fu et al., 1998; Janda et al., 2004). 



96 

 

 

 

Figure 6: Both ubiquitin- and FAT10-modified proteins are good antigen sources for MHC 

class I presentation. FAT10- and ubiquitin-modified proteins are recognized by the UBA 

domains of NUB1 and/or NUB1L which then transport them to the 26S proteasome thanks 

to their UBL domain which interacts with Rpn10. While NUB1 is restricted to the FAT10 

pathway, NUB1L recognizes both FAT10- and ubiquitin-modified antigens. 

 

However, it was later shown that mature proteins were more effective than DriPs as 

antigen sources for cross-priming (Basta et al., 2005). In our hands, feeding DC with either 

ubiquitin or FAT10 fusion proteins was more effective than exposing DC with untagged pp65 

at activating CTL, suggesting that short-lived proteins serve as good antigen sources for DC-

based cross-priming. Nevertheless, the mechanisms by which ubiquitin and FAT10 promote 
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cross-presentation of their fused antigen remain elusive. One can speculate that cross-

presentation is improved thanks to the increased available concentrations of pre-processed 

peptides resulting from the accelerated antigen degradation rate in donor cells, as 

previously suggested (Norbury et al., 2004). On the other hand, the mechanisms by which 

ubiquitin and FAT10 promote cross-presentation may occur through chaperoning the 

antigen into DC. Of note, differences could be detected between Ub-pp65 and FAT10-pp65 

processing in kinetic assays with the extent of enhancement of cross-presentation by FAT10-

pp65 being lower than that observed with Ub-pp65 in the very early phases of co-culture. 

These findings could reflect differences in antigen uptake with ubiquitin-modified substrates 

being faster internalized than FAT10-protein conjugates. Besides, we show that NUB1 is the 

major isoform up-regulated in mature DC. Surprisingly, knocking NUB1 down by specific 

siRNA was accompanied by a slight but significant decrease of the pp65 cross-presentation 

levels by DC. Such impairment was not restricted to DC loaded with FAT10-pp65 but was also 

observed to a similar extent with DC loaded with either untagged pp65 or Ub-pp65. 

Importantly, because we have shown that NUB1 can only enhance MHC class I presentation 

of FAT10 substrates, the sensibility of pp65 and Ub-pp65 to NUB1 down-regulation suggests 

that both of these antigen sources undergo FAT10 modification within DC prior to 

proteasomal degradation for cross-presentation. However, the precise contribution of the 

FAT10-dependent degradation machinery to the cross-presentation process remains to be 

determined. The inhibitory effect of the knockdown of NUB1 on cross-presentation was only 

partial (~20%), suggesting that poly-ubiquitination may occur in parallel, which would in turn 

allow multiple routes for proteasome-mediated degradation. 

 

5.2. The ERAD p97/VCP is a ubiquitin-binding protein functioning at the interface of 

direct and cross-presentation 

In an attempt to determine the cross-presentation requirements upstream 

proteasomal degradation, we next monitored the fate of a selected a 25-mer SLP of the 

Melan-A/MART-1 melanoma-associated antigen bearing an anchor optimized analog of the 

immunodominant CD8+ epitope (epitope of Melan-A/MART126–35 A27L on HLA-A2) (Chauvin 

et al., 2012; Vignard et al., 2005) in DC. Our data show that SLP16-40 is taken up by DC into 
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early endosomes before gaining access to both cytoplasm and lysosomes whereby only the 

cytosolic part of the internalized antigen leads to successful cross-presentation. 

 

 

Figure 7: MHC class I cross-presentation of SLP uses a proteasomal pathway. The transfer 

of internalized SLP from ER-endosome mixed compartments into the cytosol for degradation 

by 26S proteasome complexes is mediated by a so-far unidentified channel. This process is 

not dependent on sec61 and/or Derlin-1 but fully relies on the p97/VCP ERAD protein 

suggesting the involvement of a retro-translocation channel. 

 

In the cytoplasm, SLP16-40 is processed by proteasome and the generated Melan-

A/MART-126-35 peptide is then reimported by TAP into endosome-ER mixed compartment for 

loading onto MHC class I molecules. The mechanisms by which internalized antigens in DC 
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are transferred from endosomes to the cytosol for cross-presentation remain ill-defined. 

