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1. Abbreviations. 

ABC: ATP-binding cassette 
ABCB1: Multi-drug resistance, MDR1 or P-glycoprotein 
AKT: Protein Kinase B 
ALS: Autophagy-Lysosome System  
AQUA: Absolute Quantification 
ASCT: Autologous Stem Cell Transplant 
ATF6: Transcription factor 6  
ATG: Autophagy related genes/proteins 
ATM: Ataxia Telangiectasia mutated 
AUTACs: Autophagy-targeting chimera 
BCL2: B-cell Lymphoma 2 
BCR: B-cell receptor 
BiP/Grp 78:  Immunoglobulin heavy chain binding protein, also referred as 78-kDa glucose-
regulated protein 
BS3: bis(sulfosuccinimidyl)suberate 
BTK: Bruton’s tyrosine kinase 
BTZ/Velcade: Bortezomib 
CART: Chimeric Antigen Receptor T cell therapy 
CDK4: Cyclin-dependent kinase 4 
CDK6: Cyclin-dependent kinase 6 
CDKN1B: Cyclin-dependent Kinase inhibitor 1B 
CDKN2A: Cyclin-dependent Kinase inhibitor 2A 
CDR: Complementary Determining Region 
CFZ/Kypolis: Carfilzomib 
CI: Combination Index 
CK2: Serine/Threonine-selective protein kinase 2 
CMA: Chaperone-Mediated Autophagy  
CP: Core Particle  
CQ: Cloroquine 
CRPC: Castration-Resistant Prostate Cancer  
DDR: DNA Damage Response  
DMP: Dimethyl pimelimidate dihydrochloride 
dsAb: single domain Antibody  
DSB: Double Strand Breaks 
DUBs: Deubiquitylating enzymes  
E1: Ubiquitin-activating enzyme 
E2: Ubiquitin-conjugating enzyme  
E3: Ubiquitin ligase 
ECM: Extracellular Matrix 
ER: Endoplasmic Reticulum 
ERAD:ER-associated-degradation  
MHC: Major Histocompatibility Complex  
ESI: Electrospray Ionization  
FACS: Fluorescence-activated single cell sorting: 
FBXO10: F-box protein 10 
FDA: Food and Drug Administration 
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FISH: Fluorescence in situ hybridization 
FT: Flow Through 
GC: Germinal Center 
GO: Gene Ontology 
GSK3B: Glycogen Synthase Kinase 3 B 
H3K36: Histone 3 lysine 36 
HDAC6: Histone deacetylase 6  
HDT: High Dose Therapy 
HECT: Homologous to E6-associated protein C-terminus  
HPLC: High-Performance Liquid Chromatography  
HTT: Huntingtin protein 
IF: Immunolfuorescence 
IGH: Immunoglobulin heavy chain 
IGHV: Heavy Chain Variable Region Genes 
IP: Immunoprecipitation 
IRF4: Interferon Regulatory Factor 4  
iTRAQ : isobaric tags for relative and absolute quantification 
IXZ/Ninlano: Ixazomib 
JAMM: JAB1/MPN/MOV34 proteases /metalloenzymes 
KEAP1: Kelch-like ECH-Associated Protein 1 
LC: Liquid-separation Chromatography  
LIR: LC3 Interacting Region  
LUBAC: Linear Ubiquitination Assembly Complex  
MALDI: Matrix Assisted-Laser  
MARCKS: Membrane protein myristoylated alanine-rich C-kinase substrate 
MCL: Mantle Cell Lymphoma 
MDM2: Human homology of mouse double-minute 2 
MINDY:  Motif interacting with Ubiquitin novel DUB family  
MIPI: Mantle cell international  prognostic index 
miRNA: micro RNA 
MJD: Machado-Josephin disease proteases  
MM: Multiple myeloma 
MRM:  Multiple Reaction Monitoring 
MRZ: Marizomib 
MS: Mass Spectrometry  
mTOR: Mammalian target of rapamycin 
mTORC1: mTOR-Raptor complex 
mTORC2: mTOR-Rictor complex 
MYC: v-Myc Myelocytomatosis viral oncogene homolog  
NAC: N-acetylcysteine 
NBR1: New Autophagy Receptor  
NEED8: Neural precursor cell expressed developmentally down-regulated protein 8 
NEMO: NF-kappa-B essential modulator  
NF-KB: Nuclear factor kappa-B (light-chain enhancer of activated B-cells) 
NHL: Non-Hodgkin’s Lymphoma 
NK: Natural killer 
NP: Nanobodies-Precipitations 
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NRF2: Nuclear factor NF-E2 p45-related factor 
NSD2: Multiple myeloma SET domain-containing protein type III (MMSET) 
OPTN: Optineurin  
OPZ: Oprozomib 
OR: Overall Response 
OS: Overall Survival 
OTUs: Ovarian Tumour domain proteases  
p97/VCP: Ubiquitin binding ER-associated degradation protein 
PAX5: Transcription factor Paired  box 5 
PDGFA: Platelet derived growth factor subunit A 
PE: Phosphatidylethanolamine  
PFS: Progression-Free Survival 
PI: Proteasome inhibitor 
PI3K: Phosphoinositide-3 Kinase 
PI3P: class III phosphatidylinositol 3-kinase [PI(3)KC3)] complex 
PQC: Protein Quality Control  
PRDM1/BLIMP: PR domain zinc finger protein 1 
PRDM1/BLIMP-1: PR domain zinc finger protein 1  
PROTACs:  Proteolysis‐targeting chimeric molecules  
Pru: Pleckstrin-like receptor for Ubiquitin 
PTMs: Posttranslational Modifications  
R/R: Relapse/Refractory 
RB1: Retinoblastoma 1 
RBR: RING-Between-RING  
R-CHOP: Rituximab- Cyclophosphamide, Doxorubicin, Vincristine, and Prednisone treatment 
R-HCVAD/MA: Rituximab-based Hyper-fractionated cyclophosphamide, Vincristine, 
Doxorubicin, and Dexamethasone alternating with high-dose Methotrexate and Cytarabine 
treatment 
RING: Really Interesting New Gene 
RM: Rituximab Maintenance 
ROS: Reactive oxygen species 
RPs: Regulatory  capping Particles  
RT: Room temperature 
SCF: E3 ligase SKp1-Cul-F box protein 
SILAC: Stable Isotope Labelling  
SLRs: Sequestosome-1-like receptors  
SOX11: Sex-Determining Region Y-Box 11 
SQSTM1/P62:  Autophagy receptor sequestrosome 1 
STAT3: Activator of transcription 3 
SUMO: Small Ubiquitin-like Modifier 
TG2: Transglutaminase 2 
TMT: Tandem Mass Tagging 
TOF : Time Of Flight 
TP53: Tumour Suppressor P53 
TRIM: Tripartite Motif-containing enzymes 
TUBEs:  Tandem Ub-binding Domains 
Ub: Ubiquitin  
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UBA: Ubiquitin-Associated Domains 
UbcH10: Ubiquitin-conjugating enzyme H10 
UBD: Ubiquitin Binding Domains  
UbLs: Ubiquitin-like Proteins  
UCH: Ub-sp C-terminal hydrolases  
UIM: Ub-interacting motif  
ULK1: nc-51 like autophagy activating kinase 1, also called ATG1 
UPR: Unfolded Protein Response 
UPS: Ubiquitin Proteasome System  
USPs: Ub-specific proteases  
VR-CAP: Versus Rituximab, Cyclophosphamide, Doxorubicin, Vincristine treatment 
VTP: Verteporfin 
WB: Western Blotting 
WHO: World Health Organization 
XBP1 : Inositol-requiring enzyme 1 (IRE1)-X box binding protein 1  
XPO1: Exportin 1  
ZUFSP: Zinc finger with UFM1-specific peptidase domain protein 
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4. Summary. 

 
Disruption of proteostasis is often the cause or consequence of pathologies, including 
haematological malignancies like Mantle Cell lymphoma (MCL). MCL is an aggressive non-
Hodgkin lymphoma, with a poor rate of survival and frequent relapses after Bortezomib 
(BTZ) treatment. The two major intracellular degradation pathways, the Ubiquitin-
proteasome (UPS) and autophagy-lysosome (ALS) systems, rely on Ubiquitin (Ub) to drive 
protein degradation acting as a single coordinated network. Using Ub traps (TUBEs) 
associated to mass spectrometry (MS) to compare the Ub proteome of the BTZ-resistant 
MCL cell line (ZBR) and its parental BTZ-sensitive counterpart (Z138), the hosting lab found 
Ub playing a major role in BTZ response/resistance and unveiled a molecular switch from 
UPS to ALS, describing proteaphagy as a hallmark of resistance. K63 Ub chains and other 
enzymes were also detected enriched in ZBR in this analysis. 

We hypothesized that this enrichment could predispose them to activate autophagy and 
signaling events implicated in MCL cell survival and BTZ resistance, being focused on the 
identification of mechanism and proteins directly involved. To explore this hypothesis, we 
used several experimental strategies including the isolation and identification of the Ub 
proteome, and the used of combinatorial chemical treatments. 

TRIM24, which is known to regulate the activity of the tumor suppressor p53, was found 
more enriched in ZBR cells at basal levels. TRIM24 stability is compromised differently after 
inhibition of the proteasome (BTZ) or autophagy using Bafilomycin A (BafA), in Z138 and ZBR 
cells suggesting a possible role in UPS-ALS crosstalk. We have used dTRIM24, a validated 
Proteolysis Targeting Chimeric (PROTAC) to target TRIM24 in our MCL model.  Our results 
show that a combined dTRIM24/ZBR treatment reduces proteasome levels and promotes 
cooperative apoptotic effects in the ZBR cell line. Interestingly, a dTRIM24 treatment 
enhanced the formation of K48 and K63 chains and the Ub-associated fraction of p62 and 
proteasome subunits in ZBR cells.   

UBR proteins (UBR2, UBR4 and UBR5 found enriched in ZBR) are involved in the regulation of 
the N-end rule pathway, related to the ZZ domain of the autophagy receptor p62/SQSTM1 
under proteotoxic stress conditions. Verteporfin (VTP), one of the most effective p62 
inhibitors, strongly induces apoptosis in ZBR cells. However, since VTP also induces ROS 
(oxygen-containing reactive species), we used an inhibitor of the p62 ZZ domain (XRK3F2) to 
further explore the role of p62 and its impact on UBR enzymes. We found that XRK3F2 
differently affects the stability of UBR enzymes in ZBR compared to Z138 cells. However, the 
viability of Z138 and ZBR cells was similar, suggesting that changes in protein levels of UBR 
enzymes are not associated to BTZ resistance and that VTP is a better treatment to enhance 
apoptosis in ZBR cells. 

To better understand the response to VTP in BTZ-resistant cells, we collaborated with 
Hybrigenics to characterise K48 and K63 Ub chain specific nanobodies (now commercialised 
by Nanotag). After setting conditions for nanobodies-precipitations (NP), the Ub proteome 
from ZBR and Z138 MCL cells treated or not with VTP was analysed by MS. Results confirmed 
an enrichment of K63 Ub chains in ZBR and provided a list of protein candidates playing a 
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role in BTZ resistance, also validating TRIM24 ZBR enrichment, as well as other crucial 
cellular factors regulating protein synthesis and metabolism. 
 
In sum, our results indicate that Ub chain remodeling mediated by Ub enzymes, such as 
TRIM24, could contribute to regulating survival of BTZ-resistant MCL cells. Further 
experiments are required to validate the role of the identified factors highly enriched in ZBR 
to better understand their role in cell viability and response to this proteasome inhibitor. 
Altogether, this work should contribute to the identification of potential biomarkers to 
improve diagnosis, prognosis, and new treatments for BTZ-resistant patients.  
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5. Résumé. 

 
L’altération de la protéostase peut être la cause ou conséquence de pathologies comme le 
lymphome à cellules du manteau (MCL), lymphome non-hodgkinien agressif avec un faible 
taux de survie et des rechutes après un traitement par l'inhibiteur de protéasome 
Bortezomib (BTZ). 
 
Les voies Ubiquitine-protéasome (UPS) et autophagie-lysosome (ALS) reposent sur 
l'Ubiquitine (Ub) pour la dégradation intracellulaire des protéines au sein d’un seul réseau 
protéolytique coordonné. A l’aide de pièges à Ub (TUBEs) associés à la spectrométrie de 
masse (MS) pour comparer le protéome de l'Ub de la lignée cellulaire MCL résistante au BTZ 
(ZBR) et de son homologue parental (Z138), notre équipe a découvert que l’Ub joue un rôle 
dans la réponse au BTZ et dévoilé un passage moléculaire de l'UPS à l'ALS, décrivant la 
protéaphagie comme une caractéristique de la résistance au BTZ. On observe également un 
enrichissement des chaînes d'Ub K63 dans la lignée ZBR. 
 
Notre hypothèse est que cet enrichissement pourrait la prédisposer à activer l'autophagie et 
les événements de signalisation liés à la résistance au BTZ, le but étant d’identifier le 
mécanisme et protéines impliqués. A cette fin, nous avons identifié le protéome d'Ub 
associé aux chaînes d'Ub K63 et K48 des cellules Z138/ZBR. Des traitements chimiques 
combinatoires permettent en outre de bloquer les enzymes E3 enrichies dans ZBR (TRIM24, 
UBR2, UBR4 et UBR5) et le récepteur d'autophagie p62. 
 
TRIM24 est plus enrichi dans les cellules ZBR aux niveaux basaux. Sa stabilité est compromise 
différemment dans les cellules Z138 et ZBR après inhibition du protéasome ou de 
l'autophagie en utilisant la Bafilomycine A (BafA), suggérant qu’elle joue un rôle dans la 
diaphonie UPS-ALS. Nous avons utilisé dTRIM24, une chimère validée ciblant la protéolyse 
(PROTAC) pour cibler TRIM24 dans nos modèles. Un traitement dTRIM24/ZBR réduit le 
protéasome et favorise les effets apoptotiques coopératifs dans les cellules ZBR. Leur 
traitement par dTRIM24 favorise la formation des chaînes K48 et K63 et la fraction associée 
à l'Ub de p62 et des sous-unités du protéasome.   
 
Les protéines UBR participent à la régulation de la voie de la règle N-end, qui cible le 
protéome Arg pour la dégradation via le domaine ZZ du récepteur d'autophagie 
p62/SQSTM1 en situation de stress protéotoxique. La vertéporfine (VTP) induit fortement 
l'apoptose des cellules ZBR, seule ou en combinaison avec le BTZ. Comme la VTP induit des 
espèces ROS, nous avons utilisé un inhibiteur du domaine ZZ de la p62 (XRK3F2) pour 
explorer le rôle de la p62 sur les enzymes UBR. Nous avons constaté que XRK3F2 a un impact 
différent sur la stabilité des enzymes UBR dans les cellules ZBR et Z138. La viabilité des 
cellules Z138 et ZBR est similaire lors d'un traitement individuel ou combiné au BTZ, ce qui 
suggère que les changements dans les niveaux de protéines des enzymes UBR ne sont pas 
associés à la résistance au BTZ et que la VTP est un meilleur traitement pour augmenter 
l'apoptose dans les cellules ZBR. 
 
Pour mieux comprendre la réponse à la VTP dans les cellules résistantes au BTZ, nous avons 
caractérisé les nanobodies spécifiques des chaînes K48 et K63 avec Hybrigenics (outils 
commercialisés par Nanotag). Après avoir établi les conditions pour les nanobodies-
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précipitations (NP), le protéome d'Ub des cellules ZBR et Z138 traitées ou non avec la VTP a 
été analysé par MS. Les résultats confirment l’enrichissement des chaînes K63 dans ZBR, 
fournissant une liste de protéines candidates jouant un rôle dans la résistance au BTZ. 
 
Nos résultats indiquent que le remodelage de la chaîne d'Ub par des enzymes d'Ub pourrait 
contribuer à réguler la résistance des cellules MCL au BTZ. D'autres expériences sont 
nécessaires pour valider le rôle des facteurs identifiés et comprendre leur rôle dans la 
viabilité cellulaire et la réponse au BTZ. Ce travail devrait contribuer à l'identification de 
biomarqueurs potentiels pour le diagnostic et traitement des patients résistants au BTZ.  
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6. Preamble. 

 
Protein homeostasis, or proteostasis, contributes to maintaining a protein equilibrium that is 
compatible with the regulation of cell functions and viability. Proteostasis also allows the cell 
to adapt and respond to different stress situations and environmental stimuli. When this 
equilibrium is disrupted, different pathologies appear including cancer types and 
neurodegenerative diseases (Gonzalez-Santamarta et al., 2020; Olivier Coux et al., 2020). 
 
This protein equilibrium is controlled by the complex action of many post-translational 
modifications (PTM) such as phosphorylation, acetylation, and ubiquitylation, that control 
the localization, degradation, function, and the interaction between proteins regulating 
almost all cellular processes. Almost all proteins undergo PTMs at least once in their lifetime, 
highlighting their importance in modulating protein activity. Ubiquitylation dramatically 
affects the structure of modified proteins due to its capacity to form multiple chain 
topologies. In this way, ubiquitylation regulates the function of multiple crucial cellular 
factors. Enzymes implicated in the regulation of protein ubiquitylation [ligases or 
deubiquitylases (DUBs)] have been associated with multiple pathologies and are potential 
biomarkers and drug targets (Komander and Rape, 2012; Mattern et al., 2019).  
 
Two major intracellular proteolytic pathways use Ub to recruit proteins to be targeted for 
degradation: The Ubiquitin proteasome system (UPS) and the Autophagy lysosome system 
(ALS). Both systems degrade misfolded or damaged proteins, avoiding their accumulation 
and consequent toxicity inside the cells. Initially, both systems were believed to act 
separately. However recent evidences suggest a single network in which they act in an 
orchestrated manner. Although both systems degrade ubiquitylated proteins in some 
instances, it is believed that a different Ub chain architecture is sufficient to distinguish 
targets that are degraded by these two pathways. Ub is much more than a signal to target 
proteolysis since it also regulates signal transduction pathways, protein trafficking and 
localization, among other functions. Nevertheless, the understanding of the regulation of 
protein activity by ubiquitylation is still at its early stages. At present, the technical 
limitations are a major bottleneck to explore complex Ub chain-types (Ji and Kwon, 2017; 
Kocaturk and Gozuacik, 2018; Nam et al., 2017; Quinet et al., 2020). 
 
To explore some of these open questions, we have contributed to the development of new 
tools and technology to understand the functions exclusively associated with specific Ub 
chain types (K63 and K48). We have used Mantle Cell Lymphoma (MLC) as our main disease 
model. MCL is a very aggressive and heterogeneous haematological disease, with a poor rate 
of patient survival and a high percentage of relapses in patients treated with Bortezomib 
(BTZ), a proteasome inhibitor (PI) approved for its treatment by the Food and Drug 
Administration (FDA). 
 
MCL is characterized by a high genetic instability. Therefore, it accumulates genomic 
alterations while progressing, like defects in the cellular stress response, cell differentiation, 
apoptosis, autophagy, or mutations in the drug target. Studies have also highlighted the 
importance and influence of microenvironmental factors and epigenetics in the expression 
of critical genes. Multiple molecular mechanisms have been proposed to be at the origin of 
the resistant phenotype for native and acquired BTZ resistance (Gonzalez-Santamarta et al., 
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2020). Despite all efforts made to recover BTZ sensitivity in different disease models, there is 
a lack of consensus in the scientific community. 
 
Data generated by our group suggest a dysregulation between the UPS and the ALS, in BTZ-
resistant MCL cells (Grégoire Quinet et al, 2021). In fact, when using autophagy inhibitors, 
accumulated proteasome subunits can be visualized inside the autophagosomes vacuoles, 
coherent with an elevated basal proteophagy (the degradation of the proteasome through 
the ALS). The elimination of proteasomes could be an important mechanism that contributes 
to regulate BTZ resistance in MCL cells. Different Ub chain types were also observed in BTZ-
resistant cells, together with an enrichment of Ub enzymes. 
 
Since ubiquitylation may be at the “centre” of the UPS/ALS crosstalk, it would be of crucial 
importance to discover if there are different Ub-driven mechanisms contributing to the 
development of BTZ resistance. This knowledge would open opportunities to develop new 
treatments to recover BTZ sensitiveness, and ultimately improving the expected patient’s 
response and survival rate. 
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7. Mantle Cell Lymphoma (MCL). 

 
Mantle Cell lymphoma (MCL) is a generally aggressive, and incurable type of B-cell non-
Hodgkin’s lymphoma (NHL). MCL is characterized by a translocation (11;14)(q13;q32), and a 
consequently constitutive overexpression of Cyclin D1.1 (Maddocks, 2018). Fluorescent in 
situ hybridization (FISH) reveals translocation t(11; 14) in almost all MCL cell lines (Ladha et 
al., 2019), and immunohistochemistry preferentially shows positivity for cyclin D1 (Figure1 B) 
(Motokura, 2019; Pérez-Galán et al., 2011). Cyclin D1–negative cases having typical 
morphology have been described but often show overexpression of cyclin D2 or D3 (Pérez-
Galán et al., 2011). 
 
 

 
 

Figure 1: Mantle Cell Lymphoma characterization: Panel A; The pathologic subclassification 
(morphology and immunophenotyping) of 2 main subsets: classic and blastoid. Panel B; Fluorescence 

in situ hybridization (FISH) cytogenetics showing translocation t(11;14)(q13;q32) and 
immunohistochemistry for cyclin D1 overexpression detection (Pérez-Galán et al., 2011). 

 
 
This haematological malignancy is a heterogeneous disease, with different and variable 
presentations, commonly classic and blastoid (Dreyling et al., 2018) (Figure 1 A), clinical and 
biologic risk factors and treatment approaches. This heterogenicity makes it very difficult to 
characterize, monitor the progression and the clinical response. Despite an improvement in 
understanding the biology and the continuous development of therapeutic strategies, 
favourable long-term outcomes of patients have not been achieved, and relapses are 
frequent even after intensive chemotherapy, contributing to a median survival of 5-7 years 
(Ladha et al., 2019; Maddocks, 2018; Motokura, 2019). 
 
MCL clinically manifests as a generalized lymphadenopathy (abnormal lymph nodes; 
monomorphic small to medium sized lymphoid cells with irregular nuclei) (Veloza et al., 
2019). Additional clinical features usually involve extra nodal sites, commonly observed in 
the peripheral blood, spleen, gastrointestinal tract, and central nervous system - the latest 
only seen in less than 5% of patients (Edwin and Kahl, 2018; Veloza et al., 2019).  
 
MCL comprises of 2.5–6% of  all NHLs (Ladha et al., 2019), and is composed of small-to-
medium-sized cleaved lymphoid cells, which are proliferating in the nodules. The median age 
at disease presentation is 60 years with a male predilection (male-to-female ratio ≥2:1)  
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(Edwin and Kahl, 2018; Veloza et al., 2019). When diagnosed, extranodal involvement is 
common, then considering the disease to be in an advanced stage (Motokura, 2019).  
 
These tumours are prone to the acquisition of other abnormalities like in cell cycle control, 
survival pathways and in DNA damage responses, leading to an aggressive behaviour during 
its progression. Because of this genetic instability, the clinical behaviour can usually correlate 
with the genetic background (Klener, 2019). 
 
Compared to other NHLs, MCL exhibits shorter durations of treatments response, although 
the rapidity of the progression of the disease makes the initial treatment of patients at 
diagnosis (Maddocks, 2018). MCL treatment has evolved during the last years, and patients 
have different options depending on age, performance status, aggressiveness of the 
phenotype and possibility of bone marrow transplant (also known as autologous stem cell 
transplant or hematopoietic stem cell transplant, ASCT). As patients with MCL tend to be 
elderly with comorbidities, most of them are not eligible for intensive therapies or ASCT 
(Ladha et al., 2019).  
 
Treatment choice has evolved from combination chemotherapy, to combination of targeted 
therapy, epigenetic modulation therapy, and immunotherapy. In a  short period of time, the 
FDA (Food and Drug Administration) has approved 4 drugs for treating MCL: lenalidomide, 
an immunomodulatory agent; Bortezomib/Velcade (BTZ), a proteasome inhibitor; and 
Ibrutinib and acalabrutinib, both Bruton kinase (BTK) inhibitors (Ladha et al., 2019). 
 
 

7.1 Mantle Cell Lymphoma Classification. 
 
In the 1970s, investigators observed a histologically distinctive subtype of NHL, which 
resembled centrocytes of reactive germinal center (GC) because of its medium 
differentiation phenotype (Lennert et al., 1975). This subtype originates from mantle zones 
of secondary follicles and expresses B cell markers. At that time, it was characterized into 
nodular or classical, diffuse also called non-nodal, and blastoid mantle zone subtypes. 
However, MCL usually has a nodular or diffuse morphology with only 20% of the cases 
showing blastoid morphology. This blastic characterization, but also peripheral blood 
involvement at diagnosis, were preferentially seen as bad prognostic indicators (Ladha et al., 
2019).  
 
Histologically, MCL can be divided into classical, blastoid, and pleomorphic morphologies 
(blastoid subtype with larger cells) (Dreyling et al., 2018). MCL can also undergo a 
histological transformation from classical to blastoid morphology, a process called blastoid 
transformation (Klener, 2019). 
 
In 2016,  The World Health Organization (WHO) Classification of Tumours of Haematopoietic 
and Lymphoid Tissues (Swerdlow et al., 2016) updated the MCL subclassification, recognizing 
two molecular pathways of development, depending on different clinical presentations; 
classical or nodal MCL (80-90%) and leukemic nonmodal MCL (10-20 %) (Figure 2) (Edwin 
and Kahl, 2018; Klener, 2019; Pérez-Galán et al., 2011). The classical MCL involves lymph 
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nodes and extra nodal sites, while the non-nodal MCL subtype involves the peripheral blood, 
bone marrow and spleen (Edwin and Kahl, 2018). 
 

 
 

 
Figure 2: Model/Scheme representation of two different molecular subtypes of MCL (classic and 
non-nodal MCL). The naive B cell carrying the t (11;14) translocation and Cyclin D1 overexpression, 
colonizes the mantle zone of the lymphoid follicle and generates an in situ MCL lesion. Most MCLs 

evolve from these cells or cells in the marginal zone with no or limited IGHV somatic mutations, 
SOX11 expression: They are usually genetically unstable and can undergo a blastoid transformation. 

Alternatively, some naïve B cells can enter the germinal centre and undergo IGHV somatic 
hypermutations. These cells are genetically stable and do not express SOX11. The tumours derived 

from these cells tend to spread to the peripheral blood and spleen more than to lymph nodes (Jares 
et al., 2012). 

 

 
Classical MCL is composed of mature B cells that do not enter into the GC, have no or 
minimal mutations in immunoglobulin heavy chain variable region genes (IGHV), and express 
transcription factor Sex-Determining Region Y-Box 11 (SOX11) (Klener, 2019). 

 
In contrast, and less commonly, leukemic non-nodal MCL develops from the Germinal Center 
(GC) experienced memory B-cells (Klener, 2019), carrying IGHV somatic hypermutations, and 
lack of, or minimal, SOX11 expression. This type of MCL behaves in a more indolent manner, 
without genetic instability. However, secondary genetic abnormalities, such as mutations of 
the tumour suppressor P53 (TP53, “the guardian of the genome”), can result in a more 
aggressive behaviour and a poor disease outcome (Maddocks, 2018; Pérez-Galán et al., 
2011). 
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7.2 Mantle Cell Lymphoma molecular pathogenesis. 
 
At the centre of MCL biology, we can find Cyclin-D1 aberrant expression, cell cycle control, 
and DNA damage pathways dysregulation, but also signalling pathways that enhance tumour 
proliferation and evaded apoptosis contributing to MCL pathogenesis. These include the 
PI3K/AKT/mammalian target of the rapamycin (mTOR) pathway, the nuclear factor kappa-
light-chain-enhancer of activated B cells (NF-kB), the BCL-2 proteins family of apoptosis 
regulators, and the Wnt signalling pathway (Pérez-Galán et al., 2011). 
 
The t(11;14)(q13;q32) translocation is the most common genomic hallmark of MCL, placing 
the cell cycle regulator cyclin D1 (Figure 1, B) under control of the immunoglobulin heavy 
chain (IGH), leading to  a constitutive  D1 overexpression (Edwin and Kahl, 2018). Aberrant 
expression of cyclin D1 is not believed to be the initial event of the pathogenesis but it 
certainly contributes to tumour proliferation and poor clinical outcome. However, additional 
secondary genomic alterations associated with high proliferative behaviour involving several 
oncogenic pathways are needed for a complete transformation and aggressive behaviour in 
MCL (Figure 3) (Beà and Amador, 2017). 
 
Cyclin D1 gene, CCND1, consists of 5 exons which can be spliced into cyclin D1a and D1b 
isoforms. Cyclin D1a contains mRNA destabilizing elements that limit its half-life. Cyclin D1a 
short transcripts (due to genomic deletions and point mutations) without those destabilizing 
elements leading to long-lived cyclin D1a mRNA and protein expression, are found in high 
proliferative tumours and are related to patient’s short survival.  Cyclin-dependent kinase 4 
(CDK4) or 6 (CDK6) are also often overexpressed in MCL. They have been proved to promote 
tumorigenesis by forming a complex with CyclinD1a to promote cell-cycle entry inside the 
cells (Pérez-Galán et al., 2011). 
 
Additional events can enhance the oncogenic potential of nuclear cyclin D like inhibition of 
nuclear export through a mutation in the glycogen synthase kinase 3 β (GSK3β), and the 
constitutive ubiquitylation in the cytosol to promote the degradation by the proteasome due 
to mutations in the E3 ligase SKp1-Cul1-F box protein (SCF; FBX4-αB Crystallin) (Pérez-Galán 
et al., 2011). Moreover, cyclin D1 protein overexpression can be further promoted by 
overactivation of the PI3K pathway (Klener, 2019). 
 
IGHV can display either a germline configuration (Ig-unmutated), as found in naive B cells, or 
somatic mutations (Ig-mutated) indicating a response to antigen. However, the prognostic 
role of the IGHV mutation in MCL has not been confirmed and remains to be determined (Li 
et al., 2019; Pérez-Galán et al., 2011). 
 
Besides Cyclin D1 overexpression, SOX11 has been described as a diagnostic maker that is 
equally expressed in D1-positive and D1-negative MCL phenotype. SOX11 regulates cell 
migration, invasion, growth, and angiogenesis, and was identified to be generally 
overexpressed in MCL as compared to other NHLs, but absent in non-nodal leukemic MCL. 
As this subset of patients present a more indolent behaviour of the disease, its ability to play 
a pathogenic role in  tumorigenesis and aggressiveness of the disease must be highlighted 
(Beà and Amador, 2017). 
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In MCL, SOX11 overexpression contributes to tumour development by altering the terminal 
B-cell differentiation program, preventing MCL cells from entering into germinal center 
reactions. Different methylated regions in the SOX11 promotor of nodal MCL cells have been 
identified, explaining the aberrant expression of SOX1 (Klener, 2019). 
 
The overexpression of SOX11 causes B-cell development alterations by prolonging PAX5 (The 
transcription factor Paired box 5), a key player in restricting the differentiation of lymphoid 
progenitors toward the B-cell lineage, and consequently Blimp1 transcription factor 
inactivation. Simultaneously, SOX11 represses the BCL6 transcription factor (involved in T 
cell differentiation), blocking the entrance of the cells into the GC. Moreover, SOX11 
promotes angiogenesis via the activation of the PDGFA (platelet derived growth factor 
subunit A) pathway facilitating tumour growth. On the contrary, SOX11-negative non-nodal 
MCL tumours have low levels of PDGFA, and consequently low angiogenesis, contributing to 
the indolent behaviour (Beà and Amador, 2017; Hsi, 2014). 
 
 

 
 

 
Figure 3: Model of genetic lesions that cooperate with cyclin D1 overexpression and t(11;14)  

translocation in different subsets of MCL. Left: classical/conventional or SOX11-positive MCL. Right: 
non-nodal leukemic SOX11-negative MCL. In classical MCL, SOX11 overexpression causes B-cell 
development alterations by prolonging PAX5 expression and repression of BCL6 transcription, 

blocking the entrance of the cells into the GC, and PDGFA pathway activation leading to 
angiogenesis.  On the contrary, SOX11-negative non-nodal MCL tumours have low levels of PDGFA, 

and consequently low angiogenesis, responsible of the indolent behaviour.  
Created with BioRender.com. 

 
 

 
Cyclin D1 overexpression alone is insufficient for the malignant transformation of 
lymphocytes. Additional molecular aberrations leading to the dysregulation of different 
signalling pathways have been proved to drive MCL pathogenesis (Figure 3). MCL is one of 

https://biorender.com/
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the B-cell malignancies with the highest degree of genomic instability, genetic lesions, and 
many secondary chromosomal alterations in regions that contain genes involved in cell-cycle 
regulation, DNA damage response, genotoxic stress pathways, epigenetic regulation, and 
key survival cell signalling (Klener, 2019). Nevertheless, at the time of diagnosis, 80% of 
patients had genetic lesions apart from translocation t(11;14); deletion of TP53, ataxia-
telangiectasia mutated (ATM), cyclin-dependent kinase inhibitor 2A (CDKN2A), cyclin-
dependent kinase inhibitor 1B (CDKN1B), and retinoblastoma 1 (RB1), or even amplifications 
of B-cell lymphoma 2 (BCL2), V-Myc myelocytomatosis viral oncogene homolog (MYC), CDK2, 
CDK4, and human homolog of mouse double-minute 2 (MDM2) (Klener, 2019). 
 
 

7.3 Genotoxic stress pathways. 
 
The ataxia-telangiectasia mutated (ATM) gene, encoding a tumour suppressor involved in 
DNA damage response, is one of the most frequently deleted or mutated gene in MCL (40–
50%). Although ATM deletions have never been correlated with bad outcome in MCL, ATM 
aberrations can increase genetic instability and chromosomal imbalances (Camacho et al., 
2002; Klener, 2019). 
 
TP53 is another interesting tumour suppressor gene involved in this disease and known to 
play an important role in DNA damage responses and genotoxic stress pathways. The 
important role of p53 to maintain genome integrity is illustrated by the loss of p53 function 
in most human tumours and the high rate of tumour development in p53 knockout mice. 
p53 is a transcription factor that binds to specific sequences in the upstream region of many 
genes whose protein products regulate cell cycle progression and apoptosis. Under normal 
conditions, p53 acts in a way that cells do not proliferate upon damaged DNA. Consequently, 
the loss of this protective function allows the uncontrolled growth of cells containing 
oncogenic mutations (Desterro et al., 2000). 
 
As already mentioned, TP53 mutations have been detected in blastoid or leukemic non-
nodal MCL cases (14-31%) and are associated with a bad prognosis. Interestingly, TP53 
mutation has been associated with worse outcome than TP53 deletion (Klener, 2019).  At 
the same time, the overexpression of negative regulators, like  MDM2 and MDM4, and 
serine/threonine kinase PIM1 (a protein that stabilizes MDM2) has been described in MCL, 
altering TP53 levels (Pérez-Galán et al., 2011).  
 
Additionally, deletions in CDKN2A, which encodes two different tumour suppressors–
p16INK4A (an inhibitor of CDK), and structurally unrelated p14ARF–also lead to p53 
stabilization in MCL (Klener, 2019). 
 
 

7.4 Key pro-survival and apoptotic cell signalling pathways. 
 
The B-cell Receptor (BCR) pathway plays a central role in survival and proliferation. BCR 
signalling leads to the activation of different intracellular complexes that trigger key 
downstream effector molecules to promote aberrant activation of different pathways in the 
MCL cell biology mechanism. These molecules include the Bruton’s tyrosine kinase (BTK), the 
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phosphoinositide-3 kinase (PI3K), the protein kinase B (AKT), the mammalian target of 
rapamycin (mTOR), and the nuclear factor kappa B (NFκB) (Klener, 2019). Additionally, the 
Wnt signalling pathway, which is critical to cell repair and maintenance of stem cell functions 
and therefore cell survival, has been detected to be dysregulated in MCL. 
 
In MCL, PI3K is activated through BCR and CD19, as well as by oncogenic lesions like 
overexpression of microRNA (miRNA) miR-17–92 which suppresses expression of PTEN and 
PHLPP2 phosphatases, key negative regulators of the PI3K–AKT–mTOR pathway (Klener, 
2019). mTOR, a serine-threonine kinase downstream of the AKT signalling pathway, forms 
the complexes mTORC1 (mTOR-Raptor) and mTORC2 (mTOR-Rictor), which have distinct 
substrates and activation mechanisms. In addition, the phosphorylation of the ribosomal 
protein 4E-BP1, a TORC1 substrate, has been proved to be a key step in the oncogenic 
pathway downstream of the AKT/mTOR axis, resulting in an increased translation of proteins 
like cyclin D1, c-MYC, and MCL-1. Interestingly, rapamycin, an allosteric inhibitor of the 
mTORC1 complex, does not induce apoptosis in MCL, but promotes cell cycle arrest believed 
to be mediated by an increase in the Cyclin-D1 proteolysis degradation (Pérez-Galán et al., 
2011). 
 
The NF-κB family of transcription factors is involved with the activation of transcription of 
genes involved in survival, proliferation, and apoptosis. The NF-κB signalling pathways are 
classified into canonical and non-canonical. The canonical pathway prompts inflammatory 
responses, immune regulation, and cell proliferation, while the non-canonical leads to B cell 
maturation and lymphoid organogenesis (Balaji et al., 2018). The canonical pathway is 
activated through phosphorylation and the consequent degradation of pI-κBα, a negative 
regulator. Constitutive activation of the canonical pathway has been reported in MCL cell 
lines, and gene expression profiling showed frequent high expression of NF-κB target genes, 
such as antiapoptotic proteins BCL-2, BCL-XL, XIAP, and cFLIP (Pérez-Galán et al., 2011).  
 
BCR engagement and TNF signalling in the lymphoma microenvironment may contribute as 
well to NF-κB activation, as NF-κB signalling can also drive the transcription of the TNF family 
member BAFF/BLyS, a potent B-cell survival factor, activating a positive feedback loop that  
contributes to tumour cell survival (Pérez-Galán et al., 2011). 
 
Wnt signalling can be activated through 2 different mechanisms: β-catenin (canonical 
pathway), and c-Jun N-terminal kinase activation (alternative pathway, or non-canonical). 
The canonical pathway is more affected in cancer, and it has been detected as overactivated 
in MCL. WNT3 and WNT10a are indeed consistently overexpressed in MCL cell lines and 
patient biopsies, leading to a constitutive activation of the Wnt canonical pathway (Gelebart 
et al., 2008). Furthermore, the serine-threonine-selective kinase 2 (CK2), which is 
constitutively phosphorylated in MCL, phosphorylates β-catenin impeding its proteasomal 
degradation, resulting in an increase in its transcriptional activity (Gelebart et al., 2008; 
Pérez-Galán et al., 2011). 
 
In addition, BCL-2 a regulator of apoptosis, has been detected to be deregulated in almost all 
MCL cell lines with frequent high-level of BCL2 copy number gains. At the same time, high 
MCL1 (pro-survival member of Bcl-2 family proteins) expression is common in more 
aggressive tumours. The molecular mechanisms driving this overexpression are complex, 
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and usually related to BCL-2 gains and BCL2 mRNA overexpression as a consequence of 
aberrant activation of pro-survival pathways, like NF-κB signalling, or as a result of loss of its 
negative regulators like loss of miRNA miR-15/16, due to frequent 13q deletions. Moreover, 
the dysregulation of PTMs can increase the stability of BCL2 proteins, such as deficiency of 
FBXO10 [F-box protein 10, Substrate-recognition component of the SCF (SKP1-CUL1-F-box 
protein)-type E3 Ub ligase complex] leading to a decreased degradation and turnover 
(Klener, 2019). 
 
 

7.5 Epigenetic regulation. 
 
Different studies have highlighted the important contribution of microenvironmental and 
epigenetics to genomic stability in MCL by altering the expression of critical genes. 
Epigenetic regulation involves acetylation and methylation to regulate the access of 
transcription factors to DNA. The acetylation of histones leads to an open chromatin 
conformation that facilitates the access of transcription factors to DNA. In contrast, the 
methylation of gene promoters can silence gene expression. Both acetylation and 
methylation can be altered in tumours and can contribute to disease pathogenesis. In MCL 
different genes has been identified to be silenced by hypermethylation, but also some of 
them upregulated by hypomethylation, like NOTCH1, CDK5, and HDAC1 (Pérez-Galán et al., 
2011).  
 
Nevertheless, the most recent example of epigenetic MCL contribution, relate NSD2 
mutations (alias multiple myeloma SET domain-containing protein type III (MMSET)) coding 
for a histone methyltransferase specific for methylation of histone 3 lysine 36 (H3K36). In 
MCL, NSD2 mutations have been correlated with shorter survival and blastoid 
transformation (Klener, 2019). The inhibition of NSD2 sensitizes cancer cells to PI3K 
inhibitors and DNA-damaging agents, thus emerging as a new relevant druggable target in 
MCL and other cancers with recurrent gene mutations. Other epigenetic modifiers 
commonly mutated in MCL include MLL2, MLL3, and SMARCA4. For example, loss-of-
function mutations of MLL2, an H3K4 methyltransferase, have been described in  different B-
cell lymphomas, and mutations in SMARCA4 have been associated with poor response in 
MCL  (Klener, 2019). 
 
 

7.6 Mantle Cell Lymphoma: prognosis factors, front line treatments and 
management. 

 
New MCL patients are diagnosed based on clinically manifest symptoms. However, other 
medical checks-ups can involve a detection of lymphocytosis during routine blood cell 
collections, and polymerase chain reaction (PCR) to detect tumour cells in the peripheral 
blood and/or bone marrow (Motokura, 2019).  
 
Mantle cell international prognostic index (MIPI), ki-67 proliferation index, and TP53 
mutations are the preferred prognostic biomarkers (Ladha et al., 2019). MIPI was elaborated 
with data from 455 patients with advanced stage MCL. It considers age, Eastern Cooperative 
Oncology Group performance status, lactate dehydrogenase levels, and white blood cell 
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count (Hoster et al., 2008; Motokura, 2019). The MIPI score divides patients into low, 
intermediate and high-risk groups - the low risk group having a 5-year overall survival (OS), 
intermediate risk group a median of 51 months and high-risk group 29 months (Ladha et al., 
2019).  
 
Later in time, the MIPI index was modified with the incorporation of  the Ki-67 proliferation 
index, a growth fraction marker (Motokura, 2019). The Ki-67 proliferation index is a 
biomarker independent of MIPI which helps to predict survival of patients receiving high 
dose immunochemotherapy and ASCT. In general, a high proliferative index evaluated by 
Ki67 immunohistochemical staining associates with poor outcomes in patients (Ladha et al., 
2019). 
 
These markers rely on tissue biopsy, however not all patients are necessarily subject to 
lymph node biopsy. Many patients with sufficient numbers of circulating MCL cells can be 
safely diagnosed based on flow cytometry and confirmation of t(11;14) translocation by 
locus-specific FISH (Klener, 2019).   
 
In general, low-risk patients benefit from a standard immunochemotherapy regimen, or 
even are candidates for a diverse chemo-free regimen, and patients carrying high levels of  
adverse prognostic factors (high-risk MIPI and Ki-67, TP53 mutations and blastoid 
morphology) do not benefit from intensified immunochemotherapy regimen and ASCT 
(Klener, 2019).    
 
MCL therapy is stratified by age (younger versus elderly) but also, by the patient capability to 
undergo high-dose therapy (HDT) with ASCT. High dose immunochemotherapy is 
recommended for young fit patients, which is usually combined with AST, nevertheless 
rarely performed for elderly patients. If the risk among patients with MCL is low based on 
MIPI, the expectant management, or “watch and wait” strategy, is an option, particularly for 
elderly patients having an indolent phenotype (Edwin and Kahl, 2018). It has been proved 
that individuals of this group can be safely watched, initially without any compromise to 
their long‐term outcome. (Rule, 2019). Nevertheless, chemotherapy-free regimens are 
preferred for elderly patients due to their less severe hematologic toxicity (Motokura, 2019).  
 
Patients with aggressive B-cell lymphomas were commonly treated with anti-CD20 antibody 
drug immunochemotherapy, rituximab, cyclophosphamide, doxorubicin, vincristine, and 
prednisone (R-CHOP), without any long-term improvement. As an alternative, intensive 
immunochemotherapy regimens, such as rituximab-based hyper fractionated 
cyclophosphamide, vincristine, doxorubicin, and dexamethasone alternating with high-dose 
methotrexate and cytarabine (R-HCVAD/ MA) have significantly improved the outcomes of 
younger patients (median OS of 11-13 years) (Motokura, 2019). 
 
For young patients, the current standard treatment involves a consolidation in responders 
with HDT-ASCT, even if the benefit of HDT-ASCT is uncertain for patients with TP53 
aberrations. All patients should be treated with rituximab maintenance (RM), usually every 
2–3 months for 2–3 years, and relapses in the low-risk MIPI group of patients are rare. 
Elderly patients are usually treated with an R-CHOP-like regimen or R-bendamustine, with or 
without cytarabine. However, BTZ, in combination with cyclophosphamide, doxorubicin, and 



 28 

prednisone (so-called VR-CAP), was the only immunochemotherapy regimen that was 
associated with prolonged OS (Motokura, 2019). 
 
BTZ (Bortezomib/Valcade), a proteasome inhibitor, has shown efficacy as monotherapy, in 
relapsed MCL patients. When combined in frontline setting, bortezomib has shown an 
overall response (OR) of 81% to 91%. BTZ shows better results than vincristine in the 
standard R-CHOP regimen (VR-CAP) in young patients. In fact, the analysis showed a clear 
relationship between higher dose and longer OS (Ladha et al., 2019). 
 
In addition, Bortezomib maintenance therapy – after Bortezomib R-CHOP induction – not 
only showed that it was well tolerated but also improved response and survival (Ladha et al., 
2019). However in elderly patients, bortezomib-based therapy is associated with a high 
incidence of painful peripheral neuropathy and herpes zoster, which requires dose 
adjustment and antiviral prophylaxis (Motokura, 2019).  
 
Despite this initial stratification, different therapy options can be observed in the different 
group of patients, and different clinical trials are being tested. There is no standard frontline 
therapy for MCL, and quite frequently treatment leads to the development of resistance. 
Treating these patients is still a challenge for the scientific and clinical community and 
developing a personalized and precise therapeutic strategy is the direction to ultimately find 
a curative option.  
 
Challenges in MCL treatment include a heterogeneous pathophysiology, high progression 
and recurrence, shorter disease-free interval, advanced patient age, and the achievement of 
long-term remission avoiding toxicities (Ladha et al., 2019). Understanding the molecular 
mechanism that controls or contributes to the development of resistance in MCL cells, is a 
major issue to address by fundamental biology in order to provide knowledge for clinical 
purposes and combinational treatment choices (Maddocks, 2018). 
 
In the last decades, different innovative therapies and treatments have been introduced to 
MCL clinical practice to improve the landscape of MCL patients. Due to the different 
molecular pathways implicated in the phenotype development, different molecular targets 
have been proposed (Klener, 2019).  
 
 

8. Proteasome inhibitor resistant mechanism. 

 
Proteasome inhibitors (PI) have been developed for clinical purposes to treat human 
diseases in which the Ubiquitin (Ub) proteolytic pathway is involved. They have also become 
powerful research tools in probing the structure and function of the proteasome and Ub 
pathway. Most of them act as pseudo-substrates that become linked covalently to the active 
site of the different proteasome subunits, resulting in catalytic inactivation (Roeten et al., 
2018). 
 
The FDA approved the use of Bortezomib (referred as BTZ) in 2003, then carfilzomib (CFZ, 
Kyprolis) in 2012, and ixazomib (IXZ, Ninlaro) in 2015. These PIs have changed the 
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management of hematologic malignancies like multiple myeloma (MM) and MCL, improving 
patient outcomes. PIs exploit the dependence on the Ub proteasome pathway, a feature 
characteristic of cells with a high protein turnover and immunoglobulin production (Roeten 
et al., 2018). BTZ was first approved for treating refractory relapse MCL, but due to clinical 
tolerance and side effects it is included now as a first line treatment for MM and MCL 
(Nunes and Annunziata, 2017). 
 
Proteasome inhibitors lead to cell death by affecting different pathways. One of them is the 
NF-κB pathway, a pro-survival signalling pathway for many cell types. IκBα is an endogenous 
negative regulator of the NF-κB transcription factor, that is usually degraded by the 
proteasome. However, when the proteasome is inhibited, IκBα remains intact, preventing 
the transcription of many genes. Inhibition of the NF-κB pathway was initially thought to be 
the principal mechanism of PI anti-cancer activity. However, the use of PS-1145, a IκB kinase 
inhibitor, did not promote the same cellular toxicity, suggesting that other mechanisms may 
be involved. Amongst those, we can find the induction of apoptosis through the c-Jun NH2- 
terminal kinase (JNK) and p53. Additionally, PIs can prevent the degradation of pro-
apoptotic family proteins, like Bim, Bid and Bik, promoting its accumulation to trigger 
caspase activation, and increasing levels of BH3-only protein NOXA (BCL2 family member) 
resulting in the same outcome (Nunes and Annunziata, 2017). 
 
BTZ is a peptide boronic acid that reversibly inhibits primarily the chymotrypsin-like activity 
of the proteasome. It is the first proteasome inhibitor approved by the FDA and was initially 
used in clinical trials of relapsed MCL. BTZ, as other PIs, was initially hypothesized to acts as 
an anticancer agent through the inhibition of the NF-κB signalling. However, in MM and 
MCL, BTZ is thought to induce apoptosis through the up-regulation of the BH3-only protein 
NOXA, induced by cellular stress response, triggered by the accumulation of 
polyubiquitylated proteins that induce endoplasmic reticulum stress and the generation of 
reactive oxygen species (ROS). NOXA is  transcriptionally induced  by a decreased 
ubiquitylation of histone H2A that facilitates access to the NOXA gene (PMAIP1) promoter, 
and the binding of ATF3 and ATF4 transcription factors, triggering BAK- and BAX-dependent 
mitochondrial apoptosis, and a transcriptional response involving the NRF2 transcription 
factor, amplifying the oxidative stress response (Pérez-Galán et al., 2011). 
 
BTZ has been used for decades as a treatment of MM and MCL. It is however often 
associated with neuropathy and acquired resistance. As a consequence, second generation 
PIs have been developed to overcome these aspects, such as marizomib (MRZ), carfilzomib 
(CFZ), ixazomib (IXZ) and oprozomib (OPZ) (Roeten et al., 2018). MRZ, unlike BTZ, targets all 
the catalytic sites of the proteasome in a reversible manner, reducing off-target effects and 
toxicities in patients. However, preclinical adaptation to these new agents has been already 
displayed despite major efforts, highlighting the need for alternative strategies to overcome 
PI resistance (Yong et al., 2018).  
 
Resistance to proteasome inhibitors has been observed in various cancer types including 
haematological, pancreatic or breast cancer (Roeten et al., 2018). The full understanding of 
the mechanisms underlying PI resistance in cancer is a prerequisite to design new strategies 
to recover sensitivity to these agents. 
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8.1 Relapse/refractory MCL. 
 
Relapse/refractory (R/R) MCL is an incurable disease with a median OS of 1–2 years. Due to 
our increasing knowledge of the biology of MCL, several innovative agents have been 
designed, tested, and approved for therapy, dramatically changing the treatment landscape 
for those patients. However, despite these recent scientific improvements, relapses after 
treatment are still frequent and molecular mechanisms associated are poorly understood 
(Klener, 2019). Apart from BTZ, additional treatments for relapse/refractory MCL include 
lenalidomide, ibrutinib, and Chimeric Antigen Receptor T cell therapy (CART therapy under 
development), among others. 
 
Lenalidomide is an emerging new player in the treatment of lymphoma, approved for the 
treatment of patients with R/R MCL by the Food and Drug Administration in 2013 
(Maddocks, 2018). It is an immunomodulatory agent with an antitumor activity, an oral 
derivative of thalidomide that stimulates T-cells causing natural killer (NK)–cell expansion 
and cytotoxicity, but also induction of apoptosis through the downregulation of cyclin D1 
(Edwin and Kahl, 2018). Despite poor results initially observed when combined with BTZ, a 
clinical benefit was observed when using lenalidomide and rituximab as front-line treatment 
in some patients. However, toxicity was displayed, maybe due  to inadequate doses, and 
incidence of infections make this treatment difficult to apply in older patients (Ladha et al., 
2019).  
 
Ibrutinib is a covalent inhibitor of BTK (commonly overexpressed in MCL), which is important 
for signalling via B-cell receptors. Ibrutinib binds covalently and with high affinity to the 
active site of BTK, inhibiting the B-cell receptor signalling leading to downstream impairment 
of cell growth, proliferation, survival, adhesion, and migration. Patients with R/R MCL have 
the best OS rate when using this strategy. However, common side effects include bleeding, 
diarrhoea, rash, and atrial fibrillation (Motokura, 2019). 
 
CART therapy offers an innovative intervention for MCL patients, improving response and 
duration of R/R MCL. It involves removing endogenous T cells, to genetically reprogram 
them so they can attack and target the CD19 protein on B cells. Introducing engineered T 
cells can display an immune reaction in the host patient. Therefore, investigators are 
modifying various parts of CART therapy to improve its feasibility and efficiency (Ladha et al., 
2019). As CART treatment is offering a good response level at its initial steps of 
development, it may offer in no time the potential of a curative approach in selective 
patients outside of the limited role of  AST (Gauthier and Maloney, 2020; Maddocks, 2018). 
 