There is growing evidence that the ERAD pathway might play a role in this process 

(Ackerman et al., 2006; Giodini et al., 2009; Imai et al., 2005b). The ERAD pathway normally 

ensures the removal of misfolded secretory and/or membrane proteins from the ER back to 

the cytoplasm for subsequent destruction by the 26S proteasome (an event also referred to 

as “retro-translocation”). Herein, the proteins used a yet unidentified channel before being 

extracted from the ER membrane by the p97/VCP AAA-ATPase (Needham and Brodsky, 

2013). Our data confirm a potential role for ERAD in the transfer of the SLP16-40  from 

endosome-ER mixed organelles into the cytosol, as evidenced by the drop of the SLP16-40 

cross-presentation detected in DC with a knockdown of p97/VCP. Noteworthy, the down-

regulation of sec61 had virtually no effect on the ability of DC to cross-present the SLP16-40, 

confirming that the access of such antigens to the cytosol is mediated by retro-translocation 

and not by translocation (Fig. 7). The identity of this retro-translocation channel for cross-

presentation remains, however, an open question. Although retro-translocation in 

mammalian cells has been shown to be blocked by antibodies directed to Derlin-1 (Wahlman 

et al., 2007), our data show that such ERAD component had no substantial impact on the 

SLP16-40 presentation. Future investigations will attempt to evaluate the cross-presenting 

capacities of DC with a knockdown of the ubiquitin E3 ligase HRD1 which has been recently 

put forward as a retro-translocation channel in yeast (Baldridge and Rapoport, 2016). 

 

Strikingly, a critical role for p97/VCP was also observed in direct presentation of the 

Melan-A/MART-126-35 epitope in melanoma cells. Indeed, we identified the down-regulation 

of p97/VCP as a major escape mechanism in melanoma cells leading to resistance to 

cytolysis mediated by Melan-A/MART-126-35 specific CTL. This notion was confirmed by 

experiments showing that re-expression of p97/VCP in CTL-resistant melanoma cell clones 

could re-establish the Melan-A/MART-126-35 epitope presentation to normal levels and their 

sensitivity to apoptosis by CTL specific for Melan-A/MART-126-35. Importantly, the p97/VCP-

dependency for MHC class I antigen processing was not restricted to Melan-A/MART-126-35 

peptide but could be also observed for the gp10047-52/40-42 antigenic spliced peptide which 

also arises from a membrane-spanning antigen. The potential involvement of p97/VCP in 

MHC class I antigen direct presentation seems therefore to depend on antigen localization. 
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Figure 8: MHC class I direct presentation of the Melan-A/MART-1 and PMEL17/gp100 

antigens depends on the p97/VCP ERAD protein. Newly synthetized Melan-A/MART-1 and 

PMEL17/gp100 proteins enter the ER via the sec61 translocation channel before being 

subsequently transported into melanosomes using the Golgi apparatus. Damaged and/or 

missfolded proteins (DRiPs) in the ER are exported back into the cytosol for degradation by 

26S proteasomes. This retro-translocation process is mediated by the ERAD pathway and in 

particular p97/VCP. The observation that the presentation of Melan-A/MART-126-35 and 

PMEL17/gp10047-52/40-42 are fully dependent on p97/VCP indicates that DRiPs are the major 

antigen source for MHC class I presentation. 

 

From our data, the p97/VCP protein seems to be implicated in the cross-presentation 

of exogenous antigens and in the direct presentation of endogenous proteins. The 

observation that p97/VCP allows the processing of both soluble (SLP) and membrane-

spanning proteins (endogenous Melan-A/MART-1 and gp100), suggests the existence of two 



101 

 

different mechanisms. During cross-presentation, it is argued that p97/VCP removes 

endocytosed antigens from phagocytic vesicles to allow proteasome-mediated presentation. 

Because p97/VCP, as part of the ERAD pathway, only recognizes ubiquitin-modified proteins, 

this implies that antigens that have been taken up by DC undergo a ubiquitination process. 

However, there is so far little evidence that cross-presented antigens are subjected to 

ubiquitination (Burgdorf et al., 2008; Imai et al., 2005a), thereby raising the possibility that 

p97/VCP might have roles beyond a “simple” ERAD function for cross-presentation. This 

assumption would be in agreement with previous works showing that p97/VCP is involved in 

other cellular processes including endocytosis (Meyer et al., 2012). Future work will attempt 

to address the role of p97/VCP independently of antigen translocation. 

 

The role of p97/VCP in the endogenous presentation of the Melan-A/MART-126-35 and 

gp10047-52/40-42 antigenic peptides is easier to understand since both of these epitopes arise 

from membrane-spanning proteins which, as such, traffic through the ER before maturation 

(Fig. 8). Herein, such antigens are legitimately subjected to ERAD-mediated degradation 

when defective. This point is of great importance and indicates that ERAD substrates 

represent a major source for antigen presentation and supports the notion that the 

contribution of mature long-lived proteins to MHC class I antigen presentation is negligible. 

This is fully in agreement with the DRiPs hypothesis proposed by Yewdell and colleagues 

stating that defective proteins failing to achieve a stable conformation are better peptide 

suppliers than the native and functional ones (Yewdell et al., 1996; Yewdell and Nicchitta, 

2006). This is also in line with a previous study showing that Melan-A/MART-126-35 

presentation depends on transcription, and as such, on the continuous supply of DRiPs 

(Labarriere et al., 1997). 

 

5.3. Rpn10 is a major and universal receptor of ubiquitin-modified antigens for MHC 

class I presentation 

Our data indicate that the supply of the pp65495-503 antigenic peptide arising from the 

pp65 full-length protein modified with either FAT10 or ubiquitin is impaired in cells treated 

with siRNA specific for the ubiquitin receptor Rpn10, which is also a subunit of the 19S 

proteasome regulatory particle (Deveraux et al., 1995). This suggests that Rpn10 may serve 
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as a receptor for both ubiquitin and FAT10. The notion that FAT10 shares with ubiquitin the 

same ubiquitin receptor is in agreement with a later study showing that FAT10 is capable of 

binding to the VWA domain of Rpn10 (Rani et al., 2012). Apart from the pp65495-503 epitope, 

both of the gp10047-52/40-42 and NY-ESO-1157-165 antigenic peptides were fully Rpn10-

dependent, reinforcing the view that Rpn10 is a unique receptor for ubiquitin-modified 

proteins in MHC class I antigen presentation. This assumption appears to be in conflict with 

the observation that the NY-ESO-1157-165 presentation was also affected in cells depleted with 

Rpn13, the other ubiquitin receptor of the 19S proteasome regulatory particle (Husnjak et 

al., 2008). However, the Rpn13 down-regulation affected the NY-ESO-1157-165 CTL response to 

a much lesser extent than that observed with the Rpn10 down-regulation. In addition, Rpn13 

could not rescue MHC class I antigen presentation of the NY-ESO-1157-165 peptide in cells 

depleted with Rpn10, although the expression of Rpn13 was not affected by the Rpn10 

knockdown. These data point to a structure-function relationship between Rpn10 and Rpn13 

in which Rpn13 requires the presence of Rpn10 to fulfill its function as a ubiquitin receptor. 

Such interplay is in agreement with a previous study reporting inter-dependence between 

these two subunits (Besche et al., 2014). 

Importantly, we identified K124 of the NY-ESO-1 tumor antigen as the major acceptor 

site for K48-linked poly-ubiquitin chains. Surprisingly, the removal of K124 did not affect the 

Rpn10 dependency for the supply of the HLA-A*0201-restricted NY-ESO-1157-165 epitope. This 

suggests that the recognition of ubiquitin-modified proteins by Rpn10 is not necessarily 

restricted to K48-linked poly-ubiquitin chains, as previously assumed (Chau et al., 1989; 

Thrower et al., 2000). Our experiments show that NY-ESO-1 undergoes a ubiquitination 

process that involves other ubiquitin linkages including those occurring through K11, K27, 

K29, K33 and K63. From a quantitative point of view, the chain type that remains constant 

following the removal of K124 is represented by the K27 linkages. Based on this and given 

that the degradation rate does not vary between the two NY-ESO-1 forms; it is conceivable 

that such K27 ubiquitin chains may constitute the biologically relevant signal for degradation 

and subsequent presentation of the NY-ESO-1157-165 peptide. This assumption would be in 

agreement with a previous work showing that K27-linked poly-ubiquitin chains are capable 

of targeting their modified substrate for proteasome-mediated breakdown (Ashida et al., 