 

8.2 Molecular mechanisms associated with bortezomib resistance. 
 
Cancer cells sometimes fail to respond to a specific chemotherapeutic regimen because of 
the presence of inherently resistant cells, harbouring pre-existing random mutations, 
(intrinsic resistance), but also because cancer cells can acquire drug resistance through a 
continuous exposure to the treatment (acquired resistance). Chemotherapeutic resistance is 
a multifactorial process in which different mechanisms have been described so far, 
depending on the cancer cell type and tumour. However, it is unclear for researchers 
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whether it is a selective process or an adaptative one. Most probably is that due to cancer 
cells heterogeneity, tumour cells with the same genetic background transiently acquire a 
resistant phenotype in a non-genetic manner (Valletti et al., 2019). 
 
Since the approval of BTZ as a treatment of R/R MCL, numerous phenomena have been 
described to explain innate or acquired resistance observed in more than half of patients 
(Diefenbach and O’Connor, 2010). It is known that the development of resistance to BTZ in 
MCL is an adaptive process, which takes place gradually and includes metabolic changes 
and/or deregulated (re)activation of adaptive processes like plasmocytic differentiation, 
autophagy, or improper activation of intracellular signalling pathways such  as 
PI3K/AKT/mTOR axis or NF-κB, among others (Gonzalez-Santamarta et al., 2020). 
 
In the last decade, different molecular mechanisms involved in BTZ resistance (innate and 
acquired) have been proposed (Figure 4) learning from MCL and MM. In order to present the 
complex landscape displayed in BTZ inherent/acquired resistance, different mechanisms will 
be discussed in the following sections, including defects in the initiation/regulation of 
cellular stress pathways, cell differentiation, apoptosis, autophagy, mutations and 
alterations in the expression of the drug target (Robak et al., 2018). 
 
 

8.3 Inherent resistance. 
 
PSMB5 mutations  have been proved to lower the PI binding capacity to the 20S 
proteasome, the PI target (Franke et al., 2012; Soriano et al., 2016). Those mutations have 
been mainly found in tumours after receiving a heavy PI-based therapy, suggesting that 
these mutations appear later during the process of clonal selection. Four PSMB5 mutations 
were detected in a single MM patient having received a prolonged BTZ-based treatment 
(Barrio et al., 2018). However, Soriano and colleagues challenge this hypothesis as they 
showed that proteasome activity is dispensable in BTZ-resistant MM cell lines (Soriano et al., 
2016), indicating that other mechanisms may be required for a complete resistant 
phenotype in those cells. 
   
Dysregulation in the apoptosis signalling pathway is a common mechanism of drug 
resistance found in different haematological malignancies. This pathway is controlled by the 
BCL-2 family members, composed by pro-survival proteins (BCL-2, BCL-XL, MCL-1, BCLW and 
BFL1/A) and proapoptotic factors represented by multidomain (BAX, BAK and BOK) and BH3-
only (BIM, PUMA, NOXA, BAD, BID, BMF, BIK and HRK) proteins. Upon the activation of 
cytotoxic or stress signals, the BH3-only proteins interact with their pro-survival 
counterparts, leading to the release and oligomerization of BAX and BAK, permeabilization 
of the mitochondrial outer membrane, cytosolic release of apoptogenic factors, and 
ultimately the activation of the caspase family of proteases promoting cell death (Valentin et 
al., 2018). In MCL cells, BTZ can promote an accumulation of MCL-1, blocking the pro-
apoptotic signalling of NOXA, thus delaying the onset of cell death. In fact, blocking NOXA 
expression or inhibiting MCL-1 has been efficiently used to modulate the response to BTZ in 
MCL (Pérez-Galán et al., 2007).  
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Constitutive NF-κB activity is often present in MCL (Yang et al., 2008). High NF-κB activity 
was found in BTZ refractory tumour cells, and the lack of response to BTZ has been linked to 
a proteasome-independent degradation of the intrinsic NF-κB inhibitor, IκBα (Yang et al., 
2008). The NF-κB pathway also regulates CK2, a multifaceted serine/threonine kinase 
involved in several signalling cascades. CK2 modulates the IκBα protein turnover, p53 
function, AKT activation, and has a role in the control of endoplasmic reticulum (ER) stress 
and unfolded protein response (UPR). CK2 is overexpressed in many blood tumours, and 
inhibition of CK2, has been proved to downregulate NF-κB, and activate transcription 3 
(STAT3). Additionally, in combination with BTZ, CK2 inhibition enhances the proteotoxic 
effect, suggesting that CK2 levels may be involved in MCL resistance to BTZ (Manni et al., 
2012). 
 
As already mentioned in the previous sections, the BCR pathway is another pathway that 
regulates cell survival and proliferation of MCL cells (Chattopadhyay et al., 2018). It includes 
a heterodimer of CD79A/B molecules, and a key co-receptor CD19. The upregulation of 
those molecules has been proposed to promote BTZ resistance in MCL cells, as the use of 
dasatinib  (a kinase inhibitor) has been proved to reduce the level of phosphorylated BCR 
kinases like LYN, promoting synergistic activity in combination to BTZ (Kim et al., 2015). 
  
In MCL, the redox status is a crucial mediator of BTZ efficacy, as PIs lead to the generation of 
large amounts of reactive oxygen species (ROS) (Pérez-Galán et al., 2006). The nuclear factor 
NF-E2 p45-related factor 2 (NRF2) was identified as a key regulator of this response. Under 
physiological conditions, it is sequestrated by Kelch-like ECH-Associated Protein 1 (KEAP1) in 
the cytosol. When KEAP1 is oxidized by ROS, NRF2 is released to the nucleus where it 
initiates the transcription of genes involved in the adaptive oxidative stress response. 
Resistant tumours show a minimal change in the expression of NRF2 target genes as well as 
genes related to protein ubiquitylation or proteasome components, in contrast to BTZ-
sensitive MCL. Accordingly, a high expression of NRF2 target genes has been correlated with 
poor sensitivity to proteasome inhibition (Weniger et al., 2011). In Addition, a recent study 
highlighted the capacity of ROS to regulate cell sensitivity to BTZ. Authors showed that O2- 
was involved in the sensitization of MCL to BTZ, while H2O2 impaired apoptosis 
(Luanpitpong et al., 2018). 
 
 

8.4 Acquired resistance. 
 
PI-acquired BTZ resistance has been linked to different factors that appear to be 
interconnected, showing in some cases cross-resistant profiles between different PIs. Those 
encompass the upregulation of 20S proteasome subunits including β5c, the downregulation 
of 19S proteasome subunits, the overexpression of efflux pumps, adaptive metabolic 
changes, the modulation of the unfolded protein response, and the alteration of the 
autophagy degradation pathway.  
 
In MM, Franke and colleagues suggested that the upregulation of the β5c subunit appears as 
a consequence of PSMB5 mutations, and due to prolonged exposure to BTZ (Franke et al., 
2012). However, when comparing BTZ-adapted MCL cell lines with their parental 
counterparts, a reduced expression of 19S proteasome subunits was detected in the BTZ-
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resistant phenotype. Interestingly, when autophagy was blocked with inhibitors such as 
bafilomycin A (BafA) or chloroquine (CQ), the level of those proteasome subunits was 
increased, suggesting an autophagy-mediated degradation in MCL BTZ-resistant cells. 
Supporting this hypothesis, Quinet et al showed that a constitutive activated proteaphagy 
contributes to developing resistance to BTZ in MCL cells. In Quinet’s model, it is 
hypothesized that  BTZ-resistant cells bypass proteasome inhibition relying on autophagy, 
through the degradation of proteasomes (Grégoire Quinet et al, 2021). 
 
ABC (ATP-binding cassette) transporters such as ABCB1 (multi-drug resistance, MDR1 or P-
glycoprotein, P-gp) mediate drug resistance by alterations of the absorption and elimination 
of those. Thus, high ABCB1 expression  has been correlated with bad prognosis, resistance 
and aggressiveness in MM (Abraham et al., 2010). High overexpression of the ABCB1 protein 
limits the cytotoxicity capacity of BTZ/CFZ proteasome-inhibiting activity. However, 
resistance to BTZ/CFZ has been proved to be independent from proteasome activity but 
dependant on energy metabolism, redox homeostasis, protein folding and degradation. 
Authors also confirmed the upregulation of  the heat-shock proteins HSP70 and HSP90, apart 
from ABCB1 in CFZ-resistant cells (Abraham et al., 2010; Besse et al., 2018). In line with this 
data, the deregulated expression of several cytosolic HSP70 family members has been 
associated with BTZ acquired and innate resistance in MCL (Weinkauf et al., 2009) and MM 
(Davenport et al., 2007).  
 
NRF2 seems to be another node for BTZ- and CFZ-resistance in MM, but also in inherent MCL 
BTZ resistance, as different clinical data show NRF2 upregulation in relapsed patients (Riz et 
al., 2016). This protein is involved in redox homeostasis by inducing antioxidant and 
detoxification genes and by modulating energy metabolism (Hayes and Dinkova-Kostova, 
2014).  
 
In the last decade, numerous studies have indicated, that components of the BM stroma, 
extracellular matrix (ECM), cytokines, chemokines and growth factors, are involved in BTZ 
resistance in MM cells (Podar et al., 2009). The membrane protein myristoylated alanine-rich 
C-kinase substrate (MARCKS) plays an important role in cell adhesion, spreading, invasion, 
and is crucial for metastasis (Finlayson and Freeman, 2009). MARCKS is overexpressed in 
MM cell lines and involved in the cross-resistance to the farnesyltransferase inhibitor 
R115777, and BTZ (Yang et al., 2015). In line with these, the insulin-like growth factor IGF-1, 
that is produced by plasma cells and present in the BM microenvironment, has been 
proposed to promote proliferation and drug resistance in MM cells through the activation of 
the MAPK and PI3K/AKT-signalling pathways (Podar et al., 2009). 
 
Cells that synthesize large amount of proteins usually exhibit an expanded ER network, that 
promotes UPR activation in conditions of ER stress, when coping with unfolded or misfolded 
proteins like in the case of MM and MCL cells (Vincenz et al., 2013). The ER stress 
upregulates three UPR signalling branches: transcription factor 6 (ATF6), protein kinase R 
(PKR)-like ER kinase (PERK)-ATF4 and inositol-requiring enzyme 1 (IRE1)-X box binding 
protein 1 (XBP1), which suppress global translation and promote protein folding and 
degradation. ATF6 translocates into the nucleus and activates the XBP1 promoter. At the 
same time, IRE1 oligomerizes and auto-phosphorylates, resulting in the activation of its 
endonuclease activity, that cleaves XBP1 mRNA into an active XBP1s form. XBP1s acts as 
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transcription factor and activates genes encoding protein folding and chaperones. A low 
“IRE1-XBP1” phenotype has been found in MM cells resistant to BTZ, suppressing ER stress 
response (Mimura et al., 2012). 
 
 

 
 
 

Figure 4: Molecular mechanisms associated with BTZ resistance in acquired and inherent resistant 
MCL and MM cell models. The pathways involved are: UPS and ALS degradation 
systems, UPR response, apoptosis, B cell differentiation, cell cycle regulation and 

mutations in the β5 subunit of the proteasome. Arrows indicate up- or downregulation 
of the different molecular mechanisms. Modified from  (Gonzalez-Santamarta et al., 2020). 

 
 

It is known that proteasome inhibition, induces autophagy activation in order to eliminate 
UPS substrates avoiding protein accumulation (Ding et al., 2007). Interestingly and 
supporting Quinet’s results (Grégoire Quinet et al, 2021), the Ub-binding cargo autophagy 
receptor sequestrosome 1 (SQSTM1) or p62 is a key element in the UPS/ALS crosstalk 
(Cohen-Kaplan et al., 2016a). It has been proved that SQSTM1/p62  expression is elevated 
triggering a pro-survival autophagy in MM cells resistant to CFZ (Riz et al., 2016).  
 
High expression of deubiquitylating enzymes (DUBs) and autophagy related proteins has 
been detected in MM patients resistant to BTZ. These alterations in enzymes that are 
involved in deubiquitylating misfolded/unfolded proteins and in the turnover of proteins by 
the autophagy-lysosome system (ALS), suggest that Ub signalling pathways play an 
important role in BTZ resistance. They include USP14 and UCHL5 (Niewerth et al., 2015) but 
also the Ub-conjugating enzyme H10 (UbcH10) (Wang et al., 2015). 
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A dysregulation of the intracellular stress machinery can also affect BTZ sensitivity. ER 
homeostasis is controlled by the immunoglobulin heavy chain binding protein (BiP), also 
referred as 78-kDa glucose-regulated protein (Grp78) (Ni and Lee, 2007). Under non-stressed 
conditions, BiP/Grp78 binds to the ER transmembrane PKR-like ER kinase, IRE1, and ATF6 
maintaining and inactive monomeric state (Kaufman, 2002). After proteasome inhibition, the 
accumulation of polyubiquitylated proteins leads to the dissociation of BiP/Grp78 from the 
luminal domains and the initiation of UPR and apoptosis (Szegezdi et al., 2006). The 
intracellular accumulation of BiP/Grp78 has been related to acquired and primary resistance 
to BTZ in MCL, avoiding the apoptotic outcome that would follow in normal conditions (Roué 
et al., 2011). 
 
Plasmacytic differentiation can be another source of BTZ resistance in MCL cells. BTZ-
resistant MCL cells display some of the characteristics of the plasma cells, such as the over-
expression of interferon regulatory factor 4 (IRF4) and elevated membrane levels of CD38 
and CD138 cell surface markers (Pérez-Galán et al., 2011). Mouse xenograft models of MCL 
demonstrated a tight correlation between increased tumorigenicity of BTZ-resistant tumours 
with a plasmacytic differentiation phenotype including an upregulation of IRF4, PR domain 
zinc finger protein 1 (PRDM1/BLIMP-1) and CD38, and loss of the B cell markers PAX5 and 
CD19 (Moros et al., 2014). 
 
The identification of key elements of BTZ resistance is far for being a consensus among the 
scientific community. Different targets and drug treatments have been proposed to recover 
BTZ sensitivity. Nevertheless, most of them lack the scientific support to reach a clinical 
benefit and efficient approach directly impacting MCL patients.  
 
 

8.5 Potential targets to recover PI sensitivity.  
 
Proteasome inhibition affects a wide range of cellular factors, including important signalling 
cascades, oncogenes, or epigenetic regulators. Given the resistance to PIs observed in some 
patients, alternative drugs have been tested to overcome resistance as single or 
combinatorial treatments.  Some of them will be briefly discussed in this section.  
 
The dual PI3K and mTOR inhibitor dactoslisib (NVP-BEZ235) showed great results in MCL 
BTZ-resistant cell lines (Kim et al., 2012). Following this clue, a new generation of mTOR 
inhibitors, such as temsirolimus and deforolimus have been also proposed for MCL, 
nevertheless obtaining  limited clinical impact (Rizzieri et al., 2008; Witzig et al., 2005).  
 
The NF-κB pathway can be modulated by different compounds to recover sensitivity in PI- 
MM and MCL resistance cells. Selinexor, a reversible inhibitor of exportin 1 (XPO1), blocks 
the nuclear export of NF-κB /IκBα complexes leading to NF-κB pathway inactivation (Turner 
et al., 2016). Transglutaminase 2 (TG2), a calcium-dependent enzyme, hampers high NF-κB 
expression in BTZ-resistant cells. Moreover, the combination of both molecules with BTZ 
improved cytotoxicity in MCL cells (Jung et al., 2012). In addition, synergic apoptosis in MCL 
has been detected when BTZ was combined with degrasyn, a compound that targets 
constitutive NF-κB and STAT3 (Pham et al., 2010).  
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BTK inhibitors lead to the NF-κB inactivation and downregulation of MYC (de Claro et al., 
2015). Therefore, promising preclinical results were obtained combining ibrutinib and BTZ in 
MCL and MM BTZ-resistant cells (Murray et al., 2015). BH3 mimetic compounds like 
obatoclax also showed great results in relapsed MCL, by neutralizing BTZ-induced MCL-1 
accumulation (Pérez-Galán et al., 2007).  
 
Histone deacetylase 6 (HDAC6) links the UPS and autophagy by facilitating the transport of 
protein aggregates to juxtanuclear microtubule organizing centres (McConkey et al., 2012). 
Cells that lack HDAC6 were found to be defective to remove protein aggregates. 
Consequently, the combination HDAC inhibitors with BTZ sensitized MM resistant cells to 
proteasome inhibition (Catley et al., 2006). Although ricolinostat (ACY-1215), a specific 
inhibitor of HDAC6, showed a good response among BTZ refractory MM patients when 
combined with BTZ and dexamethasone, this effects is still under investigation in MCL 
(Amengual et al., 2015; Gonzalez-Santamarta et al., 2020). Other combinations involving 
HDAC inhibitors are under investigation, like the DNA methyltransferase inhibitor decitabine 
with BTZ in PI-resistant MCL, showing promising synergistic activity (Leshchenko et al., 
2015). 
 
Additionally, deubiquitylating enzymes (DUBs) from the Ub signalling pathway have been 
considered to be good options to develop therapeutic targets to overcome BTZ resistance, 
such as P5091 a selective inhibitor of USP7 (Chauhan et al., 2012), b-AP15 a selectively 
inhibitor for USP14 and UCHL5 (Tian et al., 2014) and SJB3-019A inhibitor for USP1 (Das et 
al., 2017), showed antitumoral activity and synergic toxicity when combined with BTZ. 
 
 

9. Protein Homeostasis or Proteostasis. 

 
Proteins exist in a dynamic equilibrium called proteostasis, in which their abundance, 
folding, and activity is highly regulated. To maintain cell viability, proteostasis (Figure 5) 
needs to be achieved, through the implication and modulation of multiple pathways and 
enzymes. When this equilibrium is preserved, cells can respond to stress conditions and 
different internal stimuli. However, if disrupted, different pathologies appear depending on 
the cell type and pathway involved, such as inflammatory, neurodegenerative, infectious 
diseases, and different cancer types.  This inner equilibrium is regulated  by cellular 
processes that control the synthesis, folding, assembly/disassembly, and posttranslational 
modifications (PTMs) regulating localization, degradation and protein-protein interactions 
(Ballar Kirmizibayrak et al., 2020). 
 
Many enzymes and proteostasis regulators have been described to be dysregulated in 
various cancers, and there is increasing evidence linking them to tumorigenesis, cancer 
progression, metastasis and resistance to anticancer therapies (Gâtel et al., 2020). In 
addition, proteostasis disequilibrium is a common hallmark found in the most aggressive 
types of tumours like pancreas, lung, prostate cancer, but also in hematologic malignancies 
like MM or MCL. 
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Figure 5: Protein homeostasis or Proteostasis regulation. Functions involved in maintaining the 
balance: synthesis, folding, PTMs, degradation, localization, and function. Panel A: physiology 

balance, because of a proper equilibrium the cells can respond to external stress and stimuli. Panel B: 
pathology outcome (Mantle Cell Lymphoma and Multiple Myeloma as examples) as the result of 

disrupting this proteostasis balance.  
Created with BioRender.com. 

 
 

Interestingly, protein misfolding, aggregation and accumulation of intra or extracellular 
proteins are a common characteristic found in neurodegenerative diseases, in particular to 
those associated with dementia (also called proteinopathies). They appear or develop, as a 
disruption in the proteolytic internal machinery like the Ub proteasome system, being 
protein degradation the center of attention for the investigation of those diseases in the 
lasted decades (Harris et al., 2020). 

 

As already mentioned, proteostasis is affected by many regulatory processes, including the 
PTMs of proteins like phosphorylation, acetylation, and modification by the Ub family 
members. PTMs control the half-life of proteins, their localization, activity or even their 
interactions with other intracellular components or proteins. PTMs  involve the addition of 
small chemical groups, peptides or even complex molecules, and they are characterized  
generally by their reversibility, a key factor that enables reversible switches between 
different functional states (Hochstrasser, 2006).  
 
One of those PTMs is the modification made by Ub, and Ub-like proteins (UbLs). The 
diversity of processes regulated by those modifications is quite extent in scientific literature, 
growing steadily, and ranging from cell cycle control, cell proliferation, apoptosis,  
development, infection, and even cilia assembly/disassembly functions (Akutsu et al., 2016). 
Ub-protein modifications can lead to proteasomal degradation of  cell cycle regulator 
proteins or transcription factors, but also regulate non-proteolytic processes, such as DNA 
repair, assembly of signalling complexes, membrane protein endocytosis, intracellular 
trafficking and chromatin mediated transcription regulation (Hochstrasser, 2009). 

https://biorender.com/
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Proteolysis plays a crucial role in the regulation of many transcription factors, as their 
steady-state levels are maintained by a tightly controlled and highly regulated balance 
between synthesis and degradation. In that context, protein degradation via ubiquitylation 
represents a dynamic and coordinated mechanism that the cell employs to modulate those 
regulatory factors, and ultimately the cell cycle (Desterro et al., 2000).  
 
Two main proteolytic systems exist in eukaryotic cells: the Ub proteasome system (UPS) and 
the autophagy lysosome system (ALS). Those intracellular degradation machineries are 
essential for cell survival under proteotoxic stress conditions, as they are mainly in charge of 
the clearance of pathogens and misfolded internal aggregates. Additionally, the protein 
quality control (PQC)  system, assisted by molecular chaperones as key players (Ciechanover 
and Kwon, 2017), is another mechanism involved in this equilibrium inside the cells, dealing 
with misfolded, aggregated or non-functional proteins, providing ultimately a timely and 
controlled degradation. Abnormal proteins can be refolded because of the action of  
different chaperones and co-chaperones, but  proteins that cannot be refolded must be 
degraded, highlighting the importance of those proteolytic systems to relieve cells from 
proteotoxic stress (Shiber and Ravid, 2014). 
 
 

10. The Ubiquitin CODE. 

 
Eukaryotic proteins are subjected to a variety of PTMs, including modifications by UbLs. Ten 
eukaryotic UbL-modification systems have been described so far. Among them, the Ub 
system was the first one to be described and is the most thoroughly investigated. Protein 
ubiquitylation is a process involved in nearly all aspects of eukaryotic biology and cellular 
processes. Ubiquitylation can regulate macromolecular interactions such as proteasome-
substrate recognition and protein binding to chromatin to regulate gene expression 
(Hochstrasser, 2009). It can also be involved in other processes since its implications are 
continuously discovered in DDR (DNA damage response), autophagic degradation signalling, 
innate and adaptative immune responses, inflammation and cell death (Akutsu et al., 2016; 
Spit et al., 2019). 
 
Ub is a highly conserved 76-residue protein that exists in cells either free, or covalently 
linked to other proteins. It was first isolated by Goldstein and co-workers from the thymus 
and was thought to be a thymic hormone. However, in subsequent work, it was found in all 
tissues and all eukaryotic organisms, and its ubiquitous distribution gave the protein its 
name. All UbLs share the same three-dimensional core structure, the β-grasp fold. They use 
distinct but evolutionary related enzymes to catalyse the attachment of the UbL proteins, 
highlighting a common ancestry to all systems (Hochstrasser, 2009). 
 
Ubiquitylation is the addition of a Ub moiety into the target protein through Lys-linked 
isopeptide bonds. As the Ub molecule has seven lysine residues in its structure (K6, K11, M1, 
K27, K29, K33, K48, and K63), it can be subjected to further modifications, creating different 
chain topologies that act as signals encoding information to regulate different processes. 
Newly synthetized proteins have the capacity to be attached to different functional groups 
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or molecules at least once in their lifetime, to specify different cellular functions (Akutsu et 
al., 2016). 
 
All possible Ub linkage types are used for chain assembly and signal propagation inside the 
cells (Akutsu et al., 2016). This language, in which Ub is used as the minimal entity to drive 
different outcomes (Pérez Berrocal et al., 2019), has been referred by the scientific 
community as the Ub Code, the UbiCODE. This code is reliant on the interplay of its “writers, 
editors and readers” (Figure 6) (Pérez Berrocal et al., 2019; Swatek and Komander, 2016). 
 

 
 

Figure 6: Ubiquitin Code complexity scheme. Cells respond to different stress and stimuli by 
promoting protein modification, made by modifying enzymes, also called the “writers” of the code. 

Apart from the ubiquitylation, there are other Ub-like proteins like Nedd8 and SUMO (represented in 
dark purple and yellow), that can modify target substrates creating a complex chain diversity. Those 
modifications can be removed or remodelled by the action of de-modifying enzymes, or “editors”. 

The balance of those will drive different cellular functions decoded by specific receptors, “readers”, 
that translate and decipher the code encrypted in the different chains formed in different outcomes 

inside the cells. To note, receptors indicated in the figure are not on the cell membrane; this 
schematic representation was made to highlight the importance of their function inside the cells. The 

involvement of those signals in an increasing number of cellular processes, and their alteration in 
multiple diseases, underline their biological relevance, making the UbiCODE a new field to explore 

new biomarkers and discover new drug targets.  
Created with BioRender.com. 

 

 
 

Ub is not only attached as a monomer, but also as polyUb chains, in which different linkages 
can be mixed increasing the complexity and morphology. MonoUb can occur with straight or 
modified Ub, and chains can be formed by one Ub linkage type (homotypic chains), or 

https://biorender.com/
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different ones (heterotypic chains). Ub chains can also be ubiquitylated at multiple Lys 
residues forming branched chains (Swatek and Komander, 2016). Another layer of 
complexity is added when Ub is subjected to other modifications like acetylation or 
phosphorylation (Akutsu et al., 2016). 
 
All those different possibilities and combinations can dictate the fate of the modified 
substrate (Hochstrasser, 2009). Additionally, the structural features of the different Ub 
chains can be used to explain their involvement in a wide variety of cellular processes, as Ub 
surface patches can be positioned differently depending on the chain type. Usually K6, K11, 
K29, K33 and K48 form intramolecular interfaces between two Ub moieties, while K63 and 
M1 adopt open conformations. This surface and its way of exposure is a key step in the 
propagation of the encoded information, as Ub Binding Domains (UBD) are going to 
recognise the Ub linkage in a specific manner not only by the Lysine residue (topology) but 
also by the structural patch formed. Therefore, the topology, morphology and structure of 
the Ub signals are factors that contribute to drive internal functions (Akutsu et al., 2016). 
 
Additionally, other Ub-like molecules can modify Lys residues, like SUMO (Small Ubiquitin-
like Modifier) and NEDD8 (Neural precursor cell expressed developmentally down-regulated 
protein 8), providing more complexity to this code (Figure 6) (Swatek and Komander, 2016). 
Hybrid Ub/UbLs chains can be generated under both, physiological and stress conditions, 
playing specific roles in cellular signalling still to be identified (Pérez Berrocal et al., 2019). 
 
For this code to be fully functional, the signals encrypted in the different Ub chains must be 
read by different protein adaptors or “readers”, that have UBD in their structure. The UBD-
Ub interaction modulates substrate interaction, but also formation and processing, 
therefore additional chain elongation (Pérez Berrocal et al., 2019; Swatek and Komander, 
2016). 
 
When discovered, Ub was mostly associated with degradative functions. However, it has 
been repeatedly proved in the last decade that it is also connected to non-degradative 
events, like localization and involved in protein affinity changes (Akutsu et al., 2016; Mendes 
et al., 2020).  
 
Ubiquitylation is a reversible process, regulated continuously, by modifying enzymes/ 
“writers”; E1 (Ubiquitin-activating enzyme) encoded by two genes, E2 (Ubiquitin-conjugating 
enzyme) encoded by at least 37 genes, and E3 (Ubiquitin ligase) encoded by ∼800 genes. All 
eukaryotic species express multiple E2 and E3 isozymes than can vary from dozens of E2s to 
hundreds of E3s, allowing the different specific modifications to be formed (Hochstrasser, 
2009). These enzymes create a cascade of chemical reactions (Figure 7/A) to form an 
isopeptide bond between the C-terminal (K6, K11, K27, K29, K33, K48, and K63) of the Ub 
moiety to the Lysine residue in the target protein. An additional type of Ub linkage can be 
created when Ub is attached to the N-terminus forming Met1-linked (M1) or so-called linear 
chains. 
 
DUBs, De-ubiquitylating enzymes/ “erasers” also contribute to this regulation by 
deconjugating Ub from the substrate proteins, providing reversibility to this process. 
Altogether, these key players in the Ub Code provide a rapid and versatile manner of fine-
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tuning countless signalling cascades and molecules (Komander and Rape, 2012; Spit et al., 
2019). 

 
 

Figure 7/A: Ubiquitylation chemical reaction, enzymatic  cascade. The Ub protein conjugation cycle 
involves (after Ub activation with the E1  activating-enzyme) a E3 ligase, necessary to stimulate the 

Ub transfer from the E2 to a substrate, generally to a lysine ε-amino group. Additional Ub molecules 
can be added either to other lysine side chains on the substrate or to the Ub already attached, 

forming polymers with different topology and conformation. Ub modifications can be removed or 
remodelled by DUBs or deubiquitylating enzymes.  

Created with BioRender.com. 

 
 
Conjugation of Ub begins with an ATP-dependent activation of the C-terminal glycine residue 
(G76) of the Ub molecule. The C-terminus is adenylated by an E1 enzyme, with the Ub-AMP 
remaining bound to the enzyme. Then the E1 cysteine side chain attacks the C-terminal, 
releasing the AMP and creating a E1-thioester intermediate. The activated Ub is then 
transferred to the active site on the E2 enzyme. While the E1 enzymes activate the Ub 
molecule, E2 and E3 enzymes in conjunction are in charge of catalysing substrate 
ubiquitylation (Hochstrasser, 2009).  
 
The last step of substrate ubiquitylation is carried out by the formation of a complex, 
consisting of Ub-loaded E2 and a specific E3 to which the substrate protein is bound. It is 
then transferred from the E2 either directly to a lysine residue of the substrate when the E3 
is a RING-(really interesting new gene) finger type, or  previously to the target protein, to an 
internal cysteine residue in the E3 when the enzyme is a HECT (homologous to E6-associated 
protein C-terminus)-domain type (Hochstrasser, 2009). In addition to those two largest 
families of E3 enzymes, we can also find in literature the RING-Between-RING (RBR)E3 Ub-
ligase (Arpalahti et al., 2020), and the UFD2 homologous (U-box) E3 Ub-ligase (Ballar 
Kirmizibayrak et al., 2020) acting biochemically in a different manner but with the same goal. 

https://biorender.com/
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E3 enzymes play a role in substrate recognition, a step not always required in some 
pathways (Hochstrasser, 2009). 
 
Additional Ub molecules are then added by the same cascade, creating Ub chains that can be 
further elongated by an additional type of ligase—E4, also termed the “Ub-chain elongation 
factor” (Komander and Rape, 2012). 
 
DUBs, also called UbL-specific proteases (ULPs), are enzymes that specifically recognise and 
remove Ub and UbLs from their substrates. They hydrolyse ester, thiol ester, and amido 
bonds to the carboxyl group of G76 of Ub, cleaving it, but also processing the C-terminally 
extended precursors forms of these, removing, and modifying Ub chains. To date, nearly 100 
DUBs have been described in humans (Ronau et al., 2016).  
 
They are classified in Ub-specific proteases (USPs), Ub C-terminal hydrolases (UCH), ovarian 
tumour domain proteases (OTUs), Machado-Josephin disease proteases (MJD), motif 
interacting with Ub novel DUB family (MINDY), Zinc finger with UFM1-specific peptidase 
domain protein (ZUFSP), and JAB1/MPN/MOV34 (JAMM) domain metalloproteases. These 
enzymes act at different levels in the Ub pathway: in the generation of free Ub by processing 
linear precursor or branched chain polyUb, in the removal of Ub from ubiquitylated target 
protein, and in clearing the proteasome of remnants peptides conjugated to Ub chains 
(Mennerich et al., 2019).  
 
Mechanistically speaking, we can classify DUBs into thiol proteases, which are related to the 
well-studied cysteine protease papain and rely on a nucleophilic cysteine in the active site 
for catalysis, and metalloproteases, which coordinate a Zn2+ ion in the active site and use a 
nucleophilic water ligated to the metal to hydrolyse the isopeptide bond. Usually, members 
of the USP family cleave all Ub linkage types without a clear preference while the members 
of the OUT enzymes can be linkage-specific. As E3 enzymes can specifically recognise the 
substrate to modify, DUBs can also act in a selective manner removing Ub moieties or 
chains. However, some DUBs can exhibit promiscuous activity for Ub linkages, and against 
other UbLs. How DUBs distinguish the different topologies and morphologies on the target 
substrate is not well understood. However, it appears to be linked to different factors such 
as Ub chain topology morphology or specific substrate features (Ronau et al., 2016). 
 
Different proteomics studies show that all possible Ub linkage types co-exist inside the cells 
(Figure 7/B), the Lys48-linked (K48) Ub chain being the predominant linkage type usually 
displaying a close conformation when forming polyUb chains. This type of linkage generally 
targets proteins to be degraded by the proteasome. K48 Ub chains are rapidly enriched 
when the proteasome is inhibited. However, some evidences suggest their involvement in 
non-degradative roles, as well as the involvement of other Ub chains in proteasomal 
degradation like Ub K63 and Ub K11 (Ohtake et al., 2018; Swatek and Komander, 2016).  
 
Ohtake et al, showed recently K48-K63 branch chains driving the proteasomal degradation of 
the apoptotic regulator TXNIP, involving also the recruitment and interaction with the UBR5 
Ub ligase mediating the formation of those chains (Ohtake et al., 2018). The same author 
also showed K48-K63 branch chains regulating the NF-κB signalling. In this context, the E3 Ub 
ligase HUWE1 generates K48 Ub branches on the initially formed K63 Ub-linkage on TRAF6, 
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resulting in the amplification of the pathway (Ohtake et al., 2016). Although some authors 
suggest that heterotypic/branch and hybrid chains may have a major role in signal 
transduction that may be associated with the elevated level of complexity in its structure, 
new methods to monitor endogenous polymers are needed to fully validate this hypothesis 
(Pérez Berrocal et al., 2019; Yau et al., 2017). 
 
K48-K63 heterotypic Ub chains have been associated with cell-cycle regulation and protein 
quality control, being formed by UBR4 and UBR5 (N-recognin) E3 ligases to prevent 
accumulation of neurotoxic proteins (Yau et al., 2017). K48-K11 Ub chains have also been 
related to cell-cycle control, in this case by controlling the proteasomal degradation of 
regulatory proteins such as Cyclin B1 (Akutsu et al., 2016).  
 
Recent studies show that the Ub composition may be different between the nucleus and the 
cytoplasm,  being K48 Ub-linked misfolded substrates degraded in the nucleus in contrast to 
K48-K11 Ub modified substrates, that are degraded by cytoplasmic proteasomes  (Samant et 
al., 2018). More detailed Ub chain studies are needed to fully understand what constitutes 
the unique signal for proteasomal degradation. Consequently to that gap of knowledge, the 
ubiquitylation threshold model hypotheses that the amount of polyUb rather than the type 
is important in such decision (Swatek and Komander, 2016). 
 
The second more abundant Ub chain type is Ub-K63, which holds an extended conformation 
(Ronau et al., 2016) and performs various roles, such as intracellular signalling, DNA damage 
response, cellular trafficking (Pontrelli et al., 2019), and autophagy degradation (Nam et al., 
2017). 
 
K63 Ub-linked Ub chains are required for Double Strand Breaks (DSB) repair systems, as they 
are abundant at DNA damage sites. The E3 ligases RNF8/RNF168, assisted by the combined 
activity of a specific E1 enzyme, the heterodimeric E2 Mms2-Ubc13, promotes Ub-K63 chain 
conjugation and consequently recognition and recruitment of repairing proteins such as 
RAP80 (Lee et al., 2017). At the same time, Ub-K63 chains can decorate many plasma 
membrane proteins, providing a signal often required for their internalization. Also, several 
channels, transporters and receptors can be modified by those types of Ub chains, being 
recognised by different UBD-proteins in the plasma membrane to be invaginated and 
trafficked using the trans Golgi network (Erpapazoglou et al., 2014). 
 
Quite recently, the scientific community has begun to characterize the remaining non-as 
abundant Ub linkages, called atypical linkages; K6, K11, K27, K29, K33 and M1. The 
understanding of this expanded code has advanced rapidly in recent years. However, there is 
still need for new methods and molecular tools in order to fully understand their biological 
implications (Swatek and Komander, 2016).  
 
M1 linked Ub chain are used as positive regulators for NF-κB signalling. They are modulators 
of innate and adaptative immune responses, by regulating inflammation and cell death 
signalling pathways. M1 linked chains are usually formed by the linear ubiquitylation 
assembly complex (LUBAC), the only E3 Ub ligase known for being able to form those chains 
de novo. LUBAC promotes the M1 ubiquitylation on NF-kappa-B essential modulator 
(NEMO), part of the IKK complex that phosphorylates the IKB-α inhibitor, releasing p50 and 
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p60 subunits resulting in the NF-κB translocation to the nucleus and transcription activation 
of proinflammatory proteins (canonical activation of the NF-κB pathway). In addition, M1-
K63 Ub chains on NEMO have been proved to serve as a platform to recruit other interacting 
proteins involved in the pathway, evidence that suggests a diversification in their structure 
and functional impact. However, the mechanism underlying those heterotypic chains has not 
been uncovered in detail (Dittmar and Winklhofer, 2019; van Huizen and Kikkert, 2019). 
 
 

 
 
Figure 7/B: Ubiquitin chain complexity and functions associated. Upper part: Atypical chains where 
Ub-M1 is associated with inflammation, immune response, and NF-kB pathways regulation. Ub-K29 

associated with Wnt pathway. Ub-K33 is associated with Golgi trafficking and AMPK. Ub-K27 
associated with regulating DNA damage response, and Ub-K6 to DNA repair. In the lower part of the 
panel, typical Ub linkages are indicated and associated with specific functions. Ub-K63 is associated 
with signal transducing, DNA repair and autophagy. Ub-K11 and K48 associated with proteasomal 

degradation. Ub chain types and its implication are biological functions are further developed in the 
main text. Created with BioRender.com. 

 
 

K6 Ub-linked chains may emerge in other processes such as xenophagy, and mitochondrial 
homeostasis. In this context, the Parking enzyme, a well-known E3 ligase, assembles K63 but 
also K6 on the surface of mitochondria for its depolarization. K6 abundance is not increased 
by proteasome inhibition, but along with K33, are enriched upon UV radiation stress. That 
may suggest its involvement in non-degradative processes such as DNA repair. Few E3 Ub 
ligases have been found to mediate those chains like BRCA-BARD1 that conjugates Ub-K6 on 
substrates and itself to promote a DNA repair response (Akutsu et al., 2016). 
 

https://biorender.com/
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K33 Ub-linked chains has been related to post-Golgi membrane protein trafficking as 
negative regulators in the T-cell antigen receptor and AMPK pathway. In contrast, K29 Ub-
linked chains, predominantly being part of heterotypic chains, have been related to 
proteasomal degradation, also forming polymers on the Axin protein surface repressing Wnt 
signalling (Akutsu et al., 2016). 
 
K11 Ub-linkages together with M1-linear chains are the most studied atypical Ub linkages 
(Swatek and Komander, 2016). In contrast, the K27 Ub-linked chains is the least understood. 
However, different evidences suggest that those may have a role in protein recruitment in 
the DDR, and host immune response (Akutsu et al., 2016). 
 
Due to the  high amount of information gathered by proteomics studies indicating a great 
amount of ubiquitylation sites in different proteins, it can be suggested that most proteins 
experience ubiquitylation at least once in their lifetime (Swatek and Komander, 2016). Due 
to the high complexity, level of regulation and reversibility, ubiquitylation is believed to 
control  the majority of cellular processes, being implicated in pathophysiological states and 
diseases (van Wijk et al., 2019). Therefore, paying a special attention to the key players in 
the different PTMs systems (writers, erasers, and readers) will be critical in years to come. 
 
 

11. The Ubiquitin Proteasome System (UPS). 

 
The Ub Proteasome System is one of the main mechanisms for intracellular protein 
degradation. This proteolytic mechanism is tightly regulated, in order to ensure the correct 
turnover of substrates involved in a wide variety of cellular processes. The proteasome plays 
a central role controlling protein homeostasis, as it is involved in the regulation of almost all 
cellular pathways through the degradation of different regulatory components. Moreover, 
due to its high abundance inside the cells, small changes in proteasome abundance and 
activity can have a major impact on cellular protein turnover  (Olivier Coux et al., 2020). The 
proteasome acts as a central hub of cellular proteolysis, having an impact on multiple 
processes such as cell cycle, DNA repair, cell differentiation, immune response, amino acid 
recycling and apoptosis. For this reason, the proteasome has become a privileged target for 
drug development in order to treat diverse disorders including cancer, infections and 
inflammation-related diseases (Mata-Cantero et al., 2016; Roeten et al., 2018). 
 
The proteasome is a large complex multidomain (2.5MDa) (Figure 8) protease, found in 
nucleus and cytosolic cellular compartments, that commonly drives the degradation of 
short-lived proteins that need an accurate turnover (Tanaka, 2009). The proteasome system 
is an efficient degradation system of smaller polyubiquitylated proteins, as large proteins 
cannot enter into this organelle (Nam et al., 2017). However, previous ubiquitylation of the 
target proteins is usually required for their proteasomal degradation (Komander, 2009; 
Swatek and Komander, 2016). Ub chains, recognised by proteasome subunits and cofactors, 
promote polyubiquitylated proteins to enter the proteolytic/catalytic core of the 
proteasome, in order to be destroyed and recycled as a new pool of amino acids (Tanaka, 
2009).  
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The 26S proteasome (also called “the proteasome”) is a barrel-shaped proteolytic organelle 
consisting of: the 20S core particle (CP) and the 19S regulatory  capping particles (RPs), that 
can be at one or both end sides of the CP. 19S complexes bind cargo-proteins, 
deubiquitylating them and channelling them into the inner core (proteolytic sites) (Nam et 
al., 2017). 
 
The 20S CP is composed of two outer α-rings, each containing seven α-subunits (α1–α7) and 
two inner β-rings, each consisting of seven β-subunits (β1–β7). The α-rings form a closed 
structure which prevents  big and unspecific proteins to enter into the inner chamber of the 
β-rings (Bard et al., 2018). The access to this catalytic chamber is possible through axial 
pores of the 20S only allowing the entrance to unfolded proteins. Although 20S alone can 
degrade substrate by themselves, they associate with RP to control substrate specificity. The 
RP recognizes and tethers targeted polyubiquitylated proteins, removes Ub chains attached 
to them, unfolds protein substrates, opens the α-ring, and allow unfolded proteins to enter 
into the CP. The proteasome mostly uses ATP hydrolysis to disrupt higher-order structures of 
substrates, to translocate the unfolded polypeptides into the internal degradation chamber 
for proteolytic cleavage (Bard et al., 2018). However, the existing so-called “hybrid  26S 
proteasomes” can degrade proteins  in a ATP and Ub-independent manner (Olivier Coux et 
al., 2020). 
 
 

 
 

Figure 8: The proteasome and the Ubiquitin proteasome system. Panel A: 26S Proteasome 
structure; one 20 (CP) core particle and two 19 regulatory particles (RP) at one or both sides. The RP 

is sub-formed by the lid and the base complexes, containing three Ub/UbL receptors, 
deubiquitylation (DUB) enzymes, and hexameric ATPase subunits involved in processing substrate 

proteins. The proteolytic active sites are within the chamber of the CP (proteolytic β subunits). 
Substrate proteins are unfolded and translocated into the proteolytic active sites through the ATPase 

and CP channel. Panel B: The Ub Proteasome System (UPS).  
Created with BioRender.com. 

 
The proteolytic function of the proteasome is mediated by three catalytic β-subunits—β1, 
β2, and β5—with distinct peptidase activities, chymotrypsin-like, trypsin-like, and peptidyl-
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glutamyl peptide-hydrolysing activity, respectively. The 19S RP, composed of six AAA-ATPase 
(Rpt) and four non-ATPase (Rpn) subunits, is responsible for the recognition, unfolding, and 
subsequent translocation of ubiquitylated substrates into the 20S CP (Cohen-Kaplan et al., 
2016a).  
 
To efficiently capture ubiquitylated proteins, the 19S RP contains several Ub receptors, 
specific domains, in charge of the recognition of ubiquitylated substrates through specific 
UBDs. Those 3 intrinsic Ub receptors of the 19S are Rpn1, Rpn10 and Rpn13.  The Ub-
interacting motif (UIM) located at the C-terminus of Rpn10 binds selectively mono-Ub but 
also K48 and K63 polyUb chains (Riedinger et al., 2010), Rpn13 binds di-Ub but through a 
pleckstrin-like receptor for Ub (Pru) (Schreiner et al., 2008), and Rpn1 carries a UBD that 
binds both Ub and UbL proteins (Chojnacki et al., 2017). 
 
Several extrinsic Ub receptors such as Rad23, Dsk2, Ddi1 and Sem1 contain both UbL and 
UBA (Ub-associated) domains in their structure to interact with specific Ub signals. Their UbL 
domains allow their interaction with some proteasome subunits (Fu et al., 2010; 
Paraskevopoulos et al., 2014). In particular, the UBD of Rpn1 interacts with the UbL domain 
of Rad23 and triggers its tethering to the proteasome (Rosenzweig et al., 2012; Shi et al., 
2016). These adaptor proteins ensure the highly regulated selectivity of proteasomal 
degradation.  
 
In contrast to this canonical proteasomal degradation, other Ub independent proteasomal 
degradation mechanisms do not require ubiquitylation and/or ATP hydrolysis, usually 
mediated by “hybrid 26 proteasomes” (Klionsky et al., 2016). 
 
In addition, alternative subunits named β5i, β2i and β1i, are expressed in hematopoietic cells 
in response to pro-inflammatory signals such as cytokines or interferon, integrating the 
immunoproteasome. These are inducible proteasomal β subunits, that are activated to 
activate the immune response, replacing their counterparts in the constitutive 20S. This 
alternative form of 20S proteasome is essential for the major histocompatibility complex 
(MHC)-I antigen processing. Its degradative action is at the origin of antigenic peptides 
(Ferrington and Gregerson, 2012). The 20S core can also associate with 11S, another 
regulatory particle also known as PA28, REG or PA26 which contributes to the action of the 
immunoproteasome but can also drive proteolysis in other cellular compartments such as 
the nucleus (Budenholzer et al., 2017).  
 
 

12. The Autophagy Lysosome System (ALS). 

 
The autophagy lysosome system (ALS) is the other proteolytic mechanism that eukaryotic 
cells use for protein degradation and removal of misfolded proteins and aggregates along 
with the UPS. ALS functions through a double-membrane vesicle which sequesters cytosolic 
proteins or aggregates to be degraded after the fusion with the lysosome by lysosomal 
enzymes. Dysregulation of autophagy, apart from UPS dysregulation, is also related to 
several human pathologies, such as neurodegenerative diseases and cancer (Lilienbaum, 
2013). The broad conservation of the autophagy pathway from yeast to humans underscores 
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the pivotal role of autophagy in maintaining cellular homeostasis. Accumulating evidence 
suggests that mammalian autophagy is required for cell cleansing and remodelling, and 
selective autophagy mediated by specific receptor proteins seems to be instrumental in 
these processes (Dikic and Elazar, 2018).  
 
The autophagy contribution to cancer development and progression is contradictory and 
complex, as autophagy can mediate promotion or inhibition of tumorigenesis (Mancias and 
Kimmelman, 2016). Although it appears to be tumour-suppressive upon normal cellular 
homeostatic state, autophagy can mediate tumour cell survival under stress conditions 
(White and DiPaola, 2009). Failure in selective autophagy is likely to cause an accumulation 
of protein aggregates and damaged organelles that may mediate neoplastic transformation. 
In contrast, established tumours depend on autophagy for covering their increased 
metabolic needs. In this context, selective autophagy may ensure tumour survival via 
degradation of misfolded proteins and damaged organelles that accumulate in genetically 
instable tumour cells (Dikic et al., 2010). 
 
Autophagy (from Greek “self-eating”) (Figure 9) digests long-lived protein aggregates and 
abnormal cytoplasmic or damaged organelles. The generic term ‘‘autophagy’’ comprises 
several processes by which the lysosome acquires cytosolic cargo. So far, three types of 
autophagy have been differentiated in the literature: (1) macroautophagy (referred as 
autophagy), characterized by the formation of a crescent-shaped structure (the phagophore) 
that expands to form the double-membrane layer autophagosome; (2) microautophagy, in 
which lysosomes invaginate cytosolic components; and (3) chaperone-mediated autophagy 
(CMA), which involves the translocation of unfolded proteins across the lysosomal 
membrane with the cooperation of HSC70 (Takeshige et al., 1992). 
 
Autophagosomes sequester cytosolic material in a non-specific manner as a response to 
cellular stress situations like starvation (canonical pathway). However, there is evidence for a 
selective autophagic degradation process which may include protein aggregate, 
mitochondria, and microbes targeting (Mancias and Kimmelman, 2016). Structures that 
need to be degraded can be exclusively recognized and eliminated by the ALS system 
(Zaffagnini and Martens, 2016). For example, mitophagy is selective for mitochondria 
degradation, xenophagy is for pathogens, aggregaphagy for protein aggregates, proteaphagy 
for proteasomes, etc. (Kirkin et al., 2009).  
 
Growing evidences suggest that there are specific mechanisms to drive selectivity 
contributing to maintain intracellular homeostasis in non-starved cells. The autophagy 
selectivity is modulated by different regulators, but also by the “Ub Code” which acts by 
forming degradation signals in a similar way to the UPS (Gatica et al., 2018). Historically, it 
was suggested that short-lived proteins, which are degraded by the proteasome, are marked 
selectively by K48-linked Ub chains (it was later shown that all Ub chain types are probably 
involved in proteasomal degradation). In contrast, K63-linked Ub chains act as degradation 
signals, among other Ub chains continuously and recently being discovered as signals for 
selective autophagy (Cohen-Kaplan et al., 2016a). 
 
The regulatory components involved in autophagy initiation are the ULK1 (for unc-51 like 
autophagy activating kinase 1, also called ATG1) and Beclin1 complexes, whose 
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phosphorylation is modulated by signalling proteins such as mTOR, Akt and AMPK (Xie et al., 
2015). Upon induction, proteins of the ULK complex assemble and initiate phagophore 
nucleation. The induction of autophagy triggers isolation and elongation of a double 
membrane structure, that forms the growing phagophore. Although the origin of this 
membrane is not clear, various intracellular sources have been proposed such as the  ER, the 
Golgi complex, or the mitochondria (Wei et al., 2018). The autophagosome elongation, 
maturation and recruitment of substrates is controlled by the Autophagy related (ATG) 
genes or ATG proteins, leading ultimately to the fusion with vacuoles, endosomes or 
lysosomes forming the autophagolysosome. It degrades targeted substrates, using a series 
of lysosomal/vacuolar acidic hydrolases (He and Klionsky, 2009; Tanida et al., 2004).  
 
Although autophagy was believed to be a cellular adaptative stress response in mammalian 
cells, basal levels of autophagy are detected in some cells subjected to further activation and 
giving rise to a variety of selective autophagic events. Starvation-induced autophagy is 
activated by signalling components that interpret cellular energy (5’ AMP-activated protein 
kinase, AMPK) and nutrient/amino acid levels (Mammalian Target of Rapamycin, mTOR). 
These pathways converge towards the ULK1 (Atg1 ortholog) complex, promoting autophagy 
induction. Following induction, the class III phophatidylinositol 3-kinase [PI(3) KC3)] complex 
(PI3P) nucleates autophagosome formation and the ATG9 transmembrane protein mediates 
trafficking of source membrane components for autophagosome elongation. Selective 
autophagy is engaged to the canonical autophagy through a molecular link between 
selective autophagy receptors and ULK1.  
 
In that scenario, the Huntingtin (HTT) protein acts as a scaffold to bind selective autophagy 
receptors and activating the ULK1/Atg1 kinase complexes. However, there are also non-
canonical modes of autophagy activation that do not involve ULK1 or other core autophagy 
machinery. It reflects the diversity of mechanisms by which the autophagy program can be 
initiated (Mancias and Kimmelman, 2016). 
 
The ATG8 protein family is composed of 6 members in mammalian cells, LC3A, B and C, 
GABARAP, GABARAP L1 and GABARAP L2. ATG8 proteins contain the conserved β grasp 
folding of the Ub-like protein domains, but also a supplementary hydrophobic pocket that 
engages interaction networks with autophagy and membrane trafficking components 
(Shpilka et al., 2011).  
 
LC3/GABARAP proteins are conjugated to phosphatidylethanolamine (PE) in an enzymatic 
manner (Rockenfeller et al., 2015). PE functions as an anchor for autophagosomal 
membranes (Xie et al., 2008; Yang et al., 2013). During autophagy induction, ATG8 proteins 
are lipidated and localize at both sides of the phagophore membrane, controlling the size of 
the mature autophagosome (Kabeya et al., 2000; Xie et al., 2008). This UbLs-protein 
lipidation system catalyses the conjugation of phosphatidylethanolamine to the C-terminus 
of ATG8 and consequently facilitates the attachment of ATG8 proteins to the emerging 
autophagosomal membrane.  In this system, ATG7 acts as an E1 enzyme with ATG10 as the 
interacting E2, to conjugate the Ub-like ATG12 to ATG5. This ATG12-ATG5, localised in the 
autophagosomal membranes by WIPI2, acts in a complex with ATG16L1 to facilitate the final 
ATG8 lipidation. Elongation and maturation steps include the recruitment of the substrate 
mammalian receptor LC3 (ATG8 in yeast). ATG8s are synthesized in a pro-ATG8 form called 
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the pro-LC3B-I form, in which a phosphatidylethanolamine is conjugated to the C-terminus 
forming the LC3B-II form, associated with the expanding autophagosomal membranes 
(Mancias and Kimmelman, 2016) and binding different adaptor proteins in order to facilitate 
the selective sequestration of substrates  (Cohen-Kaplan et al., 2016a). 
 