2010). Besides, it is also seductively easy to imagine that the loss of such K48-linkages might 

be compensated by the gain of other linkages which, in turn, can fulfil the function of 
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initiating proteasome-dependent degradation. Interestingly, our data show an increased 

formation of K11, K29 and K33 ubiquitin chains following the K-to-R mutation at position 

124. Because these chains have been reported to participate in protein breakdown (Bedford 

et al., 2011; Dammer et al., 2011; Xu et al., 2009), it is conceivable that NY-ESO-1K0 

overcomes its incapacity to assemble K48-linked poly-ubiquitin chains by increasing the 

formation of K11-, K29- and K33-linked poly-ubiquitin on various sites until a point is reached 

at which the protein is efficiently targeted for degradation. In any case, the complete loss of 

MHC class I antigen presentation in Rpn10-silenced cells implies that the recognition of poly-

ubiquitination antigens is a prerequisite for the supply of MHC class I-restricted peptides. 

Apart from Rpn10 and Rpn13, the proteasome subunit DSS1 has been recently identified as a 

third ubiquitin receptor of the 19S regulatory particle (Paraskevopoulos et al., 2014) and its 

contribution to MHC class I antigen processing remains to be fully addressed. 

 

Collectively, the data presented in this work provide new insights into the MHC class I 

antigen direct and cross-presentation pathways. We show that, like ubiquitin, the FAT10 

ubiquitin-like modifier is an efficient signal targeting proteins to MHC class I direct 

presentation and identify the Rpn10 proteasome subunit as the major receptor for FAT10- 

and ubiquitin-modified antigens. Besides, we provide evidence that the MHC class I antigen 

processing machinery includes the ERAD pathway whose function essentially relies on 

extracting antigens from ER and/or ER-like vesicles for direct and cross-presentation, 

respectively. Future work will need to accurately characterize the nature of such ERAD 

complexes in both DC and non-professional antigen-presenting cells. 
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7. Abbreviations 

 

ACE   Angiotensin-Converting Enzyme 

AP-B   Aminopeptidase B 

ATP   Adenosine Triphosphate 

β2m   β2-microglobulin 

BAG6   BCL2-Associated Athanogene 6 

BH   Bleomycin Hydrolase 

CHIP   Carboxy terminus of Hsc70-Interacting Protein 

CTL   Cytotoxic T Lymphocyte 

DC   Dendritic Cell 

DRiPs   Defective Ribosomal Products 

EBV   Epstein Barr Virus 

ER   Endoplasmic Reticulum 

ERAD   Endoplasmic Reticulum-associated Degradation 

ERAP   Endoplasmic Reticulum Aminopeptidase 

FAT10   HLA-F adjacent Transcript 10 

HPV   Human Papilloma Virus 

Hsc70   Heat Shock Cognate 70 kDa 

HSV   Herpes Simplex Virus 

IFN   Interferon 

IL   Interleukin 

I-Proteasome  Immunoproteasome 

ISG15   Interferon-Stimulated Gene 145 

LAP   Leucine Aminopeptidase 

LCMV   Lymphocytic Choriomeningitis Virus 

LMP   Low Molecular weight Protein 

LPS   Lipopolysaccharide 

Melan-A/MART-1 Melanoma Antigen Recognized by T Cells 

MECL1   Multicatalytic Endopeptidase Complex subunit 1 

MHC   Major Histocompatibility Complex 

NUB1   NEDD8 Ultimate Buster 1 
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NUB1L   NEDD8 Ultimate Buster 1 Long 

NY-ESO-1  New York Esophageal antigen 1 

p97/VCP  p97/Valosin containing Protein 

PA28   Proteasome Activator 28 

PGE2   Prostaglandin E2 

PLC   Peptide Loading Complex 

Poly-IC   Polyinosinic Polycytidylic Acid 

POP   prolyl-oligopeptidase 

PSA   puromycin-sensitive aminopeptidase 

SLP   Standard Long Peptide 

SNARE   Soluble N-ethylmaleimide-sensitive factor attachment receptor 

S-Proteasome  Standard Proteasome 

TAP   Transporter with Antigen Processing 

TNF   Tumor Necrosis Factor 

TOP   thimet oligopeptidase 

TPP2   tripeptidyl-peptidase 2 

Tsn   Tapasin 

UPS   Ubiquitin-Proteasome System 

VIMP   VCP-Interacting Membrane Protein 

VSV   Vesicular Stomatitis Virus 
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