 
 

Figure 9: Stages of autophagy (initiation, elongation, closure, maturation, and degradation). 
Canonical and regulation of selective autophagy. Starvation-induced or canonical autophagy is 

activated by 5’ AMP-activated protein kinase, (AMPK) and Mammalian Target of Rapamycin, (mTOR). 
These pathways converge towards the unc-51 like autophagy activating kinase 1 (ULK1) complex that 
mediates autophagy induction. Following induction, the class III phophatidylinositol 3-kinase [PI (3) 

KC3)] (PI3P) complex nucleates autophagosome formation. The ATG9 transmembrane protein 
mediates trafficking of source membrane components for autophagosome elongation. The Huntingtin 

(HTT) protein acts as a scaffold to bind selective autophagy receptors and activates the ULK1/Atg1 
kinase complexes. Phosphatidylethanolamine (PE) functions as an anchor to autophagosomal 

membranes. After the lipidation process of ATG8s localizes at both sides of the phagophore 
membrane to control the size of the mature autophagosome. In selective autophagy, different 

adaptor proteins (autophagy receptors) mediate substrate recognition through UBD and promote 
autophagy degradation by LIR-LC3B autophagy interaction. 

 Created with BioRender.com. 
 

 

The phagophore expansion involves actin reorganization, but also the Ub-like ATG8 protein 
family member and ATG4, being the latest required for autophagy regulation as it 
deconjugates ATG8s promoting its release from the membrane, limiting phagophore 

https://biorender.com/
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expansion. Following the expansion of the phagophore, the autophagosome undergoes 
maturation, which involves gradual release of ATGs components from the autophagosome, 
and recruitment of machinery responsible for lysosomal fusion and final protein degradation 
(microtubule-based kinesin motors) (Dikic and Elazar, 2018). 
 
Selective autophagy regulates the abundance of specific cellular components via autophagy 
receptors, that target protein complexes, aggregates, and whole organelles. Many proteins 
work as autophagy receptors: p62, NBR1, OPTN or NDP52-also called Sequestosome-1-like 
receptors (SLRs). Autophagy receptors bind LC3/GABARAP proteins on the phagophore and 
autophagosome membranes. They recognize signals on protein cargoes to deliver them to 
the autophagy proteolytic machinery (Khaminets et al., 2016). The diversity of these 
receptors widen the possible regulation of the selective autophagy, being involved in both 
Ub-dependent and independent mechanisms (Quinet et al., 2020).   
 
Ubiquitylation not only generates a cargo recognition signal but also targets the core 
autophagy machinery that controls the rate of autophagosome formation and maturation, 
such as the ubiquitylation of components of the PI3K/beclin 1 complex affecting and 
regulating both assembly and autophagy progression (Chen et al., 2019). 
  
The Autophagic Receptor p62/SQSTM1 is a multifunctional adaptor protein that has been 
implicated in cell signalling and differentiation. It carries a UBA domain that binds to 
ubiquitylated cargoes. The UBA domain of p62 can bind both K48-linked and K63-linked Ub 
chains but with a higher affinity for K63 chains. p62/SQSTM1 can mediate degradation of 
many substrates, such as aggregated proteins or cytosolic bacteria. It has proved to be 
useful as a marker for autophagic vesicle turnover by different studies (Zaffagnini and 
Martens, 2016).  
 
p62 protein contains in its structure a LC3 Interacting Region (LIR) motif, and a N-Terminal 
PB1 domain that triggers p62 polymerization promoting protein aggregation. p62 
participates in targeting misfolded aggregated proteins and in the subsequent sequestration 
and recruitment to the phagophore (Dikic and Elazar, 2018). In addition, different studies 
have shown that the presence and integrity of the oligomerization promoting by the PB1 
domain is crucial for a stable binding to the receptor to both Ub and LC3 (Atg8) (Lu et al., 
2017). The PB1 domain forms helical filaments of p62 polymers interacting with both ATG8s 
and long Ub chains stabilizing their interactions. These large polymers of p62 provide a large 
molecular scaffold for autophagosome and ensure ubiquitylated cargo recruitment (Ciuffa et 
al., 2015). 
 
p62 protein has also been shown to drive cargoes to autophagosomes, in a Ub independent 
manner. p62 is an N-recognin whose ZZ domain binds to the N-terminal arginine and other 
N-degrons of the N-end rule pathway. The N-end rule pathway is a Ub-dependent 
proteolytic system, in which single N-terminal amino acids function as a determinant of 
degrons, called N-degrons that are generated by endoproteolytic cleavage associated with 
PTMs of otherwise stabilizing N-terminal residues such as deamidation, oxidation, and 
arginylation. In this system, UBR box-containing (1-7) E3 ligases, like UBR1 and UBR2 ligases, 
recognize those N-degrons to promote their ubiquitylation. This modification results in their 
degradation by the proteasome. Alternatively, under proteotoxic stress conditions and 
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through its ZZ domain, p62 is able to bind selectively to N-degrons, promoting the 
oligomerization of p62 leading to the co-delivery of this cargoes to the autophagosome. This 
interaction can also act as an inducer of autophagosome biogenesis and autophagic flux 
(Cha-Molstad et al., 2018). 
 
Ub-dependent and independent selective autophagy function in concert with other cellular 
membrane-trafficking pathways, protein complexes, and organelles. Every step-in selection, 
transport, and degradation of protein aggregates is controlled by additional auxiliary factors. 
Good examples are molecular chaperones that bind exposed hydrophobic surfaces of 
misfolded proteins, thereby preventing them from forming aggregates. If proteins fail to 
adopt a proper conformation, chaperones direct them either to the proteasome or to 
autophagy for degradation (Khaminets et al., 2016). 
 
Autophagy plays different and complex roles in cancer development and progression. Its 
cytoprotective function is believed to have tumor-suppressive potentiality before the onset 
of tumorigenesis, and loss of autophagy has been associated with an increase in the risk of 
cancer in a lot of patients. Moreover, autophagy has also been shown to allow premalignant 
cells to escape genotoxic stress and inflammation that promote tumorigenesis. Many types 
of advanced cancers exhibit high autophagic activity, and it was proposed that certain 
tumors are highly dependent on autophagy, such as pancreatic tumors or cancers with 
mutant RAS (Dikic et al., 2010). 
  
In contrast, the tumor-suppressive role of autophagy was first shown in mice heterozygous 
for the Beclin-1 autophagy protein. These mice showed reduced autophagy and increased 
cellular proliferation, which translated into the increased incidence of spontaneous 
malignancies, such as lymphomas, lung, and liver cancers (Dikic et al., 2010). 
 
The controversial view on autophagy as a cell death mechanism has been also supported by 
the tumor-suppressing role of this pathway. Interestingly, the accumulation of p62 in 
autophagy-deficient cells was shown to inhibit degradation of cancer-relevant proteins 
whose expression levels are primarily regulated by the Ub-proteasomal pathway (p53 and B-
catenin). p62 does so by sequestering ubiquitylated proteins and consequently preventing 
their accession to the proteasome. The fact that p62 accumulation acts as a consequence of 
autophagy inhibition could enhance tumorigenic properties suggest that in addition to 
clearing harmful cellular junk, selective autophagy may limit tumor formation by directly 
affecting cell signalling (Dikic et al., 2010). 
 
Autophagy seems to be a double-edged sword in the context of cancer therapies, and it 
remains to be established whether it can be successfully targeted — inhibited or induced — 
for therapeutic benefit. Decisions as to whether autophagy activity should be upregulated or 
downregulated in certain diseases conditions, particularly in cancer, are not trivial and 
require careful evaluation of the tumor type, stage, and microenvironment (Dikic and Elazar, 
2018). 
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13. Crosstalk between UPS and ALS. 

 
Although the UPS and the ALS have been initially considered as independent proteolytic 
mechanisms, their interconnection has been supported by an increasing number of studies. 
The similarity and overlapping of regulatory components in these two pathways have led the 
scientific community to consider one single proteolytic network comprising the UPS and ALS 
operating in a coordinate manner inside the cells (Ji and Kwon, 2017). In order to adapt to 
the environment and its variable changes, cells may operate an accurate and highly 
regulated network of molecular mechanisms to modulate a functional and efficient crosstalk 
(Quinet et al, 2021). 
 
Ub is at the centre of this crosstalk, as different types of Ub conjugation processes (K48/K63) 
can drive different forms of degradation (UPS/ALS). It was firstly suggested that short-lived 
proteins degraded by the proteasome, modified with K48 Ub may be involved in this 
process, in contrast to K63 Ub chains that serve as degradation signals for a selective 
autophagy. However, recent evidences suggest the involvement of other Ub chain types, as 
the deletion of autophagy genes (ATG5 and ATG7) leads to the accumulation of almost all Ub 
chain types inside the cells (Cohen-Kaplan et al., 2016a). 
 
The interconnexion between those mechanism (UPS/ALS) was initially detected by the 
notion that proteasome inhibition induces a compensatory activation mechanism in 
autophagy. However, this process is not fully understood.  
 
In addition, mitochondria and ER are also key elements of this crosstalk as they are the two 
cellular organelles in charge of detecting reduced proteasome activity. 
 
 

13.1 Central role of Ubiquitin 
 
Ub is the molecule that both systems (UPS/ALS) share for driving a selective and coordinated 
degradation of their target substrates. As a general view, it can be established that K48 Ub-
linkages, representing half of all Ub linkages found inside the cells, are associated with short-
lived substrates and UPS degradation. In contrast, K63 Ub-linkages are associated with 
autophagy degradation. Additionally, other Ub linkages have been described to be involved 
in targeting proteins for UPS, like K11 and K29; and for ALS, K6 Ub chains. Atypical linkages 
can act as signals for autophagy degradation as well, although little is known about their 
specific mechanism. The M1 linear Ub chain is one example, that acts as a signal for 
autophagy degradation during bacterial xenophagy (Ji and Kwon, 2017). 
 
Different regulatory proteins that carry UBD can link those ubiquitylated proteins to the 
proteasome (RNP10 and RNP13), or to autophagy vacuoles  [p62/SQSTM-1/Sequestosome-1, 
neighbour of BRCA1 gene 1 (NBR1) and histone deacetylase 6 (HDAC6)]  (Ji and Kwon, 2017; 
Nam et al., 2017). 
 
Different examples show that both pathways can recognize the same type of Ub chains, 
suggesting that they could handle degradation of common substrates. For example, 
although the p62 protein can recognize K48 Ub linkages, its binding affinity for K63 linkages 
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seems to be higher. In this context, it has been proposed that a competition between p62 
and p97/VCP (Ub binding ER-associated degradation protein) determines the degradation of 
K48 ubiquitylated proteins (Kocaturk and Gozuacik, 2018). More evidences are needed to 
fully understand if one linkage would be enough to determine the degradation fate (Ji and 
Kwon, 2017). 
 
Besides common degradation signals, the two machineries also share common regulatory 
components like Ub ligases (“writers”). For example, the E3 Ub ligase Parkin conjugates K48 
polyUb chains to the substrates that are going to be degraded by the proteasome, whereas 
its autophagic substrates, like the mitochondria itself, are modified with K63 and K27 Ub 
chains to promote degradation by the autophagy lysosome system (Cohen-Kaplan et al., 
2016b). 
 
E3 Ub ligases can also act as key point connectors between UPS and ALS, as they can target 
core autophagy complexes like the ULK1 and PI3K, as a way of turning off and on autophagy 
under different cellular contexts (Chen et al., 2019). For example, the Ub ligase TRAF6 
promotes K63 Ub-linkage chains on ULK1 and Beclin-1 to enhance their stability and 
autophagy induction. In contrast, the RNF216 Ub ligase conjugates K48 and K11 Ub-linkage 
chains on Beclin-1 and K48 on AMBRA1 driving their proteasomal degradation and therefore 
autophagy inhibition. Moreover, when the stress condition is resolved upon autophagy 
activation, cells must recover their basal state promoting autophagy termination to avoid 
excessive degradation. In this context AMBRA1 can be auto-ubiquitylated (K48 Ub-linked 
chains) and degraded by the proteasome to control autophagy termination. In conclusion, 
we can say that while K63 ubiquitylation promotes autophagy induction in response to stress 
conditions or accelerates autophagy initiation, K48 or K11 ubiquitylation impairs autophagy 
by promoting the degradation of core autophagy proteins (Chen et al., 2019).    
  
At the same time, Ub ligases can themselves be targets to be degraded by autophagy. One 
example is the E3 ligase E124. This enzyme is responsible for targeting Ub ligases for 
degradation by the ALS. It has been proved that E124 promotes the degradation of several 
E3 enzymes (most of them belonging to the RING type), such as TRAF2, RINCK2 and several 
tripartite motif-containing (TRIM) enzymes: TRIM28, TRIM21 and TRIM1 among others. 
Different transcription factors like FOXOs and NF-κB that promote autophagy initiation, are 
known to be regulated by different E3 enzymes and degraded by the proteasome. 
Therefore, the modulation of cellular signalling pathways and Ub enzyme abundance by 
autophagy or proteasome degradation may as well regulate the UPS-ALS crosstalk (Kocaturk 
and Gozuacik, 2018). 
 
Interestingly, proteins of the TRIM family have been recently described to be involved in 
different cellular processes such as intracellular signalling, development, apoptosis, protein 
quality control, innate immunity, autophagy, and carcinogenesis. Consequently, their 
dysregulation has been shown to promote the development of several diseases such as 
cancer, developmental disorders, and immunological diseases. There are 80 different TRIM-
containing proteins found in the human genome, most of them carrying a RING-finger in the 
N-terminal domain. Additionally, they carry one or two zinc-finger domains called B boxes 
(B1 and B2 box), crucial domains for their homo/heterodimerization, a key player process for 
their activation (Hatakeyama, 2017). 
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Recent reports have showed that TRIM proteins can regulate autophagy, acting as 
autophagy receptors and regulators of the autophagosome formation, as knockdown of 
different TRIM proteins has demonstrated to reduce LC3B puncta formation in Hela cells.  
TRIM proteins can interact with adaptor proteins such as p62, forming a platform called the 
“TRIMosome”, a complex in charge of regulating the autophagosome formation and 
interaction with the ULK1 complex and Beclin1 (Hatakeyama, 2017; Mandell et al., 2020).    
 
Most of these proteins have the ability to interact with p62 and LC3. However, the specific 
mechanism in which each TRIM protein is involved in the autophagy mechanism is still to be 
discerned. Surprisingly, TRIM proteins have not been identified in yeast, the model organism 
to study autophagy, highlighting the importance of discovering their role in mammalian 
autophagy   (Hatakeyama, 2017). 
 
As autophagy is related to carcinogenesis, it is not surprising to find aberrant expression of 
these proteins in different cancer models. Recent evidences support that changes in TRIM 
protein expression patterns is strongly correlated with cancer malignancy and bad prognosis. 
For example, TRIM24, a negative regulator of p53, has been described with higher 
proliferation in prostate cancer, and is related with resistance to antiandrogen therapy, 
promoting malignancy in castration-resistant prostate cancer (CRPC). There is need for more 
detailed information about the role of those proteins under different cellular contexts, using 
biochemical and genetic approaches. However, there is no doubt that due to their 
involvement in autophagy and carcinogenesis TRIM proteins would be attractive drug 
targets for different diseases affected by proteostasis disruption (Hatakeyama, 2017). 
 
The p62 protein, as already mentioned in previous sections, is also present in the UPS/ALS 
crosstalk. The N-end rule pathway apart from proteasome degradation can regulate 
autophagy degradation by modulation of p62 and autophagy biogenesis (Cha-Molstad et al., 
2018). Accumulation of proteins because of proteotoxic stress may induce the N-terminal 
Arginylation of ER-resident chaperones such as BiP/GRP78. The consequent Arg-BiP is 
associated with misfolded proteins, and its N-terminal Arg binds to the ZZ-domain of p62. 
This binding promotes a conformational change in p62 in order to expose the PB1 domain 
and LC3-interacting region resulting in self-oligomerization and autophagosome targeting (Ji 
and Kwon, 2017). 
 
 

13.2 UPS and ALS compensatory mechanisms. 
 
The strongest, and one of the first evidence of UPS/ALS interconnection, comes with the 
notion that autophagy is activated if the proteasome activity is compromised. In line with 
this data, different PIs have been reported to activate autophagy in order to relieve cells 
from protein accumulation and proteotoxicity (Zhu et al., 2010). How this compensatory 
mechanism is regulated is not well understood. However, different mechanisms have been 
proposed, including the UPS‐ER‐autophagy circuit or the tumour suppressor protein p53. 
 
Some transcriptional mechanisms have been shown to connect the UPS and the ALS. That is 
the case of the p53 protein that is regulated (among others) by the E3 ligase HDM2/MDM2 
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and UPS mediated degradation. In addition, this protein has a dual role in autophagy, 
depending on its cellular localization. In the nucleus, p53 accumulates to act as a 
transcription factor for autophagy-related genes such as ATG2, ATG4, ATG7, and the ULK1 
complex, known as autophagy activators. Moreover, under starvation and proteasome 
impairment, cytosolic p53 leads to the activation of the AMPK pathway, that in turn inhibits 
the mTOR pathway, leading to autophagy activation (Ji and Kwon, 2017; Kocaturk and 
Gozuacik, 2018). 
 
Autophagy inhibition causes an accumulation of protein aggregates mediated through p62. 
These aggregates are thought to sequester proteasomal substrates but also positive 
regulators of the UPS, leading to a disruption in the proteasomal flux. Therefore, p62 plays a 
negative role when autophagy is blocked due to its ability to oligomerize (Marshall et al., 
2015). However, although this compensatory mechanism could be influenced by the internal 
cell state (pathology), it seems that this compensatory activity may be only achieved in one 
direction (Ji and Kwon, 2017; Nam et al., 2017), as  ATG knockout assays have showed an 
accumulation of ubiquitylated proteins in different tissues and cell types (Kocaturk and 
Gozuacik, 2018). 
 
The UPS has been a target for anti-cancer therapy for several decades, and resistance 
mechanisms are suggested to appear because of ALS compensatory activation among other 
factors depending on the cell type and pathology. The treatment failure in this context 
highlights the importance of tackling ALS and UPS as complementary systems (Nam et al., 
2017). 
 
 

13.3 Autophagic degradation of proteasomes: Proteaphagy. 
 
Upon nutrient starvation, autophagy can be fastly induced to face nutrient limitation. 
However, during starvation, proteasomes might play a minor role in protein degradation 
because they are only able to degrade one peptide at a time (Wójcik and DeMartino, 2003). 
Interestingly, a quite recent quantitative proteomic analysis revealed that proteasomes can 
be degraded by both basal and starvation-induced conditions in a process called 
proteaphagy (Dengjel et al., 2012; Zhang et al., 2016). Nevertheless, proteasomes are mainly 
located in the nucleus. They must thus be translocated out of the nucleus to be degraded by 
the ALS in the cytoplasm (Marshall et al., 2015; Waite et al., 2016). The way in which these 
proteasomes come out of the nucleus to be degraded is not very clear, but multiple 
evidences support a dissociation of CP and RP prior to their nuclear exportation (Waite et al., 
2016). 
  
As an evidence, Cohen-Kaplan et al revealed in mammalian cells that proteaphagy induced 
by amino acid starvation is preceded by an increased polyubiquitylation of proteasomes, 
mostly in RPN1, RPN2, RPN10 and RPN13 subunits (Cohen-Kaplan et al., 2016a). It is still 
unclear whether proteaphagy induced by chemical inhibitors can drive degradation of CP 
and RP proteasomes separately, or in contrast target the whole complex. However, both 
scenarios can be considered (Quinet et al, 2021). 
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Other evidences in Marshall et al. publication reveal that mutations in α5 subunit trigger a 
turnover of the CP only, and mutations in Rpn5 subunit trigger a turnover of the RP 
(Marshall et al., 2015). Therefore, the role of specific ubiquitylation of proteasome subunits 
ensured by some associated E3 ligases must play a role in the regulation of proteasome 
degradation by autophagy  (Quinet et al, 2021). 
 
In MCL, proteaphagy has been linked to resistance to the proteasome inhibitor BTZ, as 
proteasome subunits from both CP and RP are permanently degraded by autophagy in cells 
with either acquired or innate BTZ resistance. Targeting autophagy to overcome BTZ 
resistance has been already proposed in these models, since it also affects levels of 
important cellular factors such as NOXA or NF-κB  (Heine et al., 2018; Kawaguchi et al., 
2011). In this context, the p62 inhibitor Verteporfin (VTP) has been shown to hamper 
proteaphagy in BTZ-resistant MCL cells, inducing synergistic cytotoxic effects when 
combined with BTZ in resistant cells, and reducing tumor growth xenografts models. 
Targeting the proteaphagy mechanism with pharmacological approaches can thus be 
considered as a relevant strategy to overcome chemoresistance in these patients (Grégoire 
Quinet et al, 2021). 
 
 

13.4 UPS-ER-autophagy circuit, chaperons, and mitochondria mechanisms. 
 
When proteins are synthesized, they are properly folded in the ER. When misfolded proteins 
are accumulated into the ER, they are retro-translocated to the cytoplasm where they are 
targets for UPS degradation. Autophagy can be activated to compensate an overload of the 
UPS system in the context of ER stress [ER-associated degradation (ERAD)]. Consequently, 
ER-stress can result in the final upregulation of NRF2 target genes, which induce autophagy 
(Nam et al., 2017).  
 
In the UPS-ER-autophagy circuit, accumulated misfolded proteins promote the dissociation 
of the chaperon protein GRP78/BiP from the ER membrane. At the same time, different 
membrane receptors activate the upregulation of ATG genes, as well as LC3 lipidation and 
autophagosome biogenesis (Ji and Kwon, 2017). Chaperone proteins, such as the C-terminus 
of HSP-70-interacting protein (CHIP), and BCL-2 associated anthanogene (BAG1 and 3) also 
determine the fate of protein degradation in the context of misfolding events (Nam et al., 
2017).  
 
Another chaperon involved is BAG. While BAG1 mediates proteasomal degradation, BAG3 
interacts with Hsp70, CHIP and p62 for autophagy degradation. Moreover, during aging 
stress, the BAG1/3 ratio is known to modulate autophagy activity (Ji and Kwon, 2017). 
 
As mitochondria senses the ATP status inside the cells, the state of cellular energy reserve is 
an important factor to regulate degradation. The Parkin protein, a known E3 ligase, plays a 
critical role by mediating proteasomal degradation of mitochondrial substrates. At the same 
time, it has been reported that mitochondria can be a shuttling hub of misfolded proteins to 
be degraded by mitophagy (selective autophagy) when the UPS is overloaded (Nam et al., 
2017).  
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Recent studies showed that mitophagy involves both the UPS and autophagy. In fact, the 
UPS is believed to be a prerequisite in the preparation of mitochondria for autophagy. Other 
examples of the UPS/ALS cooperation are present in other selective autophagy processes, 
such as xenophagy (clearance of pathogens) and pexophagy (clearance of peroxisomes). 
However, further studies are required to understand the details of this UPS/ALS crosstalk 
under these conditions (Kocaturk and Gozuacik, 2018). 
 
Additionally, the immuno-proteasome and the autophagy system participate in the 
regulation of the cell-mediated immune response via the generation of antigenic and self-
peptides which are presented on the major histocompatibility complex (MHC), class I and II, 
respectively (Cohen-Kaplan et al., 2016a). 
 
There is no doubt that the UPS and autophagy function in parallel during cells’ life through 
multiple points of communication and different layers of regulation. In addition to their 
system-specific functions, both are also involved in the regulation of similar cellular 
processes. Both systems coordinately act to ensure protein homeostasis, but also 
development, differentiation, antigen presentation and apoptosis. 
  
 

14. Molecular tools to study and modulate the ubiquitome. 

 
PTMs are regulatory mechanisms that are very important to maintain protein homeostasis, 
also involved in controlling a wide number of cellular processes and biological functions. In 
cells, proteins play key roles in almost all processes and functions, and although proteolytic 
systems have caught less attention than protein synthesis among the scientific community, 
the appropriate activity of proteins is known to be regulated by their proper degradation 
(Cohen-Kaplan et al., 2016a). 
 
Given the variety of UbLs, the different types of monotypic chains that they can potentially 
form, and the existence of hybrid chains containing different types of UbLs, a complex “Ub 
code” may underlie numerous biological and cellular processes. This has prompted 
researchers to develop different systems to isolate UbL-modified proteins using cultured 
cells, model organisms, and clinical tissue samples. However, the reversibility and 
heterogeneity of Ub signals have complicated their isolation, quantification, and 
characterization (Mattern et al., 2019). Moreover, ubiquitylation characterization is a double 
challenge that involves the mapping of ubiquitylation sites, determination of Ub chain 
topology (Sylvestersen et al., 2013), but also the discovery of the related biological functions. 
Deciphering the “Ub code” through the study of the ubiquitome (Ub-modified proteome or 
profiling of ubiquitylated proteins inside the cells in a specific physiological state) has 
become a priority in clinical research and biomedicine because of its potential to discover 
specific biomarkers and new targets for drug development (Mattern et al., 2019). 
 
Historically, most approaches used for the analysis of the ubiquitome of specific cell types 
included epitope tagged Ub-overexpression (HIS, HA, Myc, GST, GFP and FLAG), being the 
size of the tag potentially interfering with purification steps. Furthermore, under 
overexpression conditions, there is additional risk of obtaining results that do not mimic the 
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natural/basal state of cells. As a result,  Ub  signals could be detected as exogenous stress 
responses, altering Ub  internal pathways and cellular dynamics (Mattern et al., 2019).  
 
Alternative approaches (Figure 10) have been developed by the scientific community in 
order to study endogenous Ub modifications, like monoclonal antibodies directed against 
the di-Gly residual peptide found on Ub substrates after deubiquitylation, or molecular traps 
formed from tandem Ub-binding domains (TUBEs) repetitions (Hjerpe et al., 2009).  
 
In addition, Avitag, a short peptide, can be used followed by a biotinylating step (using Biotin 
and promiscuous BirA enzyme from E.coli) to be consequently captured by a streptavidin 
column. Biotin-Streptavidin interactions allow denaturing purification conditions in culture 
cells and transgenic animals, with the advantage of quite reducing background obtained by 
endogenous biotinylated proteins (Pirone et al., 2017). Two different tags in two sequential 
steps had been proposed to increase the purity of samples in precipitation assays. However, 
the specific negative background expected under those conditions can increase, and the size 
of the tag can interfere with conjugation/deconjugation dynamics (Mattern et al., 2019). 
 
 

 
 

 
Figure 10: Molecular tools developed to identify ubiquitylated proteins: A: Tagged versions of 

Ubiquitin (Ub) or Ub-Like proteins (UbLs) like poly-histidine (His), B: AviTag-Biotin-Streptavidin. C: 
Antibodies against the di-Gly signature recognizing various Ub family members and specific 

antibodies. Binding tools based in small proteins/peptides with affinity for Ub or UbL: D and E, chain-
specific nanobodies and Aptamers/Affimers. F: Tandem Ub Binding Entities (TUBEs), GST and bio 

version.  
Created with BioRender.com. 
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Additionally, several emerging methods show promising results in allowing a more detailed 
characterization of Ub chain topologies. Peptide aptamers, affirmers or chain-specific 
antibodies (minibodies/nanobodies) recognizing specific Ub linkages can be used to 
immunoprecipitate specific substrates for a subsequent Mass Spectrometry (MS)  
identification in addition to cell imaging (Chakravarty et al., 2014; Michel et al., 2017). 
 
The isolation and identification of modified proteins via MS has become a fundamental step 
toward understanding cellular processes and diseases, being therefore a crucial step for 
unravelling the Ub code and its implications. However, MS presents difficulties as the 
proportion of modified versus the total pool of a given protein is usually low and 
modifications can be highly transient and sensitive to the action of DUBs and deconjugation 
internal dynamics. Nonetheless, different strategies and techniques have being developed  
over the years to overcome these difficulties (Mattern et al., 2019). 
 
There is no doubt that the improvement in the isolation of endogenous ubiquitylated 
proteins would help to obtain more accurate data to identify Ub sites and substrates in 
complex samples. Ub-binding enrichment strategies can contribute to improving our 
knowledge of the role of these modifications in molecular and cellular processes. Due to the 
interest in Ub/UbL pathways as sources for discovering new drug targets and biological 
markers, the scientific community has been motivated during the last years to develop a 
broad toolbox for studying UbL modified proteins (Figure 10) (Mattern et al., 2019). 
 
 

14.1 Tandem-repeats Ubiquitin-binding entities / TUBEs. 
 
Weak binding affinities of individual UBDs for Ub suggest that cells may use a multivalent 
binding mechanism to drive different cellular functions. Following that clue, a significant 
improvement in Ub-affinity techniques were made with the multimerization of UBDs as in 
the case of the TUBEs technology (Hjerpe et al., 2009). 
 
TUBEs (Figure 11) were designed by using four tandem UBA domains, separated by flexible 
linkers to facilitate the purification of endogenous poly-ubiquitylated proteins from cell 
extracts, as they recognize tetra-Ub entities with higher affinity that single UBA domains 
(Hjerpe et al., 2009). Interestingly, this multivalent topology has been found in some 
proteins indicating an evolutionary advantage. This is probably achieved by a co-operative 
binding effect, and once a Ub linkage is bound to the UBA domain, it positions the second 
UBA domain favourably to the nearby Ub (Lopitz-Otsoa et al., 2012). 
 
This proteomic tool that behaves as a Ub trap (Lopitz-Otsoa et al., 2010) is a powerful and 
reliable system for the characterization of the ubiquitome. It can be combined with other 
Ub-enrichment techniques as MS to provide insights into different cellular processes that 
involve ubiquitylation events. 
 
TUBEs protect ubiquitylated proteins from DUBs cleavage and proteasomal degradation. 
Moreover, using TUBEs allows to avoid tag overexpression that could affect internal 
molecular mechanisms leading to the formation of aberrant Ub chains (Hjerpe et al., 2009).  
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Since some UBDs show preference for certain linkages, TUBEs can be designed to capture 
protein-substrates enriched in a particular linkage type. For example, appart from the 
classical TUBE based on the HR23A (From Rad23 protein) UBA domains, immobilized 
recombinant Ub binding domains (UBDs) for the specific enrichment of K63 ubiquitylated 
proteins in combination with TUBEs have been developed to bind certain types of Ub 
linkages with high affinity, hereby enhancing the enrichment (Mattern et al., 2019). 
 
 

 
 

Figure 11: Schematic representation of a GST-TUBE (Tandem-repeats Ubiquitin-binding entities). 
The tandem disposition increases their Ub-binding capacity. UBA domains are separated by a flexible 

linker and tagged with GST, His6 and SV5 to be detected in different assays.  
Created with BioRender.com. 

 

 
These molecular tools have been proved to be essential elements in multiple studies 
including in the search of disease biomarkers and drug targets. The HR23A TUBE, based in 
the UBA domain from the UV excision protein HR23A, has been used to demonstrate the 
role of Ub in chemotherapy, and K63-TUBEs have been used in mitophagy studies to 
demonstrate the role of Parkin (Mattern et al., 2019). These tools can be used efficiently for 
the analysis of ubiquitylation of crucial endogenous factors in different cell events and under 
different stress conditions (Hjerpe et al., 2009).  
 
Apart from the study of ubiquitylated proteins in enrichment or immunoprecipitation assays, 
TUBEs can be used in MS analysis. TUBE-enrichment under native conditions can preserve 
the interactions and protein complexes built around ubiquitylated proteins. In that context, 
TUBE-MS analysis allows to identify the ubiquitome interplay of cells, the Ub-interactome  
(Lopitz-Otsoa et al., 2010; Mattern et al., 2019). 
 

TUBEs can also be used in detection methods, to replace antibodies, for example in far 
western immunoblots or immunofluorescence assays for cellular imaging (transient TUBEs 
transfection).  Alternatively, they can be used for high-throughput screenings, arrays, and  
drug discovery, as TUBEs-based microarrays can be used for the analysis of cellular processes 
regulated by ubiquitylation and for the detection of pathologies and aberrant ubiquitylation 
patterns (Serna et al., 2016). Despite these numerous applications, this tool has limitations 
and they development may be a challenge as multiple efforts planning, and validation steps 
must be followed. 
 
 

14.2 Aptamers/Nanobodies. 
 
Peptide aptamers are small combinatorial proteins (5-20 amino acids residues) embedded in 
a stable protein scaffold that binds specific sites to their target molecules. These peptide 
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aptamer scaffolds have become relevant recently, due to their biomedical, bioimaging and 
bioanalytical applications (Reverdatto et al., 2015). One of the biggest challenges nowadays 
in the field of biomedicine, and in modern biology research in general, is to design molecules 
for modulate and investigate specific internal cellular processes. Aptamers emerge as an 
alternative to conventional antibodies, and with the purpose of overcome some of their 
disadvantages (considerable size, temperature sensitiveness, dependence on animal 
immunization, limited life…). Moreover, aptamers are less immunogenic, smaller (10-50Kda), 
and are characterized by high stability, high solubility, fast folding and kinetics. Nevertheless, 
the identification and isolation of high affinity ligands from combinatorial libraries is still a 
challenge (Reverdatto et al., 2015). As an alternative, and with similar characteristics and 
advantages, Ub chain-specific nanobodies have just recently appeared in the scene. 
 
One strategy to create those combinatory libraries is to use synthetic libraries, based on 
keeping a common conserved structure and randomly varying the CDR (complementary 
determining region) sequence. This degree of variation is higher than using naive libraries by 
immunization. In addition, phage display is a method used to present polypeptides on the 
surface of bacteriophages, with the purpose of selecting them in terms of specificity and 
ability to recognize and bind specific targets. The bacteriophage genome can tolerate 
genomic inserts into coat proteins, presenting these combinatorial libraries into the phage 
surface. The phage population is presented to the target of interest, and the unbound 
fraction is washed away. The binding candidate is usually selected after 3 to 10 cycles for the 
identification of high affinity ligands (Reverdatto et al., 2015). 
 
In vitro selection of antibodies is usually used to obtain highly functional binders, rapidly and 
at lower cost. In 2016, Moutel et al reported the first fully synthetic phage display library of 
humanized llama single domain antibody (dsAb) providing high affinity binders without 
animal immunization. This library was based on the manipulation of antibody fragments 
retaining binding capacity, a phage display library created and screened against diverse 
targets for selecting the VHHs Ub chain-specific nanobodies. Additional changes were also 
be introduced to reduce the distance to the VH human sequence. This humanized synthetic 
scaffold was created with robustness and high functionality, being Moutel et al, the first to 
fully address the development of a synthetic single domain antibody library based on a 
humanized scaffold derived from llama VHH  (Moutel et al., 2016). 
 

In contrast to the common antibody structure present in mammals, specimens like camelid 
or shark have an antigen recognition domain composed by a single VHH domain (referred as 
nanobodies). They can be easily expressed as recombinant protein fragments and represent 
attractive alternatives mainly because they are easy to manipulate and are not limited by 
potential misfolding events (Moutel et al., 2016). 
 
Nanobodies have been developed for therapeutic purposes being very valuable for diagnosis 
and basic biology research. VHHs can be generated to be used as protein purification ligands, 
for immunoprecipitation purposes, and to interfere with protein conformation localization, 
or functioning (in vivo immunomodulators). Moreover, due to their monomeric nature and 
high stability, selectivity, and smaller size (mostly produced in bacteria), nanobodies can be 
used as sensitive detection probes, even in complex samples (Meyer et al., 2014). 
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Figure 12:  Nanobodies structure (Hybrigenics). Panel A: VHH or nanobody is derived from heavy-
chain-only antibodies that circulate in the sera of camelids. They have a small size, 15Kda, a single-

domain nature, and can be produced as a robust entity very efficiently and with a high solubility 
(Hybrigenics company). Panel B: K48 and K63 chain-specific nanobodies used in this project.  

Created with BioRender.com. 

 
 
Chain-specific nanobodies are stable recombinant and highly valued proteins for multiple 
applications. A combination of nanobody and magnetosome has been proposed for 
immunoprecipitations assays. But also, by using  a fluorescent protein fused to them,  they 
can produce a versatile nano-tracer for imaging, avoiding  the necessity to use additional 
fluorescent tags, like GFP (Thorn, 2017). 
 
Nanobodies were also engineered for molecular imaging applications. Molecular imaging is a 
very important tool to provide knowledge in cancer research, clinical trials, and medical 
practice. Due to their smaller size,  nanobodies can be used to penetrate solid tumor tissue, 
a promising technique for non-invasive molecular imaging of specific targets diagnosis, and 
in situ protein-protein interaction studies  (Chakravarty et al., 2014).  
 
 

14.3 Mass spectrometry tools and analysis. 
 
Proteomics usually offer additional and complementary information to genomics analysis. 
Although in many cases changes in protein abundance and function can be attributed to 
alterations in gene expression, multiple posttranscriptional and posttranslational 
mechanisms are implicated in protein regulation. Therefore, proteomes are often much 
more complex than the corresponding genomes  (Zhang et al., 2014).  
 
The central goal of cell biology is to understand the mechanism underlying complex 
biological processes and dynamic cellular networks. To understand all elements involved in a 
specific cellular pathway along with its components, it is important to identify the fractional 
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stoichiometry of the different regulatory modifications and protein assemblies as well as the 
spatial organization of the different components of the pathway. PTMs and Ub-driven 
signalling cascades have been, during the last decades, under thorough investigation using 
different proteomics tools to understand the kinetics and the stoichiometry of individual 
events and components on these pathways (Ordureau et al., 2015). 
 
MS is a technique that measures the mass-to-charge ratio of ions resulting from the sample 
ionization by electrospray ionization (ESI), or a matrix assisted-laser (MALDI). ESI produces 
ions from samples in solution in contrast to MALSI that needs a solid sample crystalized in a 
chemical matrix. Therefore, ESI-MS is preferred as it can be linked to liquid-separation 
chromatography (LC) or electrophoresis, allowing the analysis of liquid complex samples 
(Aebersold and Mann, 2003; Zee and Garcia, 2012). 
  
A mass spectrometer is composed of an ion source from charge species, a mass analyzer that 
separates analytes by m/z ratio and a detector providing spectra signals, based on the 
number of ions per m/z. Different m/z separation methods can be found in MS analyzers: 
TOF or “time of flight”, Quadrupole and Orbitrap, that can be coupled with ESI and MALDI 
indistinctly. However, due to different advantages, MALDI is usually  linked to TOF and ESI to 
quadrupole and orbitrap separation procedures (Aebersold and Mann, 2003). 
 
Protein identification usually involves two MS sequential steps MS1-MS2 (tandem mass 
spectrometry) using both the same separation method or not. This process is repeated for 
tandem acquisition depending on the type of mass spectrometer, and data generated is 
analyzed by a powerful software for protein identification and quantification using MS 
databases from in Silico digestion (Aebersold and Mann, 2003). 
 
There are two broad classes of quantitative measurements that can be made on proteins 
and complexes using mass spectrometry analysis: relative and absolute quantification 
methods. These typically involve the combination of multiple labelling and/or enrichment 
strategies with proteomics workflows designed to reveal the specific characteristics of the 
molecules being analyzed by being linked to one or more types of MS detection method 
(Ordureau et al., 2015). 
 
Relative abundance methods allow the detection of a modification and the determination of 
how the modification changes in response to a perturbation generating ratios or relative 
changes. Nevertheless, this method does not provide information about the stoichiometry. 
In contrast, absolute quantification allows stoichiometry but also spatial and sometimes 
temporal identification of proteins or complexes in the sample. There are two label-based 
approaches in relative quantification methods: post-trypsinization labelling and stable 
isotope labelling with amino acids in cell culture (SILAC). Post-trypsinization methods include 
tandem mass tagging (TMT) and isobaric tags for relative and absolute quantification 
(iTRAQ). These methods allow an extensive coverage of the proteome and may have the 
ability to provide a large-scale quantitative analysis of proteins and modifications under 
different conditions. Label free methods in quantitative measurements also come with 
advantages and disadvantages. While the method reduces costs, allows unlimited number of 
samples and provides less complexity in the MS1 analysis, the experiment itself requires a 



 65 

large amount of time, instrumentation and several runs as they provided low reproducibility 
(Ordureau et al., 2015). 
 
At the same time, there are two major targeted methods used for absolute quantification 
measurements. One approach, often referred to as absolute quantification (AQUA) or 
isotope dilution, uses isotopically heavy proteins or synthetic peptides to measure ion 
intensities. Alternatively, the multiple reaction monitoring (MRM)—involves targeted 
analysis of selected peptides whose fragmentation patterns are well described. The use of 
the last one to quantify Ub chain linkages is increasing as fragmentation patterns for 
ubiquitylation sites are being discovered and developed rapidly (Ordureau et al., 2015). 
 
MS has emerged as the method of choice for proteome analysis, and more in detail in the 
study of PTMs and ubiquitylation events. Due to recent technological developments in MS, 
in combination with novel Ub enrichment strategies, it is now possible to get insights into 
ubiquitylation sites, but also into their involvement in different biological processes. Great 
technological progress in MS and liquid chromatography (LC-MS) instrumentation as well as 
software and sample preparation techniques have substantially improved speed and 
sensitivity, allowing now the characterization of low-abundant PTMs (Heap et al., 2017). 
 
Apart from the absolute and relative quantification methods, there are two major strategies 
for the MS bioanalysis of proteins. The bottom-up (commonly called “shotgun” proteomics) 
approach involves digesting proteins into small peptides to analyze the surrogates by LC-
MS/MS. In contrast, the top-down approach analyzes intact proteins by LC-high resolution 
MS. The principal advantage of bottom-up strategies is the high sensitivity obtained. 
However, caution is needed to interpret the data, and the specificity in those assays is 
obtained by using capturing reagents in the sample (Kang et al., 2020). 
 
Classical “bottom-up” (after fragmentation) approaches use enzymatic digestion of the 
proteins from the sample, followed by separation of the resulting peptide mixture using 
High-Performance Liquid Chromatography (HPLC) according to their hydrophobicity and 
eluted into a spray needle from which they are ionised. Peptide ions enter the mass 
spectrometer and are then analyzed in two ways. First, the mass-to-charge ratio; m/z, and 
intensities of the peptide ions are determined (MS1). This provides quantitative information 
about the abundance of the peptide. Secondly, these peptide ions are isolated and 
fragmented by tandem mass spectrometry (MS2), providing the amino acid sequence 
information about the peptide. In the final step, protein databases of the studied organism 
can be searched by specialized software programs using both accurate mass of the peptide 
and the sequence information leading to the identification of the peptide. If PTMs are 
targeted, the modification of interest must be included in the peptide search, thereby 
increasing the search database (Heap et al., 2017). 
 
Peptide spectra are obtained through data-dependent acquisition of the mass spectrometer, 
and the identity of the analyzed peptide is derived by matching the measured peptide mass 
and the corresponding MS/MS masses against a database consisting of known protein 
sequences digested in silico (Figure 13) (Sylvestersen et al., 2013). 
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For PTMs, ubiquitylated peptides must be enriched prior to MS analysis. Different 
enrichment methods have emerged, like the His- or FLAG- tagged version of Ub. Other 
enrichment strategies involve the use of molecular traps like TUBEs or different specific 
antibodies or aptamers/affirmers (Figure 10). However, it should be noted that although the 
TUBEs enrichment strategy is a very sensitive and powerful approach to identify proteins, it 
may not be the method of choice for the identification of ubiquitylation sites depending on 
the sample size and complexity (Heap et al., 2017). 
 
 

 
 

 
Figure 13: Schematic representation of a  general MS proteomic workflow. Protein purification, 

protein enrichment using different methods and protocols. Protein fractionation or digestion 
following by a chromatography separation and MS/MS analysis and bioinformatic search of 

proteins/subtrates identified. Bottom-up will include a previous fragmentation of the sample in 
contrast to the top-down strategy. Further explained in the main text.  

Created with BioRender.com. 
 

 
Another widespread method of enrichment is the use of the monoclonal antibody against di-
Gly remnants, which since its discovery has been used extensively for ubiquitylation 
proteomics discoveries. This immunoprecipitation approach is a versatile tool as it can be 
used in conjunction with MS. However, other UbLs like NEDD8 can release the same di-Gly 
motif after tryptic digestion rendering the distinction impossible to achieve (Heap et al., 
2017). 
 
Although proteomic platforms allow to identify many proteins present in complex mixtures, 
it is not usual for samples to contain co-eluting peptides at various abundances and 
overlapping m/z masses. To confidently identify as many low-abundant and overlapping 
peptides as possible, technological advances in speed, sensitivity and mass accuracy of the 
mass spectrometer are further required. This becomes important in the analysis of PTMs, as 
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these are predominantly present in complex mixtures at sub-stoichiometric levels. With the 
introduction of the latest generation of mass spectrometers, several of these analytical 
requirements have been significantly improved, as the recent development of the Q Exactive 
mass spectrometer allows the identification of thousands of proteins from a whole human 
cell extract in just one hour (Sylvestersen et al., 2013). 

 
MS has emerged during the last decades as the method of choice for comprehensive 
proteome analysis employed for the identification of proteins from complex samples 
(Sylvestersen et al., 2013). Nevertheless, rapid technological and enrichment advancements 
improving sample preparation, MS-detection, and data analysis are essential for a robust 
protein quantification (Macklin et al., 2020). 
 
 

14.4 PROTAC strategy to drive proteasome degradation/proteolysis. 
 

Proteolysis‐targeting chimeric molecules (PROTACs) represent an emerging technique with 
great prospects in the development of new therapeutic approaches and interventions. The 
mechanism is based on the inhibition of the protein function by the recruitment of a Ub E3 
ligase for its ubiquitylation and consequent protein degradation (Gu et al., 2018). They 
exploit the intracellular Ub-proteasome system to selectively induce a rapid and sustained 
protein degradation (Figure 14) (An and Fu, 2018).  
 
 

 
 

Figure 14: Schematic representation of  a PROTAC (Proteolysis Targeting Chimera) molecule and its 
mechanism of action using the UPS: A ligand for recruiting the E3 ligase or enzyme binding domain, the linker 

and an additional motif or protein binding domain to target the specific protein. PROTAC molecules use the 
Proteasome system to degrade targeted ubiquitylated proteins. 

Created with BioRender.com. 
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PROTACs contain a ligand for recruiting an E3 ligase enzyme, a linker, and another binding 
domain to target the protein of interest. They have displayed profound potential in targeting 
“undruggable” proteins, such as transcription factors, scaffold proteins and non‐enzymatic 
proteins, which cannot be targeted by small molecules (Gu et al., 2018). 
 
Small molecule inhibitors used to target therapy have manifested several limitations. First, 
the target proteins must be enzymes or receptors that have pockets or active sites. Second, 
sustainable, and high drug levels are needed to maintain the intracellular concentration and 
therapeutic efficacy. This usually leads to off-target and side effects due to the competition 
with other intracellular molecules. Third, small molecules typically only disrupt the activity of 
one domain of multidomain scaffolding proteins, and functional activities of other domains 
and their interactions with other proteins are preserved (An and Fu, 2018; Gechijian et al., 
2018). For example, when using the bromodomain inhibitor of multidomain and bromo-
containing proteins like TRIM24, effective anti-proliferative responses were not displayed, 
suggesting that the inhibition of the bromodomain is insufficient as an anti-cancer strategy 
(Gechijian et al., 2018). 
 
In contrast, the PROTACs strategy triggers a pronounced effect by eliminating target proteins 
via ubiquitylation and degradation, rather than by inhibiting the activity of these proteins. 
Moreover, this strategy has been continuously improved during the last years to overcome 
certain limitations, like stability, cellular permeability, solubility, and tissue distribution (Gu 
et al., 2018). From 2015, more than thirty small-molecule PROTACs have been reported, 
many of those showing nanomolar affinity, and exploiting VHL and CRBN E3 ligases. In these 
cases, protein degradation is induced soon after the treatment, and the depletion of the 
target protein can be seen within an hour. This reduction is sustained in time, and different 
reports show a reduction in vivo maintained for more than 24 hours. The downstream 
proteins and the signalling cascades of the target protein of interest are inhibited with the 
same persistence in time. Compared with small inhibitors, PROTAC treatments result in 
more significant and prolonged suppression of downstream proteins including more 
dramatic cell proliferation suppression/apoptotic cell death, and greater in vivo cancer 
regression (An and Fu, 2018). 
 
Different examples show high in vitro proliferation suppression, stronger in vivo growth 
inhibition, and the induction of greater survival improvement. For example, the BET-
targeting PROTAC ARV-771 caused a greater reduction of Bromodomain extra-terminal 
protein (BETP) in MCL cells, and improved survival of mice compared to the treatment with 
the small BET inhibitor OTX015 (Sun et al., 2018). As another example, the bifunctional 
PROTAC ARV‐825 has been shown to mediate rapid degradation of BRD4, leading to 
proliferation suppression and apoptosis induction in Burkitt's lymphoma (BL) cell lines (Lu et 
al., 2015).  
 
As a result, two PROTAC drugs are being tested currently in clinical trials for prostate and 
breast cancer, due to the potential displayed in vivo and vitro assays (An and Fu, 2018). 
Quite interestingly, by using a similar strategy, autophagy-targeting chimera (AUTACs) have 
been recently developed for a selective clearance via autophagy degradation (Takahashi et 
al., 2019). 
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15. Scientific Context and preliminary data. 

 
Bortezomib (BTZ) is commonly used to treat Mantle Cell Lymphoma and exerts its antitumor 
activity by impairing the degradation of crucial factors regulating cell cycle, tumor 
progression and apoptosis. However, BTZ resistance in hematopoietic cancer cells has been 
extensively reported and studied due to its high incidence after chemotherapy. Although the 
molecular mechanisms of BTZ resistance are not fully characterized, the role of proteostasis 
and the activation of autophagy to avoid BTZ-induced cell death have been addressed in 
different lymphoma and multiple myeloma studies (Lopez-Reyes et al., 2021; Selimovic et 
al., 2013). 
 
In a recent publication from the host lab, Quinet et al hypothesized that the ubiquitylation 
machinery could be involved in the response/resistance to this drug by observing differences 
in the Ub pattern between sensible and resistant cell lines. By using a comparative Ub-
proteome analysis, using GST-TUBEs traps to enrich the Ub proteomic fraction, they 
detected a reduction in proteasome subunits as well as an increase in autophagy-related 
proteins in the BTZ-resistant ZBR cell line, compared to the BTZ-sensitive Z138 cell line. This 
suggests a disrupted balance between the two major proteolytic pathways inside the cells; 
the Ub Proteasome System (UPS), and the Autophagy Lysosome System (ALS) (Figure 15). In 
this analysis, different enrichment in Ub enzymes were also detected, though not fully 
explored yet. Data also indicated a different distribution of Ub signatures/chains (Figure 16), 
however without statistical significance. 
 
 

 
 
 

Figure 15: A comparative Ub-proteome analysis, using GST-TUBEs traps in Z138 (sensitive) versus ZBR 
(BTZ-resistant cell line). The enriched Ub proteomic fraction identified a reduction in proteasome subunits 

as well as an increase in autophagy-related proteins in the ZBR cell line, compared to the sensitive  Z138 
cell line (Quinet et al, 2021).  
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In this analysis, in the Z138 cell line, K11 and K48 Ub linkages were more prominently 
detected in contrast to the K63, more pronounced detected in the ZBR cell line. Suggesting 
that a remodeling of chains, could be the cause or the consequence of the disequilibrium 
between the UPS and ALS (Figure 16), therefore contributing to the resistant phenotype. 
However, new molecular tools and optimized protocols to enrich specific Ub chains are 
needed to validate this hypothesis. 
 

 

 
 

Figure 16: Differences in Ubiquitin signatures detected in the Z138 comparing to the ZBR cell line. As 
displayed in the figure, K11 and K48 Ub linkages were more prominently detected in the Z138 sensitive cell 

line, in contrast to the K63 detected in the ZBR cell line. Poor significance in the statistical analysis as 
indicated by the p values (a lot of dispersion). Data not shown from (Quinet et al, 2021). 

 

 
In this study, Quinet also demonstrated an accumulation of proteasome subunits into 
autophagosomes vacuoles by using different autophagy inhibitors Bafilomicin A (BafA) 
and Cloroquine (CQ), indicating a constitutively activated proteophagy (degradation of 
the proteasome by the ALS) in MCL BTZ-resistant cells. In fact, testing a variety of 
resistant cell lines derived from MCL patients (MINO AND REC-1), they showed that the 
dependence on proteaphagy for survival is higher in more resistant phenotypes, as the 
combined treatment of autophagy inhibitors with BTZ showed to recover or increase the 
level of apoptosis similarly to the sensitive counterpart cell line (GRANTA) (Figure 17/ A y 
B). 
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Figure 17/A: Autophagy dependency on BTZ MCL cell lines. A: Acquired BTZ-resistant cell line ZBR 
and its counterpart after BafA treatment display synergistic activity in combination with BTZ, 

increasing apoptotic response. B: Cell lines with inherent resistance MINO and REC-1, GRANTA 
cell lines used as a control without resistance. The more resistant a phenotype is (REC1>MINO), 
the higher dependent on proteaphagy for survival, and more apoptosis displayed when blocking 

autophagy. FACS analysis after 24h treatment. From (Quinet et al, 2021). 

 
 
By using a recent commercially available drug targeting the p62 protein and 
consequently autophagy, named Verteporfin (VTP), they further corroborated 
proteaphagy dependency and the involvement of p62 autophagy receptor in the 
phenotype. They also suggested a more significant involvement of  VTP response in the 
BTZ-resistant phenotype, as in vivo mouse xenografts treated with VTP showed 
therapeutic potential in limiting tumor growth, opening new possibilities to discover 
mechanistic implications in the MCL disease and in the proteaphagy phenotype (Figure 
17/B) (Quinet et al, 2021). 

 

 
 

Figure 17/B: Autophagy dependency on BTZ MCL cell lines. A: Acquired BTZ-resistant cell line ZBR 
and its counterpart after VTP treatment display an increased apoptotic response in contrast to 

the sensitive cell line. B: Cell line with the higher inherent resistance phenotype REC-1. The more 
resistant phenotype treated with VTP alone or in combination with BTZ. FACS analysis after 24h 

treatment. From (Quinet et al, 2021). 
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16. Hypothesis and Objectives: 

 
 

Although BTZ resistance is a multifactorial process that is not well understood, different 
evidences highlight the impact of protein equilibrium or proteostasis, as being 
dysregulated in multiple diseases and implicated in resistant mechanisms (Gonzalez-
Santamarta et al., 2020). 
 

A previous proteomic study performed by the hosting group using the GST-TUBEs 
technology in BTZ-resistant ZBR and BTZ-sensitive Z138 cells revealed a dysregulation 
between proteasome subunits and autophagy factors, between these two cell lines. This 
led to the identification of proteophagy as a driving mechanism on which BTZ-resistant 
cells could hold dependence for surviving, therefore making autophagy an important 
contributing factor (Quinet et al, 2021). In this analysis, differences in Ub signatures 
distribution were also observed between BTZ sensitive and resistant cell lines, indicating 
that a UPS/ALS disequilibrium could be accompanied by a different Ub distribution or 
pattern in each cell line. However, more powerful, and specific tools are needed to 
confirm this information. 

 

 
 

Figure 18: Schematic representation of our main hypothesis in Bortezomib resistant Mantle 
Cell Lymphoma cells. A disrupted balance between the two major degradative pathways, the 
Proteasome, and the Autophagy-Lysosome System, determines BTZ sensitivity in MCL cells, 
with the Ub remodeling being the cause or the consequence of this proteostasis disruption.  

Created with BioRender.com. 

 
Therefore, and taking all this previous data and the scientific context into account, we 
have established the general hypothesis (Figure 18) and specific sub-hypotheses leading 
this project.  

 
We hypothesized that a disrupted balance between the two major 

degradative pathways, the Ubiquitin Proteasome System (UPS) and the 

Autophagy-Lysosome System (ALS), contributes to establishing resistance 

to BTZ in MCL cells.  
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We considered the possibility that Ubiquitin chain remodeling could be the cause or 
the consequence of this disequilibrium, contributing to regulating processes implicated 
in the resistance. More in detail, we explored if the K63 enrichment found in ZBR was 
contributing to permanently activate autophagy in these cells. 
 
In addition, we also hypothesized that the regulation of Ubiquitin enzymes, implicated 
or with a major role in UPS/ALS crosstalk or in Ubiquitin chain formation, could be 
targeted to overcome BTZ resistance. 

 
 

After establishing our hypothesis, we planned our objectives as follows. 
 
In this project, we aim at understanding the Ubiquitin chain composition in BTZ-resistant 
MCL cells. In addition, we are also interested in the identification of Ubiquitin enzymes 
responsible of this chain remodeling, and in understanding their role in proteasome 
autophagy crosstalk and in the response to BTZ.  
 
In parallel, in order to study the ubiquitome of our ZBR BTZ-resistant cells and due to the 
necessity of the scientific community for new and innovative tools our objective was to 
develop and validate Ubiquitin chain-specific nanobodies, more specifically K48 and K63 
because mayor changes were described in our model. The objective of using those tools in 
this project was to validate previous information using this new technology, but also to 
bring more information and understand VTP response as was described as promising in 
mouse xenografts, and other mechanism apart form p62 targeting may underlay the 
apoptotic response in ZBR cells. 
 
More in detail the objectives of this project are listed: 
 

1. Identifying enzymes contributing to BTZ resistance in ZBR cells. Potential candidates 
to validate from the list obtained in the proteomics analysis performed following the 
GST-TUBE-MS protocol (previous data from the lab). 
 

2. Targeting the degradation or chemical inhibition of those potential candidates to 
recover BTZ response in resistant cells.  
 

3. Identifying the mechanisms in which those enzymes contribute to BTZ-resistant 
phenotype. Autophagy, proteaphagy or other processes. 

 
4. Developing new molecular tools designed to enrich and analyze the ubiquitome in 

cells. More specifically Ubiquitin chain-specific K48 and K63 nanobodies. This part of 
the project was developed in collaboration with the company Hybrigenics. 
 

5. Optimizing and validating these Ubiquitin chain-specific nanobodies to use them in 
combination with Mass Spectrometry, Western Blotting identification and 
Immunofluorescence or cell imaging. 
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6. Identifying other processes mediating VTP apoptosis in ZBR BTZ-resistant cells apart 
form p62 targeting promoting high molecular aggregates. 
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17. Materials and methods. 

 
The following section details the materials and methodology used for the 
development of this project. 
 

17.1 Antibodies.  

 

(A) 
 

     

Primary 
antibody  

Company  Reference  Host  Dilution  Technique  

Annexin 5  BD science  S1-65874  Mouse  1:1000  FACS  

Caspase-3 Cell 
Signalling 

#9662 Rabbit 1:1000 WB 

Caspase-9 Cell 
Signalling 

#9502 Rabbit 1:1000 WB 

ENO1 Cell 
Signalling 

#3810 
 

Rabbit 1:1000 WB  
 

GAPDH  Cell 
Signalling 

#97166 Mouse  1:1000  WB  

Lamin A/C Abcam ab108595 Rabbit 1:1000 WB 

LC3B  
 

Cell 
Signalling 

#2775 Rabbit 1:1000; 
1:200 

WB, IF 

P53 (DO-1) SantaCruz SC-126 Mouse 1:1000; 
1:100 

WB, IF 

PGK1 Cell 
Signalling 

#68540 
 

Rabbit 1:1000 WB  
 

PSMA2 
(α2)  

 

Cell 
signalling 

11864 Rabbit 1:200 IF 

PSMB2 (β2)  Santa Cruz 
biotech  

sc-515006  Mouse  1:1000, 
1:100 

WB, IF 

PSMB5 (β5)  Cell 
Signaling  

12919  Rabbit  1:1000  WB  

PSMD2 
(RPN1)  

Santa Cruz 
biotech  

sc-271775  Mouse  1:1000; 
1:100 

WB, IF 

PSMD4 
(RPN10)  

Invitrogen  PA5-30136  Rabbit 1:1000  WB  

RLIM Santa Cruz SC-101117 
 

Rabbit 1:1000 WB 

SQSTM1 
(p62)  

Santa Cruz 
biotech  

Sc-28359  Mouse  1:1000; 
1:100 

WB, IF 

TRIM24 Invitrogen PA-34561 Rabbit 1:1000; 
1:200 

WB, IF 

Tubulin Sigma-
Aldrich 

T3526 Rabbit 1:1000 WB 
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Ub K48 (A4.1) 
Hybribody 

Hybrigenics (Not 
commercially 
available yet) 

RabbitFc 
IgG2 

1:20 IF 

Ub K63 (D1.1) 
Hybribody
  

Hybrigenics (Not 
commercially 
available yet) 

Mouse Fc 
IgG2 

1:20  IF 

Ubiquitin 
(E4I2J)  
 

Cell 
Signalling 

#43124 Rabbit 1:1000; 
1:200 

WB, IF 

Ubiquitin 
(P4D1)  

Cell 
Signaling  

3936  Mouse  1:1000; 
1:100 

WB, IF 

UBR2 Invitrogen PA5-37161 Rabbit 1:1000 WB 

UBR4 Novus NBP1-28730 Rabbit 1:1000 WB 

UBR5 Cell 
Signalling 

#65344 
 

Rabbit 1:1000 WB 

UBXN1 ThermoFis
her 

# A303-416A Rabbit 1:1000 WB 

β-actin  Abgent  AM1829B-
EV  

Mouse  1:1000  WB  
 

Vinculin Cell 
Signalling 

#13901 
 

Rabbit 1:1000 WB  
 

(B)      

Donkey anti-
Mouse IgG 
(H+L) Cross-
Adsorbed 
Secondary 
Antibody, 
Alexa Fluor 
568 
 

Invitrogen A10037 Donkey/Rab
bit 

1:200; 1/500 IF 

Donkey anti-
Mouse IgG 
(H+L) Highly 
Cross-
Adsorbed 
Secondary 
Antibody, 
Alexa Fluor 
Plus 488 
 

Invitrogen  A32766 Donkey/Mo
use 

1:200; 1:500 IF 

Donkey anti-
Rabbit IgG 
(H+L) Cross-
Adsorbed 
Secondary 
Antibody, 

Invitrogen A-11011 Donkey/Rab
bit 

1:200; 1/500 IF 
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Alexa Fluor 
568 
 

Donkey anti-
Rabbit IgG 
(H+L) Cross-
Adsorbed 
Secondary 
Antibody, 
Alexa Fluor 
488 
 

Invitrogen A32790 Donkey/Rab
bit 

1:200; 1:500 IF 

Peroxidase 
Goat Anti-
Rabbit IgG 
(H+L)  

Jackson 
Immuno 
research  

711-035-045  Goat/Rabbit  1:5 000  WB  

Peroxidase 
Rabbit Anti-
Mouse IgG 
(H+L)  

Jackson 
Immuno 
research  

315-035-003  Rabbit/Mou
se  

1:5 000  WB  
 

 
Table 1: List of primary (A) and secondary (B) antibodies. 

 
 

17.2 Cell lines, plasmids, and bacteria strains. 

 
The following tables detail Mantle Cell Lymphoma cell lines, plasmids, and bacteria strains to 
produce recombinant proteins (molecular traps) used in this study. 
 

MCL cell lines  Phenotype  Source  

Z-138  BTZ-sensitive, WT-p53, WT-
ATM  

Collaboration.  
Fully characterized in (Beà et al., 
2013; Roué et al., 2011). 

ZBR  BTZ acquired resistant, WT-
p53, WT-ATM  

Collaboration.  
Fully characterized in (Beà et al., 
2013; Roué et al., 2011). 

HeLa  ATCC Collaboration with Dr J.D 
Sutherland. 

JeKo-
1  

   
 

BTZ-sensitive, p53 mutant, WT-
ATM 

Collaboration.  
Fully characterized in (Beà et al., 
2013; Roué et al., 2011). 

JBR BTZ acquired resistant, p53 
mutant, WT-ATM 

Collaboration.  
Fully characterized in (Beà et al., 
2013; Roué et al., 2011). 

 
Table 2: List of cell lines. 
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Bacteria strains  Genotype Source  

Escherichia coli 
WK6 

 F' lacIq delta(lacZ)M15 proA+B+ delta(lac-
proAB) galE rpsL 

This Project:  
Nanobodies production 

and purification 

Escherichia coli 
C41- DE3  

F – ompT hsdSB (rB- mB-) gal dcm (DE3) This Project: 
bioTUBES and GST-BirA 

production and 
purification 

 
Table 3: List of bacteria strains. 

 
 

Plasmids Features Source 

pHEN2- (for K48: A4-1, C5-
2, C7-2, E11-2, F5-2, F11-2, 
F12-1, G1-1, G9-2. H1-2)- 

(for K63: F10-1, F2-1, E5-1, 
D10-1, D1-1. B2-1, B4-1, 

C2-1, C4-1). 

Nanobodies K48 and K63 
Name of the clones used 

for each nanobody 
Sequence protected by 

MTA  
 

Hybrigenics services 

BioTUBERad23 and p62 Sequence from the host 
lab (no available). 

This project.  
No results for publication (not 
fully optimized). 

 
Table 4: List of plasmids. 

 
 

17.3 Reagents and materials. 

 
Reagents and drugs used for protein characterization and Mass Spectrometry analysis are 
listed here below. 
 

Reagent Company and 
reference 

Used in 

30% Acrylamide/Bis Solution BioRas #1610156 WB (Gel production) 

Amicon Ultra Centrifugal Filters 3 KDa 
MWCO  

Milipore 
(UFC5003) 

Protein purification protocol 

Annexin Buffer BD pharmingen 
(556454) 

FACS 

ATP (Adenosine 5′-triphosphate (ATP) 
disodium salt hydrate) 

Sigma-Aldrich 
A1852 

Biotinylation in vitro 

Benzamidine Sigma-Aldrich 
12072 

bioTUBEs purification 

Biotin Sigma-Aldrich 
B4501 

Biotinylation in vitro 

https://www.sigmaaldrich.com/ProductLookup.html?ProdNo=UFC5003&Brand=MM
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Bradford Solution BioRad (23236) Protein quantification 

BS3 (bis(sulfosuccinimidyl)suberate) 
(Thermofisher 21586) 

Thermo Fisher 
(21586) 

Crosslinking strategies  

Complete protease inhibitor cocktail 
(Mini, EDTA-free Protease 
Inhibitor Cocktail) 

Roche, 
(04693159001) 

Capture protocols 

DAPI  Invitrogen 
(P36931) 

Immunofluorescence (IF) 

Dialysis sacks. MWCO 12,000 Da 

 

Sigma-Aldrich 
(D6191) 

Protein purification protocol 

Dialysis tubing, benzoylated  Sigma (D7884-
10FT) 

Dialysis (Nanobodies and 
bioTUBEs). 

dimethyl pimelimidate 
dihydrochloride (DMP) 

Sigma-Aldrich 
(D8388) 

Crosslinking protocols 

DTT (1,4-Dithiothreito) 
 

Sigma-Aldrich 
(3483-12-3) 

Protein production and 
purification protocol 

Dulbecco's Modified Eagle Medium 
(DNEM) 
 

Thermo Fisher 
(11965084) 

Cell culture  

FBS (Fetal bovine serum) Thermo Fisher Cell culture 

FITC Annexin V BD pharmingen 
(556420) 

FACS 

Glass slides  Immunocell 
(61.100.58) 

Immunofluorescence (IF) 

Glutathion agarose beads. Glutathione 
Sepharose® 4B 
 

Sigma-Aldrich 
(GE17-0756-01) 

GST-BirA purification. 

IAA (Iodoacetamide) Sigma Aldrich 
(I1149) 

Capture protocols 

IGEPAL Sigma (I3021) Detergent for binding and 
lysis steps 

Immobilon-P PVDF transfer membrane Merck 
(IPVH00010) 

WB 

IPTG (Isopropyl β-D-1-
thiogalactopyranoside)   

Sigma-Aldrich 
(I6758) 

Protein production and 
purification protocol 

LB Broth (Lennox) Media 
 

Sigma-Aldrich 
(L3022) 

Bacteria culture 

NEM (N-ethylmaleimide) Thermo Fisher 
(23030) 

Capture protocols 

NE-PER™ Nuclear and Cytoplasmic 
Extraction Reagents 

Thermo Fisher 
(78833) 

 Nuclear/cytoplasmic 
extraction 

Ni-NTA Agarose Beads (High Density 
Nickel) 

ABT Technologies 
(6BCL-QHNi-X) 

Protein purification protocol 

Ni-NTA Magnetic Agarose Beads Quiagen (36113) Nanobodies capture 

https://www.thermofisher.com/order/catalog/product/23236
https://www.sigmaaldrich.com/catalog/search?term=3483-12-3&interface=CAS%20No.&N=0&mode=partialmax&lang=fr&region=FR&focus=product
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PBS 1X Thermo Fisher 
(10010015) 

Cell culture 

Poly-L-lysine  Sigma (P8920) Immunofluorescence (IF) 

Polymyxin B  Fluka (81334) Protein purification protocol 

Protein A magnetic beads Thermo Fisher 
(88845) 

In vitro immunoprecipitation 

RPMI 1640 Medium Thermo Fisher 
(12633012) 

Cell culture 

Silver staining kit Thermo Fisher 
(10404005) 

Silver staining for MS 
(Background in the negative 
control) 

Strep Magnetic Beads. True 
Blot@Rockland 

Tebubio 
(S000-18-2) 

BioTUBE captures protocol 

Super signal west Femto (West Femto 
ECL) 

Thermo Fisher 
(34096) 

WB 

TEMED (tetramethylethylenediamine) BioRad #1610801 
 

WB (Gel polymerization) 

Terrific Broth Media 
 

Supelco (T0918) Bacteria culture 

Triton-100X Sigma-Aldrich 
(T8787) 

Capture protocols. 

Ubiquitin commercial chains K48 and 
K63 

Boston Biochem 
(UC220, UC320) 

In vitro immunoprecipitation 

 
Table 5: List of chemicals 

 
 

Drug Company  Reference Stock 
concentration 

Vehicle 

Bafilomycin-A1 
(BafA)  

InvivoGen  tlrl-baf1 100 μM, 1mM.  DMSO 

Bortezomib (BTZ)  Sigma Aldrich  CAS 179324-69-7 1 mM  DMSO 

dTRIM24 
(PROTAC) 

MedChem  
HY-111519 

 

1mM DMSO 

Luperox@TBH70X 
(tert-Butyl 
hydroperoxide) 
 

Sigma Aldrich  458139-100ml 7.3M Water 

NAC (N-Acetyl-L-
cysteine) 

Sigma Aldrich  A9165-25G 10mM Water 

Verteporfin (VTP)  Sigma Aldrich  129497-78-5 2 mM  DMSO 

ZZ p62 
inhibitor/XRK3F2 

MedChem HY-112904 10mM DMSO 

 
Table 6: List of drugs. 
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17.4 Cell culture.  

 
Cells were cultured in Gibco Roswell Park Memorial Institute (RPMI) 1640 Medium with 2 
mM L-glutamine, 100 Units/mL penicillin, 100 μg/mL streptomycin and 10% fetal bovine 
serum (FBS), previously decomplemented (heated 30min at 56ºC). Cells were incubated at 
37°C and 5% CO2 conditions, and passed at 0.3-0.5 million cells/mL, three times a week 
(Monday, Wednesday, and Friday).  
 
To avoid loss of BTZ resistance in the acquired resistant phenotype, ZBR cultures were 
treated after the defrost of a new vial with 0,5-1nM of BTZ for 1-2 weeks and checked 
viability by Flow cytometry (FACS). This protocol was implemented and improved in this 
project to ensure the phenotype of the cells used in the different experiments and was 
performed periodically in the lab to ensure the reproducibility of the experiments. 
 
HeLa cells were cultured at 37 °C and 5% CO2 in Dulbecco’s modified Eagle Medium (DMEM) 
supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin. 
 

17.5 Western Blotting. 

 
Mammalian cell extracts were lysed by resolving and intense heating (95ºC and shacking) in 
1.5X Boiling Buffer (4% SDS, 20% glycerol, 120 mM Tris-HCl pH 6.8). Cell lysate were loaded 
in 8%–15% acrylamide gels, depending on the size of the protein to analyze and 
characterize. 
 
Proteins were separated electrophoretically at 80V during 30min in Laemmli Buffer for SDS 
PAGE (25mM Tris, 192mM Glycine, 0.1% SDS, pH 8.6), then at 120V 1-2h until the migration 
front (blue front) reached the bottom of the gel, disappearing.  
Protein wet-transfers were performed to PVDF membrane (0.45μm pore size, Immobilon-P, 
Merck) in buffer containing 20% ethanol and 80% 1x transfer buffer (transfer buffer 10x: 
240mM Tris, 2M Glycine), either for 1.5h (335mA per two gels at 4°C) or overnight (65mA 
per two gels, 4°C). Membranes were blocked for 1h in 5% milk, diluted in 1x Tris-buffered 
saline (TBS).  
 
Membranes were incubated with specific primary antibodies (diluted in TBS 1x) overnight at 
4°C. Secondary antibodies were added for 1h at room temperature (RT) in 2,5% milk or in 
TBS only. Membranes were washed 5 times, 10min with TBS after incubation with primary 
and secondary antibodies. Pictures were acquired using West Femto ECL (34096 
Thermofischer) and/or Clarity Western (ECL Substrate, #1705061) with PXI4 (Syngene), 
GeneTools (Syngene), Odyssey Fc (LICOR), ChemiDoc Imaging System (BioRad), or Invitrogen 
iBright Imaging System. Quantification was performed using ImageJ, a specific statistic 
software.  
 

17.6 Immunofluorescence microscopy. 

 
Immunofluorescence of Z-138 and ZBR cell lines was performed following the following 
protocol.  Glass slides (61.100.58 Immunocell) were incubated 1h at RT with poly-L-lysine 
(Sigma), then incubated with cells resuspended in 1XPBS (1 million cells/mL). Fixation was 
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performed with 4% PFA, 10min, and permeabilization in cold methanol 100% for 5min. 
Samples were then incubated in blocking solution (10% BSA, 0.1% Triton 100X in 1X PBS) 1h 
at RT. Primary antibodies were incubated overnight, and secondary (1/500) antibodies 
30min, at RT in 5% BSA blocking solution. Primary and secondary antibodies used are 
indicated in methodology section 17.1. Nuclei were stained using DAPI (P36931, Invitrogen). 
 
Immunofluorescence of HeLa cells was performed on 11mm coverslip (25000 cells per well: 
24 well plate). Cells were fixed in 4% PFA for 10-15min, wash with PBS 1X, permeabilized in 
100% cold methanol for 3min, and washed with 0,1% TX-100 in 1XPBS. 
 
Coverslips were washed 3 times with 1X PBS. Blocking was performed for 30min at RT in 
Blocking Buffer (2%FBS, 1% of BSA and 1X PBS). Primary antibodies were incubated 1h at 
37ºC, or 2h at RT. Secondary antibodies (1:200) were incubated 30min at 37ºC, or 1h at RT, 
followed by a nuclear staining with DAPI (P36931, Invitrogen). Primary and secondary 
antibodies are used in section 17.1. 
 
Images were acquired using the Axio Imager D1 Zeiss Microscope (40x, and 63X), or super-
resolution microscopy Leica SP8 Lightning and Zeiss LSM 880 Fast Airyscan and assembled 
with Adobe Photoshop 7.0. Proper controls for each experiment have been performed to 
discern overlapping of channels and background provided by the secondary antibody 
(images not shown). Images were not modified other than adjustments of levels, brightness, 
and magnification. 
 

17.7 Flow Cytometry, apoptosis assay. Fluorescence-activated single cell sorting (FACS). 

 
To measure cell death under different treatments/conditions, or calculate the IC50 of new 
drugs compounds, we have performed an apoptosis assay using Annexin 5 on a 
fluorescence-activated cell sorter (FACS) analysis. 
 
One mL of media culture at 4.105 cells per mL density was plated in a 24-wells plate. The day 
after, cells were treated with the indicated drug, time and concentration. After testing the 
different treatments, cells were pelleted by centrifugation at 125 g for 3-5min and washed 
with 1mL PBS to remove any media left that could affect the measurement in the flow 
cytometer.Pellets were re-suspended and stained 5-10min with 100-200 μL 1X Annexin 
Buffer (556454, BD pharmingen) with 1:100 FITC Annexin V (556420, BD Pharmingen) at RT 
and covered to avoid light.  
 
BD Accuri C6(BD Bioscience-US), and Cytometre BD Fortessa were used to analyze samples. 
10.000 events were collected for each experiment. Forward versus side-scatter gating were 
used to identify cells of interest. H and W parameters were used to exclude possible 
droplets. Apoptotic cells stained with FITC were identified on a side-scatter-area versus FSC-
A (P4) scatter. 
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17.8 Molecular trap production.  

 
Bacteria were used to produce the different recombinant proteins/molecular traps used in 
this project (bioTUBES and nanobodies). E.Coli  C41-DE3 and WK6 chimiocompetent  strains 
were respectively used for the production of bioTUBEs and nanobodies.  
 
After a rudimentary chemical transformation with specific plasmids to introduce into the 
bacteria strains (heat shock in a water bath at 42°C during 2min), clones properly 
transformed were grown upon antibiotic (Ampicillin) selection overnight. The day after, the 
colonies were further expanded in an increasing volume of LB (bioTUBE) or TB media 
(nanobodies). The confluence of the culture was measured at different times until they 
reached a confluence of 0.8 O.D (Optical Density) measured at 600nm. Under those 
conditions, we determined the culture to be in the best conditions to promote the 
expression of the proteins of interest. 
 
Protein production was induced using 1mM IPTG (Isopropyl β-D-1-thiogalactopyranoside) for 
16/overnight at 28°C. Bacteria were pelleted at 6000 gs for 20min at 4°C (Centrifuge 
Beckman Coulter), washed with 10 ml of PBS1X , and lysed with sonication, to promote the 
liberation/availability of the exogenous proteins expressed. Proteins of interest were 
purified using different columns/resins depending on the tag attached to the protein for this 
purpose. Not induced and induced samples were recollected to verify the proper induction 
using IPTG by Coomassie staining. Beads were washed several times before a final elution, 
and dialysis with a buffer exchange to remove uninteresting/targeted proteins (non-specific 
fraction bound to the proteins). Final concentration obtained was measured, using 
Nanodrop at 280 nm absorbance. Aliquots were supplemented with 10% glycerol to store at 
-80°C and avoid any damage to the proteins to use in the different experiments developed in 
this project. 
 
Differences in the protocols used for the bioTUBES and nanobodies production were 
optimized (as the different proteins have different properties, solubility, and saturation 
limits) in this project to obtain the best material to use in our captures and different assays. 
These specific conditions are indicated in the following sections. 
 

17.8.1 bioTUBEs purification protocol. 

 
After the induction, each bacteria pellet (50ml) was re-suspended in 10 ml of Lysis Buffer (20 
ml PBS 0.5 mM NaCl, 2 mM Benzamide and 1 mM PMSF).  
 
The sonication was made 6 times/cycles of 30sec on, 10sec off (amplitude of 30%, using 
10µm probe) to obtain a clear and fainter solution. We added 1% of Triton and mixed it well 
until full homogeneity (20min rotating at 4°C°). We centrifugated the samples at 20.000 RPM 
for 1h at 4°C and kept the supernatant (Input fraction). The supernatant fraction was then 
subjected to glutathione or streptavidin agarose affinity purification beads (GST or bio 
version of the traps) (supplemented with 1mM of DTT Sigma), both rotating overnight at 
4°C. The beads were loaded in a column and washed 4-8 times with 5-10 mL of (PBS 1X; 
0.8mM NaCl; Triton 1%). Flow through (FT) and washed samples were kept to further 
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analysis. Proteins of interest were then eluted (10 times) with 1 mL (50mM Tris pH9.5; 0.8M 
NaCl; 0.05% Triton and 10mM of reduced glutathione) until the elution fraction did not 
contain proteins detectable by Bradford Solution. 
 
A buffer exchange was performed by dialysis ON at 4°C in 5L of (PBS 1X ; 0.8M NaCl; 0.05% 
Triton), using  a 12kDa tubing, and further concentrated using Amicon Ultra 3 KDa MWCO 
(Millipore).  Protein concentrations were measured by Nanodrop, and protein expressions 
and purification steps were controlled by Blue Coomassie. For the bio version of those 
TUBEs, the solubility was reduced to 5mg/ml, and for the bioTUBEp62 we could not work 
with more than a 1mg/ml concentration to avoid their precipitation. 
 

17.8.2 Nanobodies purification protocol. 

 
E. coli WK6 chimiocompetent bacteria were used to produce the different clones of Ub 
chain-specific nanobodies.  
 
After a rudimentary chemical transformation with the specific plasmids to introduce into the 
bacteria (heat shock in a water bath at 42°C during 2min), clones properly transformed were 
grown upon antibiotic (Ampicillin) selection overnight. The day after, colonies were further 
expanded in an increasing volume of TB media (supplemented with 1% of glucose). The 
confluence of the culture was measured at different times until they reached a confluence of 
0.8 O.D (Optical Density) measured at 600nm. Under those conditions, we determined the 
culture to be in the best conditions to promote the expression of the proteins of interest. 
 
Protein production was induced using 2mM IPTG (Isopropyl β-D-1-thiogalactopyranoside) for 
16h or overnight at 28°C. Bacteria were pelleted at 6000 gs for 20 mins at 4°C (Centrifuge 
Beckman Coulter), washed with 10 ml of PBS1X , and lysed ( Lysis Buffer-10 mM Imidazole, 1 
mg/mL of Polymyxin B, PMSF 1Mm, Lysozyme Cf 1.2mg/ml, DTT 2Mm in 1X PBS) with 
sonication, to promote the liberation/availability of the exogenous proteins expressed. The 
clarified supernatant after centrifugation was incubated with Ni-NTA agarose-beads, 
overnight, rotating at 4°C. Not induced and induced samples were recollected to verify the 
proper induction using IPTG by Coomassie staining. 
 
Beads were washed several times before a final elution, 10 times with 10ml of Washing 
Buffer (50mM Tris pH8, 500mM NaCl, 10mM Imidazole). The elution was made (10x) with 
1ml of Elution Buffer (50mM Tris pH8,500mM NaCl,200mM Imidazole,10 mM DTT). Dialysis 
with a buffer exchange was made to remove uninteresting/targeted proteins (non-specific 
fraction bound to the proteins), and then the final concentration obtained was measured 
using Nanodrop at 280 nm absorbance. The buffer exchange for the dialysis overnight was 
made with 50mM Tris pH8 and 500mM NaCl.  
 
Proteins were concentrated at 1-5 mg/ml, and aliquots were supplemented with 10% 
glycerol to store at -80°C and avoid any damage to the proteins to use in the different 
experiments developed in this project. 
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17.9 In vitro immunoprecipitation. 
 

In vitro immunoprecipitation (IP), using Ub commercial chains (K63 and K48), was used to 
test the specificity and affinity of the different nanobody clones provided by the company 
Hybrigenics. 
 
Protein A magnetic beads (Thermofisher 88845) were crosslinked to anti-Myc antibody 
hybridomas (clone 9E10) following the dimethyl pimelimidate dihydrochloride (DMP) 
(Sigma-Aldrich D8388) protocol. Beads were washed twice with 1X PBS, and once with 
Binding Buffer (50mM Tris pH8.5, 150mM NaCl, +0.5% Igepal (Sigma I3021). 1ml of 
hybridomas supernatant was incubated per 100ul of magnetic beads, (per sample point) for 
2h rotating at 4°C. When using magnetic beads, a magnetic holder is used for removing non-
coupled proteins instead of centrifugation.  
 
Beads were washed twice with 1ml of 1X PBS, and twice with 500ul of Coupling Buffer 
(200mM borate, 3M NaCl, final pH 9). 500ul of 50mM of DMP prepared in Coupling Buffer 
was used to incubate the beads for 10min rotating, at room temperature (RT), and then 
30min with fresh DMP. Beads were washed twice with 1ml Coupling Buffer, and active 
groups were blocked with 1ml of 200mM ethanolamine pH8.2 incubation for 1h rotating. 
Beads were washed twice with 1ml of 1X PBS, and then incubated 3min in 1ml of 1M NaCl 
made in Binding Buffer to remove non-coupled proteins. This step was repeated twice under 
rotation conditions. After that step, beads were washed twice in 1ml of 1X PBS, and then 
incubated 3min in 200mM Glycine pH2.5. This step was performed three times. To block 
unspecific sites, beads were incubated with 500ul of BSA 1% in Binding Buffer for 1h. Three 
washes with 1ml of Binding Buffer were performed to equilibrate the beads. 
 
Chain specific nanobodies were incubated with Ubiquitin commercial chains: poly K48 chains 
(Boston Biochem, UC 320), and poly K63 chains (Boston Biochem UC220). 50ul fraction was 
taken for the input control sample. After that step, we added the crosslinked magnetic 
beads, and incubated 1h at 4°C, while rotating.  
 
After that incubation, a 50ul fraction was taken for Flow through (FT) control sample. Beads 
were washed 5 times with 1ml of Binding buffer, 0.05% Tween-20. Dry beads were re-
suspended in 50ul of Boiling Buffer (4% SDS, 20% glycerol, 120 mM Tris-HCl pH 6.8) and 
boiled 15min at 95°C (capture fraction). Polyacrylamide gels were tested for all fractions 
using the P4D1 Anti-Ub antibody. 
 

17.10 bioTUBE capture protocol. 

 
Previously to the capture using mammalian cells, a GST-BirA purification and in-vitro 
biotinylation steps must be performed and are described in the following section. 
 
The bacteria strain C41-DE3 was transformed using the plasmid for the induction of GST-BirA 
tagged protein. After that, a bacteria culture was grown in 500ml of LB medium with 
Ampicillin 20ug/ml at 37ºC to reach the optimal density (OD 600nm) of 0,6. Then the 
expression of GST-BirA was induced by the addition of 1Mm IPTG for 3h. Bacteria culture 
(50ml) was centrifuged at 6693g 30min at 4ºC, and pellets were washed with 25ml of PBS1X, 
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to freeze, store and be aliquoted, at -20ºC. Each pellet was re-suspended in 1ml of cold PBS 
1X, supplemented with 2mM Benzamidine, and sonicated at 30% amplitude with 6 pulses of 
10s. After the sonication, lysates Triton was added to a final concentration of 1% to maintain 
in rotation for 30min. 
 
After that step, samples were centrifuged 2h, at 13.000rpm, and the clarified supernatant 
was incubated overnight at 4ºC with 200ul of Glutathione agarose beads supplemented with 
DTT 0.1M. Beads were loaded into a column and washed five times with 10ml of cold PBS1X 
supplemented with Triton 1%. GST beads, attached to our GST-BirA, were stored in PBS 1X 
and Glycerol 10% at -20ºC, to use the same batch purified in all our experiments and setting 
conditions steps performed with the bioTUBERad23/p62. GST-BirA protein concentration 
was measured using the BSA standard calibration curve method. Different BSA aliquots, 
from 0,5 ug/ul, to 15ug/ul concentration was measured using 1ml of Bradford solution, to 
measure the absorbance at 600 nm. With the data obtained, a standard curve was plotted, 
and the concentration of our GST-BirA was calculated, by measuring the absorbance in 1ml 
of Bradford solution (data not shown). 
 
In-vitro biotinylation reaction was set for 5h in rotation, at RT using 5mM ATP, 0.5mM Biotin, 
400ug of Bio-TUBE, and 40ul of GST-BirA. Samples were spinned down 1000rpm for 5min, to 
remove GST-BirA, and the supernatant was incubated for dialysis into benzoylated tubing 
and incubated overnight against 5L of PBS1X at 4ºC. 
 
After that a DMP crosslinking protocol (see in-vitro immunoprecipitation section) was 
performed using 100ul of TrueBlot@Rockland streptavidin magnetic beads and 400ug of bio-
TUBE trap. The rudimentary protocol (see in in-vitro immunoprecipitation section) was 
changed, and Glycine washes were not necessary as this step is specifically for antibodies 
assays. 
 
Samples (40 million cells pellets) were re-suspended in 500ul of Lysis Buffer (See nanobodies 
capture section) on ice for 10min. Samples were centrifuged at 13000 rpm for 10min (4°C), 
and the supernatant was incubated with the crosslinked beads, rotating at 4°C for 2h. 50ul 
fraction of this supernatant was taken for the Input sample and after the incubation, 50ul for 
the FT sample. Beads were washed 3 times with 1mL of PBS Tween 0.05%, and once with 
1ml of 1X PBS. Dry beads were re-suspended in 100ul of Boiling Buffer (4% SDS, 20% 
glycerol, 120 mM Tris-HCl pH 6.8), and heated 45min 95°C with strong agitation to separate 
the proteins using the magnetic holder. Samples were tested using a polyacrylamide gel and 
using anti-Ub antibodies in WB. The captured fraction was analyzed by silver staining or blue 
Coomassie. 
 
Different commercial streptavidin magnetics beads were tested in this project. However, 
due to inherent background, none of them were selected to further optimize for MS 
Analysis. 
 

17.11 Nanobodies capture protocol.  

 
In this project, different capture protocols have been implemented in order to use Ub 
molecular traps to analyze the ubiquitome of our biological model, ZBR and Z138 MCL cell 
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lines. Different crosslinking strategies have been tested, as well as different binding times. 
This optimized protocol can be used for an analysis using other cell lines and/or biological 
models. 
 
40 million cells were used in each condition along with 250ug of each nanobody (K48 and 
K63). Previously to the binding step using mammalian cell lines, a BS3 
(bis(sulfosuccinimidyl)suberate) (Thermofisher 21586) crosslinking protocol was perform 
using Ni-NTA Magnetic Agarose Beads (Quiagen, 36113). 640ul of dry beads were used per 
sample point. Those were incubated with 250ug of chain-specific nanobodies in 500 µl of 
Binding Buffer (50mM Tris pH8.5, 150mM NaCl, +0.5% Igepal) rotating 1-2h at. 4ºC. The non-
binding fraction was removed, and beads were washed twice with 1ml of 1X PBS. Beads 
were incubated with 1ml of 5mM BS3 at RT for 1h. After that, beads were washed with 1ml 
of 1X PBS and then incubated with 500ul of Blocking Buffer (1.5 M Tris, pH 7.5) at RT for 
15min. Beads were washed with 1ml of 1X PBS, and then washed with 500 µl of 0.5M 
K2HPO4. Beads were washed three times with 1ml 1XPBS, and then with Binding Buffer to 
equilibrate them. 
 
Cells were lysed in 500ul (each cell pellet of 40Million cells) of Lysis Buffer [(50mM sodium 
fluoride, 5 mM tetra-sodium pyrophosphate, 10 mM β-glyceropyrophosphate, 1% Igepal, 2 
mM EDTA, 20 mM NaH2PO4, 1mM Pefablock, 1.2 mg/mL, a complete protease inhibitor 
cocktail (Mini, EDTA-free Protease Inhibitor Cocktail-Roche, 04693159001), 10μM PMSF, 
10Mm NEM (N-ethylmaleimide, Thermo Scientific 23030) and 10mM IAA (Iodoacetamide, 
Sigma Aldrich I1149)] on ice for 10min. Tubes were centrifuged at 13000 rpm for 10min 
(4°C), and the supernatant was incubated with the crosslinked beads, rotating at 4°C for 2h. 
50ul fraction of this supernatant were taken for the Input sample. After that, 50ul of non-
binding fraction was taken for the FT sample. Beads were washed 4 times with 1mL of PBS 
Tween 0.05%, and one time with 1ml of 1X PBS. Beads were re-suspended in 100ul of Boiling 
Buffer (4% SDS, 20% glycerol, 120 mM Tris-HCl pH 6.8), and heated 45min 95°C with strong 
agitation to separate the proteins of interest from the beads using the magnetic holder. 
Samples were tested using a polyacrylamide gel and using anti-Ub antibodies in WB, and the 
capture fraction was analyzed by silver staining or blue Coomassie. 
 
For WB validation of substrates identified using the crosslinking protocol and the magnetic 
beads, we have optimized the previous protocol but added some modifications: an overnight 
binding without BS3 crosslinking step and an increased stringency by adding more salt in the 
binding and washing steps. Specific modifications are indicated below. 
 
Ub chain-specific nanobodies were pre-incubated with (precleared) Ni-NTA agarose-beads 
for 1h rotating at 4ºC.  Centrifugation steps (for washing the beads) are made at 1200rpm, 3-
5min.  
 
Binding step was made at 4ºC using the binding buffer previously mentioned but adding 
200mM of NaCl. rotating overnight (O/N). Washing steps were made as follow: 3 washes 
PBS1X-Tween 0,1% 300mM NaCl, 2 washes PBS 1X-Tween 0,05%, and 2 washes PBS 1X. 
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17.12 Nuclear cytoplasmic extraction protocol. 

 
The Thermo Scientific™ NE-PER™ Nuclear and Cytoplasmic Extraction Protocol was followed 
for the separation of cytoplasmic and nuclear extracts from mammalian cultured cells (Z138 
and ZBR). 
 
Cells were pelleted after 3 washes with PBS 1X. 8-10 × 106 cells was pelleted by 
centrifugation at 500 × g for 2-3 minutes. CERI (reagent from the commercial kit) was added 
(200ul), and pellets were vortexed vigorously for 15sec to fully re-suspend the cells. Then it 
was incubated on ice for 10min. CER II (11 ul) was added to the tubes, vortexed and 
incubated on ice for 1min. Tubes were centrifuged for 5min at maximum speed in a 
microcentrifuge (~16,000 × g).  Supernatant was kept as the cytoplasmic extract (mixed with 
Boiling Buffer for WB testing). Pellets were re-suspended (insoluble fraction, nucleus) in cold 
NER (50ul).  Samples were on ice and continued vortexing for 15sec every 10min, for a total 
of 40min. Tubes were centrifuged at maximum speed (~16,000 × g) for 10min. The 
supernatant (nuclear extract) was kept, mixed with BB and/or stored at -80°C until use. 
 

17.13  Ubiquitin-chain specific nanobody Mass Spectrometry. 

17.13.1 Peptide sample preparation. 

 
Captured proteins were loaded into ultra-centrifugal filters with 30 kDa cut off and spin 25 
min at 14 000 xg. Proteins in the retentate are washed with 0.2 mL of 0.1M HEPES, 8M Urea, 
pH 8.0, six times by spinning 25 min at 14 000 xg. Proteins in the retentate are incubated 
with 0.1 mL of 0.05 M iodoacetamide for 20 min. Proteins in the retentate are spun 35 min 
at 14 000 xg. Proteins in the retentate are washed with 0.1 mL of 0.1M HEPES, 8M Urea, pH 
8.0, four times by spinning 25 min at 14 000 xg. Proteins in the retentate are washed with 
0.1 mL of 0.04M ammonium bicarbonate, pH 8.0, four times by spinning 25 min at 14 000 x 
g. Proteins in the retentate are incubated with 40 μL 0.01 ug/uL of trypsin overnight at 37°C. 
Digested proteins are collected by adding 40 μL of 0.04M ammonium bicarbonate, pH 8.0, 
two times by spinning 25 min at 14 000 xg. Peptides are desalted using reverse phase C18 
and then stored at -20 °C, before MS analysis. 

17.13.2  Nano-LC-MSMS analysis. 

 
Peptide samples were analysed by nano-LC-MSMS (Dionex RSLCnano 3000) coupled to a Q-
Exactive Orbitrap mass spectrometer (Thermo Scientific). Briefly, the samples (5 μL) were 
loaded onto a custom made fused capillary pre-column (2 cm length, 360 μm OD, 75 μm ID) 
with a flow of 5 μL per minutes for 7 minutes. Trapped peptides were separated on a custom 
made fused capillary column (20 cm length, 360 μm outer diameter, 75 μm inner diameter) 
packed with ReproSil Pur C18 3-μm resin (Dr. Maish, Ammerbuch-Entringen, Germany) with 
a flow of 300 nL per minute using a linear gradient from 92 % A (0.1% formic acid) to 28 % B 
(0,1% formic acid in 100 acetonitrile) over 93 min followed by a linear gradient from 28 % B 
to 35 % B over 20 min at a flowrate of 300 nl per minute. 
 
Mass spectra were acquired in positive ion mode applying automatic data-dependent switch 
between one Orbitrap survey MS scan in the mass range of 400 to 1200 m/z followed by 
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HCD fragmentation and Orbitrap detection of the 15 most intense ions observed in the MS 
scan. Target value in the Orbitrap for MS scan was 1,000,000 ions at a resolution of 70,000 at 
m/z 200. Fragmentation in the HCD cell was performed at normalized collision energy of 
31 eV. Ion selection threshold was set to 25,000 counts and maximum injection time was 
100 ms for MS scans and 300 and 500 ms for MSMS scans. Selected sequenced ions were 
dynamically excluded for 45 seconds. 

17.13.3 Database dependent search. 

 
Mass accuracy was set to 5 ppm on the peptide level and 10 Da on the fragment ions. A 
maximum of four missed cleavages was used. Carbamidomethyl (C) was set as a fixed 
modification. Selected variable modifications included methionine oxidation, N-terminal 
protein acetylation, di-glycine tagged lysine, and LRGG tagged lysine. The MSMS data was 
searched against all proteins in UniProt (3AUP000005640) with concatenation of all the 
sequences in reverse maintaining only lysine and arginine in place. The data was searched 
and quantified with VEMS (Carvalho et al., 2014). 

17.13.4 Quantitative analysis. 

 
The data were analyzed in R statistical programming language. Estimated IBAQ values were 
subtracted with average of ZBR and Z138 control samples. Negative values were set to zero. 
The resulting background adjusted quantitative values were preprocessed by three 
approaches: 1) removing common MS contaminants followed by log2(x + 1) transformation, 
2) removing common MS contaminants followed by log2(x + 1) transformation and quantile 
normalization, 3) removing common MS contaminants followed by log2(x + 1) 
transformation, quantile normalization and abundance filtering to optimize overall Gaussian 
distribution of the quantitative values. This led to three quantitative matrices. The log2(x + 1) 
transformed and quantile normalized data were subjected to statistical analysis utilizing R 
package limma (Smyth, 2004) where contrast between the different conditions were 
specified. Correction for multiple testing was applied using the method of Benjamini & 
Hochberg (Benjamini and Hochberg, 1995).  

17.13.5 Functional analysis. 

 
Details of how we define functional enrichment based on the hypergeometric probability 
test have previously been described (Carvalho et al., 2016; Hackenberg and Matthiesen, 
2008). Functional enrichment was made by extracting all functional categories for which at 
least one of the samples showed a significant enrichment based on the hypergeometric 
probability test followed by multiple corrections of P values by the method of Benjamini & 
Hochberg (Benjamini and Hochberg, 1995). The analysis was performed for all significantly 
regulated proteins, significantly up-regulated proteins and significantly down regulated 
proteins against cellular component (CC), biological process (BP), molecular function (MF) 
and KEGG pathways. 
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17.14 Quantification and statistical analysis. 

 
Quantification and statistical analysis were performed using the Image J software and three 
independent experiments (biological replicates), unless indicated otherwise in the figure 
legend for some preliminary results. GAPDH/Actin or Vinculin normalization or No treatment 
sample (NT) Fold change has been used for statistical purposes. Two‐Way ANOVA with 
multiple comparisons or T-tests were applied for comparisons between conditions using the 
GraphPad software for statistical analysis and visualization. The data are presented as the 
means ± SD or SEM. The ∗p < 0.05, ∗∗p < 0.01 or ∗∗∗p < 0.001 values were considered as 
statistically significant. Combination index (CI) was calculated using the Compusyn software.  
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18. Results. 

 
 

18.1 Chapter I: Identification and targeting of Ubiquitin enzymes to recover bortezomib 
sensitiveness: molecular mechanism regulating BTZ resistance. 

 
BTZ is used for the treatment of MM and MCL (Kane et al., 2003; Raedler, 2015). Molecular 
mechanisms associated with BTZ resistance are still unclear. Different mechanisms have 
been proposed, including mutations in the β5-subunit (Balsas et al., 2012; Lü and Wang, 
2013) and also quite recently dysregulation in proteolytic pathways (Grégoire Quinet et al, 
2021; Lü and Wang, 2013).  
 
In the MS analysis reported by Quinet et al, (Grégoire Quinet et al, 2021), differences in the 
enrichment of Ub E3 enzymes were identified in the BTZ-resistant cell line ZBR in 
comparison to its sensitive counterpart Z138. In this study, we have investigated the possible 
contribution of these E3 enzymes to the MCL BTZ-resistant phenotype. The strategy used in 
this project considered the inhibition/modulation of these enzymes to analyse the impact in 
Ub chains composition, proteaphagy activation and BTZ resistance. This knowledge should 
contribute to develope new therapeutic options for patients that do not respond to BTZ. 
 
The ZBR cell line was developed by exposing Z138 cells to BTZ during 5 months (Moros et al., 
2014; Roué et al., 2011), providing a good model to study mechanisms underlying BTZ 
resistance. This pair of cells (BTZ sensitive and resistant) was the main but not the only 
model used in this research project (see results below). Our strategy included the use of 
Z138 and ZBR for proteome comparison with the objective to validate proteins/molecules 
associated to the BTZ-resistant phenotype using different approaches.  
 
 

18.2 Selection of potential target candidates in whole cell extracts in Z138 and ZBR cell 
lines. 

 
Data previously obtained by the hosting laboratory highlighted important differences in the 
proteome identified by TUBE-MS approach between ZBR and Z138 cell lines. The average log 
ratios of some proteins belonging to the Ub pathway were significantly distinct between cell 
lines (Z138/ZBR). It was decided to concentrate our efforts in the proteins with the higher 
enrichment. In figure 19, highly enriched proteins in ZBR cells are indicated in the green 
scale and red boxes indicate the proteins decided to explore (Figure 19). Among the top-
most enriched proteins, we found UBR2, UBR4 and UBR5, the Tripartite motif (TRIM) 24 and 
RLIM, all E3 Ub ligases. We excluded the analysis of the Ub-protein ligase E3C (UBE3C) as it is 
difficult to obtain reagents to analyse its function (chemical inhibitors, antibodies). In 
addition, we selected UBXN1 (UBX domain-containing protein 1) to validate its enrichment 
in the sensitive cell line Z138 (Figure 19). 
 
In order to validate the enrichment of potential candidates previously identified by TUBE-MS 
analysis, we analysed by Western blot (WB) the level of enzymes that presented higher 
differences between ZBR and Z138 cell lines. This step was required to validate protein 
enrichment previously identified(Figure 19). In this assay, we focused on the identification of 
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these proteins in whole cell extracts without treatment (basal conditions) but also after BTZ 
treatment as we were interested in identifying changes in protein stability after blocking this 
proteolytic pathway. 

 
Figure 19: Enriched Ubiquitin enzymes found in the proteome of ZBR cells.  Data previously obtained 
using a GST-TUBE MS analysis (Grégoire Quinet et al, 2021). Heat map representation of enriched Ub 

enzymes in the BTZ-resistant ZBR cell line compared to the parental Z138 cell line. Red = low enrichment; 
Green = high enrichment. 

 
 
UBR enzymes contribute to regulate the N-end rule pathway. In particular, they determine 
the half-life of proteins containing N-degrons which destabilize the N-terminal residue. The 
N-end rule pathway is considered to be part of the UPS, as E3 ligases (N-recognins) are in 
charge of recognising those degrons in the target protein promoting their ubiquitylation and 
subsequent proteasomal degradation. In this pathway, the UBR domain N-recognins 
(UBR1/UBR2/UBR4 AND UBR5) recognises Arg/N-terminal modified substrates (Varshavsky, 
2011). 
 
There are two different branches inside this pathway: The Ac/N-end rule and the Arg/N-end 
rule pathway. The Ac/N-end rule pathway targets proteins containing Nt-acetylated, 
residues, while the Arg/N-end rule pathway involves N-terminal arginylation. More than 80% 
of human proteins harbour a specific degradation signal termed Ac/N-degrons, that will lead 
to its Nt-acetylation/arginylation when needed, by the action of different enzymes like 
methionine-aminopeptidases, caspases, calpains, Nt-acetylases, Nt-amidases, arginyl-
transferases, and leucyl-transferases. Therefore, this system can determine the degradation 
of a great number of proteins inside the cells, mediating physiological functions like: 
selective elimination of misfolded proteins; DNA repair, fat metabolism, viral and bacterial 
infection, apoptosis, meiosis, spermatogenesis, neurogenesis and cardiovascular 
development, among others (Chen et al., 2017; Varshavsky, 2011). Due to those important 
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functions and their participation to the Ub proteasome system, UBR proteins became 
interesting to further investigate in this project. 
 
Levels of UBR2, UBR4 and UBR5 proteins were tested in whole cell extracts from ZBR 
compared to the Z138 cell line (Figure 20). Under basal conditions, they were higher in the 
ZBR cell line, with UBR2 and UBR4 enrichment showing statistical significance (using two-
tailed Student's t-test). In contrast, UBR5 enzyme levels were only slightly higher in ZBR cells. 
When treated with BTZ, 5nM for 8h, Z138 cells accumulated UBR2, UBR4 and UBR5 
indicating that the stability of these enzymes is regulated by proteasomal degradation. 
However, the level of these enzymes did not increase in ZBR cells treated with BTZ, 
supporting the notion of a dysregulated UPS/ALS phenotype in ZBR cells, and that UBR 
proteins could contribute to this phenotype (Grégoire Quinet et al, 2021).  
 

 

 
 

Figure 20:  Analysis of UBR proteins level in Z138 and ZBR cells. Z138 and ZBR cell lines (10 million 
cells per pellet/condition) were treated or not (NT) during 8 hours with a 5nM BTZ treatment (BTZ). 

Whole cell extracts were analysed by WB with UBR2, UBR4, UBR5 and Actin antibodies. Images 
quantified with Image J (n≥3; mean ± SEM; two-tailed Student's t-test, *P<0.05, **P<0.01, 

P***<0.001). 
 

 

Levels of TRIM24, RLIM and UBXN1 were also investigated (Figure 21). At basal level, TRIM24 
was confirmed to be increased in ZBR compared to the Z138 cell line. This difference showed 
statistical significance using the two-tailed Student's t-test. Interestingly, TRIM24 decreased 
only in ZBR after BTZ treatment.   
 
In the absence of treatment, the level of the RLIM protein was higher in ZBR BTZ-resistant 
cells whereas UBXN1 was increased in Z138 sensitive cells (Figure 21), validating the 
information obtained using the TUBEs-MS methodology. After an 8-hour treatment with 
BTZ, RLIM was increased while UBXN1 was reduced in ZBR cells.  
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Figure 21: Validation of TRIM24 and other cellular factors enriched in ZBR cells. Z138 and ZBR cell lines 
were treated or not (NT) during 8 hours with 5nM BTZ treatment (BTZ) (10 million cells per 

pellet/condition). Whole cell extracts were analysed WB with TRIM24, RLIM, UBXN1 and Actin 
antibodies. Images quantified with Image J (n≥3; mean ± SEM; two-tailed Student's t-test, *P<0.05, 

**P<0.01, P***<0.001). 
 
 

Since autophagy is a mechanism that can be activated when the proteasome system is 
compromised, it was decided to investigate how the stability, localization, and function of 
some of the identified proteins was affected in the ZBR cell line after pharmacologic 
inhibition of these proteolytic pathways. 
 

 

18.3 TRIM24 stability and localization in Z138 and ZBR cell lines. 
 
The tripartite motif (TRIM) family of E3 ligases is a subfamily of the RING-type E3 Ub ligases, 
described to be involved in multiple cellular processes such as intracellular signalling, 
apoptosis, protein quality control, autophagy, and carcinogenesis. Moreover, their 
dysregulation has been linked to the development of diseases including cancer 
(Hatakeyama, 2017). 
 
TRIM24, called transcriptional intermediary factor 1α (TIF1 α), is a multidomain protein that 
has been described to be a co-regulator of transcription, a  nuclear histone PTM reader that 
binds to chromatin via its PHD-bromodomain  (Appikonda et al., 2018). TRIM24 also 
negatively regulates p53 levels by mediating its ubiquitylation (Jain et al., 2014). 
 
Aberrant expression of this  protein has been associated with different cancer types, and has 
been proposed to be a good prognostic cancer usually correlating with increasing 
proliferation, oncogenic transformation and aggressive malignant phenotypes (Groner et al., 
2016; Li et al., 2012, 2012; Liu et al., 2014; Tsai et al., 2010; Zhang et al., 2015).  
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Due to its role in cancer, we have selected TRIM24 as a good candidate to further 
characterize in our disease model. In particular, we investigated if TRIM24 could have a role 
in autophagy impacting  proteaphagy, a mechanism recently found to contribute to develop 
BTZ resistance in MCL cells (Grégoire Quinet et al, 2021). 
 
We performed immunofluorescence (IF) and WB analysis in HeLa cells treated or not with  
proteasome or autophagy inhibitors to investigate the TRIM24 localization in a cell line 
distinct from MCL (Figure 22). TRIM24 levels were highly increased after autophagy blockade 
(Figure 22, A) and its localization was mainly in the nucleus, most likely associated to its 
nuclear functions (Jain et al., 2014). 
 
When treated with BTZ or BafA, the accumulation of small TRIM24 puncta appears mainly in 
the nucleus but also in the cytoplasm. With the combined BTZ/BafA treatment, TRIM24 
staining was similar to the one observed with BTZ. p62 staining is increased after BafA 
treatment, highlighting its correct accumulation in the cytoplasm. However, TRIM24 did not 
colocalize with p62 under the different conditions tested (Figure 22, B). 

 
 
 

Figure 22: TRIM24 levels and localization in HeLa cells upon proteasome and autophagy inhibition. 
A: WB analysis of TRIM24 and p62 proteins from total cell extracts (5 million cells per pellet/sample). 

HeLa cells treated with BTZ 40nM, BafA 5uM or both treatments for 4 hours. GAPDH was used as 
charge control. Triplicate experiments were performed.  B: Immunofluorescence analysis using HeLa 
cells with no treatment (NT), BTZ 40nM, BafA 5uM or both treatments for 4 hours (1 million cells per 

cover/sample). TRIM24 was detected with an anti-rabbit antibody and a secondary antibody Alexa 
anti-donkey/rabbit 488 (Green). p62 was stained with an anti-mouse antibody using as secondary 
antibody an Alexa anti-donkey mouse 568 (Red). Images were analysed using Axio Imager D1 Zeiss 

Microscope (40x, and 63X) and assembled with Adobe Photoshop 7.0. (Scale bar: 10um).  
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We analysed the stability and localization of TRIM24 and p62 in Z138 and ZBR cells by WB 
and IF (Figure 23). The settings used for both analyses in both cell lines were the same to be 
able to directly compare results. Under BTZ/BafA treatment, TRIM24 staining was highly 
increased in Z138 cells. In contrast, in the ZBR cell line, TRIM24 was highly reduced under the 
same conditions (Figure 23).  
 
WB analysis of TRIM24 and p62 proteins showed that protein levels were consistent with IF 
images. A significant reduction of TRIM24 was observed only in ZBR cells when treated with 
BTZ and BafA. Quantifications of the integrated density of the IF images (Figure 24) support 
the reduction of TRIM24 in ZBR cells observed by WB analysis performed in triplicates.  
 
 

 
 
 

Figure 23: WB analysis of TRIM24 and p62 protein levels in Z138 and ZBR MCL cells upon BTZ and BafA 
treatment. WB analysis of TRIM24, p62 and GAPDH proteins upon BTZ 10nM, BafA 20nM or the combination 
of both for 4 hours (10 million cells per pellet/sample). Graphics with the GAPDH normalize values (n≥3; mean 

± SD; two-way T-test , *P<0.05, **P<0.01, P***<0.001).  
 

 

 
In order to better characterize the localization of TRIM24 in our biological model, we 
performed an in-depth analysis using concurrence analysis (Image J software). We analysed 
the amount of TRIM24 intensity (integrated pixel density), that are gathered in the pictures 
taken inside the area where DAPI staining is observed, indicating nuclear localization. These 
analyses showed a different distribution of the TRIM24 in both cell lines, with more TRIM24 
present in the cytoplasm of ZBR cells (Figure 25, A).  
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Figure 24: Cellular localisation of TRIM24 and p62. Immunofluorescence analysis of Z138 and ZBR MCL cell 
lines, with no treatment (NT), BTZ 40nM 4H, BafA 5uM 4 hours or the combination of both (2 million cells per 
cover/sample). Visualization of TRIM24 anti-rabbit using as the secondary antibody Alexa anti-donkey/rabbit 

488 (Green), and p62 anti-mouse using as the secondary Alexa anti donkey mouse 568 (Red) (Scale bar: 10um). 
Each image was normalized against the number of cells (nuclear staining DAPI) (n≥3; mean ± SD; two-way T-

test , *P<0.05, **P<0.01, P***<0.001). Quantification of the integrated density perform with Image J software. 
Images were acquired using super-resolution microscopy Leica SP8 Lightning and Zeiss LSM 880 Fast Airyscan 

and assembled with Adobe Photoshop 7.0. (Scale bar: 10um). 
 
 
 

This cytoplasmic localization of TRIM24 in ZBR cells could indicate a possible role of this E3 
enzyme in this subcellular compartment. Since we know that proteaphagy is permanently 
activated in ZBR cells (Grégoire Quinet et al, 2021), our first hypothesis was that TRIM24 
could directly act on autophagy regulators such as p62 or on proteasome subunits. 
Nevertheless, TRIM24 and p62 were not co-localised in any of the conditions tested (Figure 
24), indicating that p62 might not be a direct TRIM24 target.  
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Figure 25: TRIM24 is enriched in the cytoplasm of ZBR cells. A: Immunofluorescence images show the 

localisation of TRIM24 in Z138 and ZBR cell lines under basal conditions (no treatment).  TRIM24 was detected 
(green) with a specific anti-rabbit antibody and a secondary donkey rabbit antibody coupled Alexa (488). DAPI 
stain the nucleus in blue. Concurrence analysis (Image J software) displayed at the right part of the panel show 
the distribution of TRM24 inside the nucleus when overlaps with DAPI in both cell lines. Images were acquired 

using super-resolution microscopy Leica SP8 Lightning and Zeiss LSM 880 Fast Airyscan and assembled with 
Adobe Photoshop 7.0. (Scale bar: 10um). B: WB analysis of TRIM24 in Z138 and ZBR MCL cell lines (40 million 

cells per sample/pellet) upon cytoplasmic/nuclear fractionation. Soluble (CE, Cytoplasmic extract), and 
Insoluble (NE, Nuclear extract) fractions were obtained following instructions of the manufacturer (materials 

and methods). Lamin was used to control nuclear enrichment, and Tubulin was used to control the cytoplasmic 
fractionation. Quantification of TRIM24 using GAPDH from the soluble fraction to normalize values.  Graphics 
were made using GraphPad Prism Software. Data from the NE and CE fraction are recollected in an additional 

graphic for a better visualization of NE/CE distribution in each cell line. (n≥3; mean ± SD; two-way T-test, 
*P<0.05, **P<0.01, P***<0.001).  

 
 

In order to validate the cytoplasmic localization of TRIM24 in ZBR cells observed by IF 
analysis, we performed a cytoplasmic/nuclear fractionation assay comparing Z138 and ZBR 
cells following the instructions provided by the manufacturer (see materials and methods 
section). WB analysis (Figure 25, B) showed an enrichment of TRIM24 in the cytoplasm of 
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ZBR cells, confirming IF observations. Under these extraction conditions, Lamin was localized 
mainly in the nuclear fraction, and tubulin mainly in the cytoplasmic fraction validating the 
efficiency of this fractionation protocol. In sum, these results suggested a different TRIM24 
subcellular localization, and a possible distinct function executed by this E3 enzyme can be 
expected in Z138 compared to ZBR cells. 
 
To continue exploring the meaning of the distinct enrichment and localization of TRIM24 in 
ZBR, we considered multiple approaches aiming to find the link between this ligase, 
proteaphagy and the sensitivity/response to BTZ. These results will be presented in the next 
sections. 
 

 

18.4 PROTAC degradation strategy to target TRIM24 in MCL cells. 
 
Bromodomains inhibitors have been developed as potential anti-cancer therapy agents. 
However, these inhibitors do not show negative effects in cancer proliferation (Zhan et al., 
2015). The proteolysis targeting chimera (PROTAC) degradation strategy offers a new 
alternative to target proteins in which chemical inhibition does not exert any therapeutical 
effect (Qi et al., 2021) even if the protein of interest regulates aberrant proliferation and/or 
malignancy. Recently, Gechijian et al have developed a cell permeable heterobifunctional 
TRIM24 degrader (PROTAC), by linking a chemical VHL E3 ligase binder to a bromodomain 
binder. This PROTAC efficiently drives TRIM24 (bromodomain-containing transcriptional 
regulator) degradation, and loss on chromatin localization when compared to the dimethyl 
benzimidazolone inhibitor IACS-9571 (Palmer et al., 2016). This strategy was shown to be 
successful as a potential treatment for human acute leukemia (Gechijian et al., 2018). 
Considering these results, we selected this strategy to target TRIM24 degradation and 
investigate its role, if any, in our BTZ-resistant MCL model cell line. 
 

We used a TRIM24 PROTAC (referred in this document as dTRIM24) for 24 hours, at different 
concentrations to evaluate its efficiency to target TRIM24 for proteasomal degradation. 
TRIM24 reduction was evaluated by WB analysis with a specific antibody (Figure 26, A).  We 
tested distinct concentrations of dTRIM24 since our previous results showed that the levels 
of this E3 enzyme in Z138 and ZBR cells was not the same. Our results indicate that it almost 
disappears in both Z138 and ZBR cell lines when using 10uM dTRIM24 concentration. These 
results can be better observed after quantification of the signal detected by WB analysis as 
displayed in the graphic (Figure 26, B).  
 
 
We evaluated the effect of dTRIM24 on cell death (apoptosis) using two distinct approaches. 
We firstly quantified cleaved caspases: Caspase-3 and Caspase-9 detected by WB analysis 
(Figure 26, C). This was done after 8 hours of dTRIM24 treatment and revealed a significant 
enrichment of caspases.   
 
The second approach was the analysis of Annexin 5 by Flow cytometry/FACS (see materials 
and methods section). We tested 5, 7.5, 10 and 15uM dTRIM24 concentrations, to visualize a 
dose-response curve, and calculate the IC50 for both cell lines (Figure 26, D).  Similar results 
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were obtained using both approaches and no significant differences in apoptosis were 
observed for Z138 and ZBR cell lines (Figure 26, D).  
 

 
 
 
Figure 26: dTRIM24 PROTAC strategy to target TRIM24 in Z138 and ZBR cell lines. A: Z138 and ZBR cells were 

treated during 24 hours with distinct concentrations of dTRIM24 PROTAC (2.5, 5 and 10uM) (10 million cells per 
point/sample). TRIM24 protein level was analysed by WB analysis. GAPDH was used as charge control.  B: 

TRIM24 signal was quantified in both cell lines and normalized using GAPDH (graphic visualization of TRIM24 
depletion in Z138 and ZBR cell lines). C: Z138 and ZBR cells treated with 10uM dTRIM24 for 8 hours. Cleaved 
caspases 3 and 9 were analysed by WB analysis. Caspase-9 antibody recognizes both uncleaved (50 kDa) and 
cleaved (45 kDa) forms. GADPH was used to normalize values. (n≥3; mean ± SD; two-tailed Student's t-test, 

*P<0.05, **P<0.01, P***<0.001). D: FACS Analysis- measuring Annexin 5. Apoptosis values IC50 for Z138 and 
ZBR cell lines after 24-hour treatment of dTRIM24 PROTAC (5, 7. 5, 10 and 15uM concentrations). 

 
 

In 2018, Zhang et al demonstrated that the inhibition of TRIM28 expression enhanced the 
sensitivity to BTZ of B-cell non-Hodgkin lymphoma cells by favouring p53 activity and  
therefore apoptosis induction (Zhang et al., 2018). These results suggested a role for TRIM28 
in BTZ response and proposed a novel target to increase BTZ efficiency. TRIM28 is a 
bromodomain TRIM protein, that negatively regulates p53. It has been associated to 
different cancer types and malignancy progression similarly to TRIM24 (Hatakeyama, 2017; 
Zhang et al., 2018). In addition, TRIM28 overexpression has been associated with the 
activation of autophagy, promoting cell proliferation in glioma cells (Peng et al., 2019). 
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Considering all this information, we decided to investigate whether the depletion of TRIM24 
in combination with BTZ would affect cell viability of the ZBR cell line in a different manner. 
 

 

18.5 Efficient cooperation between BTZ and dTRIM24 in the ZBR cell line. 
 
Since the individual dTRIM24 PROTAC treatment promoted the same level of apoptosis 
response in both Z138 and ZBR cell lines (Figure 26), it was decided to evaluate the apoptotic 
effect of the combined dTRIM24/BTZ treatment. We used suboptimal doses of these 
inhibitors to be able to analyse a possible cooperativity. We used 5 nM BTZ and 10 uM of 
dTRIM24 PROTAC. Under these conditions the double treatment significantly enhanced cell 
death only in the ZBR cell line (Figure 27), indicating cooperative effects.  

 
 
 
Figure 27: Apoptosis effect of the combined dTRIM24/BTZ treatment in Z138 and ZBR cells. A: Z138 and ZBR 

cells were treated during 24 hours with 10 uM dTRIM24 PROTAC, 5nM BTZ or the combined treatment (1 
million cells per point/sample). Apoptosis levels were measured by FACS (Annexin 5) after 24-hour treatment 

(n≥3; mean ± SEM; two-way ANOVA test to compare conditions, *P<0.05, **P<0.01, P***<0.001). B: 
Combination index of the dTRIM24/BTZ treatment in Z138 and ZBR cell lines. Combination index was measured 

using Compusyn software.  
 
 

Indeed, if we compare the effect of individual treatments on Z138 and ZBR cells, 5nM BTZ 
promoted 60% cell death in Z138 and 10% in ZBR while 10 mM dTRIM24 induced 35-40% in 
both cell lines.  The combined treatment induced 80% apoptosis in both cell lines but since 
BTZ effect on ZBR is low, the cooperativity with dTRIM24 is higher in this BTZ-resistant cell 
line (Figure 27, A). 

 

The combination index (CI) was calculated using the Compusyn software. Consistently, the CI 
were lower than 1 in ZBR cells meaning that depletion of TRIM24 shows enhanced apoptotic 
effects induced by BTZ in this cell line. On the contrary, the CI value was more than 1 in Z-
138 suggesting only an additive effect in this cell line (Figure 27, B 
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18.6 TRIM24 is a crucial autophagy regulator in MCL cells. 
 
It was decided to examine how the dTRIM24 treatment affected autophagy in order to 
investigate the molecular mechanisms regulated by TRIM24 in ZBR cells compared to Z138. 
We particularly looked into the stability of core proteasome subunits since they are 
regulated by the permanently activated proteaphagy in ZBR cells (Figure 28). Cells were 
treated during 8 hours with dTRIM24, BTZ or dTRIM24/BTZ at the concentrations indicated 
in Figure 28.   
 

 
 
 

Figure 28: Impact of TRIM24 degradation on autophagy activation and proteasomal subunits in ZBR 
compared to Z138 cells. Z138 and ZBR cells (10 million cells per point/sample) were treated during 8h with the 
indicated doses of dTRIM24, BTZ or dTRIM24/BTZ. Whole cell extracts were analysed by WB to detect TRIM24, 

p53, p62, LC3B, 5 and 2 proteins.  Protein levels were quantified using GAPDH to normalize values. 
Differences in fold change were calculated normalizing against NT values of three independent replicates. The 
media of those values are indicated below each WB panel as r. Ratio values from the combined treatment are 

indicated in red. 

 
 

Whole cell extracts were analysed by WB to detect proteins of interest. While 8 hours of 
dTRIM24 treatment accumulated both LC3B and p62 in Z138 and ZBR cells, p62 was 

consistently more accumulated in ZBR cells. The accumulation of 5 was also more 

prominent in ZBR cells than in Z138 but 2 appeared equally affected in both cell lines. 
Interestingly, protein levels of p53, a typical substrate of TRIM24, was more prominent in 
ZBR cells after dTRIM24 treatment. These results suggest that dTRIM24 could contribute to 
inhibiting proteaphagy while enhancing p53 activity more efficiently in ZBR cells than in 
Z138.  
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Even if basal levels of TRIM24 are higher in ZBR and the impact of dTRIM24 on TRIM24 levels 
appears to be limited, reducing the amount of this E3 Ub ligase could be more crucial in the 
BTZ-resistant cell line.  To understand why the dTRIM24/BTZ treatment induced apoptosis 
more efficiently in ZBR than in Z138 cells, we analysed its impact on proteaphagy. While the 
double treatment increased LC3B and p53 levels compared to the single dTRIM24 treatment, 

p62, 5, and 2 proteins were reduced in both Z138 and ZBR cells under the same 
conditions (Figure 28) as indicated in the ratio (r) values. Therefore, the combination of BTZ 
with dTRIM24 equally affected proteaphagy in both cell lines suggesting that a 
compensatory mechanism could be promoted when blocking the proteasome and targeting 
TRIM24 for a Ub-proteasome mediated degradation process using this PROTAC.    
 

 

18.7 TRIM24 regulates the formation of K48 and K63 chains, the Ubiquitin-associated 
fraction of p62 and proteasome subunits in ZBR cells. 

 
We decided to analyse the impact of dTRIM24 on Ub chain formation in ZBR cells to further 
explore the molecular mechanisms implicating TRIM24 in the regulation of autophagy, and 
in particular proteaphagy. Since autophagy activation and termination have been 
respectively associated with K63 and K48 chains (Gonzalez-Santamarta et al 2021), we  
analysed these chains using Ub chain-specific nanobodies, optimized and validated for this 
project (see chapter II of results). Autophagy termination is mostly associated with the 
degradation of cellular factors implicated in autophagy via the UPS (Gonzalez-Santamarta et 
al 2021). We first analysed the presence of K63 and K48 chains in both unstimulated Z138 
and ZBR cells by nanobody precipitation followed by WB detection (Figure 29).  
 
Our results show that while K48 chains appear equally abundant in both cell lines, K63 were 
more abundant in ZBR cells, confirming the results observed using the TUBEs-MS approach 
(Quinet et al 2021). Our results also confirmed that the TRIM24 fraction bound to both Ub 
chains is more enriched in ZBR than in Z138 cells, enrichment also revealed using the same 
TUBEs-MS approach (Quinet et al). Interestingly, we also observed that cellular factors 

implicated in proteaphagy (p62, 2, and 5) were better immunoprecipitated in ZBR cells by 
the K48 nanobody, even if these proteaphagy factors were modestly and consistently bound 
to K63 (Figure 29).  
 
We then tested how the depletion of TRIM24 affected Ub chain composition in Z138 and in 
ZBR cells (Figure 30). Cells were treated or not with 10uM of dTRM24 for 8 hours. 
Precipitated fractions with K48 and K63 chain-specific nanobodies were analysed to detect 

ubiquitylation, TRIM24, p62, 2, and 5 proteins by WB.  Our results clearly indicate that 
after dTRIM24 treatment K48 and K63 chains are heavily increased only in the ZBR cell line, 
suggesting that this Ub E3 regulates the abundance of Ub chains when cells are resistant to 
BTZ. Surprisingly, TRIM24 does not appear to play an important role in the regulation of Ub 
chains abundance in BTZ-sensitive Z138 cells.    
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Figure 29: Enrichment of K63 Ubiquitin chains and Ubiquitin associated TRIM24, p62, 2, and 5 proteasomal 
subunits in ZBR cells. Whole cell extracts from 20 million of unstimulated Z138 and ZBR cells were precipitated 

using K48 and K63 Ub chain-specific nanobodies. A: Input, FT (Flow Through) and bound fractions (PD) were 
analysed by WB analysis to detect total ubiquitylation levels using a Ub antibody (P4D1). B: GAPDH from the 

input fraction was used as charge control. Precipitated TRIM24, p62, 2, and 5 proteins were detected with 
specific antibodies. Proteins were quantified and normalized against GAPDH. Graphics were made using 

GraphPad Prism Software. Negative control (NC) values were efficiently low, and nanobody signal was display 
in the graphics for a better visualization of how much of the total amount of protein identified is coming from 

K48 or K63 chain-specific nanobody. 

 
 
We could also observe that in ZBR cells the dTRIM24 treatment increases the fraction of p62, 

2 and 5 bound to K48 and K63 chains while in Z138 cells, under the same conditions, 

these proteins were not detected, or even being reduced like in the case of 5.  Altogether 
these results indicate that TRIM24 negatively regulates K48 and K63 Ub chains and factors 
implicated in proteaphagy in ZBR cells. Thus, TRIM24 could be one sensor that would 
contribute to regulating proteaphagy and UPS-ALS crosstalk in cells that resist to BTZ. 
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Figure 30: dTRIM24 treatment enhances the formation of K48 and K63 chains and ubiquitylation of proteins 

implicated in proteaphagy in ZBR cells. 20 million of Z138 and ZBR cells were treated or not (NT) during 8 
hours with 10uM dTRIM24. Nanoprecipitations made with K48 and K63 Ub chain-specific nanobodies 

recognising K48 and K63 Ub chains. WB analysis of Input, FT and PD (nanobody precipitation) to detect total 

ubiquitylation levels using a Ub antibody (P4D1). WB analysis of TRIM24, p62, 2, and 5 proteins. Proteins of 
interest were quantified using Image J software and normalized using GAPDH from the input. Graphics were 

made using GraphPad Prism Software. Negative control (NC) values were efficiently low, and nanobody signal 
was displayed in the graphics for a better visualization of how much of the total amount of protein identified is 

coming from K48 or K63 chain-specific nanobody after dTRIM24 treatment or no treatment (NT) conditions. 
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18.8 p62 is a crucial factor regulating cell viability in ZBR cells. 
 
As previously mentioned, Quinet et al demonstrated the involvement of p62 (AKA SQSTM1) 
in the regulation of BTZ resistance in ZBR cells. We could demonstrate that the silencing of 
p62 contributes to regulate BTZ-mediated toxicity (Figure 31), suggesting a major role of this 
autophagy receptor in this process, underlining its potential as a therapeutic target 
(Grégoire Quinet et al, 2021). The potential use of p62 as a drug target in cancer treatments 
was already suggested by other authors (Islam et al., 2018). 
 

 
Figure 31: Silencing of p62 recovers sensitivity to BTZ in ZBR cells. ZBR cells were transfected with siRNA 

against SQSTM1 (s) and non-targeted (scramble) sequence (siCtl) and treated 8 hours after transfection with 
BTZ at 2.5, 5, 7.5, and 10nM concentrations. A: SQSTM1 mRNA relative levels using quantitative real-time PCR 
(qRT-PCR). B: SQSTM1 protein were isolated after 24 hours of incubation with different concentrations of BTZ. 
C: Proliferation levels determined by the Cell Titer-Glo Luminiscent Cell Viability Assay (Grégoire Quinet et al, 

2021). 
 
 

Due to the limited number of chemical molecules blocking p62, our laboratory started 
working with VTP. We could demonstrate that VTP was very efficient to block p62-mediated 
proteaphagy and apoptosis in BTZ-resistant cells in vitro and in vivo mouse xenografts 
(Quinet et al 2021).  
 
However, as we will see in the following sections, this inhibitor also activates ROS, making it 
difficult to separate the effects mediated by p62 targeting from others. For this reason, it 
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was decided to use a novel p62 inhibitor called XRK3F2. The particularity of this inhibitor is 
that it binds to the ZZ-type zinc finger domain of p62. The ZZ zinc finger domain of p62 is 
known to be the binding site for the RING finger protein tumour necrosis factor (TNF) 

receptor-associated factor 6 (TRAF6). It is involved in the regulation of the NF-B and 
p38MAPK signalling pathway but has also been proposed to regulate innate immune 
response as it binds the innate defence regulator 1 (IDR-1). The ZZ domain of p62 has been 
proposed to be significant for self-oligomerization, which can activate the NF-κB signalling 
pathway resulting in selective degradation of p62 (Islam et al., 2018). In addition, this 
domain is also implicated in macroautophagy by regulating the N-end rule pathway and 
inducing autophagosome biogenesis (Cha-Molstad et al., 2017).  
 
p62 is considered as a N-recognin that can bind type 1 and type 2 N-degrons through its ZZ 
domain upon proteotoxic  stress conditions, resulting in the delivery of cargoes to the 
autophagy machinery for its degradation. The ZZ domain was proposed to mediate drug 
resistance in ovarian cancer as its deletion restored sensitivity to cisplatin in ovarian 
resistant cells through the modulation of the NF-κB pathway (Yan et al., 2017). More 
importantly, in proteasome inhibitor-resistant MM cells, the combination of the ZZ inhibitor 
XRK3F2 with proteasome inhibitors reduced cell viability by activating multiple death 
pathways (Marino et al., 2019). 
 
In this context, we tried using XRK3F2 to promote apoptosis in BTZ sensitive and resistant 
cells. When used individually, XRK3F2 treatment promoted the same apoptotic response in 
Z138 and ZBR cell lines at the concentrations tested, as it can be observed in the dose-
response curve and the calculated IC50 (Figure 32, A).  

 

When XRK3F2 was combined with suboptimal doses of BTZ (5nM), the induced apoptotic 
response in Z138 was higher (80%) than in ZBR cells (60%). These differences showed low 
statistically significance (Figure 32, B). However, in this context the response to BTZ is lower 
in ZBR cells as the BTZ/XRK3F2 treatment indicates a better additive effect in ZBR than in 
Z138 (Figure 32). Since the concentrations of XRK3F2 used were already high, we could not 
increase them because of the low solubility of this compound. Our group is currently 
developing analogues of XRK3F2 that could improve solubility, efficacy and reduce possible 
side effects. 
 
In order to better characterise the molecular mechanisms affected by XRK3F2 (and in future 
analogues being developed in the hosting laboratory), it was decided to investigate the 
impact of this inhibitor in the stability of p62 and a group of UBR Ub E3 enzymes found 
enriched in ZBR cells using a TUBE-MS approach. As previously mentioned, these UBR 
enzymes regulate the N-end rule pathway and could potentially contribute to coordinate the 
UPS-ALS crosstalk.    
 
Z138 and ZBR cells were treated with 10uM XRK3F2 during 4h. Whole cell extracts were 
analysed by WB to detect the proteins of interest. Our results clearly show that the stability 
of p62 is increased in both cell lines indicating that XRK3F2 efficiently targeted p62 (Figure 
33). Interestingly, the stability of UBR enzymes appears to be more affected in the ZBR than 
in Z138 cells. Indeed, UBR2 and UBR5 protein levels are highly accumulated in ZBR but not in 
Z138 cells (Figure 33).  



 108 

 
 

 
 
 
Figure 32: Apoptosis effect of the inhibition of ZZ domain of p62 domain using XRK3F2, and its combination 

with BTZ in Z138 and ZBR cells. A: IC50 calculated from the dose-curve response of Z138 and ZBR cells (1 
million per point/sample) treated with 2.5, 5, 10, and 20 uM of XRK3F2. Apoptosis was measured by FACS 

(Annexin 5) after 24-hour treatment (n≥3; mean ± SEM; two-way ANOVA test to compare conditions, *P<0.05, 
**P<0.01, P***<0.001). B: Z138 and ZBR cells (1 million cells per point/sample) treated with 5nM BTZ, 10uM 

XRK3F2 or the combination of both for 24 hours. Apoptotic values measured by FACS (Annexin 5) (n≥3; mean ± 
SEM; two-tailed Student's t-test, *P<0.05, **P<0.01, P***<0.001). 
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Figure 33: Effect of XRK3F2 on the stability of p62 and UBR enzymes in Z138 and ZBR cells.  Z138 and ZBR cells 
(10 million cells per point/sample) were treated with 10uM of XRK3F2 for 8 hours. Whole cell extracts were 

analysed by WB to detect p62, UBR2, UBR4 and UBR5 proteins using specific antibodies. A: Z138 cell line and B: 
ZBR cell line. Proteins were quantified using Image J software and normalized using GAPDH values. (n≥3; mean 

± SEM; two-tailed Student's t-test, *P<0.05, **P<0.01, P***<0.001). 

 
 
On the contrary, UBR4 was more accumulated in Z138 than in ZBR cells. Even though UBR2 
and UBR5 regulation by p62 appears to be highly regulated in ZBR cells, interfering with this 
interaction does not significantly contribute to recover BTZ sensitivity in ZBR cells. This lack 
of effect could mean that XRK3F2 is not efficiently impacting all UBR enzymes or that this is 
not a key mechanism contributing to regulating resistance to BTZ in ZBR cells. The new 
XRK3F2 analogues with higher specificity, solubility and affinity could contribute to prove 
this hypothesis. 

 
 

18.9 ROS contribution in the response of ZBR cells to VTP. 
 
As previously mentioned, VTP was used in our laboratory to efficiently recover BTZ 
sensitivity in BTZ-resistant MCL cells (Quinet et al 2021). VTP is known for promoting p62 
aggregation forming high molecular-weight p62 forms, but also for inducing ROS 
(Konstantinou et al., 2017). Can p62 inhibition and ROS effects induced by VTP be 
dissociated? To address this question, we decided to investigate the role of ROS in the VTP 
mechanism of action to induce apoptosis in our ZBR cells. With this purpose, we used N-
acetylcysteine (NAC), a widely used ROS inhibitor or scavenger (Halasi et al., 2013). We 
decided to use suboptimal doses of VTP to be able to observe positive or negative effects in 
apoptosis.  
 
When combined with NAC 10mM, the VTP apoptosis effect was reduced with statistical 
significance in both cell lines (Figure 34). This reduction was more pronounced in ZBR cells, 
suggesting a more important contribution of ROS induced by VTP in this BTZ-resistant cell 
line. The impact of this ROS inhibitor in the VTP induced aggregation of p62, proteaphagy 
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and Ub chains observed in ZBR cells remains to be investigated. This last aspect (Ub chains 
formation) will be partially investigated in the following section.  
 
 

 
Figure 34: ROS contribution in the VTP-mediated apoptosis in Z138 and ZBR cells. Z138 and ZBR cells (1 
million cells per point/sample) were treated with 5uM and/or NAC 10 mM for 24 hours. Apoptotic values 

measured by FACS (Annexin 5). (n≥3; mean ± SEM; two-tailed Student's t-test, *P<0.05, **P<0.01, P***<0.001). 
 
 
 

Since the contribution of ROS appeared to be important for the VTP-mediated apoptosis, we 
explored the possibility that ROS induction could improve the apoptotic effects observed 
with XRK3F2. Even if there is no published information that XRK3F2 can induce ROS, we 
decided to explore this hypothesis by combining XRK3F2 with Luperox, a  tert-Butyl 
hydroperoxide (tBHP) (Figure 35), a molecule that activate the oxidative stress response by 
inducing ROS formation (Chamoto et al., 2017; Ewald et al., 2017). 
 
Z138 and ZBR cells were treated or not with individual and combined treatments of 
XRK3F2/Luperox/NAC at the indicated doses (Figure 35). As expected, Luperox alone induced 
apoptosis in both cell lines and this effect was efficiently reverted by NAC. Surprisingly, the 
XRK3F2/Luperox treatment did not improved but decreased the apoptosis effects observed 
by Luperox alone suggesting that XRK3F2 behaves like a ROS inhibitor (Figure 35).  
 
All this data suggest that the mechanisms of action induced by VTP and XRK3F2 are not the 
same. Even if both molecules target p62 stability and function, ROS is induced by VTP, but it 
is inhibited by XRK3F2. Could these differences explain why VTP more efficiently induced 
apoptosis in BTZ-resistant cells?  To progress in this sense, we decided to further explore the 
mechanisms of action induced by VTP treatment.  
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Figure 35: Effect of the ROS inducer Luperox in the XRK3F2-mediated apoptosis in Z138 and ZBR 
cells. Z138 and ZBR cells (1 million cells per point/sample) were treated with NAC 10 mM, 5 uM 

XRK3F2, 10uM  Luperox, 5 uM XRK3F2/10uM  Luperox  and NAC 10 mM/10uM  Luperox for 24 hours. 
Apoptotic values measured by FACS (Annexin 5). (n≥3; mean ± SEM; two-tailed Student's t-test, 

*P<0.05, **P<0.01, P***<0.001). 
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19. Chapter II: Development of new molecular tools to analyse the ubiquitome: Ubiquitin 
chain-specific nanobodies. 

 
Protein ubiquitylation is a transient and highly dynamic process subjected to remodelling 
due to the simultaneous action of multiple DUBs. Therefore, understanding the specific role 
of distinct Ub chains in regulating different cellular processes is quite important and 
represents a huge scientific challenge (Mattern et al., 2019). During the last decade, great 
progress has been made to improve MS-based proteomics technologies for PTMs analysis, 
including enrichment strategies, computational data analysis and MS/MS methods (Zhao 
and Jensen, 2009). Different strategies have emerged to isolate endogenous ubiquitylated 
proteins, such as TUBEs. Our team developed engineered proteins, also called molecular 
traps, by combining interacting domains/motifs  (such as UBDs and SIMs) to enhance the 
affinity to recognise specific PTMs, allowing their efficient purification/enrichment (Aillet et 
al., 2012; Da Silva-Ferrada et al., 2013; Hjerpe et al., 2009, 2009; Lopitz-Otsoa et al., 2012). In 
addition to their high specificity and affinity, some of these tools have the advantage to 
protect against the action of DUBs and proteasome which increases the capture efficiency of 
modified targets.   
 
Antibody-based strategies appeared as a good alternative, that can also be used for the 
analysis of tissues and samples derived from patients in which overexpression methods 
cannot be applied. The systematic use of polyclonal and monoclonal antibodies is limited by 
their cost. To overcome this obstacle, small-size polypeptides with high binding affinity have 
been developed such as affimers, aptamers and more specifically nanobodies and 
minibodies (Mattern et al., 2019). The high stability, solubility, and affinity of these small 
polypeptides allow to use them in enrichment protocols followed by MS analysis, but also in 
high resolution imaging (Chakravarty et al., 2014; Mattern et al., 2019; Michel et al., 2017). 
 
In this project, we have developed Ub chain-specific nanobodies directed against K48 and 
K63 Ub chains in collaboration with Hybrigenics. K48 or K63 chains were used to screen a 
humanize synthetic peptide phage display library (Moutel et al., 2016). Selected peptides 
were used as single VHHs and cloned in different vectors to generate nanobodies or 
minibodies. As shown in the previous section, we used nanobodies to study the role of K63 
and K48 chains in BTZ-sensitive and resistant cell lines. In addition, we also used these tools 
to analyse the Ub proteome in our model, Z138 and ZBR MCL cell lines. This approach will 
help us to confirm the proteome previously identified by our group using a GST-TUBE/MS 
approach (Lopitz-Otsoa et al., 2012; Mata-Cantero et al., 2016) in the same cells (Quinet et al  
2021). In addition, this new strategy will help us to distinguish functions associated to K48 or 
K63 chains that cannot be distinguished by the TUBEs-MS approach. Finally, this strategy will 
be also used to further explore functions affected by the VTP treatment in Z138 and ZBR cell 
lines.  
 
Our previous TUBEs-MS analysis showed differences in Ub signatures found in Z138 and ZBR 
cells (Figure 16). However, those differences did not show statistical significance due to high 
variability. Our first intention was then to confirm that ZBR cells were more enriched with 
K63 than Z138 cells at basal level. As shown in the previous section, we could confirm these 
results by WB analysis (Figure 29). The different distribution of K63 Ub chains, when 
comparing Z138 and ZBR cell lines, supported the hypothesis that autophagy was 



 113 

upregulated in the BTZ-resistant cell line. This could justify why proteaphagy is permanently 
activated in ZBR cells. In this project, we were also interested in understanding the functions 
associated with K63 and K48 chains in both cell lines. Therefore, we implemented a proper 
methodology to explore these Ub-chain specific functions by coupling precipitation 
protocols using nanobodies with MS analysis. We finally validated part of the results 
obtained while bringing new information that could be further explored by the hosting 
group. 
 
 

19.1 Purification and in vitro characterization of K63 and K48 chain-specific nanobodies.  
 
Using K48 or K63 Ub commercial chains as bait, different clones were isolated after phage 
display screening (Moutel et al., 2016). The list of all K48 and K63 nanobodies tested are 
indicated in Table 7. They were produced and purified from bacteria following the protocol 
indicated in the corresponding materials and methods section. These nanobodies contain 
two tags at the N-terminus, His6 and Myc that can be used for different affinity purifications 
steps. The different fractions obtained during the purification of chain-specific nanobodies 
were analysed by WB and stained by Coomassie blue. One example is illustrated in Figure 
36.  
 
 

 
 

Table 7: List of K48 and K63 Ubiquitin chain-specific nanobody clones produced and analysed. A summary of 
purification, and in vitro precipitation results is indicated in this table. List of nanobody clones and vectors used 

for their expression. Precipitations were performed in vitro using K63 or K48 Ub commercial chains. NO 
indicates that the procedure failed. YES indicates that the procedure was successful. 

 
 

After the purification of the different clones, in vitro precipitations using commercial Ub 
chains (materials and methods section) were performed for each individual clone (data not 
shown). With the clones that provided a positive signal, new precipitations were 
simultaneously performed to compare the amount of Ub chains purified by each of them 
and select clones with the best affinity for K48 and K63 Ub chains (Figure 37). Capture or 
pull-down (PD) fractions are used instinctively to indicate bound material from nanobody 
precipitation assays. As a control of specificity, the same clones were used to precipitate the 
opposite K63 or K48 Ub chains. The best clones were retained for further characterization 
and optimisation.  
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Figure 36: Example of production and purification from bacteria of Ubiquitin chain-specific K48 and 
K63 nanobodies. Nanobodies were purified from bacteria using a nickel-beads purification procedure 

(see material and methods section).  Fraction of each purification step was analysed by Coomassie blue 
staining. NI: non-induced, I: IPTG-Induced, FT: Flow though, W1: wash 1, W5: wash 5, and Elution 

fractions of A: K48 C7.2 and B: K63 C4.1 clones are shown. Nanobody purified estimated size: 18 kDa. 

 
 

Figure 37: Characterisation of K48 and K63 Ubiquitin chain-specific nanobodies by in vitro Ub chain 
precipitation. Clones tested in this assay were selected after a first screening of all clones. Identical 
amount of K48 and K63 Ub chains (see material and methods section) were precipitated with the 

indicated K48 (A4.1, C7.2, F5.2, G9.2 and H1.2) and K63 clones (F10.1, D10.1, D1.1, C2.1, and C4.1) 
using the Myc tag. To verify the specificity of the clones, they were also used to precipitate the 
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opposite K63 or K48  Ub chains. Input, FT, and Capture (nanobody precipitation) fractions were 
analysed by WB using anti-Ub antibody (P4D1).  

 

 
Among K48 Ub nanobodies, A4.1, C7.2 and H1.2 showed higher affinity for these Ub chains. 
For the K63 Ub nanobodies, D1.1, C2.1 and C4.1 displayed the best affinity.  Our results were 
consistent with previous results performed with non-absorbed phage ELISA assays 
(Hybrigenics, data not shown). Based on these observations, we selected the clones A4.1 
and C7.2 for K48 nanobodies and clones D1.1 and C4.1 for K63 nanobodies to continue 
working. Nanobody pull-down assay was performed using Z138 and ZBR cell lines, upon 
basal (NT, no treatment) and BTZ treatment conditions to increase the ubiquitylation 
fraction inside these cells (Figure 38). 
 

 
 
Figure 38: Capture of ubiquitylated proteins from Z138 and ZBR cell lines using the best clones from K48 and  
K63 Ubiquitin chain-specific nanobodies. Z138 and ZBR cells (10 million cells per point/sample) were treated 
or not with 5nM of BTZ for 8 hours. Cell extracts were precipitated with A: K48 nanobodies clones A4.1 and 
C7.2 or B: K63 nanobodies clones C4.1 and D1.1. Input, FT, and Capture (nanobody precipitation) fractions 

were analysed by WB to detect ubiquitylated proteins using the P4D1 antibody.  

 
 
These results show that the A4.1 (K48) and D1.1 (K63) Ub chain-specific nanobodies were 
the best ones to precipitate these Ub chains from our model. In these assays, the His6 tag 
was used to precipitate the ubiquitylated material using nickel beads. The His6 tag was 
preferred since it gave less background.  
Thus, the A4.1 (K48) and D1.1 (K63) clones showed higher affinity, solubility and stability for 
the precipitation of Ub chains from our model cell lines. With the aim to explore K48 and 
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K63 Ub chain-specific functions, we used these nanobodies to implement various 
methodologies including applications for localising these chains with proteins of interest by 
IF and MS applications that will be presented in the following sections.    
 
 

19.1 Validation of the use of Ubiquitin chain-specific minibodies for Cell 
Imaging. 

 
After validating Ub chain-specific nanobodies for Ub enrichment in cells using precipitations, 
we further validated the use of the same K48 and K63 clones to identify specific Ub 
linkages/signatures by cell imaging. As previously mentioned, the peptides identified can be 
cloned into different vectors to generate single chain antibodies called minibodies. We used 
mouse (Fc IgG2) and rabbit (Fc IgG2) minibodies containing respectively the UbK63 clone 
D1.1 and UbK48 clone A4.1. VHH nanobodies fused with Fc fragments from mouse and 
rabbit include the same binding region and therefore the same affinity to recognise the 
antigen while adding the possibility to use commercially available fluorescent secondary 
antibodies (anti-mouse or rabbit). Minibodies were provided by our collaborators from 
Hybrigenics. 
 
Our idea was to generate evidence supporting some of our previous conclusions obtained in 
our MCL cell lines. However, giving the complexity to work with suspension cells, we decided 
to set conditions first in a standard cell line such as HeLa. Before the analysis, we established 
a situation in which autophagy was activated in HeLa cells. A combination of 16-hour serum 
starvation and 4 hours of 2,5uM BafA treatment gave us the best results to activate 
autophagy and accumulate lipidated forms of LC3B (Klionsky et al., 2016) (Figure 39, A). This 
condition is expected to accumulate K63 chains due to autophagy blockage making easier to 
visualize them by IF. We also generated a situation in which we could easily detect K48 
chains. With this purpose, we treated HeLa cells with 40nM BTZ for 4 hours to block the 
proteasome and accumulate substrates modified by K48 Ub chains. We decided to analyse 
the accumulation of  p53 and ubiquitylated forms of this tumour suppressor by WB, a well-
known  substrate of the proteasome (Tsvetkov et al., 2010) (Figure 39, B).  
 

 
 
 

Figure 39: Setting conditions to accumulate K63 and K48 Ubiquitin chains in HeLa cells. A: Autophagy was 
induced in HeLa cells to accumulate K63 Ub chains. Cells were serum starved for 16 hours and treated or 

not with 2,5uM BafA for 8 hours.  WB analysis was performed to detect LC3B and its lipidated form. B: 
Proteasomal inhibition was used to accumulate K48 chains in HeLa cells after BTZ 40nM treatment for 8 
hours. WB analysis of a typical substrate of the UPS, the tumour suppressor p53 that was accumulated 

after BTZ treatment. 
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After setting conditions for the accumulation of K63 and K48 chains, we used minibodies to 
specifically detect these Ub chains by IF (Figure 40 and 41). In conditions where autophagy is 
activated, enrichments in LC3B (Red channel) and K63 Ub chains puncta (green channel) 
were observed. Importantly, some yellow dots marked inside white boxes can be observed 
indicating that LC3B and K63 chains partially co-localise (Figure 40). 
 
 

 
  

 
Figure 40: Co-localisation of LC3B and K63 Ubiquitin chain-specific minibodies in HeLa cells under 
autophagy induction conditions. Immunofluorescence images using HeLa cells under starvation 16 

hours, 5uM BafA treatment for 4 hours, the combination of both or no treatment (basal) conditions. 
K63 minibodies were detected using an anti-mouse secondary antibody (donkey mouse) coupled to 

Alexa 488 (Green). LC3B anti-rabbit antibody was detected with a donkey anti-rabbit secondary 
antibody coupled to Alexa 568 (Red). Images were analysed using Axio Imager D1 Zeiss Microscope 

(40x, and 63X), and assembled with Adobe Photoshop 7.0. (Scale bar: 10um). 
 

 

After BTZ treatment, K48 puncta are visualized in green and under the same conditions p53 
was accumulated in red puncta indicating the accumulation of both after proteasome 
inhibition (Figure 41).  Some of these puncta co-localised in yellow spots when merging both 
signals indicating that at least some K48 Ub chains are overlapping with p53 under these 
conditions. 
 
To further validate the use of those K63/K48 Ub chain-specific minibodies for cell imaging, 
we compared this staining with commercially available anti-Ub antibodies widely used: E4I2J 
(Cell Signalling) and P4D1 (Santa Cruz) (Figure 42 and 43). The Ub specific antibody E4I2J is 
known to recognise Ub chains in a selective manner. In contrast, the P4D1 antibody can also 
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recognise NEDD8 because it shares a high level of identity with Ub. The E4I2J antibody did 
not provide a strong signal when used in IF assays (Figure 42). Our K63 Ub minibody did not 
co-localise with E4I2J even if it presented a similar enrichment pattern upon the different 
treatment conditions. In contrast, the P4D1 antibody presented a good staining when used 
in IF assays, and puncta co-localisation with our K48 Ub minibody (Figure 43).  
 

 
 

Figure 41: Co-localisation of p53 with K48 Ubiquitin chain-specific minibodies in HeLa cells treated 
with BTZ. Immunofluorescence images using HeLa cells under proteasome inhibition conditions or no 
treatment (basal) conditions. BTZ was used at 40nM for 4 hours to block the proteasome. Detection of 
K48 minibodies was performed using as secondary donkey anti-rabbit antibody coupled to Alexa 488 
(Green). The anti-p53 antibody was detected with donkey anti-mouse secondary antibody coupled to 

Alexa 568 (Red). Images were analysed using Axio Imager D1 Zeiss Microscope (40x, and 63X), and 
assembled with Adobe Photoshop 7.0. (Scale bar: 10um). 

 

 
 

Figure 42: Validation of the use of K63 minibodies for IF. Immunofluorescence images using HeLa 
cells, K63 Ub minibodies and E4I2J  Ub commercially antibody. Immunofluorescence images using 

HeLa cells with no treatment, starvation 16 hours, BafA treatment 5uM, and the combination of both 
for 4 hours. Visualization of K63 anti-mouse using as the secondary antibody Alexa anti-donkey mouse 
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488 (Green), and E4I2J anti-rabbit using as the secondary Alexa anti-donkey rabbit 568 (Red). Images 
were analysed using Axio Imager D1 Zeiss Microscope (40x, and 63X), and assembled with Adobe 

Photoshop 7.0. (Scale bar: 10um). 
 

 
 

Figure 43: Validation of the use of K48 minibodies for IF. Immunofluorescence images using HeLa 
cells, K48 Ub minibodies and P4D1 Ub commercially antibody. Immunofluorescence images using HeLa 
cells with no treatment and BTZ 40nM treatment for 4 hours. Visualisation of K48 anti-rabbit using as 

the secondary antibody Alexa anti-donkey rabbit 488 (Green), and P4D1 anti-mouse using as the 
secondary Alexa anti donkey mouse 568 (Red) Images were analysed using Axio Imager D1 Zeiss 

Microscope (40x, and 63X), and assembled with Adobe Photoshop 7.0. (Scale bar: 10um). 
 
 

 

After validating the use of Ub chain-specific minibodies in HeLa cells to visualise K48 and K63 
Ub chains, we used these tools to visualise K48 and K63 enrichment in MCL cells. We aimed 
to visualise proteophagy (mechanism already validated by the lab in ZBR cells). Nevertheless, 
after BafA treatment of ZBR cells, we did not obtain clear data (not shown) regarding co-
localisation of K48 or K63 minibodies in combination with proteasomal markers. Most likely, 
our IF procedure must be better adapted to these suspension cells. 
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19.2 Optimisation of a crosslinking protocol to isolate Ubiquitin chains from Z138 and 

ZBR cell lines. 
 

It was decided to test different crosslinking protocols in order to use our K48 and K63 chain-
specific nanobodies for MS applications. Crosslinking of His6-nanobodies to nickel beads will 
better fix these tools to the column and more stringent washes can be envisaged. More 
importantly, the stringency of the washes allows to reduce the background level obtained 
from the unspecific binding of proteins unrelated to Ub chains. We also increased the 
number of cells used in our precipitation assays to improve the specific signal obtained and 
facilitate MS detection. 
 

 
 

Figure 44: Optimisation of Ubiquitin chain-specific nanobodies enrichment using different 
crosslinking strategies. Z138 cells (20 million cells per point/sample) were treated with 5nM BTZ for 8 
hours. Total cell extracts were precipitated using the K48 A4.1 Ub chain-specific nanobody. A: Results 

comparing crosslink protocols using DMP and BS3. B: Results comparing protocols without crosslinking 
(NC) of and using BS3 crosslinking protocol.  WB Analysis to detect Ub using Anti-Ub antibody (P4D1) 

in the Input, FT, and Capture (nanobody precipitation) fractions. In addition, the total amount of 
protein precipitated was analysed using blue Coomassie staining of the captured fraction.  

 
 

We tested the dimethyl pimelimidate (DMP) and the bis (sulfosuccinimidyl) suberate (BS3) 
protocols (Figure 44). In this test, we used only the K48 (A4.1) Ub chain-specific nanobody 
and Z138 cells treated with BTZ to accumulate ubiquitylated proteins. Crosslinked 
nanobodies were incubated with these cell extracts and the different fractions were 
analysed by WB using anti-Ub antibody and blue Coomassie staining for detecting the total 
amount of protein enriched using this protocol (Figure 44). Our results show that the BS3 
protocol provided a stronger signal in the nanobody precipitated fraction (compared to 
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DMP) with an extended Ub modification pattern, suggesting that a mild crosslinking is more 
efficient than a stronger one (DMP) (Figure 44, A).  In some cases, stronger crosslinking 
procedures can compromise the structure of small peptides.   

 

Considering these results, we decided to explore if the crosslinking was indeed required to 
optimize our MS protocol. We therefore used similar cell extracts to compare the 
precipitations obtained with and without the BS3 crosslinking protocol strategy. Our WB 
results showed that the BS3 protocol was better to enrich Ub specific fraction in our 
experiments (Figure 44, B).  
 
The Coomassie staining showed that the total material precipitated could be sufficient for 
MS analysis, nevertheless upon BTZ treatment. For this reason, an experiment scaling up the 
number of cells used was introduced, and cell extracts from untreated Z138 cells were used 
to test the limit of detection of precipitated ubiquitylated proteins (Figure 45) in our 
settings. This was in part due to the fact that we were also interested in identifying Ub 
linkages and substrates at basal levels (no treatment conditions). Our results show that 
under these conditions, K48 Ub chains can be precipitated very efficiently as observed by 
WB but also that the total ubiquitylation is efficiently detected by Coomassie blue staining 
almost undetectable in the negative control. 
 

 
 

Figure 45: Capture of K48 Ubiquitin chain substrates with the A4.1 chain-specific nanobody using the BS3 
crosslinking protocol. 40 million untreated Z138 cells were used to pull down K48 Ub chain modified substrates 

using or not K48 Ub chain-specific nanobody (clone A4.1). All fractions were analysed by WB using an anti-Ub 
(P4D1).  Input, FT, capture (nanobody precipitation), and blue Coomassie of the capture fraction are shown. 

 
 

These samples were sent for MS analysis to evaluate the quality of the information that we 
could obtain for these specific precipitation conditions (data not shown). Since statistic 
differences could not be obtained with a single sample compared to the negative control, 
this analysis was not performed. However, more than 500 proteins were identified in this 
preliminary analysis. These conditions confirmed that we were using good conditions to 
perform MS analysis.  
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19.3 Efficient enrichment of K63 and K48 Ubiquitin chain substrates from Z138 and ZBR 

cells using Ubiquitin chain-specific nanobodies. 

 
Using the conditions set in the previous section, we scaled up while using crosslinked Ub K48 
and K63 specific nanobodies to enrich ubiquitylated proteins from our model, Z138 and ZBR 
(Figure 46 and 47) cell lines. For these experiments, we used 40 million cells to be able to 
analyse the quality of the sample before sending to MS analysis. Since we were interested in 
comparing the data obtained using TUBEs with the data obtained with Ub K48 and K63 Ub 
chain-specific nanobodies, non-stimulated basal conditions were analysed.   
 

 
 

Figure 46: K48 and K63 Ubiquitin chain modified substrates captured with Ubiquitin chain-specific 
nanobodies in Z138 and ZBR cells treated or not with VTP. 40 million cells were used for each 
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condition in triplicates. Cells were treated or not with 10uM VTP for 2 hours. Ubiquitylated proteins 
were precipitated using K48 (A4.1) and K63 (D1.1) nanobodies. WB analysis with anti-Ub (E4I2J) of the 

input, FT and PD (nanobody precipitation) fractions. These samples were submitted for MS analysis.  
 

In addition, we were also interested in better understanding the mechanisms induced by 
VTP that was at this moment the best candidate inhibitor of p62 used in our laboratory 
targeting the activity of this autophagy receptor in cell cultures and in vivo (Quinet et al 
2021). 
 
VTP induces high molecular weight forms of p62 aggregates, considered to be its mechanism 
of action (Donohue et al., 2011, 2014; Grégoire Quinet et al, 2021). However, the fact that 
under these conditions p62 is also captured by TUBEs suggests that at least some of these 
free forms can be ubiquitylated. Exploring the VTP mechanism of action could help us to 
understand the contribution of ROS species in the cell-killing response to this drug in BTZ-
resistant cells (Konstantinou et al., 2017) (See results from the 18.8  section).  

 

For the MS analysis, we purified ubiquitylated chains using K48 and K63 nanobodies from 
Z138 and ZBR cells. Cells were treated or not with 10uM VTP for 2 hours and all fractions 
were analysed by WB with a Ub specific antibody (E4I2J). Figure 46 shows the WB Anti-Ub of 
the Input, FT, and PD.  
 
We observed an enrichment of K63 Ub chains at basal levels in ZBR cells confirming our 
previous observations. Also, when p62 is inhibited with VTP, we can see an enrichment of 
K63 Ub chains in both cell lines, even if these chains are consistently increased in ZBR cells. 
These results indicate that K63-regulated functions such as signalling cascades or autophagy 
pathway might be activated at early stages of VTP stimulation. 
 

 
 
Figure 47: Capture of total proteins using K48 and K63 Ubiquitin chain-specific nanobodies from 

Z138 and ZBR treated or not with VTP.  40 million cells treated or not with 10uM of VTP for 2 
hours were used. Nanobody precipitation of total proteins was performed with K48 (A4.1) and 
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K63 (D1.1) Ub chain-specific nanobodies. 1/20 of these fractions were submitted to WB analysis 
and stained with Silver or Coomassie staining. These samples were submitted for MS analysis. 

 

We also stained the total amount of proteins precipitated with Coomassie blue and Silver 
staining to estimate the total amount of proteins submitted to MS analysis and to evaluate 
the background obtained only with the beads (Figure 47). Since the fraction loaded in these 
gels corresponded to 1/20 of the total capture, we could estimate that we submitted 

between 20-30 g of total protein to MS analysis. The background level obtained with the 
control beads was low even if more easily detected by silver staining.  
 

 

19.4 Mass Spectrometry analysis and Ubiquitin proteome using Ubiquitin chain-specific 

K48 and K63 nanobodies, from Z138 and ZBR cells. 

 
Proteins purified using K48 and K63 Ub chain-specific nanobodies were analysed by MS to 
identify ubiquitylated proteins and interactors (proteome and interactome). Three 
independent replicates were performed to generate a statistically relevant analysis. 
Altogether this analysis allowed us to identify around 10,000 protein isoforms corresponding 
to 4,000 genes. A statistical and functional analysis was performed using a Gene Ontology 
(GO) analysis (http://geneontology.org/docs/go-enrichment-analysis/) and the R package 
limma. 
 
We performed volcano plots for better visualise the results obtained from the different 
tested conditions. Proteins with a good level of significance are indicated as red dots in the 
graphics. Two steps thresholds were considered to guarantee a good level of significance: -
log10 (p value) >1.3, and logFC >-1, >1. The top 10 most enriched proteins were indicated as 
well as proteins related to the Ub pathway (known substrates or E3 ligases). 
 
Consistently with previous proteomic data obtained using the TUBEs-MS approach, basal 
levels K63 Ub modified proteins were more enriched in ZBR than in Z138 cells. These results 
can also be observed when comparing results obtained with both nanobodies (K48 vs K63). 
These analyses confirmed and added statistical significance to the enrichment of K63 
substrates purified from ZBR cells at basal levels (Figure 48). Since these chains are 
implicated in autophagy, these results are coherent with an increased proteolysis mediated 
by this proteolytic pathway. 
 
Our new MS results also support our previous proteomic study where TRIM24, TRIM28 and 
proteasomal subunits (such as PSMB2, PSMB10, PSMB9, PSMA6) were enriched in ZBR cells 
(Quinet et al, 2021). These proteins were detected when purifying ubiquitylated proteins 
from ZBR cells using K48 nanobodies compared to proteins precipitated using the K63 
nanobody in the same cells.  
 
In the ZBR cell line, the TRIM24 protein appears enriched in the Ub-K48 fraction (Figure 48). 
These results were confirmed in the previous section when using a K48 nanobody 
precipitation followed by WB analysis to detect TRIM24 (Figure 29). In contrast, MS results 
obtained in the BTZ-sensitive Z138 cells only detected TRIM24 when the K63 nanobody was 
used confirming our previous data (Figure 48). Using volcano plot analysis, we could confirm 
that in addition to TRIM24, factors implicated in proteaphagy were detected in unstimulated 
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ZBR cells including p62 and proteasome subunits (Figure 48). Altogether, our MS data 
obtained with K48 and K63 nanobodies confirm most of the results obtained using a TUBEs-
MS approach such as Ub K63 chains enrichment, the presence of several enriched Ub E3 
enzymes (eg. TRIMs) and support the previously proposed permanently activated 
proteaphagy in ZBR cells. 
 
 
 

 
 

 
Figure 48: Mass spectrometry K48 and K63 Ubiquitin proteome profiling from Z138 and ZBR cells. Proteins 
identified were precipitated using K48 or K63 Ub chain-specific nanobodies from ZBR and Z138 cells. Volcano 

plot of enriched proteins identified using K48 or K63 nanobodies in both cell lines as indicated.  Two thresholds 
in the volcano plots selected to guarantee statistic identification: -log10 (p value) >1.3, and logFC >-1, >1. 

Protein names represent the top 10 most enriched proteins or related to the Ub pathway such as proteasomal 
subunits and TRIM proteins. 
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Figure 49: Proteome profiling of proteins identified my MS using K48 and K63 Ubiquitin Chain- 

Specific nanobodies from Z138 and ZBR cells stimulated with VTP. Volcano plot shows the enriched 
proteins identified.  Two thresholds selected to guarantee the statistic identification: -log10 (p value) 

>1.3, and logFC >-1, >1. Names of the 10 most enriched proteins are indicated as well as cellular 
factors implicated the Ub pathway like proteasomal subunits and TRIM E3 ligases. 

 
 

We also identified proteins enriched by K48 and K63 nanobodies from cells treated with VTP. 
The aim here was to better understand the mechanisms of action of this drug to identify the 
reason for a better apoptotic response in ZBR cells. Our results clearly indicate that while in 
Z138 an equilibrium between K48 and K63 modified proteins was observed after VTP 
treatment, in ZBR cells this balance was shifted to proteins modified with K63 Ub chains 
(Figure 49). This situation was also observed in ZBR cells at basal conditions (Figure 48). 
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A GO analysis allowed us to identify the cellular and molecular processes that were most 
enriched in Z138 and ZBR cell lines. These GO categories were integrated into a heatmap to 
easily observe proteins implicated in these processes. The log2FC scale illustrates proteins 
enriched in green and reduced in red. We selected some of the most interesting processes 
affected including proteins enriched under the explored experimental VTP response. 
Particular attention was dedicated to further characterize functions and proteins enriched or 
reduced in our ZBR cell line (Figure 50). 
 

Consistent with the previous TUBEs-MS analysis performed in these cells, phagosome, 
endoplasmic reticulum, and proteasome proteins were enriched at basal levels in the ZBR 
cell line, when using the K63 nanobody (Figure 50, B). RNA transport, translation and amino 
acid synthesis appears to be also upregulated in this cell line, bringing new information 
about our BTZ-resistant phenotype. 
 
 
 

 
 
 
 

Figure 50: Heatmaps illustrating proteins enriched in ZBR unstimulated cells using K48 and K63 Ubiquitin 
chain- specific nanobodies. Some of the most interesting functions were integrated in heat maps.  The most 

enriched factors were plotted in a log2FC scale where proteins in green were the most enriched and proteins in 
red the most reduced. The conditions compared in the heatmaps were A: ZBR K48 vs Z138 K48 and B: ZBR K63 

vs Z138 K63 under basal conditions.  
 

When VTP was used to treat ZBR and Z138 cells (Figure 51, A and B), proteins enriched by 
both nanobodies were completely different. We found ribosomes and endoplasmic 
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reticulum (ER) proteins reduced in the ZBR cells when using the K48 Ub chain-specific 
nanobody. These results could mean that the functions associated with ribosomes and ER 
are down regulated (Figure 51, A). We can speculate that after VTP treatment the functions 
affected in ZBR cells could be protein synthesis and ER-associated degradation (ERAD) that 
might contribute to establishing a new homeostatic equilibrium.  
 

 

 
 
 

Figure 51: Heatmaps illustrating proteins enriched in ZBR cells stimulated with VTP using K48 and K63 
nanobodies. Some of the most interesting functions were integrated in heatmaps.  The most enriched factors 
were plotted in a log2FC scale where proteins in green were the most enriched and proteins in red the most 

reduced. The conditions compared in the heatmaps were A: ZBR VTP K48 vs Z138 VTP K48 and B: ZBR VTP K63 
vs Z138 VTP K63. 

 
When purifying K63 Ub chains from both cells treated with VTP, we observed an enrichment 
of proteins involved in metabolism in the ZBR cell line (carbon metabolism, glycolysis, and 
citrate cycle) (Figure 51, B). Surprisingly, when proteins purified using the K63 nanobody 
from cells treated or not with VTP, a drastic reduction in proteins related to metabolic 
pathways was observed in ZBR cells, more specifically those involved in glycolysis like ENO1, 
PGK1 and GAPDH (Figure 51, C and D). These results suggest that these pathways are 
involved in the response to VTP and could contribute to increase its apoptotic response. 
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Figure 51: Heatmaps illustrating proteins enriched in ZBR cells stimulated with VTP using K48 and K63 
nanobodies. Some of the most interesting functions were integrated in heatmaps.  The most enriched factors 
were plotted in a log2FC scale where proteins in green were the most enriched and proteins in red the most 
reduced. The conditions compared in the heatmaps were C:Z138 VTP K63 vs Z138 K63 and D: ZBR VTP K63 vs 

ZBR K63.  

 
 
To validate the results obtained with VTP, we performed precipitations with nanobodies to 
detect the proteins of interest (PGK1, ENO1 and GAPDH) by WB (Figure 52). Our results 
indicate that these glycolytic enzymes precipitated with both nanobodies at basal levels are 
more enriched in ZBR cells. After VTP treatment, these proteins were less enriched in ZBR, 
but the reductions appear to be more important when using K63 nanobodies to precipitate 
ubiquitylated proteins. Since GAPDH is affected by the VTP treatment, we used Vinculin as 
charge control and to normalize protein levels when quantifying our results (Figure 52). 
Altogether these results confirm our MS data and GO analysis. 
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Figure 52: Validation of glycolytic enzymes decreased in the K63 Ubiquitin chain fraction purified from ZBR 
cells. 20 million Z138 and ZBR cells were treated or not with 10um of VTP for 2 hours.  Total cell extracts were 
precipitated using K48 and K63 nanobodies. Input, FT and PD (nanobody precipitation) fractions were analysed 
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by WB with anti-Ub antibody, input fraction with Vinculin for normalisation and PD fraction with the indicated 
antibodies (ENO1, PGK1 and GAPDH).  For the quantifications, Vinculin was used to normalise values. Graphics 
were made using GraphPad Prism Software. Negative control (NC) values were efficiently low, and nanobody 

signal was displayed in the graphics for a better visualisation of how much of the total amount of protein 
identified is coming from K48 or K63 chain-specific nanobody after VTP treatment or no treatment (NT) 

conditions. 
 

20. Discussion.  

 
 

20.1 UPS/ALS dysregulation in Mantle Cell Lymphoma: proteaphagy contribution to BTZ 
resistance. 

 
The disruption of the homeostatic protein equilibrium and Ub chain remodelling have been 

linked to different pathologic situations affecting DNA repair, activation of NF-B pathway or 
autophagy, to cite some examples (Gonzalez-Santamarta et al.,2022). Multiple diseases have 
been associated to deletions, translocations and mutations affecting Ub chain synthesis, 
deconjugation and chain recognition, altering the proper regulation of different functions. 
However, the clinical relevance of these PTMs must be better understood before developing 
new possibilities for therapeutic intervention.  
 
This project used BTZ-sensitive Z138 and BTZ-resistant ZBR MCL cell lines as major models. 
They were developed in the laboratory after BTZ exposition, to be able to compare cells with 
the same genetic background in order to identify molecular changes acquired after Z138 
cells became resistant to BTZ (Roué et al., 2011). 
 
This project started by exploring some of the results obtained with the comparative 
proteome analysis performed to study differences in ubiquitylation profiles between Z138 
and ZBR cell lines (Figure 15 and 16). This analysis revealed important alterations in the UPS 
and the ALS, suggesting a dysregulation between these two degradative pathways, as well as 
changes in the general ubiquitylation distribution such as an enrichment of K63 Ub chains in 
ZBR cells. Different Ub enzymes were also identified as enriched in ZBR cells, and their 
possible role if any in the BTZ-resistant phenotype has been explored in this project. 
 
Recently, Quinet et al. reported a permanent activation of proteaphagy in ZBR cells that 
could allow to develop new therapies for patients not responding to PI by targeting 
autophagy (Grégoire Quinet et al, 2021). In this context, the autophagy receptor p62 showed 
to be a key player (Cohen-Kaplan et al., 2016; Quinet et al., 2021), as p62 targeting with VTP 
significantly enhance the response of BTZ-resistant MCL cells to BTZ (Figure 17, B) (Quinet et 
al. 2021). However, the nature of the Ub chains implicated in this apoptotic response and Ub 
enzymes regulating proteaphagy needs to be deeply investigated.  
 
Our research project allowed us to provide evidence supporting a major role of Ub enzymes, 
in particular the role of the TRIM24 Ub ligase in the control of protein homeostasis and Ub 
chain composition in  ZBR cells.  We also contributed to the development of new molecular 
tools for the enrichment and analysis of the ubiquitome. Using these tools, we validated 
previous information while bringing new findings that open considerable possibilities to 
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further investigate the phenotype of BTZ resistance in MCL cells. All this evidence, its 
relevance and scientific background will be discussed in the following sections. 
 
 

20.2 TRIM24 involvement in UPS-ALS crosstalk in BTZ-resistant cells. 
 
Recent reports have shown that several TRIM proteins are involved in autophagy regulation, 
as they can act as autophagy receptors or regulators of autophagy formation. Hatakeyama 
also suggests that each of these TRIM proteins may have a unique non-redundant roles in 
autophagy, not being able to function by compensation between them. However, 
sophisticated biochemical and genetic assays are needed to differentiate specific roles in 
autophagy for each TRIM protein, specifically in mammalian models as its ancestor or 
equivalent in yeast has not been discovered (Hatakeyama, 2017). 
 
Since TRIM24 was found enriched in ZBR cells (Figure 21), we investigated the contribution 
of this enzyme to the development or regulation of the BTZ-resistant phenotype in these 
cells. In addition, we explored the possible implications of the TRIM24 protein in autophagy 
regulation and BTZ sensitivity in our model. Our results indicate that TRIM24 is playing a 
major role in the UPS-ALS crosstalk in ZBR cells with implications at the level of total 
ubiquitylation, regulation of autophagy and sensitivity to BTZ.  
 
 

 TRIM24 stability and localisation in Z138 and ZBR cells. 
 

TRIM24, also called transcriptional intermediary factor 1α (TIF1 α), is a multidomain protein 
that has been described to be a co-regulator of transcription, a  nuclear histone PTM reader 
(epigenetic reader) that binds to chromatin through its PHD and bromo domains (Appikonda 
et al., 2018). Additionally it has been described to be a negative regulator of p53 as it 
behaves as a E3 Ub ligase mediating its ubiquitylation (Jain et al., 2014). In fact, Jain et al, 
showed a TRIM24 p53 regulation independently of MDM2 (first identified E3 Ub ligase for 
p53), in which TRIM24 activates p53 in response to DNA damage through an autoregulatory 
loop where TRIM24 undergoes ubiquitylation-mediated degradation in the nucleus, 
mediated as well by phosphorylation of S786 by ATM kinase (Jain et al., 2014).  

 
Considering the possible implications of TRIM24 in different functions related to different 
cancer types, we first investigated TRIM24 stability and localization at basal levels, but also 
upon proteasome (BTZ) or autophagy inhibition (BafA).   
 
We observed striking differences in TRIM24 stability between Z138 and ZBR cells. At basal 
levels, higher protein levels of TRIM24 were found in ZBR compared to Z138 cells, confirming 
the data obtained in the initial proteome analysis (Figure 23). Used as individual or 
combined treatments, proteasome or autophagy inhibitors accumulated TRIM24 only in 
Z138 cells. Since the accumulation is even more important with the double treatment, our 
results suggest that this Ub E3 is simultaneously regulated by both proteolytic pathways in 
sensitive cells. In sharp contrast, BTZ, BafA or the combined treatment decrease TRIM24 
levels in ZBR cells.  
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Under the same experimental conditions, p62/SQTSM1 was accumulated in ZBR cells 
suggesting that the reduction of TRIM24 levels could be linked to a disruption of the 
autophagy flux promoting p62 accumulation (Figure 23). Interestingly, a reduction of TRIM24 
was also observed by IF after BTZ, BafA or the combined treatment in ZBR cells. However, no 
TRIM24/p62 co-localisation was found under these conditions, suggesting that p62 might 
not be a direct target or interactor for this Ub E3 enzyme. 
 
We also found that the stability and localisation of TRIM24 in the MCL-unrelated HeLa cell 
line was similar to the one observed in Z138 cells (Figure 22). Our results strongly suggest 
that the reduced stability and localisation of TRIM24 found in ZBR cells was linked to the 
BTZ-resistant phenotype. 
 
When analysing in detail, the TRIM24 protein was more enriched in the cytoplasm of ZBR 
cells as indicated in the nuclear/cytoplasmic fractionation assay and the concurrence 
analysis performed with the IF images (Figure 25). Nevertheless, IF analyses for these 
suspension cells must be optimised to analyse the intensity of the staining using stacking and 
higher resolution techniques.  
 
TRIM24 was found in cell lines like U2OS and HEK293T mainly in the nuclear fraction, 
possibly due to its capacity to bind to chromatin and heterochromatin-associated factors 
through its PHD and bromo domain. In this subcellular compartment, it is supposed to 
mediate DNA damage response by regulating p53 ubiquitylation through its E3 domain (Jain 
et al., 2014). TRIM24 staining in the nucleus was found in prostate cancer cell lines, 
indicating that even in pathological conditions this protein still localises predominantly in the 
nucleus. In this context, TRIM24 is enhancing tumorigenesis acting as a transcriptional co-
activator recruiting  and activating STAT3, functioning as a signal relay for oncogenic 
signalling (Fong et al., 2018). In addition, TRIM24 has been described in prostate cancer to 
enhance transcriptional activity of AR (Androgen Receptor) (Kikuchi et al., 2009), indicating a 
strong role of this protein in the nucleus. Our observations indicating a basal enhanced 
cytoplasmic localisation of TRIM24 in ZBR MCL cells has not been described in any other 
models. Nevertheless, TRIM24 translocation from the nuclear compartment to the 
cytoplasm has been described upon virus infection in HEK293T cells to activate the antiviral 
signalling response. In this scenario, TRIM24 binds TRAF3  to mediate its K63 ubiquitylation, 
highlighting the importance of understanding the E3 role of this protein (Zhu et al., 2020).  
 

Taking this information into account, we focused on understanding the possible role of 
TRIM24 in the cytoplasm of ZBR cells in order to identify mechanisms regulating BTZ 
resistance. Can TRIM24 act by mediating K63 ubiquitylation events in the cytoplasm of these 
cells, upregulating autophagy and therefore promoting BTZ resistance? This question will be 
addressed in the next sections. 
 
 

 TRIM24 PROTAC treatment sensitises ZBR cells to BTZ. 
 
TRIM proteins are characterised by a N-terminal containing the RING domain, one or two 
zinc-finger domains named B-boxes, and a coiled-coil region usually related to TRIM homo-
oligomerization and activation. In addition, at the C-terminus different kinds of domains 
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have been reported, like the Bromodomain (BROMO) observed in TRIM24, TRIM28 and 
TRIM33. These proteins are classified in seven subfamilies sharing the C-terminus domain 
(Hatakeyama, 2017; Mandell et al., 2020). Nevertheless, not all known TRIM proteins (80 in 
the human genome) (Mandell et al., 2020) have a RING domain, and eight RING-less TRIM 
proteins have been described. 
 
Like TRIM24, TRIM28 is a bromodomain TRIM E3 ligase that negatively regulates p53 by its 
ubiquitylation, also found upregulated in different cancer types. In addition, TRIM28 has 
been described by Peng et al. to have a positive role in autophagy and cancer proliferation, 
promoting enhanced proliferation in glioma tumour cells as a consequence of its 
upregulation (Peng et al., 2019).  Although TRIM24 shares evident similarities with TRIM28 
regarding protein domains and regulated functions, its  possible role in autophagy has not 
been addressed in any cell model supporting our encouragement to characterise the role of 
this protein in our BTZ-resistant phenotype, and possible involvement in autophagy. 
 
To investigate if TRIM24 could contribute to regulate cell survival in BTZ-resistant cells, a 
validated proteolysis targeting chimera (PROTAC) targeting TRIM24 (dTRIM24) was used 
(Gechijian et al., 2018). Knowing that the levels of TRIM24 are distinct in both cell lines, 
different and increasing concentrations of dTRIM24 were tested to select the best doses to 
effectively reduce TRIM24 levels in both cell lines (Figure 26, A and B). This test is particularly 
important because it is well-known that this type of bivalent therapeutic molecules work 
efficiently only when there is an equilibrium between the 3 partners collaborating in this 
scenario: the PROTAC molecule interacting with both the targeted protein and the Ub ligase. 
If low concentrations of PROTAC are used, the drug is not efficient and could mainly form 
dimers with either the target or the enzyme. However, if too much PROTAC is used the 
formation of dimers can also be favoured and the therapeutic molecules are not efficient. 
This effect is known as “the hook effect” and has been reported for many PROTACs (An and 
Fu, 2018; Gu et al., 2018).   
 
Since the level of TRIM24 is not the same in Z138 and ZBR cells, the concentration/dose 
selected could be more efficient to inactivate TRIM24 in one but not in the other cell line. 
After several experiments, we selected the dose of 10uM dTRIM24 as the more effective one 
to deplete TRIM24 in both Z138 and ZBR cell lines. Nevertheless, this treatment could be 
more efficient in one or the other cell line on some occasions and give variations in the 
results obtained. For this reason, we generated a TRIM24 KO cell line to better evaluate the 
TRIM24 contribution in ZBR cells. This cell line would give us more reproducible results while 
providing the tool to validate the specificity of this PROTAC treatment. Unfortunately, 
different TRIM24 KO clones were still under sequencing at the time of writing this thesis 
report.  
 

We used two distinct methods to analyse the impact of dTRIM24 on apoptosis, one by 
analysing cleaved caspases 3 and 9, and the other by quantifying Annexin 5 by flow 
cytometry (Figure  26, C and D). The increased level of cleaved caspases indicated a proper 
apoptosis induction. However, not significant differences were observed between sensitive 
and BTZ-resistant cell lines in the FACS analysis, indicating the same apoptotic response for 
both cell lines (Z138 and ZBR).  
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We then explored if the depletion of TRIM24 in our BTZ-resistant cells could re-sensitise 
resistant cells to BTZ treatment.  We tested the combined dTRIM24/BTZ treatment in both 
Z138 and ZBR cells, and measured apoptosis by FACS analysis after 24h treatment. We 
observed that the double treatment significantly enhanced apoptosis in ZBR cells (Figure  27, 
A).  Indeed, the combinatorial index when using both inhibitors was lower than 1.0 in ZBR 
cells compared to Z138 cells, indicating a synergistic effect in the BTZ-resistant cells instead 
of an additive effect corresponding to the BTZ-sensitive cell line (Figure  27, B). Therefore, 
the inhibition of TRIM24 appears to increase the sensitivity to BTZ in ZBR cells, suggesting a 
participation of this Ub E3 ligase in this apoptotic context. 
 
 

 Is TRIM24 a positive regulator of autophagy? 
 
Since the combination of dTRIM24/BTZ enhanced apoptosis in ZBR cells, it was decided to 
investigate the molecular mechanisms implicated in this sensitivity and enhanced apoptosis. 
We explored how this combination could impact the crosstalk between both proteolytic 
pathways (UPS/ALS) while contributing to explain the cell killing effect in ZBR cells.  
 
Since we knew that there is a permanently activated proteaphagy in ZBR cells, we 
investigated if this selective autophagy was implicated in the enhancement of apoptosis 
after the combined dTRIM24/BTZ treatment. To explore this hypothesis, we analysed the 
level of autophagy markers p62 and LC3B, well-known indicators of autophagic activity 
(Klionsky et al., 2016), proteasome subunits (β2 and β5) (Quinet et al., 2021) and p53 (Jain et 
al., 2014) after dTRIM24 treatment. As a single treatment, dTRIM24 modestly but 
consistently accumulated autophagy markers LC3B, p62 in ZBR and Z138 cells. The 
accumulation of autophagy markers was commonly observed when autophagy inhibitors 
such as BafA or CQ were used in ZBR and Z138 cells (Quinet et al., 2021), suggesting that 
dTRIM24 acts as an autophagy inhibitor. This evidence suggests that TRIM24 is playing a role 
of positive regulator of autophagy, maybe by promoting the formation of Ub chains linked to 
autophagy activation (see next section). The dTRIM24 treatment also accumulated p53 that 
could favour its tumour suppressor activity. Interestingly, when combined with BTZ 
treatment, TRIM24 depletion favoured the decrease of autophagy markers, as well as the 
corresponding proteasomal subunits analysed. This reduction could be due to compensatory 
mechanisms such as effects at transcriptional levels (Groner et al., 2016, 2016; Lv et al., 
2017), changes in proteasome subunits composition, or crosstalk with other proteolytic or 
signalling pathways (Quinet et al., 2021), options that we did not explore. However, since 
the double treatment reduced proteasome levels, this could explain the high accumulation 
of p53 (a typical UPS-target) and apoptosis improvement after dTRIM24/BTZ combination 
(Figure 28).  
 
Even if the qualitative analysis of p53 by WB did not show differences in the accumulation of 
this tumour suppressor found in Z138 and ZBR cells, the apoptosis observed in ZBR was 
more efficient with the dTRIM24/BTZ treatment, suggesting that TRIM24 may have 
additional consequences in these BTZ-resistant cells. 
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 TRIM24 as coordinator of ubiquitin-regulated functions in BTZ-resistant cells. 
 
We investigated how distinct Ub chains could be formed in ZBR cells to further understand 
how TRIM24 can regulate proteaphagy and perhaps other functions in these BTZ-resistant 
cells. Since we knew that the level of K63 chains was more abundant in ZBR, our first 
hypothesis was that a dTRIM24 treatment could contribute to reduce these chains in these 
cells. 
 
After a TRIM24 depletion in both cell lines, K48 and K63 Ub chains were purified using Ub 
chain-specific nanobodies (K48 and K63 nanobodies).  To our surprise, both K48 and K63 
chains were increased after the dTRIM24 treatment only in ZBR cells indicating that the 
presence of this Ub E3 may contribute to controlling the formation of both Ub chain types in 
those BTZ-resistant cells. However, since the amount of K48 Ub was more abundant than 
K63 chains after dTRIM24 treatment, we can speculate that the depletion of TRIM24 is 
favouring Ub chain balance towards K48-mediated functions in ZBR cells. By affecting the Ub 
chain balance, dTRIM24 would favour proteasome-mediated proteolysis while the less 
abundant K63 chains would not favour the activation of autophagy/proteaphagy. If this 
hypothesis is true, TRIM24 would be an activator of autophagy under conditions where the 
proteasome is impaired but also a major coordinator of the UPS-ALS crosstalk by regulating 
the abundance of distinct Ub chains (Figure 30).   
 
Supporting this hypothesis, we found that when the dTRIM24 treatment blocks autophagy, 
more p62 and proteasome subunits are captured with both K48 and K63 nanobodies. The 

association of the catalytic 5 proteasome subunit with both chains was more important in 
ZBR cells, suggesting that this particular subunit could be regulated by TRIM24.  Evidence 
that proteasome complexes can be regulated in a different way after distinct stress signals 
such as proteasome inhibition (Marshall et al., 2015; Nemec et al., 2017; Welk et al., 2016), 

supports the possibility that complexes containing 5 subunits that are insensitive to BTZ 
could be the first ones targeted to proteaphagy. However, further investigations are 
required to have clear conclusions about the regulation of distinct proteasome complexes 
affected by proteaphagy in cells that do not respond to proteasome inhibition.  
 
Which other functions can be affected by the massive ubiquitylation changes observed after 
dTRM24 treatment? The one that immediately comes to our mind is p53 which is a known 
target of this ligase (Jain et al., 2014). Indeed, our evidence indicates that this treatment 
alone accumulates p53 in ZBR cells. However, this accumulation is not that visible in Z138 
cells suggesting that perhaps other Ub E3 ligases could compensate p53 degradation in 
these cells. Nevertheless, the combination of dTRIM24/BTZ cooperates in the accumulation 
of p53 in both Z138 and ZBR cells (Figure 28).  
 
With such a massive accumulation of K48 and K63 Ub chains in ZBR cells, it is likely that 
other TRIM24 targets not yet identified could be affected after dTRIM24 treatment. Further 
investigations are required to better understand the role of TRIM24 in BTZ-resistant cells 
beyond our MCL models.  
  
Other functions that can be affected by the dTRIM24 treatment involve co-regulation of 
transcriptional activation. The TRIM24 upregulation mediates tumorigenesis in glioblastoma 
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through the activation of STAT signalling (Lv et al., 2017). These authors also described that 
although TRIM24 does not directly bind to the p65 subunit of the nuclear factor κB (NF-κB), 
TRIM24 significantly alters the expression of NF-κB target genes. Other studies involving viral 
infection describe TRIM24 to regulate RNA virus–induced activation of IFN-I signalling, 
without affecting NF-κB or MAPK activation (Zhu et al., 2020). However, TRIM24 has been 
widely described as a promotor of tumorigenesis (Groner et al., 2016; Lv et al., 2017).  
 
Other TRIM proteins have been reported as regulators of the NF-κB signalling pathway, like 
TRIM22 known to activate two critical regulators of NF-κB signalling in glioma cells, by 
mediating K48 ubiquitylation on the NF-κB inhibitor alpha (IκBα), and K63 ubiquitylation on 
the NF-κB upstream regulator IKKγ (Ji et al., 2021). In addition, in the endoplasmic reticulum, 
TRIM13 enhances NF-κB activity through selective regulation of p65 and c-Rel (NF-κB family 
members) (Hatchi et al., 2014). 
 
Altogether, our results indicate that the UPS/ALS crosstalk can be targeted by regulating 
TRIM24 levels and/or activity when combined with BTZ. This treatment will compromise the 
activity of both autophagy and proteasome and at the same time increase the level of the 
tumour suppressor p53 to ultimately promote cell death. Since the NF-κB signalling pathway 
appears to play an important role in the BTZ response, understanding the possible 
involvement of TRIM24 in NF-κB signalling will be important as well to fully explore the 
therapeutic potential of this protein in the context of PI resistance.  
 
 

 Is TRIM24 an indirect regulator of p62?  
 
p62 ubiquitylation and expression has been observed after proteasomal inhibition with BTZ 
in HeLa or 293FT cells after autophagy activation. In addition to PI, upon Ub stress or heat 
shock, p62 undergoes an E2-dependent ubiquitylation disrupting the dimerization of the 
UBA domain of p62, liberating its ability to recognize polyubiquitylated cargoes for selective 
autophagy being critical for autophagy activation (Peng et al., 2017; Sha et al., 2018). In 
addition, p62 can be a target for proteasomal degradation. Song et al. reported Parkin as a 
new E3 ligase modifying p62 mediating its proteasomal degradation, while describing 
Parkin/p62 axis dysregulation at the onset of Parkinson pathogenesis (Song et al., 2016). 
Interestingly, p62 ubiquitylation on lysine 435 by the UBE2J1/RNF26 complex has been quite 
recently related to an endosomal reorganization promoting downregulation of Akt signalling 
(Cremer et al., 2021). p62 ubiquitylation on specific sites can promote selectivity towards 
different cellular functions, highlighting the multifunctionality of this autophagy receptor 
under normal/basal and stress conditions. 
 
Our results indicate that TRIM24 could be a Ub ligase directly or indirectly regulating p62 
stability since the dTRIM24 treatment increases the level of p62, more importantly in ZBR 
cells. However, our IF results did not show co-localisation of TRIM24 and p62 at basal levels 
but also after proteasome or autophagy inhibition suggesting that this ligase does not act 
directly on p62 (Figure 24). Further experiments with transfected cells and/or in vitro 
reconstitution approaches with purified proteins should help to confirm these observations.  
 
How can the depletion of TRIM24 affect p62? There are various possible mechanisms that 
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could affect p62 stability. It could first limit the formation of K63 and/or K48 chains to 
regulate its activity as autophagy receptor (Peng et al., 2017) but also by regulate its 
proteasomal degradation (Song et al., 2016). A second possibility is that TRIM24 could be 
regulating other Ub ligases or complexes conditioning the activity of the ALS and/or UPS. 
Supporting this last possibility, it has been proposed that TRIM ligases can coordinate 
autophagy by forming the TRIMosome, a complex binding different autophagy regulator 
proteins like p62, Beclin1 or ULK1 (Hatakeyama, 2017). Further investigations are necessary 
to better understand the specific mechanism by which TRIM24 regulates Ub chains, p62 and 
proteasome stability in ZBR cells.  
 
 

 TRIM24 and its interaction with other TRIM E3 ligases. 
 

Due to the high number of processes involving TRIM proteins, it is not surprising that their 
targeting has been suggested for multiples disorders, like cancers, allergies, inflammation, 
and carcinogenesis (Valletti et al., 2019).  
 
Since TRIM proteins have multiple active domains, they show an elevated multifunctionality. 
In addition, TRIMs are subjected to multiple regulation mechanisms by interaction with 
different proteins or substrates, including other TRIM proteins. Growing evidence highlights  
the existence of a crosstalk between TRIM family proteins (Mandell et al., 2020).  
 
As previously mentioned, TRIM24 collaborates with other TRIM proteins to regulate protein 
substrate stability and activity. In this way, TRIM24 and TRIM28 contribute to control p53 
function. However, while TRIM24 directly targets p53 ubiquitylation, TRIM28 mediates the 
same outcome through its interaction with MDM2. Other TRIM proteins have been 
identified to module the stability of this tumour suppressor by their E3 ligase activity such as 
TRIM11 and TRIM25 (Valletti et al., 2019). However, since TRIM11 and TRIM25 are RING-less 
ligases, this questions the necessity to have this domain to regulate p53. The functional roles 
of TRIMs can be diverse as they can act at different steps in the p53 pathway and show 
cooperative effects. Because of the multiple contribution of TRIMs on the regulation of this 
tumour suppressor, the TRIM-p53 axis has been proposed and considered as a good strategy 
to better understand chemoresistance and to increase effectiveness of anticancer therapies 
(Hatakeyama, 2017; Valletti et al., 2019).  
 
Our results show that the dTRIM24/BTZ treatment enhanced the apoptotic response in ZBR 
cells, likely by impacting autophagy and p53 stability. However, to fully elucidate p53 
dependency, further investigations will be required using the same genetic background but 
with an inactivated p53. Because of that, we are currently performing experiments with a 
large collection of BTZ-resistant MCL cells to validate this hypothesis. We do have a couple of 
cell lines, JEKO and the BTZ-resistant counterpart JBR, where p53 is mutated (Amin et al., 
2003). These cell lines will be used to explore the p53-dependency on the cell killing effect 
induced by dTRIM24/BTZ in BTZ-resistant MCL cells. This information will be crucial to 
propose TRIM24 targeting-based strategy to re-sensitise MCL cells to BTZ treatment. 
 
One important aspect that we did not explore in this study is the impact of the dTRIM24 
treatment on the stability of other bromodomain proteins like TRIM28 and TRIM33. These 
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TRIM proteins have been described in the literature to regulate autophagy (Mandell et al., 
2020). Since our PROTAC targets TRIM24 through its bromodomain, this strategy could have 
a direct or indirect impact on TRIM28 or TRIM33 stability and function, contributing to 
modulate the autophagy pathway in our ZBR model, a hypothesis already suggested by 
Mandell et al. (Mandell et al., 2020).  
 
In addition, an indirect effect of dTRIM24 on TRIMs could be obtained by affecting 
interactions mediated by TRIM dimerization events, typically observed between TRIM 
proteins. The functionality of TRIMs can also be modulated by other PTMs like  
SUMOylation, and NEDDylation (Valletti et al., 2019). TRIM24, TRIM28 and TRIM33 have 
been identified as strong SUMO1-interactors using a new innovative SUMO-ID technology, 
being localised at the nucleus of U2OS inside PML also called nuclear  bodies (Promyelocytic 
Leukemia Nuclear Bodies). PML are membrane-less ring-like protein structures found in the 
nucleus usually associated with transcriptionally active genomic regions. The composition of 
this structure is still under discussion and believed to be highly heterogeneous depending on 
the cellular status or stress condition (Barroso-Gomila et al., 2021). Other SUMO-proteome 
studies have also found these TRIM proteins SUMOylated after IFNα response regulating 
antiviral response (Chelbi-Alix and Thibault, 2021). 
 
A full view on the regulation of TRIM ligases involving not only Ub modifications but also 
SUMO has already suggested for acute myeloid leukemias  (AMK) (Gâtel et al., 2020). 
 
 

 TRIM24 as a potential therapeutic target in cancer. 
 
The aberrant expression of TRIM24 has been associated with different cancer types, and has 
been proposed to be a good cancer prognostic factor, usually correlated with increasing 
proliferation, oncogenic transformation, aggressive malignant phenotypes (Groner et al., 
2016; Li et al., 2012, 2012; Liu et al., 2014; Tsai et al., 2010; Zhang et al., 2015). It has also  
been found to mediate chemo-resistant mechanisms in gastric cancer and glioblastoma 
(Miao et al., 2015; Zhang et al., 2015). 
 
So far, TRIM24 aberrant expression has been directly associated with prostate cancer by 
acting as a oncogenic transcriptional activator (Groner et al., 2016), with breast cancer used 
as a good prognostic marker (Chambon et al., 2011; Tsai et al., 2010), with the onset of 
hepatocellular carcinoma trough AMPK signalling upregulation (Liu et al., 2014; Zhu et al., 
2018), with tumour progression in non-small cancer cell lung carcinoma (Li et al., 2012), in 
neck squamous cell carcinoma (Cui et al., 2013), in glioblastoma (Lv et al., 2017), in 
colorectal (Wang et al., 2017), and cervical cancer (Lin et al., 2017). It has also being directly 
related to resistance in glioma  and gastric cancer by the regulation of the Akt signalling 
pathway (Miao et al., 2015; Zhang et al., 2015), to name a few examples. 
 
It is important to highlight that TRIM24 is involved in these different cancer types through 
different mechanisms, therefore showing the importance of TRIM24 as a multifunctional 
protein, and the need to identify their specific functions depending on the cell type and 
specific biological context. 
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Evidence presented here suggests that tackling TRIM24 will have a negative impact on the 
permanently activated autophagy observed in ZBR cells. This new equilibrium will reduce 
proteaphagy and contribute to recovering sensitivity to BTZ. Our results show that the 
dTRIM24/BTZ treatment enhanced the apoptotic response in ZBR cells not only by inhibiting 
autophagy but also by stabilizing p53. Therefore, TRIM24 can be proposed as a potential 
target in the context of PI resistance. 
 
 

20.3 p62 targeting strategy to overcome BTZ resistance 
 
p62 has been proposed as a target to develop new cancer therapies, since it behaves as an 
oncoprotein usually upregulated in cancer (Yan et al., 2017).  
 
Since proteaphagy was found to be permanently activated in BTZ-resistant MCL cells, several 
autophagy inhibitors like BafA and CQ provided interesting results (Quinet et al., 2021). 
However, the most efficient treatment to recover BTZ sensitivity in cell cultures and in vivo 
xenografted models was verteporfin (VTP), that targets p62. These results highlighted the 
major role of p62 in recognising proteasomal subunits that will be targeted to autophagy 
degradation (proteaphagy), but  also the relevance of this process in  BTZ-resistant 
phenotypes. Since the number of p62 inhibitors available is limited, we have explored an 
alternative molecule in this project, XRF3F2 that specifically targets the ZZ domain of p62. 
The results obtained in this double effort will be discussed in the next section.  
 
 

 VTP, a successful treatment to enhance apoptosis in BZT-resistant cells. 
  
VTP is known to promote the formation of p62 aggregates through its PB1 domain (Donohue 
et al., 2011, 2014) This aggregation alters the p62 surface that binds ubiquitylated substrates 
therefore hampering its function as an autophagy receptor. Our group generated evidence 
indicating that VTP impairs proteaphagy, that in the context of BTZ resistance was described 
as a cytoprotective mechanism upon BTZ treatment (Quinet et al., 2021). The use of VTP 
recovered sensitivity of BTZ-resistant cells. However, since VTP has been described to 
generate ROS (Donohue et al., 2014; Konstantinou et al., 2017), we investigated if the 
silencing of p62 alone was sufficient to block autophagy and promote apoptosis in 
combination with BTZ. Our results showed that the silencing of p62 increased the BTZ-
induced apoptosis of ZBR cells (Figure 31), indicating that p62 was indeed an interesting 
molecule to inactivate to recover sensitivity to this PI.  
 
Even if our evidence suggested that the silencing of p62 was sufficient to improve apoptosis 
after BTZ-treatment in ZBR cells, we cannot ignore the possible contribution of ROS 
generated after VTP treatment (Donohue et al., 2014; Konstantinou et al., 2017), that could 
have an impact on many other molecules including members of the Ub family such as Ub 
and SUMO among others (Bossis et al., 2014). 
 
 
 
 



 141 

 ROS contribution in VTP ZBR apoptosis response. 
 
Due to the promising results obtained with VTP when used in combination with BTZ to 
recover sensitivity to this PI, we explored the possible contribution of ROS to this apoptotic 
response. We tested different ROS inducers (Luperox@) or inhibitors (NAC) to determine 
how important the contribution of ROS was in the apoptosis response in Z138 and ZBR cells 
after VTP treatment (Figure 34 and 35).  
 
ROS can be formed from various endogenous sources, including mitochondrial electron 
transport chain and NAD(P)H oxidases. ROS include superoxide (O2

▪−), hydrogen peroxide 
(H2O2), hydroxyl radical (OH▪), singlet oxygen (1O2), peroxyl radical (LOO▪), alkoxyl radical (LO▪), 
lipid hydroperoxide (LOOH), peroxynitrite (ONOO−), hypochlorous acid (HOCl), and ozone 
(O3), among others (Li et al., 2016).  ROS exist inside the cells in an equilibrium promoted by 
antioxidant mechanims (Li et al., 2016; Redza-Dutordoir and Averill-Bates, 2016). Low doses 
of ROS species are considered to be essential for the maintenance and regulation of normal 
physiological functions such as cell cycle progression, proliferation, differentiation, migration 
and cell death.  The proper maintenance of this redox balance has been implicated in the 
activation of various cellular signalling pathways.  In contrast, excessive levels of ROS lead to 
the activation of cell death pathways such as apoptosis, promoted by irreversible DNA 
damage (Caillot et al., 2020a; Redza-Dutordoir and Averill-Bates, 2016).  
 
Perez-Galan et al. showed a loss of apoptosis when using BTZ in combination with the ROS 
inhibitor NAC (Pérez-Galán et al., 2006), highlighting the contribution of ROS in BTZ-
mediated apoptosis in BTZ-resistant MCL cells. However, since the inhibition of proteasome 
affects multiple cellular events, the exact mechanism by which the oxidative stress response 
is generated is not fully understood. Later in time, Halasi et al. described a dual nature of 
NAC, directly interacting and antagonizing the activity of PIs (Halasi et al., 2013). 
Nevertheless, using alternative ROS inhibitors or inducers like VAS3947 (VAS), and auranofin 
(AUR), an inhibitor of the antioxidant enzyme thioredoxinmreductase (TXNRD1), Caillot et al. 
showed that ROS unbalance contributes to re-sensitising  MM cells to BTZ (Caillot et al., 
2020a). These findings highlight the importance of ROS in the cell killing effect of BTZ. 
 
To identify contribution of ROS in the VTP-induced cell killing response, no combination with 
PI was considered to evaluate our hypothesis. We used NAC as a general ROS inhibitor. NAC 
is an important antioxidant, a precursor of intracellular cysteine glutathione (GSH), the most 
abundant non-protein thiol playing an important role in the regulation of apoptosis (Sun, 
2010). 
 
VTP/NAC treatment reduced the percentage of cell death in Z138 cells, but with a higher 
difference in the reduction of the apoptotic response in ZBR cells (Figure 34). This indicates 
that p62 targeting may not be the only mechanism in which VTP promotes toxicity, 
suggesting an important ROS contribution, and a higher ROS susceptibility to these BTZ-
resistant cells. 
 
Donohue et al. reported that ROS induced by VTP corresponded specifically to singlet oxygen 
species (O2). This type of singlet oxygen species, that can be generated by Rose Bengal, 
produced high-molecular p62 aggregates. Since p62 is susceptible to exogenous and 
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endogenous oxidants, this mechanim may act as sensor of oxidate stress by promoting the 
formation of crosslinked p62 oligomers (Donohue et al., 2014). 
 
The involvement of autophagy in maintaining the cells redox status has been reported 
(Ornatowski et al., 2020). This proteolytic pathway was found to alleviate cells with intensive 
oxidative damage upon ROS induction. Supporting this hypothesis, the p62 protein has been 
found to play important roles in activating oxidative stress responses. In the absence of p62, 
NRF2 is ubiquitylated by KEAP1, and degraded by the proteasome, therefore inhibiting the 
transcription of a number of cytoprotective genes involved in antioxidant responses 
(Donohue et al., 2014). In the scenario of VTP promoting p62 oligomerization and ROS 
induction, p62 could be sequestered to prevent antioxidant responses therefore favouring 
an early apoptosis response. How is this response better enhanced by VTP in ZBR cells in 
comparison to Z138 cells? This question was partially addressed in this project (see below). 
 
Quantification of the generation of reactive species using specific probes linked to a highly 
sensitive approach like liquid chromatography coupled to mass spectrometry (Tsamesidis et 
al., 2020) could be a strategy to use in order to understand the ROS response promoted by 
VTP or PI more in detail in our BTZ-resistant MCL cells. 
 
Our comprehension of the ROS-autophagy crosstalk and the role of p62 in the context of 
BTZ-resistant MCL cells will be important to extrapolate this information to other cancer 
models. Indeed, the VTP/BTZ combination has been proved to reduce tumour growth in 
different cancers like breast carcinoma (Li et al., 2013; Mathew et al., 2009; Wei et al., 2014). 
 
 

 Inhibition of the p62 ZZ domain in MCL cells.  
 
Different Ub E3 enzymes were found to be upregulated in ZBR cells using a TUBE-MS 
approach, in addition to the TRIM24 protein. Among the most enriched E3 ligases, we found 
3 UBR enzymes (UBR2, UBR4 and UBR5) (Figure 19) involved in the N-end rule pathway 
(Varshavsky, 2011). The level of these enzymes was also found enriched in whole extracts 
from ZBR cells (Figure 20), validating MS results. We initially reasoned that the accumulation 
of UBR enzymes was a consequence of the dysfunctionality of the proteasome-mediated 
degradation found in ZBR cells and their inhibition could contribute to reequilibrate the UPS-
ALS balance (Quinet et al., 2021). However, we soon realised that the ZZ domain of p62 is 
also involved in the N-end rule pathway upon proteotoxic stress, acting as a N-recognin to 
target proteins for autophagy degradation (Cha-Molstad et al., 2018). The action of p62 in 
this context would alleviate proteotoxic stress due to proteasomal impairment (chemically 
or pathologically) and is coherent with the activation of autophagy to compensate this 
proteolytic impairment (Nam et al., 2017). 
 
With these arguments, we investigated the possible contribution of the p62 ZZ domain in 
our phenotype, hypothesizing that UBR proteins dysregulation could be indirectly affected 
by interfering at this level. Our experiments using XRF3F2 showed that this ZZ p62 domain 
inhibitor differently affected the stability of UBR2, UBR4 and UBR5 in Z138 and ZBR cells 
(Figure 33). XRF3F2 also affected p62 levels and this effect was more important in ZBR cells. 
XRF3F2 better accumulates UBR5 and UBR2 in ZBR cells even if quantifications did not 
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support statistical significance. We would have expected that in ZBR cells the XRF3F2 would 
also destabilise UBR enzymes to reach similar levels than the ones found in Z138, partially 
reverting the BTZ-resistant phenotype. We found that only UBR4 appears to be reduced in 
ZBR cells after XRF3F2 treatment, but with no statistical significance. To validate the role of 
UBR enzymes in this equilibrium we are currently developing XRF3F2 analogues to improve 
the effect on p62 and perhaps better interfere with their action. Alternatively, specific 
inhibitors for each UBR protein could be used (Lee et al., 2008). However, the number of 
commercially available UBR inhibitors is currently limited. Since functional redundancy of 
UBR enzymes could be expected, tackling various E3s at the same time could be tempted if 
low concentrations of these chemical inhibitors proved to show efficacy and are well-
tolerated.  
 
Coherent with the lack of impact of XRF3F2 on UBR enzymes stability, we did not observe 
differences in the apoptotic response of Z138 and ZBR cells to different concentrations of 
this inhibitor. The combination of XRF3F2 with BTZ provided a better apoptotic response in 
Z138 with low statistical significance. However even if not quantified, the combinatorial 
index between XRF3F2 and BTZ appears to be better in Z138 cells (Figure 32). Considering 
that the higher doses of XRF3F2 used in these experiments are at the limit of solubility of 
this drug, we could not increase its concentration. This also justifies the development of 
XRF3F2 analogues to improve solubility and efficacy of this treatment. Interestingly, XRK3F2 
has been proposed to decrease cell viability in PI-resistant MM cells, when used in 
combination with  BTZ (Marino et al., 2019), justifying our current efforts to develop new ZZ-
domain p62 inhibitors. 
 
 

20.4 Development of new molecular tools to analyse K48 and K63 ubiquitome. 
 
Despite all the progress made on new technology and methodology for MS analysis to unveil 
the Ub chain complexity, the study of PTMs and its implications in physiology and pathology 
is still challenging. One of the major obstacles that our community faces is the lack of tools 
to identify Ub chains and discover the functions to which these chains are connected. An 
additional complication is the heterologous composition of some Ub chains that can also 
include other UbLs proteins. Furthermore, the dynamic formation and remodelling of these 
chains in which the action of multiple DUBs could be involved, limits our understanding of 
functions associated with complex chains.  
 
Multiple tools have appeared over the last 10 years including molecular traps (e.g. TUBEs), 
peptide aptamers (e.g. nanobodies) or affirmers, among others. All these tools have 
advantages and shortcomings and perhaps the combination of all of them will help us to 
better integrate Ub signals in distinct biological contexts. 
 
In this project we focused our efforts on the validation and optimisation of the K63 and K48 
Ub chain-specific nanobodies. These tools are small polypeptides that recognise in a specific 
manner free Ub chains and Ub-modified target substrates. This part of the project was 
conducted in collaboration with Hybrigenics. These tools are now commercially available at 
Nanotag Biotechnologies as Ubiquitin K63 selector (https://nano-
tag.com/products/ubiquitin-k63-selector) and Ubiquitin K48 selector (https://nano-

https://nano-tag.com/products/ubiquitin-k63-selector
https://nano-tag.com/products/ubiquitin-k63-selector
https://nano-tag.com/products/ubiquitin-k48-selector
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tag.com/products/ubiquitin-k48-selector), for the benefit of the scientific community. We 
invested efforts to develop applications for these nanobodies, including precipitations for 
WB analysis of Ub chains and protein targets. We also implemented a protocol for MS 
analysis and cell imaging.  
 
 

 Using Ubiquitin chain-specific nanobodies for the analysis of the ubiquitome. 
 

After the characterisation of different K48 and K63 nanobodies clones, we retained A4.1 
(K48) and D1.1 (K63) to set up all methodologies. These nanobodies are specific for these 
chains and do not cross-react with other Ub chains. We first optimised them to perform 
precipitations using Z138 and ZBR cell extracts. With the purpose to use these nanobodies 
for MS analysis, we tested distinct crosslinking protocols allowing us to use stringent 
washing conditions if required.  
 
We tested DMP (dimethyl pimelimidate dihydrochloride) and BS3 
(bis(sulfosuccinimidyl)suberate) crosslinking strategies. The DMP crosslinking protocol had 
already been used in our group to stabilize GST-TUBE to the affinity column before MS 
analysis (Azkargorta et al., 2016; Xolalpa et al., 2016). Nevertheless, and due to the different 
characteristics of the nanobodies, we also implemented the BS3 crosslinking protocol. BS3 is 
a homo-bifunctional cross-linker reagent that promotes the binding of amino groups 
(Alegria-Schaffer, 2014; Miyake et al., 2019). These protocols were also tested in parallel to 
attach biotinylated version (Lang et al., 2016) of TUBEs (called bioTUBE-Rad23) to 
streptavidin columns. Due to technical problems with the commercial beads, we were not 
able to reduce the background signal coming from free streptavidin even in the negative 
column control. For this reason, we chose not to present these results in this manuscript. 
Nevertheless, I could contribute to different publications were GST-TUBEs based on the UBA 
domain from Rad23 and p62 were used (Quinet et al., 2021; Lopez-Reyes et al., 2021). These 
manuscripts are listed at the end of this document.  
 
Histidine tags have a limited affinity for metal ions like Ni2+ which are included in nickel-
nitrilotriacetic acid (Ni-NTA) beads used in this project. Binding of His-tags can occur under 
native and denaturing conditions such as urea and guanidinium. However, even under 
denaturing conditions, background can be obtained from endogenous histidinylated proteins 
naturally present in eukaryotic cells. Since we saturated our Ni-NTA beads with our His6 
tagged nanobodies before the crosslinking, this background was reduced.  Furthermore, 
exhaustive washes can also be performed to remove unspecific protein binding. A clear 
benefit from this protocol was reached by obtaining clean Ub-captured fractions using the 
BS3-crosslinking strategy in our precipitations (Figure 44). With this protocol, we obtained a 
good enrichment of ubiquitylated fractions that will be described in the next sections. The 
use of these molecular tools for MS has been recently demonstrated to be a powerful 
enrichment option for protein immunoprecipitation when comparing immunoprecipitation 

with a K--GG antibody (diGly) with a Ub pan selector nanobody (pan Ub from “Nanotag 
Biotechnologies”) recognizing all Ub chains (Laigle et al., 2021).  
 
Additionally, we used K48 and K63 Ub chain-specific minibodies for IF purposes in HeLa cells. 
Different treatment conditions were optimized using WB to better detect K48 or K63-

https://nano-tag.com/products/ubiquitin-k48-selector
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mediated ubiquitylation events. A combination of 16h starvation and BafA (2,5uM) 8h 
treatment provided us the proper condition to test the K63 minibody. Moreover, BTZ 40nM 
treatment for 8h proved to accumulate ubiquitylated forms of p53, a well-known protein 
described to be degraded by the proteasome (Figure 39) (Roeten et al., 2018).  
 
Upon these conditions, we demonstrated the accumulation of yellow puncta in the merge 
panel of LC3B (red), and minibody K63 (green) (Figure 40). Co-localisation of puncta was not 
observed when using the commercial anti-Ub E412J in combination with our K63 Ub-
minibodies. Nevertheless, a validated anti Ub-K63 antibody must be used to fully validate 
the use of this K63 specific Ub-minibody for IF applications. In addition, K48 Ub-minibody 
(green) staining provided an accumulation of signal as well as an increase of the p53 (red) 
staining upon proteasome blockage. Some of the red and green dots co-localised in a small 
proportion, coherently with the notion that p53 is not the only K48 modified protein that 
accumulates when this proteolytic pathway is inhibited (Figure 41). Nevertheless, strong co-
localisation (yellow puncta) of the K48 minibody (green), with a commercial anti-Ub 
antibody P4D1 (red) was observed validating the use of this tool for cell imaging (Figure 43). 
 
These Ub-minibodies were tested to stain our MCL cells however, without providing  a 
resolution good enough for high quality images (data not shown). The optimisation of the 
fixation and permeabilisation  and stacking steps using suspension cells must be carried out 
to obtain any conclusion.  
 
 

 Enrichment of K63 ubiquitin chains in ZBR cells. 
 

Once we implemented our nanobodies-MS protocol, we used this approach to explore Ub-
regulated processes in Z138 and ZBR cells at basal levels but also in response to VTP.  At 
basal levels (no treatment), an enrichment of proteins was observed with K63 nanobodies in 
ZBR compared to Z138 cells. In contrast, proteins were more enriched with the K48 
nanobody in Z138 cells. These observations were also confirmed when comparing K48 to 
K63 substrate identification within the same cell line or when comparing K63 or K48 in Z138 
and ZBR cell lines (Figure 48). 
 
WB analysis of proteins precipitated with K48 or K63 nanobodies was performed to validate 
the enrichment of identified proteins. Our results further validated the implemented 
nanobodies-MS protocol (Figure 39). Among the proteins we could identify p62, β2 and β5 
enriched in ZBR cells according to the volcano plots (substrates identified enriched in ZBR in 
the volcano plots displayed: PSMB1, PSMB2, PSMB9, PSM10, PSMA6 and SQSTM1). 
 
Interestingly, TRIM24 was also found enriched in ZBR using a nanobodies-MS analysis, which 
is coherent with the previous TUBE-MS analysis. TRIM24 was enriched by both K48 and K63 
nanobodies in ZBR cells, suggesting the role of this E3 in the synthesis or coordination of 
both chains in these BTZ-resistant cells. In sharp contrast, TRIM24 was predominantly 
captured by K63 Ub chains in Z138. Our volcano plots analysis also supports the different 
TRIM24 distribution associated to these Ub chains in Z138 and ZBR cell lines. This different 
Ub chains repartition found in Z138 and ZBR cell lines could be associated with the distinct 
subcellular localisation of TRIM24 found in these cells (Figure 48).  
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The enrichment of Ub K63-linked functions found here is coherent and supports the notion 
that autophagy, and in particular proteaphagy, is permanently activated  in ZBR cells (Quinet 
et al., 2021). Moreover, the heat maps integrating affected GO (Gene Ontology) functions 
showed similar results to the ones obtained with the TUBE-MS approach. Among these 
common results, we found phagosome, protein processing in the endoplasmic reticulum, 
and the proteasome pathway (Figure 50). 
 
 

 Identification of metabolic pathways mediating VTP response in ZBR cells. 
 
The use of our nanobodies-MS protocol revealed a drastic change in protein enrichment 
after VTP treatment. Volcano plots made with the proteins identified after VTP treatment 
revealed an important enrichment of K63 substrates in ZBR cells (Figure 49).  Interestingly, 
when specific functions were analysed by GO and integrated into heat maps (Figure 51), an 
important decrease in proteins related to the ribosome and metabolism (glycolysis, carbon 
metabolism and biosynthesis of amino acids) was identified. 
 
We confirmed the reduction of glycolytic enzymes identified reduced using nanobody 
precipitation followed by WB analysis: ENO1, PGK1 and GAPDH after VTP treatment (Figure 
52). The involvement of glycolysis was demonstrated in BTZ-resistant MM cells by other 
authors. Sanchez et al. reported the use of Dichloroacetate (DCA), a glycolytic suppressor to 
increase sensitivity to BTZ while inducing superoxide production or ROS formation (Sanchez 
et al., 2013). A metabolic shift towards oxidative glycolysis for ATP production was observed 
in multiple tumours, also called the “Warburg Effect”. This process is observed even under 
aerobic conditions conferring a survival benefit to multiple cancer cells, and therefore has 
been explored for therapeutic development (Pavlides et al., 2012; Sanchez et al., 2013). If 
VTP is able to inhibit glycolysis and promote ROS apoptosis at the same time, this could 
explain, at least in part, why this treatment is efficiently inhibiting tumour grow (Quinet et 
al., 2021).  
Recent evidence also suggests a crosstalk between autophagy and glycolysis. Both play 
essential roles in a great number of pathologies and regulators of these pathways are 
frequent cancer hallmarks (Chu et al., 2020). Understanding the molecular mechanisms 
regulating this interconnection is challenging since they are associated with specific 
pathological status (Chu et al., 2020; Jiao et al., 2018). Exploring the contribution of 
glycolysis in our BTZ-resistant MCL cells could be the next step to perform in this research 
project. Since the “Warburg Effect” observed in Myeloma cells is induced by Cyclin D1 and 
this cyclin is overexpressed in MCL, it would be interesting to explore this possible regulation 
mechanism (Caillot et al., 2020b).  
 
Furthermore, TRIM24 was described to bind the promoter region of Cyclin D1 mediating its 
expression and regulating glucose metabolism in Head and Neck Squamous Cell Carcinoma 
(Wang et al., 2018). In addition, the regulation of glycolysis by autophagy through a p62-
mediated ubiquitylation in liver cancer was also reported (Jiao et al., 2018). It is therefore 
worthy to note the importance of an equilibrium implicating the regulation of multiple 
interconnected processes, such as autophagy, glycolysis and ROS production under stress 
conditions to regulate apoptosis. Understanding the relationship between all possible 
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factors involved in response to distinct treatments is crucial to develop new therapeutic 
strategies and understand pathological situations more in detail. This knowledge can also be 
extrapolated to other diseases with common molecular features, favouring the development 
of new clinical interventions. 
 
 

20.5 Conclusions and future perspectives. 

 

This PhD project shows evidence indicating that the Ub-ligase TRIM24 found enriched in 
BTZ-resistant cells contribute to regulating the UPS-ALS crosstalk, playing an important role 
in proteaphagy and apoptosis regulation. The depletion of TRIM24 in ZBR cells promoted an 
enhanced apoptosis response when these cells were simultaneously treated with BTZ, 
suggesting a recovery of the sensitivity to this antitumoral agent.  Interestingly, we have 
observed differences in stability and localisation of TRIM24 when comparing Z138 to the ZBR 
cell line. The reduction of TRIM24 levels using dTRIM24 alone accumulate autophagy factors 
and proteasome subunits in ZBR cells behaving as an autophagy inhibitor.  An interesting 
possibility is that dTRIM24-induced remodelling of Ub chains favours autophagy termination 
(K48 chains) rather than induction (K63 chains). This new Ub chain equilibrium will 
simultaneously favour the activity of the UPS.  
 

 
 

Figure 53 : Proposed mechanism of action of dTRIM24 in ZBR MCL cells. ZBR cells are characterised by an 
increase of autophagy and K63 enrichment, accompanied by permanently activated proteaphagy. Using 

dTRIM24 (PROTAC), the autophagy pathway is blocked promoting an accumulation of p62, LC3B and 
proteasome subunits. When this treatment is combined with BTZ, proteasomes are reduced by unknown 



 148 

mechanisms and apoptosis is enhanced. The cooperative index calculated when both treatments were 
used in ZBR cells was significant.    

 

 
When dTRIM24 is combined with BTZ, this treatment has a negative impact on the stability 
of the proteasome and autophagy factors in ZBR compared to Z138 cells. These results 
suggest that a more important reduction of TRIM24 levels driven by the dTRIM24/BZT 
combination activates compensatory mechanisms that decrease factors implicated in 
proteaphagy (LC3, p62 and proteasome subunits) in ZBR cells. 
 
Altogether, our results indicate that the UPS-ALS crosstalk is not regulated in the same way 
in Z138 and ZBR cell lines. TRIM24 regulates proteaphagy and perhaps other selective 
autophagy pathways in ZBR cells. Our results highlight the important participation of this Ub 
ligase in the regulation of apoptosis in BTZ-resistant cells (Figure 53). Further experiments 
are required to determine if TRIM24 is also important in other BTZ-resistant MCL cells and if 
the apoptosis observed after dTRIM24 treatment alone or in combination with BTZ is p53-
dependent. 
 

 
 

Figure 54 : Ub chain-specific nanobodies applications. Schematic representation of K48 and K63 Ub 
chain-specific nanobodies applications used for the analysis of the ubiquitome in our biological model, 
sensitive Z138 and ZBR cells lines and cell imaging in HeLa cells. K48 and K63 nanobodies were used to 
validate a K63 Ub chain enrichment in ZBR cells and provided new insights into new possible molecular 

pathways (e.g. glycolysis) that are altered in response to VTP and might contribute to enhancing apoptosis 
in BTZ-resistant cells.  
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In a parallel manner, we focused on validating the use of K48 and K63 Ub chain-specific 
nanobodies for different applications like precipitations followed by WB or MS analysis. We 
have also invested efforts in the implementation of indirect fluorescence protocols even if 
we did not have the time to use them in our MCL model cell lines. Thus, K48 and K63 
nanobodies represent a reliable new tool that can be used to answer challenging questions 
explored by the scientific community interested in the study of ubiquitylation events and 
associated pathologies (Figure 54). K48 and K63 nanobodies, also validated K63 Ub chain 
enrichment in our ZBR cells found with a TUBE-MS approach (Quinet et al., 2021). 
 

VTP/BTZ treatment is as the best treatment in our hands to induce apoptosis in BTZ-resistant 
cell cultures and in vivo mouse xenografts models. VTP not only targets p62 but also induces 
ROS production. The use of the inhibitor XKR3F2, that acts at the level of p62 ZZ domain, did 
not display the same intensity on apoptosis-induction as VTP. Since XKR3F2 accumulated 
well p62 but did not decrease the levels of UBR enzymes,  its efficacy  could perhaps be 
improved with new analogues (Figure 55).  Another possibility is that ROS induction after 
VTP treatment is important (Caillot et al., 2020a) to induce an efficient apoptosis in BTZ-
resistant cells (Pérez-Galán et al., 2006). Understanding ROS involvement, and the different 
reactive oxygen species generated after VTP in BTZ-resistant cells could also be crucial to 
extrapolate our results to other cancers where resistance to BTZ has also been observed 
such as MM. 
 

 
 

Figure 55 : New insights into VTP-induced response in ZBR cells. Schematic representation gathering 
results obtained by targeting p62 through different chemical strategies. VTP treatment promoted p62 

aggregation and apoptosis in ZBR cells. In addition, VTP treatment has been proved to mediate this 
apoptotic response through ROS induction. XRK3F2 that targets the ZZ domain of p62 is not sufficient to 

promote an efficient apoptotic response in ZBR cells.  
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The glycolytic enzymes downregulated after VTP treatment found in our MS analysis (Figure 
54) suggest that they could contribute to regulate apoptosis in BTZ-resistant cells when using 
this p62 inhibitor. If this new mechanism is confirmed, these enzymes could be directly 
inhibited using available inhibitors. Although glycolysis has been linked to autophagy 
regulation, further investigations are required to validate the role of this metabolic pathway 
in proteaphagy regulation and BTZ resistance.  
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Abstract

Since its introduction in the clinics in early
2000s, the proteasome inhibitor bortezomib
(BTZ) significantly improved the prognosis
of patients with multiple myeloma (MM) and
mantle cell lymphoma (MCL), two of the most
challenging B cell malignancies in western
countries. However, relapses following BTZ
therapy are frequent, while primary resistance
to this agent remains a major limitation for
further development of its therapeutic poten-
tial. In the present chapter, we recapitulate the
molecular mechanisms associated with intrin-
sic and acquired resistance to BTZ learning
from MM and MCL experience, including
mutations of crucial genes and activation of
prosurvival signalling pathways inherent to
malignant B cells. We also outline the preclin-
ical and clinical evaluations of some potential
druggable targets associated to BTZ resis-
tance, considering the most meaningful
findings of the past 10 years. Although our

understanding of BTZ resistance is far from
being completed, recent discoveries are
contributing to develop new approaches to
treat relapsed MM and MCL patients.

Keywords

BTZ resistance · Proteasome · Ubiquitin ·
Mantle cell lymphoma · Multiple myeloma

6.1 Introduction

Proteolysis is tightly regulated in eukaryotes
through the superposition of sophisticated molecu-
lar mechanisms to ensure protein homeostasis. One
of the major proteolytic activities is driven by the
26S proteasome that holds a catalytic core particle
(CP) or 20S [1]. The proteolytic activity of the 26S
proteasome requires the previous ubiquitylation of
protein targets mediated by a cascade of thiol-ester
reactions implicating at least 3 enzymes named
activating (E1), conjugating (E2) and ubiquitin
ligases (E3). Removal or remodelling of ubiquitin
chains condition the stability, localisation and func-
tion of the modified target proteins. The ubiquitin
tagging step and the 26S-mediated proteolysis con-
stitute the Ubiquitin–Proteasome System (UPS).
Some proteins directly degraded by the CP do not
require ubiquitin tagging and are therefore
destroyed by an ubiquitin-independent process.
The CP can also include proteasome subunits that
are specifically involved in the immune response,
constituting the immunoproteasome. Furthermore,
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the CP can be associated to other regulatory
subunits such as 11S, which have specialised cellu-
lar functions [1]. In sum, the proteasome acts as a
central hub of cellular proteolysis, having an impact
on multiple processes such as cell cycle, DNA
repair, cell differentiation, immune response,
amino acid recycling or apoptosis. For this reason,
the proteasome became a privileged target for drug
development to treat diverse disorders including
cancers, infections and inflammation-related
diseases, among others [2]. The proteasome inhibi-
tor (PI) bortezomib (BTZ), also known as Velcade,
was, in 2003 and 2006, the first Food and Drug
Administration (FDA)-approved PI for the treat-
ment of two haematological malignancies: multiple
myeloma (MM) and chemotherapy-resistant mantle
cell lymphoma (MCL), respectively. Despite the
success ofBTZ therapy, inherent and acquired resis-
tance in patients were observed, encouraging the
development of a new generation of PIs, as well as
small molecules targeting enzymes of the UPS. Full
understanding of the mechanisms underlying BTZ
resistance in cancer is a prerequisite to design new
strategies to recover sensitivity to these agents, or to
use alternative treatments to lower apoptosis thresh-
old in BTZ-resistant cells. To elucidate these
mechanisms several laboratories have characterised
a number of patient-derived MM and MCL cell
lines with natural or acquired resistance to BTZ. In
this chapter we summarise mechanisms of PI resis-
tance reported in the last decade. Even if some of
these acquired resistance mechanisms have not yet
been confirmed in patients, their discovery may
have an impact in upcoming clinical studies. We
also review potential strategies to overcome PIs
resistance mechanisms, including the use of new
signalling pathways inhibitors regulating protein
homeostasis.

6.2 Cancers Treated
with Proteasome Inhibitors

Resistance to proteasome inhibitors has been
observed in various cancer types including
haematological, pancreatic or breast cancer
[3]. Two of the best responding cancers are MM
and MCL and for this reason, more knowledge

has been accumulated on BTZ resistance for these
haematologic disorders [4].

6.2.1 Multiple Myeloma

MM is a plasma cell malignancy with bone mar-
row (BM) infiltration of clonal cells and mono-
clonal immunoglobulin protein in the serum
and/or urine of patients. Genomic techniques
have allowed a better understanding of the
genetic abnormalities of MM by providing a bet-
ter landscape of this collection of diseases with a
common clinical phenotype [5]. Several genetic
alterations including chromosomal translocations
of the immunoglobulin heavy chain (IGH) gene
leading to the overexpression of D-type cyclins,
have been considered as primary events. Not less
important are the secondary mutations and clonal
evolution. The most frequent mutations occur in
KRAS, NRAS, FAM46C, DIS3 and TP53, among
others. These mutations affect multiple signalling
pathways by altering the mRNA levels but also
protein expression and stability. In the past
decade, this knowledge has contributed to
remarkable changes in the clinical practices,
such as the implementation of more effective
therapies including new classes of drugs like
PIs. The combination of BTZ with immunomod-
ulatory drugs (IMiDs) such as lenalidomide or
dexamethasone are currently among the most
effective treatments in MM (see Sect. 6.4). The
success of BTZ as a MM treatment underlies its
broad impact on the stability and activity of vital
cellular factors.

6.2.2 Mantle Cell Lymphoma

MCL is an aggressive non-Hodgkin lymphoma
(NHL) arising from pre-germinal centre of mature
B cells and is typically incurable due to the inevi-
table development of drug resistance, leading to
the worst prognosis among NHL subtypes
[6]. Classical MCL cells show minimal mutations
in the IGH variable region gene (IGHV) and
express the transcription factor SOX11. Patients
present tumours in lymph nodes or extra-nodal
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sites and cells overexpressing cyclin D1 are prone
to acquisition of additional abnormalities in cell
cycle, DNA damage response, or cell survival
pathways, leading to a more aggressive disease
behaviour. Less typical are leukemic non-nodal
MCL developed through the germinal centre with
IGHV somatic hypermutation and minimal
SOX11 expression. These patients present MCL
cells in peripheral blood, BM and spleen. Leuke-
mic non-nodal MCL behaves in a more indolent
way with genetic stability over time. Secondary
genetic abnormalities, such as TP53 mutations,
result in a more aggressive disease associated
with poor outcome. Since BTZ was approved by
the FDA in 2006 for the treatment of relapsed/
refractory (R/R) MCL, numerous phenomena
have been described to explain innate or acquired
resistance observed in more than half of patients
[7]. It is known that the development of resistance
to BTZ in MCL is an adaptive process, which
takes place gradually and includes metabolic
changes and/or deregulated (re)activation of
adaptive processes like plasmacytic differentia-
tion, autophagy, or improper activation of intra-
cellular signalling pathways such as PI3K/AKT/
mTOR axis or NF-κB, among others.

6.2.3 Proteasomes and Chemical
Inhibitors

Proteasomes are macromolecular proteolytic
complexes with distinct roles under multiple
physiologic or pathologic situations. The 26S
proteasome is composed by a 19S regulatory
particle that recognises ubiquitin chain as degra-
dation signals [1]. The catalytic core or 20S sub-
unit contains 7 α and 7 β subunits of which β5,
β2 and β1 hold the chymotrypsin-like, trypsin-
like and peptidyl-glutamyl peptide-hydrolysing
activity. Alternative β subunits named β5i, β2i
and β1i are expressed in haematopoietic cells in
response to pro-inflammatory signals such as
cytokines or γ interferon and integrate the
immunoproteasome. The 20S core can also asso-
ciate with 11S, another regulatory particle also
known as PA28, REG or PA26 which contributes
to the action of the immunoproteasome but can

also drive proteolysis in other cellular
compartments such as the nucleus [1]. Given the
role of the proteasome in the degradation of many
critical cellular factors, its potential as therapeutic
target attracted the interest of many pharmaceuti-
cal companies.

Approved in the 2000s by the FDA, BTZ has
been used for decades as one pivotal treatment in
MM and MCL. However, its association with
neuropathy and the acquisition of resistance in
the clinics highlighted the need to develop new
PIs that would be more effective, less toxic and
would reduce the occurrence of resistance. Each
of these aspects was considered for the develop-
ment of second generation PIs such as marizomib
(MRZ), carfilzomib (CFZ), ixazomib (IXZ) and
oprozomib (OPZ) [3] (Table 6.1). Unlike BTZ,
some of them target all the catalytic sites of the
proteasome, like MRZ. They carry a different
administration way and reversibility than BTZ,
hence reducing off-target effects and toxicities
in patients. MRZ and OPZ are in early clinical
development, and CFZ and IXZ have been
already approved in combined treatment for R/R
MM. However, preclinical adaptation to these
new agents has already been reported,
strengthening the need for alternative strategies
to face PI resistance [8].

6.3 Molecular Origin
of the Resistance
to Bortezomib

In the last decade, several molecular mechanisms
involved in BTZ resistance have been proposed.
During the progression of the disease, complex
genomic alterations promote the activation of dif-
ferent signalling cascades that contribute to the
development of the resistant phenotype. These
include defects in the initiation/regulation of cel-
lular stress, cell differentiation, apoptosis and
autophagy, in combination with mutations and
alterations in the expression of the drug target.
On the other hand, microenvironmental factors
and epigenetics can be another source of inherent
resistance mechanism, as these events can modu-
late the expression of critical genes, including
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tumour suppressors [9]. The acquired resistance to
BTZ is also multifactorial including, among others
alterations, the levels of expression of proteasome
subunits, crosstalk with other proteolytic pathways
or overexpression of efflux pumps (Fig. 6.1).

6.3.1 Inherent Resistance

In this part of the chapter, we will review available
data about molecular mechanisms that have been
proposed so far to be at the origin of the inherent
BTZ-resistant phenotype in MM and MCL.

6.3.1.1 Mutations in PSMB5 Proteasome
Subunit

PSMB5 mutations are known to lower PI binding
capacity and to impair the chymotrypsin-like cat-
alytic activity of the 20S proteasome [10, 11]
giving a benefit under PI stress. However, both in
in vitro and in vivo settings, mutations were
detected only in tumour cells that received
heavy PI-based therapies, suggesting that the
selected mutations emerge lately during the pro-
cess of clonal selection besides the apparition of
the resistant phenotype. Moreover, in vivo, at the
time of relapse, cells exhibiting PSMB5
mutations could partially or totally disappear,
questioning the role of such mutations at late
stages of the disease [12]. Finally, the relevance
of PSMB5 gene mutation in BTZ resistance has

recently been challenged. Soriano and colleagues
have shown that proteasome activity is dispens-
able in BTZ- and CFZ-resistant MM cell lines
suggesting that PSMB5 mutations are likewise
not required or involved in the development of
BTZ resistance [10] (Fig. 6.1).

In support, no mutations of PSMB5were found
for years inMMprimary cells, even using targeted
or high-throughput sequencing techniques on
large cohorts of patients including refractory
patients or in relapse. The relevance of PSMB5
mutations and their functional impact were
suggested recently. Four PSMB5 mutations were
detected in a single MM patient that received
prolonged BTZ-based treatments (Table 6.2)
[12]. According to the Darwinian model of mye-
loma evolution, mutations evolved independently
in different tumour subclones. For instance, C63Y
and A27P are lost during the course of the disease,
whereas A20T and M45I are maintained longer.
When tested in vitro, all mutations were function-
ally relevant and provided PI resistance but at
different degree according to both the mutation
itself (A20 and M45 having a higher impact than
C63 and A27), and the tested PI (BTZ, CFZ or
IXZ). The response pattern was similar for BTZ
and IXZ, but not for CFZ. CFZ response was less
affected by PSMB5 mutations, likely due to its
unique structure and binding [12]. No mutations
of PSMB5, PSMB6 and PSMB7 were ever
described in CFZ-adapted MM cell lines [10].

Table 6.1 Proteasome inhibitors

PI Action Family Target IC50 (nM)
Bortezomib Reversible Boronate β5c

β5i
β1c

7
4
74

Carfilzomib Irreversible Epoxyketone β5c
β5i

5
33

Oprozomib
CFZ oral analogue

Irreversible Epoxyketone β5c
β5i

36
82

Ixazomib Reversible Boronate β5c
β5i

3
31

Marizomib Irreversible β-Lactone β5c
β2c
β1c

2.5
26
330

ONX0914 Irreversible Epoxyketone β5c
β5i

28
280

Data presented in the table have been compiled from [4]
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6.3.1.2 Apoptosis Failure
Defective apoptosis signalling is a key oncogenic
mechanism of drug resistance in haematological
malignancies, mainly attributed to the deregula-
tion of B cell lymphoma-2 (BCL-2) family
members. This family of proteins is composed
by prosurvival proteins such as BCL-2,
BCL-XL, MCL-1, BCLW and BFL1/A1, as
well as proapoptotic factors, represented by
multidomain (BAX, BAK and BOK) and
BH3-only (BIM, PUMA, NOXA, BAD, BID,
BMF, BIK and HRK) proteins. Once activated
upon cytotoxic or stress signals, the BH3-only
proteins interact with their prosurvival
counterparts, leading to the release and
oligomerisation of BAX and BAK, permeabi-
lisation of the mitochondrial outer membrane,
and the cytosolic release of apoptogenic factors,
culminating in the activation of the caspase fam-
ily of proteases and ultimately, cell death [14].

In MCL cells, BTZ has been described to evoke
intracellular accumulation of MCL-1, which
harbours a PEST sequence at the origin of its
targeting to the proteasome for its degradation. As
MCL-1 can physiologically interact with and block
the proapoptotic signalling of NOXA, which is tran-
scriptionally activated upon cell exposure to BTZ,
the increase inMCL-1 levels can counteract NOXA-
mediated activation of BAK, thus delaying the onset
of cell death. Therefore, blockingNOXA expression
or inhibiting MCL-1 was used to modulate the
response to BTZ in MCL [15] (See Sect. 6.4).

Despite concomitant overexpression of several
antiapoptotic proteins of the BCL-2 family, MM
cells depend primarily on MCL-1 for survival as

demonstrated by the use of small-molecule
MCL-1 inhibitor and the knockdown of MCL-1
[16, 17]. MM cells are tightly dependent on their
microenvironment known to promote MCL-1
expression in plasma cells. For example, bone
marrow stromal cells (BMSCs) provide survival
signals such as interleukin-6 (IL-6), vascular
endothelial growth factor and insulin-like growth
factor. IL-6 upregulates MCL-1 transcription and
induces MCL-1 dependence [18]. Recently, it has
been shown that the long non-coding RNA
(lncRNA) H19 is present in the serum of MM
patients and that an H19/miR-29b-3p axis
promotes MCL-1 translation and BTZ resistance
[19]. Thus, MCL-1 is certainly an important tar-
get for coping with MM drug resistance.

6.3.1.3 Signalling Cascades
The NF-κB pathway is activated via canonical and
non-canonical signalling mechanisms. The canoni-
cal pathway regulates inflammatory responses,
immune regulation, and cell proliferation, whereas
the non-canonical signalling cascade leads to B cell
maturation and lymphoid organogenesis. These
pathways regulate the expression of genes involved
in cell survival and tumour-promoting cytokines.
Therefore, its activation has a profound impact in
tumorigenesis. The NF-κB pathway can be poten-
tially targeted and is expected to have a high impact
on the viability of malignant B cells, due to its
interplay with other crucial pathways activated dur-
ing B cell differentiation, such as B cell receptor
(BCR), PI3K/AKT/mTOR, and toll-like receptor
(TLR) signalling axes. Constitutive NF-κB activity
is often present in MCL and MM. The inhibition of

Table 6.2 PSMB5 mutations associated to BTZ resistance in MCL and MM

Gene Mutation Protein Tumour cells Pathology References
PSMB5 c.322G>A p.A49T KMS-11 MM [13]

OPM-2
c.247A>G
c.322G>A

p.T21A
p.A49T

8226 MM [11]

c.310A>G p.M45V 8226a MM [4]
c.310A>G p.M45V AMO MM [10]
c.235G>A
c.256G>C
c.312G>C
c.365G>A

p.A20T
p.A27P
p.M45I
p.C63Y

Primary cells MM [12]

The indicated cell lines have been exposed to a continuous pressure of BTZ; except those marked with a, exposed to
PR-924, a selective inhibitor of the immunoproteasome
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NF-κB is a primary mechanism to induce cell apo-
ptosis after BTZ treatment and plays a role in evad-
ing the effect of this treatment in BTZ-resistant
phenotypes [20].

A high NF-κB activity was found in tumour
cells of BTZ refractory MM patients and in
in vitro models of cell adhesion-mediated drug
resistance (CAM-DR), reinforcing the notion that
the NF-κB pathway signals BTZ resistance
[21, 22]. In MCL, this constitutive NF-κB signal-
ling and consequent lack of response to BTZ has
been linked to a proteasome-independent degra-
dation of the intrinsic NF-κB inhibitor, IκBα
[20]. However, a number of studies have pointed
out a lack of correlation between NF-κB activity
and BTZ resistance status [23].

NF-κB pathway is also regulated by casein
kinase 2 (CK2). CK2 is a multifaceted serine/
threonine kinase involved in several cellular pro-
cesses, and is overexpressed and overactive in
many blood tumours. CK2 regulates signalling
cascades and molecules that are targeted by
BTZ. For instance, it modulates IκBα protein
turnover, p53 function, AKT activation, and has
a role in the control of endoplasmic reticulum
(ER) stress and unfolded protein response
(UPR) (see Sect. 6.3.2.3). Inhibition of CK2
enhances BTZ cytotoxic effect in MCL cell lines
by down modulating NF-κB and signal trans-
ducer and activator of transcription 3 (STAT3)
signalling cascades and by potentiating the
proteotoxic effects of proteasome blockade. Alto-
gether these results suggest that levels of CK2 are
involved in MCL resistance to BTZ [24].

The BCR includes a heterodimer of CD79A/B
molecules, and CD19, a key co-receptor. The
upregulation of thosemolecules have been proposed
to promote BTZ resistance in MCL cells. While
BCR regulates cell survival and proliferation of
MCL cells, in MM it has been only linked to mono-
clonal gammopathy of undetermined significance
(MGUS), a premalignant phase of MM [25]. A
human phospho-kinase array further pointed out an
overexpression of phosphorylated BCR kinases
LYN, LCK, and YES as well as a sustained down-
stream activation of PI3K/AKT/mTOR axis in
BTZ-resistant cells. Among these kinases, LYN
was functionally associated with the resistance

phenotype, rending cells more sensitive to the SRC
kinase inhibitor dasatinib and allowing to synergistic
activity of the dasatinib/BTZ combination
in vitro [26].

In MCL, the redox status has also been pointed
out as a crucialmediator of BTZ efficacy, as PIs lead
to the generation of large amounts of reactive oxy-
gen species (ROS), modulating at least in part the
transcription of NOXA and thus contributing to the
cytotoxic activity of proteasome inhibition [27]. The
nuclear factor NF-E2 p45-related factor 2 (NRF2)
was identified as a key regulator of this response.
Indeed, while under physiological conditions it is
sequestrated byKelch-like ECH-Associated Protein
1 (KEAP1) in the cytosol, when KEAP1 is oxidised
by ROS, NRF2 is released to the nucleus where it
initiates the transcription of genes involved in the
adaptive oxidative stress response.UponBTZexpo-
sure, BTZ-sensitive MCL cells display a sharp
increase in the expression of NRF2 target genes, as
well as genes related to protein ubiquitylation or
proteasome components, while resistant tumours
show minimal changes. Accordingly, an elevated
expression of NRF2 target genes at the basal level,
predicts a poor sensitivity to proteasome inhibition
[28]. In line with this, a recent study has highlighted
the capacity of ROS to modulate some cancer stem
cells (CSCs)-like subpopulations in MCL cell lines
and primary cultures and to regulate cell sensitivity
to BTZ. Authors showed that O2- was involved in
the inhibition of CSC-like cells and in the
sensitisation of MCL to BTZ, while H2O2 favoured
a CSC-like phenotype, impairing BTZ-induced cell
death [29]. This process was associated with tran-
scriptional regulation of two O2- and H2O2 targets,
namelyMCL-1, and ZEB-1, aWNT-regulated tran-
scription factor that interfered with MCL response
to chemotherapeutics. This resulted in the activation
of proliferation-associated genes including MYC
and CCND1 and the induction of an antiapoptotic
gene signature [30].

6.3.2 Acquired Resistance

PI-acquired resistance has multifactorial and
interconnected causes and PI-resistant cells show
cross-resistant profiles. Among the main
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mechanisms recognised in MM and/or MCL are
upregulation of 20S proteasome subunits including
β5c, downregulation of 19S proteasome subunits
and overexpression of efflux pumps.Adaptivemet-
abolic changes, modulation of the unfolded protein
response, and alteration of autophagy signalling
contribute also to PI resistance in MM cells.

6.3.2.1 Overexpression of Proteasome
Subunits

Beside PMBS5 mutations, overexpression of
PMBS5 and (to a lesser extent) PMBS6 are fre-
quent alterations found inMM cell lines adapted to
increased concentrations of BTZ [11, 31,
32]. PSMB5 is overexpressed in one MM patient
with clinical resistance to BTZ, compared to three
BTZ-sensitive patients [33]. Franke and colleagues
demonstrated a tight relationship between
impaired proteasome activity carried on by a
mutated β5c subunit and the β5c subunit
overexpression. In cells harbouring homozygous
PSMB5mutations, the upregulation of β5c subunit
was even more important when compared to cells
harbouring heterozygous mutations. The authors
proposed a model in which, the prolonged expo-
sure of MM cells to BTZ leads first to the appear-
ance of PSMB5 mutations, resulting in decreased
BTZ binding. In turn, mutant cells compensate this
reduced proteasome activity by upregulation of the
β5c subunit. Moreover, in those BTZ-resistant
MM cells the upregulation of β5c is associated
with the downregulation of β5i to balance the
total proteasome units and impairs any possible
remaining BTZ-inhibition [11].

In two recent studies, the involvement of the
19S subunits of the proteasome has been
highlighted. To identify genes controlling the sen-
sitivity and adaptation of MM cells to CFZ,
Acosta-Alvear and colleagues used a
new-generation shRNA library screening
[34]. They found that the knockdown of several
subunits of the 20S proteasome core (including
β5c) provides a strong sensitisation to proteasome
inhibition. Paradoxically, the genetic depletion of
most of the 19S regulatory components confers a
marked resistance. They further confirmed that
shRNAs-mediated knockdown of PMSC1,
PMSC6, PMSD1, PMSD2, PMSD6 and PMSD12

leads to resistance towards BTZ and CFZ in MM
cell lines. Importantly, the authors showed that
PSMC2 levels in MM patients seem predictive
for the response towards CFZ-based therapy. In
the second report, Shi and colleagues used a
genome-scale CRIPSR-Cas9 library to identify
genes associated with BTZ resistance. They
validated PSMC6 depletion as the strongest hit
conferring BTZ resistance in MM cells
[35]. PSMC6 deficiency resulted in reduced BTZ
ability to regulate chymotrypsin-like activity of
β5c through changes in the proteasome structure.
Mutations in other members of the PMSC group
also individually impart BTZ resistance albeit less
potently. No mutation of PSMC6 has been
reported so far but the analysis was performed on
a cohort of untreated MM patients [35].

Recent results from our laboratories compar-
ing BTZ-adapted MCL cell lines and their paren-
tal counterparts revealed a reduced expression of
19S proteasome subunits in BTZ-resistant cells.
Strikingly, when autophagy was blocked with
inhibitors such as bafilomycin A or chloroquine,
the level of those proteasome subunits increased
in resistant cells only, suggesting an autophagy-
mediated degradation. In MCL cell lines that
naturally resist to BTZ, the accumulation of
proteasome subunits after the chemical inhibition
of autophagy was proportional to the level of
BTZ resistance observed. The proteasome degra-
dation by autophagy was named proteaphagy and
has been observed in response to starvation or
proteasome inhibition in several biologic models
including human cells [36, 37]. Quinet et al.
showed that proteaphagy can contribute to
develop resistance to BTZ in MCL cells since
inhibited proteasomes are degraded and BTZ
reduces its impact on proteasomes and cell
death. In other words, BTZ-resistant cells bypass
proteasome inhibition relying on autophagy
through degradation of proteasomes and perhaps
other cellular proteins [38].

6.3.2.2 Metabolic Adaptation
Metabolic reprogramming is a hallmark of cancer
that has emerged as an attractive target for novel
therapeutic strategies for cancer treatment.
O-GlcNAcylation is an abundant, dynamic and
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nutrient-sensitive post-translational modification
that corresponds to the addition of an O-linked
β-N-acetylglucosamine (O-GlcNAc) moiety to
the serine or threonine residues in proteins in
response to changes in the hexosamine biosyn-
thetic pathway. As this latest depends on various
essential nutrients and metabolic intermediates
like glucose, glutamine, acetyl-coA, and UTP, it
provides an ideal machinery for cells to sense and
respond to a variety of microenvironmental
conditions [39]. Little was known about its role
in MCL, until the recent study of Luanpitpong
and collaborators who demonstrated that
O-GlcNAcylation of tBID promoted apoptosis
in MCL cells exposed to BTZ, and that this pro-
cess could be amplified by co-treatment with the
antifungal drug kenoconazole, an O-GlcNAcase
inhibitor that blocks tBID ubiquitylation and
subsequent proteasomal degradation [40].

ABC (ATP-binding cassette) transporters such
as ABCB1 (multidrug resistance, MDR1 or
P-glycoprotein, P-gp) mediate drug resistance by
alterations of the absorption and elimination of
xenobiotics and drugs. ABCB1 expression
correlates with poor prognosis, treatment resis-
tance and aggressiveness of the MM disease
[41]. ABCB1 protein is overexpressed in
CFZ-resistant compared to sensitive MM cell
lines [10]. ABCB1 was expressed by circulating
malignant plasma cells of MM patient at diagno-
sis and its expression increases along the course
of CFZ treatment [42]. Overexpressed ABCB1
protein limits the proteasome-inhibiting activity
and clearance of poly-ubiquitinated proteins by
CFZ and reduces its cytotoxicity. Importantly,
ABCB1 overexpression affects the cytotoxic
activity of epoxyketone-type PIs (CFZ) signifi-
cantly stronger than non-epoxyketone PIs
(BTZ). Drugs targeting ABCB1 may resensitise
MM cells to PI, in particular CFZ.

Soriano and colleagues analysed by a com-
bined quantitative and functional proteomics
approach CFZ- and BTZ-adapted MM cell lines
[10]. They found that resistance to BTZ/CFZ was
independent of proteasome activity but relied on
energy metabolism, redox homeostasis, protein
folding and degradation. PI-resistant cells adapted
themselves to a very low proteasome activity

while continuing to synthesise immunoglobulins.
In turn, the level of metabolic intermediates
involved in oxidative glycolysis (pyruvate
kinase), redox state (superoxide dismutase, gluta-
thione peroxidase, peroxiredoxin), mitochondrial
respiration (cytochrome c) were increased thus
maintaining high stringent redox conditions. In
agreement with previous studies, authors also
confirmed that the most upregulated proteins in
CFZ-resistant cells were ABCB1 [41, 42] and the
heat-shock proteins HSP70 and HSP90, whose
transcriptional regulator, HIF1, is involved in
BTZ resistance in MM cells [43]. Conversely,
the positive apoptosis regulators BAX, CASP
and DIABLO were downregulated [10].

Similarly to Soriano et al., Dytfeld and
colleagues conducted a comparative proteomic
profiling of R/R patients vs. naïve MM patients
[44]. In the proteomic signature associated with
BTZ resistance, four sets of proteins were
characterised including proteasomal proteins,
some factors regulating the redox status, proteins
signalling apoptosis, and proteins involved in the
inflammation response. In particular, regulatory
and catalytic components of the proteasome,
including part of the 11S complex, were
upregulated. The antioxidant thioredoxin,
peroxiredoxin, and thioredoxin reductase were
upregulated whereas annexins A1 and A2, that
regulate the apoptotic process, were
downregulated. PI resistance may thus be
alleviated by manipulating the redox status and
the energy metabolism.

Although not revealed by the above proteomic
studies, NRF2 seems to be a node for BTZ and
CFZ resistance in MM. As it maintains redox
homeostasis by inducing antioxidant and detoxi-
fication genes and by modulating energy metabo-
lism [45], NRF2 indirectly regulates:
(a) chaperoning activity [46]; (b) redox, meta-
bolic and translational reprogramming [47]; and
(c) activation of prosurvival autophagy. These
major functions are supported by clinical data
showing NRF2 upregulation in a subgroup of
relapsed patients [47]. Other studies showed that
high glutathione (GSH), whose levels are con-
trolled by NRF2, dampens BTZ toxicity in MM
cells [48].
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In the last decade, numerous studies have
indicated that components of the BM stroma,
extracellular matrix (ECM), cytokines,
chemokines and growth factors are involved in
BTZ resistance in MM cells [49]. The membrane
protein myristoylated alanine-rich C-kinase sub-
strate (MARCKS) is a protein that plays an impor-
tant role in cell adhesion, spreading and invasion,
and is crucial for metastasis [50]. MARCKS is
overexpressed in MM cell lines and is involved
in the cross-resistance to the farnesyltransferase
inhibitor R115777 and BTZ, as well as in MM
patients that do not reach a sustained response to
BTZ therapy. In addition, the inhibition of
MARCKS phosphorylation increases cytotoxicity
in BTZ-resistant cells [51].

The insulin-like growth factor IGF-1, known
as a growth factor for MM cells [52], is produced
by plasma cells, and is present in the BM micro-
environment. IGF-1 has been proposed to pro-
mote proliferation and drug resistance in MM
cells through the activation of MAPK and PI3K/
AKT-signalling pathways [49]. According to
these data, the IGF-1/IGF-1R signalling axis
was detected to be upregulated in three
BTZ-resistant MM cell lines, compared to paren-
tal cells. Kuhn et al. proved that a small molecule
responsible for the inhibition of IGF-1R has the
capacity to sensitise BTZ-resistant MM cells to
the proteasome inhibitor [53].

6.3.2.3 Protein Homeostasis
Because of their high capacity to synthesise and
secrete immunoglobulins, MM cells exhibit an
expanded ER network and an increased ability to
cope with unfolded or misfolded proteins that
accumulate in the ER. These conditions are
referred to as ER stress. As a consequence, MM
cells activate the UPR pathway as an adaptive
strategy and are rendered dependent on this mech-
anism for their survival [54]. ER stress upregulates
three UPR signalling branches: activating tran-
scription factor 6 (ATF6), protein kinase R
(PKR)-like ER kinase (PERK)-ATF4 and
inositol-requiring enzyme 1 (IRE1)-X box binding
protein 1 (XBP1) which suppress global transla-
tion and promote protein folding and degradation.
During ER stress, ATF6 translocates into the

nucleus and activates the XBP1 promoter allowing
an upregulation of the protein. At the same time,
IRE1 oligomerizes and autophosphorylates,
resulting in the activation of its endonuclease
activity that cleaves XBP1 mRNA. This results in
a frameshift that modifies the unspliced inactive
XBP1 form (XBP1u) into an active XBP1s form.
XBP1s acts as transcription factor and activates
genes encoding protein folding and chaperones
(see Sect. 6.3.2.5). Previous studies done on
cohorts of MM patients and confirmed in vitro on
BTZ-adapted cell lines, defined a ‘low IRE1-
XBP1’ phenotype that predicts a poor response to
BTZ [55, 56]. Moreover, XBP1 knockdown
experiments in MM cell lines showed correlation
with BTZ resistance, as the suppression of XBP1
lowers both the basal ER stress and the ER stress
due to proteasome inhibition [56].

High expression of deubiquitinating enzymes
(DUBs) and autophagy-related proteins have
been detected in MM patients resistant to BTZ.
These alterations in enzymes that are involved in
deubiquitinating misfolded/unfolded proteins and
in the turnover of proteins by the autophagy–
lysosome system (ALS) suggest an important
role of ubiquitin signalling pathways in BTZ
resistance. Niewerth et al. showed that inhibition
of USP14 and UCHL5 promotes apoptosis and
helps to overcome BTZ resistance in MM patients
[4]. Another enzyme that can be regulated to
recover sensitivity to BTZ is the ubiquitin-
conjugating enzyme H10 (UbcH10). Wang et al.
proved that through the expression of hsa-miR-
631, the negative regulation of UbcH10 transcrip-
tion prevents MM cells to develop resistance
against proteasome inhibitors [57].

6.3.2.4 UPS–ALS Crosstalk
Eukaryotic cells have two interconnected
mechanisms for protein degradation and removal
of misfolded proteins and aggregates, the UPS
and the macroautophagy (here referred to as
ALS). Autophagy functions by double-membrane
vesicles known as autophagosomes which
sequester cytosolic proteins, followed by fusion
with lysosomes for degradation. Autophagy is
involved in several human diseases, such as neu-
rodegenerative diseases and cancer [58]. While it
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appears to be tumour suppressive in normal cel-
lular homeostasis, autophagy can mediate tumour
cell survival under stress conditions [59]. For
many years, UPS and ALS pathways were
thought to function independently, but the recent
observation that impairment of either pathway
impacts the other has suggested that these two
proteolytic systems do collaborate [58]. It is
thought that upon proteasome inhibition,
autophagy is initiated as a survival mechanism
to eliminate UPS substrates [60], and thus,
upregulated autophagy could play a role in BTZ
resistance [61].

The ubiquitin-binding cargo autophagy recep-
tor sequestrosome 1 (SQSTM1) or p62 is a criti-
cal link between UPS and ALS [62]. In
CFZ-adapted MM cells, SQSTM1/p62 is elevated
triggering a prosurvival autophagy however
through two different mechanisms according to
the settings. In the first model, the pluripotency-
associated transcription factor Kruppel-like factor
4 (KLF4), is overexpressed and contributes to
CFZ resistance by activating the SQSTM1 gene
[47]. In the second model, elevated levels of
SQSTM1/p62 conduct CFZ resistance through
both a prosurvival autophagy involving
GABARAPL1 upregulation and the activation
of the NRF2 pathway [47]. However, since
KLF4 is also a target of NRF2, both factors
could cooperate for maintaining a high level of
SQSTM1 transcription. The activation of NRF2
occurs through the activation of the PERK-
eukaryotic translation initiation factor-
2α (eIF2α) axis of the UPR [47]. As stated before
(see paragraph 3.2.2), NRF2 is a major actor for
PI resistance through the reprogramming of
metabolism and the control of redox status
[10, 47]. In addition to eIF2α, another NRF2
target and translation initiation factor, eIF4E3 is
overexpressed in CFZ-resistant cells, and
increased EIF4E3 expression was found in a sub-
group of patients with chemoresistant minimal
residual disease and in R/R patients [47].

Interestingly, deficiency in BIM has been
shown to contribute to adaptive resistance to
BTZ in MM cells, mediated by increased
autophagy, and that autophagy disruption by
means of chloroquine could sensitise these cells

to BIM-mediated cell death [63]. Of special inter-
est, upon exposure to pharmacological inhibitors
of autophagy like chloroquine or bafilomycin A,
BTZ-resistant MCL cells can undergo a blockade
of proteaphagy, leading to the stabilisation of
proteasome subunits, and the recovery of BTZ
sensitivity [38]. Importantly, sensitivity to
autophagy inhibitors requires a significant degree
of BTZ resistance, thus suggesting that
modulating proteaphagy with specific inhibitors
may be considered as a strategy to resensitise
resistant cells to PI.

6.3.2.5 Stress Signals
Subsequent studies have been focused to deter-
mine the interplay between the deregulation of the
intracellular stress machinery and MCL loss of
sensitivity to BTZ. A key defect in
BTZ-dependent cell death was first identified
within the ER stress pathway, because its activa-
tion in MCL cells exposed to BTZ is required to
elicit NOXA transcription [64]. ER homeostasis is
controlled by the immunoglobulin heavy chain
binding protein (BiP), also referred as 78-kDa
glucose-regulated protein (Grp78). BiP/Grp78
forms a large multiprotein complex with a set of
other ER molecular chaperones, including the
Hsp90 ER homologue, Grp94, protein disulphide
isomerase, calcium binding proteins, and
cyclophilin B [65]. Under non-stressed
conditions, BiP/Grp78 binds to and maintains in
an inactive monomeric state the ER transmem-
brane PKR-like ER kinase, IRE1, and ATF6
[66]. After proteasome inhibition, the accumula-
tion of polyubiquitylated and misfolded proteins
within the ER lumen leads to BiP/Grp78 dissoci-
ation from the luminal domains of these sensor
proteins and the initiation of UPR (see Sect.
6.3.2.3) [67]. This coordinated cellular response
initially promotes cell survival, but ultimately
triggers apoptosis if cytoprotective mechanisms
are overwhelmed. Supporting the observation that
accumulation of some HSP proteins can promote
cellular resistance to PIs, a correlation has been
made between acquired and primary resistance to
BTZ in MCL, and intracellular accumulation of
BiP/Grp78 in proteasome-compromised MCL
cells [68]. For this reason inhibitors of HSP90
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have been used to improve the BTZ-mediated cell
death induction in BZT-resistant cells (see Sect.
6.4) [68].

In line with this study, deregulated expression
of several cytosolic HSP70 family members has
also been associated with BTZ resistance in MCL
[69] and MM [70]. Supporting a role of HSP70
protein in MCL cell resistance to chemotherapeu-
tic agents, B cells modified to overexpress cyclin
D1, the genomic hallmark of MCL, presented
strong alterations in their response to growth fac-
tor withdrawal [71]. Acquired BTZ resistance is
also attributed to the upregulation of other HSPs
such as HSP90 and HSP27, that promotes NF-κB
activity [21].

6.3.2.6 B Cell Differentiation
Programme

It has been proposed that MM cells also achieve
BTZ resistance via the dedifferentiation of plasma
cells. A pool of XBP1low/! tumour progenitors or
CSCs pre-exists drug treatment, contributing to
tumour diversity [55]. CSCs recapitulate matura-
tion stages between B cells and plasma cells.
Tumour B cells and pre-plasmablasts survive PI
treatment preventing cure, while maturation arrest
of MM before the plasmablast stage enables pro-
gressive disease on PI treatment. These tumour
progenitors should be targeted to allow a com-
plete cure for MM patients.

Although MCL was originally considered a
neoplasm of naive lymphocytes that have not
passed through the germinal centre (GC), a sig-
nificant number of cases present somatic
mutations in the immunoglobulin genes,
suggesting that they have been in contact with
the antigen in the GC. Some cases were also
described that presented evidences of plasmacytic
differentiation in patients harbouring the charac-
teristic t(11;14) translocation [72]. A couple of
studies have related the resistance to BTZ with
the plasmacytic differentiation programme in
MCL cells. Plasma cells are the final effectors of
humoral immunity, which are devoted to the syn-
thesis and secretion of immunoglobulins.
BTZ-resistant MCL cells display some of the
characteristics of the plasma cells, such as the
overexpression of interferon regulatory factor

4 (IRF4) and elevated membrane levels of CD38
and CD138 cell surface markers, but they do not
present splicing of XBP1 or increase in immuno-
globulin production [6]. It is postulated that dur-
ing the acquisition of resistance to BTZ, the
balance between the protein load and the
proteasomal activity is key. When plasmacytic
differentiation is induced through stimulation of
TLR9 receptor, the sensitivity to BTZ changed
throughout the process of B cell differentiation to
final plasma B cell phenotype with the capacity to
manage the future increase in protein loads. Since
the cells do not acquire full secretory capacities,
this mechanism granted them with an advantage
against the antitumour activity of BTZ. Once
MCL have completed this process of differentia-
tion, they return to a BTZ-sensitive state
[6]. Mouse xenograft models of MCL using dif-
ferent cell lines with different sensitivity to BTZ,
including cells with acquired or primary resis-
tance to the PI, demonstrated a tight correlation
between increased tumorigenicity of
BTZ-resistant tumours with a plasmacytic differ-
entiation phenotype including upregulation of
IRF4, PR domain zinc finger protein
1 (PRDM1/BLIMP-1) and CD38, and loss of
the B cell markers PAX5 and CD19 [73]. Of
note, beside its role as a transcription factor that
represses the expression of proteins needed for B
cell identity and proliferation, and that helps to
drive B cells through their final differentiation
stage to become antibody-secreting cells,
BLIMP-1 is also a mediator of NOXA-induced
apoptosis in MCL and is required for
BTZ-induced apoptosis in MCL cell lines and
primary tumour samples [74]. This finding further
strengthens the interplay between NOXA and
plasmacytic differentiation in BTZ-mediated anti-
cancer activity in MCL.

6.4 Potential Targets to Recover
Proteasome Inhibitors
Sensitivity

Given the resistance to PIs observed in some
patients, alternative drugs have been tested to
overcome resistance as single or combinatorial
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treatments. Many agents have shown promising
preclinical results in terms of safety, specificity
and efficacy to treat PI-resistant MM and MCL
cells. Already existent or new therapeutic drugs
are used to tackle the adaptation of the cells to PIs
(Table 6.3). Cellular mechanisms involved in PI
resistance are hence targeted by a wide range of
drugs, some of the most relevant are described
below.

6.4.1 Deubiquitinases

Because proteasome degradation and UPR impli-
cate ubiquitin signal, targeting factors regulating
ubiquitin signal could potentially contribute to
increase the sensitivity to BTZ and therefore be
an option to overcome PI resistance. In this con-
text, DUBs have been considered as therapeutic
targets to overcome BTZ resistance. P5091 is a
selective inhibitor of USP7, a DUB that targets
the E3 ligase HDM2. Treatment of MM cell lines
and primary cells from MM patient with P5091
inhibited growth and induced apoptosis in tumour
cells including those resistant to BTZ, without
affecting the viability of normal PBMCs
[75]. The 19S regulatory particle inhibitor
b-AP15 selectively blocked deubiquitinating
activity of USP14 and UCHL5 without inhibiting
proteasome activity. This led to an activated UPR
and an inhibited tumour growth, in MM
xenografts resistant to BTZ [76]. The antitumoral
effects of b-AP15 were also demonstrated in
MCL [77]. Another USP inhibitor, SJB3-019A
tackling USP1 showed synergic toxicity in MM
when combined with BTZ [78]. Song et al. found
contribution of RPN11, a proteasomal
deubiquitinase, in MM pathogenesis using gene
expression analysis. Pharmacological inhibition
of RPN11 with O-phenanthroline (OPA) or
capzimin blocked proteasome function, induced
apoptosis in MM cells and overcame resistance to
BTZ [79].

USP9X is also highly expressed in MM
patients and in particular in those with as short
progression-free survival. The partially selective
USP9X inhibitor WP1130 induced apoptosis
through the downregulation of MCL-1. However,

this effect was transient due to the compensatory
upregulation of USP24 who sustains MM cell
survival. By contrast, a novel compound
EOAI3402143 with a dual USP9X/USP24
inhibiting activity displayed promising anti-
myeloma activity [80]. Associated with the inhi-
bition of USP14 activity, VLX1570 led to an
extended survival of xenografts models of mye-
loma including BTZ-resistant cells [81].

6.4.2 Transport Modulators

PI cellular intake is regulated by transport
modulators, and treatment efficiency is directly
linked to intracellular concentration of drug. Spe-
cific inhibitors of ABCB1 such as verapamil and
reserpine showed increased proteotoxic stress in
CFZ-resistant MM cells [10]. The two HIV
inhibitors nelfinavir and lopinavir counteract
ABCB1 overexpression in CFZ-resistant MM,
via the modulation of the mitochondria transition
pore. This promising preclinical results encourage
the clinical evaluation of both treatments
[42]. Thanks to its capacity to modulate the
UPR pathway, nelfinavir has also attested a safe
and promising activity in combination with BTZ
and/or dexamethasone, in a phase I clinical trial
involving advanced BTZ-refractory MM
patients [82].

6.4.3 Autophagy Signalling

Ubiquitin and ubiquitin-like molecules play an
important role on the regulation of autophagy. In
BTZ-resistant MCL cells, the use of autophagy
inhibitors such as bafilomycin A and chloroquine,
and the p62 inhibitor verteporfin revealed
increased cytotoxicity and synergistic activity
with BTZ, mediated by the reversion of the
proteaphagic process [38]. Blocking autophagy
also leads to multiple changes in the cell such as
the accumulation of IκBα, which prevents
BTZ-induced NF-κB activation. The combination
of bafilomycin A with BTZ might therefore con-
tribute to increase cytotoxicity in MM cells in this
manner [83]. Finally, orlistat, a fatty acid

6 Resistance to the Proteasome Inhibitors: Lessons from Multiple Myeloma and. . . 165



Table 6.3 Drugs currently used to recover sensitivity to BTZ

Drug name(s) Mechanism Molecular target Pathology References
P5091 Ubiquitin signal USP7 MM [75]
b-AP15 Ubiquitin signal USP14 and UCHL5 MM MCL [76, 77]
SJB3-019A Ubiquitin signal USP1 MM [78]
O-phenanthroline Ubiquitin signal RPN11 MM [79]
Capzimin Ubiquitin signal RPN11 MM [79]
WP1130 Ubiquitin signal USP9X, USP5 MM [80]
EOAI3402143 Ubiquitin signal USP9X and USP24 MM [80]
VLX1570 Ubiquitin signal USP14 MM [81]
Verapamil Drug transport ABCB1 MM [9]
Reserpine Drug transport ABCB1 MM [9]
Nelfinavir Drug transport ABCB1 MM [42, 82]
Lopinavir Drug transport ABCB1 MM [42]
Bafilomycin A Autophagy Vacuolar ATPase ATP6V1A MM, MCL [38, 83]
Chloroquine Autophagy Lysosome MCL [38]
Verteporfin Autophagy p62 MCL [38]
Orlistat Autophagy Fatty acid synthase MCL [84]
Perifosine mTOR/Akt Akt, PI3K MM [85]
Dactolisib NVP-BEZ235 mTOR/Akt PI3K, mTOR MCL [86]
Temsirolimus (Torisel) mTOR/Akt mTOR MCL [87]
Deforolimus
(Ridaforolimus)

mTOR/Akt mTOR MCL [88]

Perillyl alcohol NF-κB TG2 signalling MM MCL [89]
Selinexor NF-κB XPO1 MM [90]
Ibrutinib (Imbruvica) NF-κB BTK MM MCL [91–93]
Degrasyn NF-κB STAT, DUBs MCL [94]
Obatoclax Bcl-2 proteins NOXA MCL [15, 95]
cAMP Bcl-2 proteins Mcl-1 MM [96]
Lenalidomide (Revlimid) IMiD CRBN, TNFSF11, CDH5,

PTGS2
MCL [97, 98]

Pomalidomide IMiD CRBN, TNF, PTGS2 MM [99–101]
Dexamethasone Glucocorticoid

Immunosuppressant
NR3C1, NR0B1, ANXA1,
NOS2

MM [99, 100,
102]

JQ1 BET bromodomain
inhibitors

BRD4 MM [103, 104]

CPI203 BET bromodomain
inhibitors

BRD4 MM MCL [73, 104]

PROTACs (ARV-825) BET-specific target BRD4 and other BET MM [105]
Birabresib (OTX015) BET bromodomain

inhibitors
BRD2,3,4 MM [101]

Ricolinostat (ACY-1215) Epigenetic regulators HDAC6 MM MCL [102, 106]
Decitabine Epigenetic regulators DNA methyl transferase MCL [107]
Vorinostat Epigenetic regulators HDACI MM MCL [108]
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synthase inhibitor that affects autophagy,
sensitises MCL cells to BTZ through the
inhibition of the autophagic degradation of
NOXA [84].

6.4.4 Oncogenes and Signalling
Pathways

Proteasome inhibition has pleiotropic effect
within the cells. It affects a wide range of cellular
factors, including important signalling cascades,
oncogenes or epigenetic regulators. This modula-
tion of critical factors during BTZ treatment can
hamper the apoptotic effect of PI, and leads to
resistance. As described above, adaptation of sig-
nalling pathways including mTOR and NF-κB, or
modulation of important oncogenes such as
BCL-2 or MYC proteins, have been directly
linked to BTZ resistance in MM and MCL. Ther-
apeutics agents targeting these factors have been
proposed to overcome BTZ resistance.

6.4.4.1 mTOR/AKT Pathway
Modulating mTOR/AKT, key proteins of a com-
plex signalling cascade, has successfully reverted
malignant cell adaptation to BTZ in preclinical
studies. The dual PI3K and mTOR inhibitor
dactoslisib (NVP-BEZ235) showed great results
in MCL BTZ-resistant cells lines [86]. A new
generation of mTOR inhibitors, such as
temsirolimus and deforolimus have been also pro-
posed for MCL treatment but limited clinical
impact was obtained [87, 88]. The AKT inhibitor
perifosine combined with BTZ revealed increase
cytotoxicity in R/R MM patients previously
treated with BTZ [85], warranting its use in
BTZ-resistant cancers.

6.4.4.2 NF-kB Pathway
Since NF-κB pathway is overactivated under
BTZ treatment, its modulation has been used to
treat PI-resistant MM and MCL. Selinexor is a
reversible inhibitor of exportin 1 (XPO1) that
blocks the nuclear export of NF-κB/IκBα
complexes leading to NF-κB pathway inactiva-
tion [109]. Selinexor associated with BTZ or CFZ
overcomes acquired PI resistance in MM models

and patients. MM drug resistance to CFZ and
BTZ is enhanced in hypoxic conditions [90]. In
such conditions, selinexor is capable to overcome
PI resistance [90]. Because Transglutaminase
2 (TG2) is a calcium-dependent enzyme, calcium
blockers have been proposed to hamper high
NF-κB expression in BTZ-resistant cells. The
combination of such molecules with BTZ indeed
improves cytotoxicity in MCL [89]. Degrasyn has
been also proposed to target constitutive NF-κB
and STAT3, and combined treatment with BTZ
showed a synergic apoptosis in MCL [94].

Within the BCR pathway, Bruton’s tyrosine
kinase (BTK) inhibitors lead to NF-κB inactiva-
tion and downregulation of MYC. Ibrutinib
(Imbruvica), a first-in-class BTK inhibitor, was
approved by the FDA in 2013 as second line
treatment for MCL patients [91]. This promising
drug leads to the best complete remission rate as a
single agents when compared to the other three
drugs licensed at that time for use in MCL (BTZ,
temsirolimus (Torisel) and the IMiD drug,
thalidomide-derivative lenalidomide (Revlimid))
[110]. Promising preclinical results were obtained
combining ibrutinib and BTZ in MCL and MM
BTZ-resistant cells [92]. Ibrutinib alone or in
combination with dexamethasone went very
recently through a phase II trial with R/R MM
patients, with some positive results [93].

6.4.4.3 NOXA/BCL-2 Proteins
BH3 mimetic compounds like obatoclax showed
great results alone or in combination with BTZ in
relapsed MCL. By neutralising BTZ-induced
MCL-1 accumulation, obatoclax sensitises MCL
cells to low doses of the PI [15]. A phase I/II
study substantiated the tolerance of a combined
treatment BTZ/obatoclax in patient with R/R
MCL. However the synergism supported by the
preclinical studies was not confirmed in patients
[95]. Treatment of MM cell lines including
BTZ-resistant cells and primary cells with cyclic
adenosine monophosphate (cAMP) induces
downregulation of MCL-1 and degradation of
cyclin D1. Moreover, a synergy between BTZ
and cAMP showed promising results in a murine
xenograft model, warranting this strategy to over-
come BTZ resistance [96].
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6.4.4.4 IRF4/MYC Signalling
As described before, exacerbated de novo IRF4
signalling has been associated with MCL resis-
tance to BTZ in vitro and in vivo, thus supporting
the preclinical/clinical evaluation of IRF4-
targeting drugs. Following first observations in
MM preclinical models where it efficiently
suppressed IRF4-expressing cells [111],
lenalidomide was found to be effective in vitro
and in vivo in BTZ-resistant MCL tumours
harbouring high IRF4 levels, while sparing IRF4
negative cases. Lenalidomide activity relied on a
functional interaction with the component of the
E3 ligase complex, cereblon (CRBN), and CRBN-
dependent lowering of IRF4 expression, leading to
the blocking of B cell differentiation programme,
as shown by increase in PAX5 and loss of CD38
and BLIMP-1. Consequently, BTZ-lenalidomide
combination could overcome BTZ resistance
[73]. Lenalidomide single agent was further
validated in a phase II trial involving R/R MCL
patients, including cases refractory to BTZ [97]. In
contrast, in MM patients, therapy combining
lenalidomide with BTZ failed in phase II trial
[98]. Among the IMiD family, pomalidomide has
been approved by the FDA for the treatment of
R/R MMwith at least two prior treatments, includ-
ing BTZ. When added to BTZ or MRZ in combi-
nation with low dose dexamethasone, this agent
went through successful phase I trial on heavily
pretreated, high risks relapsing MM [99, 100].

Beside these approaches, the inhibition of the
IRF4 target gene, MYC, in BTZ-resistant MCL
cultures has been studied either with siRNA-
mediated gene knockdown or with treatment with
an inhibitor of BRD4, a bromodomain and
extraterminal domain (BET) protein. BET proteins
mainly regulate epigenetics marks. They impact
gene expression and in turn, participate in cancer
pathogenesis. BET inhibitors (BETis) are very
promising novel anticancer agents, and combina-
tory therapy with these inhibitors has been
suggested. Because BETis target the NF-κB path-
way, their impact on BCL-2 and c-MYC proteins
among others, has been tested preclinically inMCL
and MM. As a proof-of-concept, inhibition of
BRD4 synergistically induced cell death in vitro
and in vivo when combined with lenalidomide.

This confirmed that exacerbated IRF4/MYC sig-
nalling is associated with MCL resistance to BTZ
and warranted the clinical evaluation of the IMiD-
BETi combination in MCL cases refractory to the
inhibition of proteasome [73].

Also, the BETi birabresib (OTX015) signifi-
cantly synergises with BTZ, CFZ, IXZ and
IMiD to improve MM response and overcomes
resistance to PIs. It triggers the suppression of
NF-κB pathway and decrease in c-MYC signal-
ling. The birabresib/pomalidomide combination
demonstrated great results to overcome adaptive
resistance in MCL [101].

Moreover, JQ1, a thieno-triazolo-1,4-
diazepine has been characterised as the first indi-
rect inhibitor c-MYC transcriptional network in
MM cells [103]. Thereafter, the combination of
BTZ with the JQ1 derivative, CPI203, was found
to be synergistic in BTZ-resistant MM cell lines
and in a primary culture from a MM patient
refractory to BTZ therapy [104]. These studies
supported the clinical evaluation of the IMiD-
BETis combination in MM and in MCL cases
refractory to PIs. An alternative approach to
directly inhibit BRD4 was to promote its degra-
dation. This was recently achieved by the use of
the protein-targeting chimeric molecule
(PROTAC), ARV-825, which specifically
induces BRD4 ubiquitination and degradation,
granting activity and overcoming PI resistance
in MM [105].

6.4.5 Epigenetic Modulators

Histone deacetylase 6 (HDAC6) mechanistically
links the UPS and autophagy by facilitating the
transport of protein aggregates along tubulin to
juxtanuclear microtubule organising centres
[112]. Aggregated ubiquitinated proteins are
transferred to lysosomes via autophagy, and
BTZ treatment contributes to aggresome forma-
tion. Cells that lack HDAC6 were found to be
defective in the removal of protein aggregates and
are not able to form large aggresomes. The com-
bination HDAC inhibitors with BTZ sensitises
MM-resistant cells to proteasome inhibition
[113]. Ricolinostat (ACY-1215) is a specific
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inhibitor of HDAC6. When ricolinostat is com-
bined with BTZ and dexamethasone, the response
rate among BTZ-refractory MM patients raised
up to 20%. This combined treatment appeared
well tolerated, supporting the use of HDAC6
inhibitors to overcome PI resistance in patient
[102]. In MCL, combined PI and ricolinostat
treatments are still under preclinical
investigations [106].

Vorinostat is an inhibitor of class I and II
HDAC. In combination with BTZ, vorinostat
revealed limited results in clinical phase II and I,
respectively, for relapsing MCL and MM
[108]. Others combinations involving this
HDAC inhibitor are under investigation, and epi-
genetic regulation mechanisms such as DNA
methylation have been subject of preclinical stud-
ies. Because NOXA and BCL-2 are demethylated
during BTZ treatment, the DNAmethytransferase
inhibitor decitabine showed synergic effect with
BTZ in PI-resistant MCL [107].

6.5 Concluding Remarks

Molecular mechanisms that explain inherent or
acquired BTZ resistance have been essentially
explored in MM and MCL. The identified
alterations include mutations in proteasomal
subunits and activation of prosurvival signalling
pathways that have impact in cell cycle, cell dif-
ferentiation, apoptosis, and stabilisation of critical
cellular factors. Inside the cell, UPS and ALS are
major regulators of protein homeostasis and con-
tribute to maintain the balance required to accom-
plish all protein functions, including the capacity
of the cells to respond to BTZ. Beside the malig-
nant cell itself, microenvironment is a crucial
factor for impairing PI activity, especially in
MM cells, which are heavily dependent on exter-
nal factors for their growth and response to drugs.

New molecular mechanisms are regularly dis-
covered that have been associated with drug resis-
tance. Some of these mechanisms could be
implicated in PI resistance, enhancing the com-
plexity of this process. In the hypothesis of a
multifactorial origin, the conception of new and
more efficient approaches tackling PI resistance

should include combinatorial approaches simulta-
neously targeting multiple cellular mechanism. In
the case of MCL and MM, the development of
new types of drug such as IMiDs and BETis used
in combination with PIs led to promising results
in vivo. Nevertheless, combinatorial treatment
could also increase off-target effects and for this
reason a better assessment of these treatments has
to be performed before been used in patients. The
perfect strategy to overcome drug resistance in
MM, MCL and other cancer types is far from
being identified. Improving our knowledge on
the molecular mechanisms implicated in resis-
tance would also open the possibility to elaborate
more efficient treatments while reducing the
undesired side effects on healthy cells.
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Abstract: Protein degradation is tightly regulated inside cells because of its utmost importance
for protein homeostasis (proteostasis). The two major intracellular proteolytic pathways are the
ubiquitin-proteasome and the autophagy-lysosome systems which ensure the fate of proteins when
modified by various members of the ubiquitin family. These pathways are tightly interconnected
by receptors and cofactors that recognize distinct chain architectures to connect with either the
proteasome or autophagy under distinct physiologic and pathologic situations. The degradation of
proteasome by autophagy, known as proteaphagy, plays an important role in this crosstalk since it
favours the activity of autophagy in the absence of fully active proteasomes. Recently described in
several biological models, proteaphagy appears to help the cell to survive when proteostasis is broken
by the absence of nutrients or the excess of proteins accumulated under various stress conditions.
Emerging evidence indicates that proteaphagy could be permanently activated in some types of
cancer or when chemoresistance is observed in patients.

Keywords: ubiquitin proteasome system; autophagy; ubiquitin-like; proteaphagy; pathology

1. Introduction

In order to maintain cell viability, protein homeostasis (proteostasis) needs to be tightly controlled.
Proteostasis is regulated by many mechanisms, including various post-translational modifications
(PTM). PTMs can affect the half-life of proteins, their localization, their activity or even their interactions
with other cellular components. Protein PTM are highly dynamic and controlled by the action
of modifying/de-modifying enzymes that attach/detach small chemical groups, peptides or even
complex molecules. The best-known protein modification by a small polypeptide is ubiquitin (Ub),
which together with other ubiquitin-like (UbL) proteins integrates a family sharing the same β-grasp
folding [1]. Ubiquitin family members are about 10 to 20 kDa in size when free. The C-terminal
glycine residues of Ub or UbL moieties are attached or conjugated to a lysine residue (in most cases)
on the substrate protein. The conjugation of Ub and UbL to protein substrates is mediated by a
three-step enzymatic thiol-ester cascade that involves distinct sets of enzymes. A first ATP-dependent
step occurs with the action of an E1 activating enzyme. The Ub or UbL moiety is then transferred
to an E2 conjugating enzyme, to finally be specifically attached to a protein substrate with the help
of an E3 ligase [2]. As mentioned, those modifications are reversible and each modification can be
cleaved by specific enzymes such as deubiquitylating (DUB) [3], SUMO specific proteases (SUSPs) [4]
or deNEDDylating (NEDP1) enzymes [5], among other isopeptidases.

The ubiquitin proteasome system (UPS) and the autophagy lysosome system (ALS) are the
two major intracellular proteolytic machineries in eukaryotic cells [6]. The UPS system relies on
the polyubiquitylation of target proteins and their subsequent degradation by the proteasome [7,8].
While ubiquitylation also contributes to recruiting cargoes that are targeted to the ALS for degradation,
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the chain topology appears to be different to the one recognized by the proteasome. In particular,
the ALS drives the degradation of cellular components, such as organelles, but also large protein
aggregates. Selective autophagy events (macroautophagy) require the formation of autophagosomes
that will fuse with lysosomes to degrade sequestered components [9].

PTMs contribute to coordinating the action of the UPS and ALS under distinct cellular stress
situations such as multiple infections, inflammations, degenerative diseases, cancers or in response
to medical treatments. This review presents some of the major roles of the UPS and ALS in protein
homeostasis and the cooperation mechanisms activated in various pathologic situations that help
the cell to cope with a disrupted proteostasis. Recent findings on proteaphagy will be discussed.
In particular, its role in the ALS–UPS exchanges under nutrient starvation or after proteasome inhibition.

2. The Ubiquitin Proteasome System (UPS)

The ubiquitin proteasome system (UPS) is one of the main mechanisms for intracellular protein
degradation and is essential to maintain protein homeostasis. This proteolytic mechanism is tightly
controlled, to ensure the correct turnover of substrates involved in a wide variety of cellular processes.
Ubiquitylated cargoes are recognized by proteasome subunits and cofactors that present substrates
to the catalytic core of the proteasome [7,10]. Protein ubiquitylation and degradation is tightly
regulated by a large number of cellular factors including Ub and UbL, enzymes involved in the
modification/de-modification of substrates, chaperones and permanent or transient components of the
proteasome [11,12].

2.1. The 20S Proteasome

The proteasome is a large complex multidomain protein (2.5 MDa) that drives the degradation
of short-lived proteins in need of accurate turnover control. Proteasomes are found in nuclear and
cytosolic compartments, associated or not to organelles [13].

The core particle (CP) of this barrel-shaped complex is also known as the 20S proteasome. It stacks
two outer rings composed of seven α-subunits (α1–7) and two inner rings of seven β-subunits (β1–7)
(Figure 1). The catalytic sites within the proteolytic chamber are present in three β subunits (β1, β2 and
β5) and respectively display trypsin-like, post–glutamyl peptide hydrolase–like and chymotrypsin-like
activities. Structural studies revealed that α-rings form a closed structure which prevents proteins
from entering the inner chamber of the β-rings [14]. Narrow axial pores of the 20S barrel allow access
to this catalytic chamber so that only unfolded proteins can enter for degradation [15]. Although 20S
alone are found in cells and degrade unstructured substrates in the absence of ubiquitylation [16],
their association with 19S tightly controls the specific degradation of ubiquitin modified substrates [10].
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alternative regulatory particles 19S, PA28 or PA200 are able to cap the core 20S proteasome to modulate
its proteolytic activity. All these proteasome complexes (20S, 26S, 30S or hybrids) have been found
in cells.
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Cytokines that activate immune response can induce several isoforms of 20S subunits. The genes
encode for inducible proteasomal β subunits, so-called β1i, β2i and β5i. These subunits replace their
counterparts in the constitutive 20S, building the immunoproteasome [17]. This alternative form of
20S proteasome has different substrate selectivity compared to the normal proteasome. In particular,
it is essential for the MHC-I antigen processing, since its degradative action is at the origin of antigenic
peptides [18]. The thymoproteasome has also been described as an alternative form of the CP. A β5t
expressed specifically in the thymus is incorporated into the 20S, together with β1i and β2i subunits.
This thymoproteasome has a specific role in thymic positive selection of CD8+ T cells [19].

2.2. The 19S Complex

Proteasomes exist in several complexes, depending on the association between a CP and one
or two regulatory particles (RP). The CP associated to the RP 19S is the most abundant and best
characterized form of cellular proteasome, the so-called 26S proteasome [14]. The 19S, also known as
P700 complex, not only recognizes and tethers targeted polyubiquitylated proteins but also removes
ubiquitin chains [20], unfolds protein substrates [21], opens the closed α-ring [22], and allow unfolded
proteins to enter into the CP for proteolysis. The 19S caps one or both ends of the CP, forming
respectively the 26S or the 30S proteasomes (Figure 1). A base and a lid subcomplexes form the 19S [10].
At least nine non-ATPase (RPN) subunits form the lid complex: RPN3, RPN5, RPN6, RPN7, RPN8,
RPN9, RPN11, RPN12 and RPN15. The base of the 19S complex includes four non-ATPase subunits
(RPN1, RPN2, RPN10 and RPN13) and six homologous AAA + ATPase subunits (RPT1–RPT6) [10].
The base has various roles including the opening of the channel of theα-ring. The six ATPase subunits of
the base form a hexameric ring that controls the entry of substrates into the catalytic sites of the CP [15].
RPN subunits have an important structural role, since recent evidence revealed that these subunits
contribute to complex conformational changes to process specific substrates [15,23]. For instance, RPN1
and RPN2 work together to create a surface for substrate recruitment and interaction with the 20S [24].
These regulatory particles also ensure deubiquitylation of protein substrates by the action of several
DUBs. While RPN11 is essential for RP-CP assembly [25], this subunit also cleaves polyubiquitin
chains at a proximal site and contributes to recycling ubiquitin chains [26,27]. The C-terminal domain
of RPN13 also has a DUB activity that optimises the cleavage of ubiquitin chains when close to the
proteasome. Other DUBs cleave at distal sites including Usp14 anchored to RPN1 [12,14] or Uch37
associated to RPN2, bound itself to RPN13 [28].

The 19S contains several ubiquitin receptors to efficiently capture ubiquitylated proteins.
The docking and the recognition of ubiquitylated substrates is performed through ubiquitin
binding domains (UBD), located either within intrinsic proteasomal ubiquitin receptors or extrinsic
ubiquitin receptors. The three intrinsic ubiquitin receptors of the 19S are RPN1, RPN10 and RPN13.
The Ub-interacting motif (UIM) located at the C-terminus of RPN10 binds selectively monoubiquitin
but also K48 and K63 polyubiquitin chains [29]. Ubiquitylation of RPN10 modulates substrate
recruitment to proteasome [30] and its association with the 19S [31]. RPN13 binds di-ubiquitin through
a pleckstrin-like receptor for ubiquitin (Pru) domain located at its N-terminus [32]. RPN1 carries a
UBD that binds both ubiquitin and UbL proteins [33]. RPT5 also binds polyubiquitylated proteins
in vitro, but in vivo evidence is still lacking [34]. Several extrinsic ubiquitin receptors such as Rad23,
Dsk2, Ddi1 and Sem1 contain in their structure both UbL and UBA (ubiquitin-associated) domains.
Their UBA domains interact with a specific ubiquitin signal, while their UbL domains allow interaction
with proteasome subunits [35,36]. In particular, the UBD of RPN1 interacts with the UbL domain
of Rad23 and triggers its tethering to proteasome [24,37]. Other ubiquitin receptors include VCP
(AKA Cdc48 or p97 ATPase) that binds proteasome and polyubiquitylated substrates. This highly
conserved AAA + ATPase is essential for proteasomal degradation of well-folded proteins. VCP carries
a protein-unfoldase activity that is able to extract ubiquitylated proteins from complexes, unfolds the
target to finally ensure its processing into the catalytic core of the 26S proteasome [38].
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2.3. Other CP Regulators

The CP can also be regulated by several RP such as PA28 (AKA 11S or REG) and PA200 (AKA
Blm10), two complexes with distinct characteristics and biological roles (Figure 1). Three structurally
related PA28 proteins known as α, β and γ share around 50% of homology. While PA28α and
PA28β assembled into hetero-oligomeric complexes with alternating α and β subunits, PA28γ forms
homopolymers [39]. PA28α and PA28β are located in the cytoplasm, whereas PA28γ is mainly
located in the nucleus and in perinuclear areas. PA28α/β complexes activate peptidase activities of
the 20S proteasome and contribute to the production of cytotoxic T lymphocyte (CTL) epitopes [18].
Some evidence indicates that PA28γ functions as a regulator of cell proliferation and body growth
in mice. In PA28γ−/− mice, neither PA28α nor PA28β compensate for PA28γ deficiency, suggesting
their non-redundant roles [40]. PA28γ is implicated in various functions such as DNA damage
response, apoptosis signalling, or transcriptional regulation of metabolism: it is involved in both
ubiquitin-dependent and -independent recognition of substrates, to mediate proteasome-mediated
protein turnover [41]. In yeast, PA200 has been shown to regulate proteasome assembly, maturation
and/or proteolytic activity. This regulatory particle binds to the 20S but it is also found in hybrid
proteasomes together with the 19S [14,42] (Figure 1).

2.4. The Hybrid Proteasome

Hybrid proteasomes are composed of two distinct regulators capping both ends of the CP.
They contribute to an efficient coordination of cell proteolysis. For instance, PA28 and 19S can
simultaneously bind to the two extremes of the 20S particle, forming the 19S–20S–PA28 “hybrid
proteasome” complex (Figure 1) [39,43]. The RP first recognizes protein substrates to be internalized
into the cavity of the 20S with an enhanced cleavage activity when bound to the PA28 complex. PA28 has
been shown to activate the ATP-dependent degradation of ornithine decarboxylase (ODC) even in the
absence of ubiquitylation but in the presence of antizyme (ODC inhibitor) [43]. Hybrid proteasomes
also enhance the hydrolysis of small peptides that are different from those typically processed by the
26S proteasome. This has been associated to the capacity of PA28 to enhance antigen presentation.
Interestingly, IFN-γ enhances the expression of the PA28αβ complex, favoring the formation of a
hybrid proteasome and justifying its role in the processing of intracellular antigens [44].

All of these proteasomes create a large variety of complexes that can adapt for an optimized
intracellular proteolysis activity. Proteasomes play major roles to face cellular stresses, and their
dysregulation causes many pathologies, including neurodegenerative and cardiovascular disorders,
respiratory diseases, and cancers [45]. Therefore, efficient proteasome activity is essential to maintain
proteostasis in healthy cells.

3. Autophagy Lysosome System (ALS)

The autophagy lysosome system (ALS) is, together with the UPS, one of the main intracellular
degradation systems. Literally meaning self-eating in Greek, autophagy digests long-lived,
protein aggregates, stress RNA granules, and abnormal cytoplasmic organelles, including mitochondria,
among others. Three types of autophagy have been identified so far: the chaperone-mediated autophagy,
the microautophagy and the macroautophagy. The chaperone-mediated autophagy uses HSC70 to
sequester into lysosomes proteins containing a KFERQ motif. Microautophagy is a direct lysosomal
uptaking of substrates, whereas during macroautophagy (here referred as autophagy), cytosolic cargos
are sequestered by a double membrane vesicle within which a portion of the cytoplasm is trapped
in a complex multistep process. A tight regulation of autophagy leads to the selective degradation
of substrates by the lysosome [9]. Therefore, the ALS plays a wide range of physiological and
pathological roles.
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3.1. Basal and Induced Autophagy

Early studies reported autophagy as a non-selective pathway, in which cargoes were randomly
degraded. Indeed, autophagy was initially considered as a bulk degradation pathway, activated
during nutrient deprivation, to ensure recycling of building blocks [46]. However, growing evidence
supports the existence of an intricate selective process that contributes to intracellular homeostasis in
non-starved cells [47]. Only one selective autophagy pathway can exclusively recognize and eliminate
particular structures that must be degraded [46]. Hence, mitophagy drives mitochondria degradation,
xenophagy targets pathogens, aggrephagy destroys aggregates, proteaphagy degrades proteasomes,
etc. Different regulators modulate the selectivity of autophagy, including ubiquitin, which serves
as a major degradation signal for this pathway [48]. However, a variety of cargoes are committed
selectively to autophagy, in an ubiquitin-independent manner [49].

Basal level autophagy runs continuously under normal conditions [47], but stresses such as
starvation, multiple infections, heat or drug treatment can strongly activate the process. The signalling
pathways involved in autophagy regulation are centralized around the ULK1 (for unc-51 like
autophagy activating kinase 1, also called ATG1) and Beclin1 complexes (Figure 2). ULK1 and
Beclin1 phosphorylation is modulated by signalling proteins such as mTOR, Akt, AMPK and other
PKA kinases. These phosphorylation steps regulate the initiation of the autophagic machinery [50].
The induction of autophagy triggers the isolation and elongation of a large cup-shaped double
membrane that forms the growing phagophore (Figure 2). Although the origin of this membrane
is not clear, various intracellular sources have been proposed, such as the endoplasmic reticulum
(ER), the Golgi complex or the mitochondria [51]. Around 20 AuTophaGy (ATG) genes mediate
the autophagy process [52]. These proteins are recruited to the phagophore and regulate the later
autophagosome formation and maturation. During autophagy induction, ATG8 proteins are modified
by phosphatidylethanolamine (PE). The lipidated ATG8 proteins localize at both sides of the phagophore,
controlling the size of the future autophagosome [53,54]. Autophagosome maturation and the
subsequent recruitment of substrates driven by ATG proteins (see below) lead to the late fusion with
either vacuoles, endosomes or lysosomes (Figure 2). The autolysosome formed degrades targeted
substrates using a series of lysosomal/vacuolar acid hydrolases such as cathepsins in mammalian cells.
These degradation events produce small molecules such as amino acids that are transported back in
the cytosol for recycling [55,56].
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Figure 2. Selective autophagy pathways ensure the degradation of specific cargoes but also bulk of
proteins. A complex signaling pathway regulates autophagy and induces the lipidation of ATG8
proteins within the newly formed cup shaped membrane, called phagophore. Recruitment of the
autophagy substrate marks the maturation of the autophagosome. The substrate tethering to lipidated
ATG8 is ensured by autophagy receptors (R). Autophagosomes then fuse with lysosomes, forming
autolysosomes in which trapped substrates are degraded.
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3.2. ATG8 Proteins Family, Characteristics and Functions

ATG8s are central components of autophagy regulation because of their essential role in
autophagosome formation and maturation. This protein family is composed of six members in
mammalian cells, LC3A, B and C, GABARAP, GABARAP L1 and GABARAP L2. The β grasp folding
of ubiquitin is well conserved among the members of the ATG8 family and plays an essential role
in protein–protein interactions. However, ATG8 proteins contain a supplementary hydrophobic
pocket that engages interaction networks with autophagy and membrane trafficking components [57].
During the autophagy process, LC3/GABARAP proteins are conjugated to PE in an enzymatic manner.
The mature form of ATG8, which will be covalently linked to PE, is generated through the processing
of a high molecular weight precursor that is cleaved by the protease ATG4 [58]. To get conjugated
to PE, ATG8 has to be first activated by ATG7 (E1). The conjugation requires the action of ATG3
(E2) and a mature E3 complex integrated by ATG5, ATG12 and ATG16. The integration of this E3
complex is mediated by ATG10 (E2) that covalently links ATG12 and ATG5 [59]. Since PE is the
second-most abundant phospholipid found in biological membranes in mammals, its abundance
positively regulates autophagy [60]. PE functions as an anchor of ATG8 to autophagosome membranes.
ATG8s integration to phagophore through PE mediates the membrane fusion needed for a proper
autophagosome formation [48,61].

A recent study showed that blocking the ATG8 conjugation system by knocking out ATG5
or ATG7 dramatically reduces membrane elongation and closure of autophagosomes, although
autophagosome formation is not fully abolished [52]. Although Nguyen et al. showed that
LC3/GABARAP proteins are not essential during the autophagosome formation, they appear to be
crucial for the autophagosome-lysosome fusion [62]. Sometimes considered as proteins with common
or redundant functions, the members of the LC3/GABARAP family play specialized and distinct roles.
As an example, a recent study reveals a striking opposite role of LC3B/C and GABARAP/GABARAPL1
in autophagy induction. Even if LC3s or GABARAPs binds to the autophagy activation complex
ULK1, they respectively trigger a negative or a positive regulation of autophagy [63]. Furthermore,
LC3/GABARAP proteins play a pivotal role in selective autophagy by ensuring the docking of
specific substrates to autophagosome membranes. LC3/GABARAP proteins act in non-redundant
ways together with a large variety of autophagy receptors to tether specific targets for degradation.
For instance, the presence of LC3C in autophagosome membranes is crucial for innate immunity
during bacterial infection. Its interaction with the autophagy receptor nuclear domain 10 protein 52
(NDP52) drives an antibacterial autophagy, also called xenophagy, that protects host cytoplasm against
Salmonella enterica [64].

3.3. Autophagy Receptors

The presentation of cargoes to the ALS is driven by more than 30 autophagy receptors, also called
sequestosome-1-like receptors (SLRs) after the first described p62/SQSTM1 (sequestosome 1) [65].
Other well studied SLRs include njext to BRCA1 gene 1 protein (NBR1), optineurin (OPTN) or
NDP52, that share common functional domains (Table 1). The diversity of receptors underlines the
complex regulation of selective autophagy mechanisms. Some of them show functional redundancy
for cargo recognition and cooperate with cofactors [66]. Furthermore, SLRs can be involved in both
ubiquitin-dependent and -independent mechanisms of autophagy degradation [49].
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Table 1. Structure and functions associated to the most studied autophagy receptors. Among more than 30 autophagy receptors known so far in mammalians,
structural similarities and preserved functional domains are observed such as the presence of ubiquitin binding domains (UBDs), ATG8s binding domains like LC3
interacting regions (LIRs), oligomerization domains like PB1, or membrane associated domain [65]. Involvement of the displayed autophagy receptors in distinct
selective autophagy events and collaborations between them are listed.
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The human cargo receptor p62 mediates the degradation of many substrates, such as aggregated
proteins or cytosolic bacteria. P62 carries a ubiquitin-associated domain (UBA), a UBD that binds
ubiquitylated cargoes. The UBA domain of p62 can homodimerize, modulating its interaction
with monoubiquitin [9]. P62 and other autophagy receptors contain LC3 interacting regions (LIR).
This affinity domain interacts with ATG8 proteins tethered into the autophagosome membrane (Table 1).
Furthermore, p62 display a N-Terminal PB1 domain that triggers its polymerization. The scaffolding of
these PB1 domains forms helical filaments of p62 polymers of variable lengths, that interact with both
ATG8s and long ubiquitin chains enhancing their interactions. These large polymers of p62 provide a
large molecular scaffold for autophagosome and ensure ubiquitylated cargo recruitment to structures
where ATG8 proteins are lipidated [68]. Interestingly, oligomeric p62 preferentially binds to linear and
K63-linked ubiquitin chains, compared to K48-linked chains. For this reason, K63 ubiquitin chains
are commonly admitted as the signal for autophagy degradation. In contrast, K48 ubiquitin chains
have been proposed to disrupt p62 oligomers, suggesting that they are not the preferred targets for
p62-mediated degradation in vivo [76]. p62 has also been shown to drive cargoes to autophagosomes,
in a ubiquitin-independent manner. A protein that needs to be degraded can get its N-terminus cleaved
or modified by PTMs, building a signal for degradation called N-degron. Through its ZZ domain, p62 is
able to bind selectively N-degrons, oligomerize and deliver these cargoes to autophagosomes [77].

NBR1 is another autophagy receptor carrying UBA, LIR and PB1 domains, with similar folding
but distinct amino-acid sequence to the ones of p62. NBR1 plays an essential role in peroxisomes
autophagy and works as a specific autophagy receptor for these organelles [66] (Table 1). There is
no evidence supporting the idea that the PB1 domain of NBR1 is able to form polymers. However,
it has been shown that NBR1 can form hetero-oligomers with p62 and cooperate in autophagy
degradation [68]. OPTN acts as an autophagy receptor during xenophagy, mitophagy, as well as
in aggrephagy. Considered as ancestral bacteria, mitochondria (mitophagy) uses the same receptor
as xenophagy. However, it is clear that distinct signalling pathways and mechanisms activate and
regulate these selective autophagy events. In mitophagy, OPTN is recruited to damaged mitochondria
along with NDP52, therefore both receptors play redundant roles [78]. Interestingly, mitophagy
and xenophagy also involve OPTN and p62, but both receptors lead to independent degradation in
separated autophagosomes [79]. This evidence suggests a strong collaboration between autophagy
receptors to regulate specificity of lysosome degradation [79] (Table 1). Furthermore, post-translational
modifications of autophagy receptors can modulate their activity, adding another layer of complexity
in the regulation of selective autophagy events. As an example, the OPTN phosphorylation on serine
−177 located upstream of the LIR motif regulates its interaction with ATG8 proteins and is needed for
the autophagy of Salmonella enterica during infection [70].

3.4. The Role of LIR Motifs

The LIR motif is a small peptide sequence that has affinity for ATG8 proteins. LIR-containing
proteins can be autophagy receptors but also members of basal autophagy regulation, vesicle-associated
proteins, and specific signalling proteins. The great number of possible LIR sequences are gathered
in three consensuses and named depending of the first amino acid of hydrophobic core sequence:
tryptophan, phenylalanine or tyrosine. Birgisdottir et al. defined the possible core consensus sequences
as [W/F/Y]xx[L/I/V], and displayed variable binding affinities for the hydrophobic pockets of the
different LC3/GABARAP proteins. As an example, the structure of p62 LIR motif reveals a W-x-x-L
motif that gives a non-exclusive preference for LC3B proteins. OPTN carries the F-x-x-I consensus
while NBR1 displays the less common Y-x-x-I consensus [80]. The LIR motif from OPTN shows
stronger interaction with GABARAPs than with LC3s [81], although the affinity switches toward LC3B
when phosphorylated at S177 by the TANK binding kinase (TBK1) [69].

Non-canonical LIR motifs have also been reported, such as the SKIP carboxyl homology (SKICH)
domain of the autophagy receptor NDP52. This domain is essential for selective interaction with LC3C
during Salmonella infections to drive the antibacterial autophagy [64]. In addition to the four amino
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acids of the LIR motif, other adjacent amino acid residues are needed for specificity and affinity toward
LC3/GABARAP proteins. For example, the importance of the acidic aspartic residues N-terminal to the
LIR motif of p62 was verified by alanine substitutions [82]. Therefore, differences in the amino acids
surrounding LIR motifs create different autophagy receptors affinities for LC3/GABARAP proteins.

To sum up, in order to explore the complexity of selective autophagy regulation, one should first
consider the ubiquitin-chains present on the tagged substrates and the nature of the UBDs carried
by dozens of autophagy receptors. Second, members of the LC3/GABARAP family interact with
autophagy receptors through a diversity of LIR sequences to sort and tether autophagy substrates toward
autophagosome membranes. Furthermore, homo and hetero polymerizations of autophagy receptors
modulate their interactions with ubiquitin signals and/or LC3/GABARAP proteins. Actions of several
autophagy receptors during one selective autophagy event can occur, with or without collaboration
with other receptors. Finally, PTMs occurring on all these proteins can modulate their activities as well.
The number of possible combinations involved in cargo recognition reveals the level of complexity of
selective autophagy processes in mammalian cells.

4. Crosstalk between ALS and UPS

Although the UPS and the ALS have been initially considered to be independent proteolytic
mechanisms, their interconnection has been supported by increasing evidence. The level of similarity
and overlapping of regulatory components in these two pathways supports the notion that they belong
to a single coordinated proteolytic network [83]. In order to adapt to the changing cellular environment,
in particular during pathologies, a highly regulated network of molecular mechanisms modulates an
efficient crosstalk. The following section will review some of the most important mechanisms involved
in the regulation of the interconnection between the UPS and the ALS [83–85].

4.1. Central Role of Ubiquitin in UPS/ALS Crosstalk

Ubiquitin chain architecture appears to be determinant to drive protein substrates to one or the
other proteolytic pathway. In addition to K48, K11 and K29 ubiquitin linkages appear to contribute
to UPS degradation [86]. In contrast, K63 and K6 ubiquitin linkages have been considered as
autophagy degradation signals [87]. Other atypical ubiquitin linkages have been proposed as signals
for autophagy degradation, although little is known about their specific mechanism. One example
is the Met1 linear ubiquitin chain that acts as a signal for autophagy degradation during bacterial
xenophagy [83]. Although p62 protein shows a higher binding affinity for K63 ubiquitin linkages, it can
recognize K48 chains as well. A competition for K48-linked ubiquitin chains between p62 and p97/VCP
(ubiquitin-binding ER-associated degradation protein) determines the degradation pathway to be
taken by protein substrates [86]. Most likely, one ubiquitin linkage will not be enough to determine
protein degradation since multiple ubiquitin chain topologies are involved in proteolysis regulation.
Furthermore, other post-translational modifications including acetylation, phosphorylation or various
UbL proteins would directly affect chain composition with an impact on proteolysis. This large panel
of chain possibilities and complexity integrated under the name of “ubiquitin code”, is implicated in
the final proteolytic decision [83,88]. More information on the role of ubiquitin chains in the UPS/ALS
was nicely gathered in recent reviews [84,85].

E3 ligases can also act as key elements to regulate the connection between UPS and ALS, as they
build multiple ubiquitin chains but can also be targets of the UPS and ALS. One example is the E3 ligase
E124 that is responsible for targeting ubiquitin ligases for degradation by the ALS. It has been proved
that E124 promotes the degradation of several E3 enzymes (most of them belonging to the RING
type), such as TRAF2, RINCK2 and several Tripartite Motif (TRIM) family enzymes: TRIM28, TRIM21
and TRIM1 among others. Interestingly, TRIM family proteins have been recently shown to act as
autophagy receptors and regulators of the autophagosome formation [89]. The biological implications
of the degradation of RING ubiquitin ligases and its impact on the regulation of the autophagy system
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are not well understood [85]. Some of these E3 ligases control factors activating transcription that
promotes autophagy initiation such as the previously mentioned NF-κB or FOXOs [90].

The N-end rule pathway is a proteolytic system in which single amino acids in the N-terminal part
of proteins act as signals for degradation (N-degrons). In eukaryotes there are two different pathways.
The Ac/N-end rule pathway targets proteins containing N(α)-terminally acetylated (Nt-acetylated)
residues. The Arg/N-end rule pathway recognizes unacetylated N-terminal residues and involves
N-terminal arginylation. N-terminal arginylated degrons are recognized by UBR box family proteins
(UBR1, UBR2, UBR4, UBR5), that promote ubiquitylation to mediate the degradation by the proteasome.
Recently, SQSTM1/p62 protein was identified to be a N-recognin that binds N-Arg and other N-degrons
(Type 1 and 2). P62 hence mediates autophagic degradation of ER-residing molecular chaperones and
their associated protein cargoes [77]. The N-end rule pathway regulates autophagy degradation by
limiting the participation of p62 to selective autophagy events. In this context, cellular proteotoxic
stress developed after the accumulation of misfolded ER proteins promotes the N-terminal argynilation
of cytosolic chaperones like BiP. Argynilated chaperons are recognized by the ZZ domain of p62 and
oligomerized. Aggregated p62/chaperons interact with LC3 and are targeted to a ubiquitin-independent
mediated autophagy since the UBD of p62 is not involved in this process [83].

4.2. Compensatory UPS-ALS Mechanisms

Some of the strongest evidence of the UPS–ALS interconnection was revealed after the
chemical or genetic inactivation of the proteasome that results in the activation of autophagy [91].
Different proteasome inhibitors used in clinic, such as bortezomib (BTZ) or NP-0052, have been reported
to activate autophagy, relieving cells from cellular proteotoxicity after protein accumulation [92].
How this compensatory mechanism is regulated is not well understood. However different mechanisms
have been proposed, including a role for the N-end rule pathway, the UPS-ER-autophagy circuit or the
tumour suppressor protein p53 [93–95].

Various transcription factors have been shown to connect the UPS and the ALS, including processes
mediated by p53. p53 is one of the best characterized targets of the UPS that plays a dual role in
autophagy, depending on its cellular localization. In the nucleus, p53 acts as a transcription factor for
autophagy-related genes such as ATG2, ATG4, ATG7, and ULK1, known to activate autophagy [96].
Under starvation and proteasome impairment, cytosolic p53 leads to the activation of the AMPK,
that in turn inhibits the mTOR pathway, leading to autophagy activation [83–97]. Wang et al. revealed
that the impairment of autophagy after knock down of ATG genes in colon cancer led to upregulation
of proteasomal subunits β5 [98]. However, ATG5 and ATG7 knockouts in mice have been shown
to accumulate ubiquitylated proteins in different tissues, although this compensatory mechanism
could be influenced by the physio-pathology status of the cell [24,85]. Autophagy inhibition causes
the accumulation of protein aggregates containing p62. These aggregates are thought to sequester
proteasomal substrates but also positive regulators of the UPS, leading to a disruption in proteasomal
flux [99].

The UPS has been a target for anti-cancer therapy for a couple of decades. However, resistance to
proteasome inhibitors activate compensatory mechanisms, including a permanent activation of the
ALS (see Section 5). Understanding how the ALS and the UPS communicate with each other is an
actual challenge to find alternative treatments [85].

4.3. Other Mechanisms Impacting the UPS-ALS Crosstalk

After their synthesis, proteins are folded in the endoplasmic reticulum (ER). Misfolded proteins
accumulated into the ER are retrotranslocated to the cytoplasm where they become targets for the UPS.
This ER-associated degradation (ERAD) can be compensated by autophagy after ER stress. ER-stress
upregulates Nrf2 target genes, which in turn induce autophagy [85]. In the UPS-ER-autophagy circuit,
accumulated misfolded proteins promote the dissociation of the chaperon protein GRP78/BiP from the
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ER membrane. At the same time, different membrane receptors like PERK, IRE1α, ATF6α [94] activate
ATG gene expression, as well as LC3 lipidation and autophagosome biogenesis [83].

Chaperone proteins such as C-terminus of HSP-70-interacting protein (CHIP) and BCL-2 associated
athanogenes (BAG1 and 3) also determine the fate of protein degradation when misfolding events
occur [85]. CHIP acts as a co-chaperone for Hsp70 and Hsp90, for the degradation of misfolded
proteins through the addition of K48-linked ubiquitin chains [100]. However, CHIP can also mediate
autophagy degradation by promoting K63 linkages. Associated CHIP-associated chaperones and E2
partners direct substrates to either proteasomal or autophagic degradation. Other chaperones involved
are BAG1 and 3, that mediate proteasomal degradation. BAG3 interacts with Hsp70, CHIP and p62 for
autophagy degradation. During aging, the BAG1/3 ratio is known to modulate autophagy activity [83].

Mitochondria and ER are the two cellular organelle sensors of reduced proteasome activity.
The accumulation of proteins as a consequence of proteasome impairment results in an alteration of
mitochondrial proteome, ROS generation, and induction of autophagy via AMPK activation [101].
As mitochondria senses the ATP status inside the cells, the cellular energy reserve is an important
factor to regulate degradation. Parkin protein, a known E3 ligase, plays a critical role by mediating
proteasomal degradation of mitochondrial substrates. At the same time, it has been reported that
mitochondria can be a shuttling hub of misfolded proteins to be degraded by mitophagy when the
UPS is overloaded [85].

5. Role of Proteaphagy in the UPS-ALS Crosstalk

One of the most intriguing relationship between the UPS and autophagy is proteaphagy, that was
demonstrated in distinct biological models (Figure 3). A restriction of nutrients or an accumulation
of proteins disrupts proteostasis and activates this process. Importantly, permanently activated
proteaphagy has been observed in certain human pathologies. This section sums up some of these
recent findings.Molecules 2020, 25, x FOR PEER REVIEW 11 of 20 
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Figure 3. Main steps occurring during proteaphagy. In mammalian cells, ubiquitylated proteasomes
are recognized by the autophagy receptor p62 that interacts with lipidated ATG8 proteins tethered into
the autophagosome membranes. The late fusion with lysosome ensures the enzymatic degradation of
captured proteasomes.

5.1. Proteaphagy upon Nutrient Starvation

Upon nutrient starvation, autophagy is upregulated to face the lack of nitrogen, fixed carbon
phosphate, zinc and other nutrients (Figure 3). In these situations, autophagy works as a recycling
machine in order to recover the nutrient pool from dysfunctional cellular components [102,103].
During starvation, proteasomes might play a minor role in protein degradation because they are able to
degrade one peptide at a time, with high energy cost. Nevertheless, proteasomes are relatively abundant,
representing approximately 0.6% of total cell proteins [104]. Autophagy can be quickly induced during
starvation and has a bulk protein degradation capacity. For this reason, the autophagic degradation of
proteasomes can be seen as an efficient strategy to face nutrient limitation. Immuno-electron microscopy
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studies revealed the first hint of autophagic degradation of proteasomes, since proteasomes were
observed in rat liver lysosomes upon starvation [105]. Later in time, quantitative proteomic analyses
revealed proteasomal proteins among autophagosome-associated-proteins and regulators in basal and
starvation-induced autophagy, suggesting that proteasomes are degraded in both conditions [106,107].

Recently, Marshall et al. proved that autophagic degradation of proteasomes occurs in a significant
level in both Arabidopsis taliana and Saccharomyces cerevisiae under nitrogen starvation. In Arabidopsis
Thaliana, 50% of proteasomes are degraded after 24 h while more than 80% of yeast proteasomes
are degraded after 8 h of starvation [108,109]. This bulk autophagy of proteasomes activated under
starvation was shown to be independent of autophagy receptors like RPN10 or NBR1, with no
coincidence with proteasome ubiquitylation in plant model [108]. In yeast, no receptor that could drive
proteasomes to autophagosomes during starvation has been identified [109,110]. This supports the
hypothesis that bulk autophagy acts non-selectively without specific autophagy receptors. Nemec et al.
revealed that in yeast, nitrogen starvation-induced proteaphagy involved the conserved nexins
Snx4/41/42. The complete deletion of Snx4 impaired not only proteaphagy but also autophagy of
fatty acid synthetase and ribosomes, indicating that Snx4 is a shared requirement for these selective
autophagy events [111].

An important fraction of the proteasomes is located in the nucleus, whereas autophagy occurs
in the cytoplasm. Can nuclear proteasomes or distinct proteasome complexes be impacted by
proteaphagy? These are open questions for which only little evidence has been published. To be
processed through bulk proteaphagy, nuclear proteasomes must be transported out of the nucleus.
It is known that autophagy of nuclear components involves specific receptors such as ATG39 and
ATG40 [112]. However, it has been excluded that ATG39 is required in nuclear proteasome autophagy
upon starvation [108,110]. Some evidence supports a dissociation of CP and 19S prior to nuclear
export, in order to allow cytosolic proteaphagy [110]. Waite et al. proposed a model in yeast where
proteasomes are disassembled within the nucleus during nitrogen starvation and follow different routes
toward autophagic degradation. They revealed that CP autophagy depends on the deubiquitylase
Ubp3, while RP export for cytosolic degradation relies on ATG7 and ATG17 factors [110]. By artificially
tethering the lid of the 19S proteasome to chromatin, Nemec et al. showed that a dissociation of 19S
base and 20S is required prior to proteaphagy in nitrogen-starved yeast [111]. They proposed that
proteasome dissociation attenuates CP activity when exported to cytosol, preventing interference with
proteostasis in this compartment [111]. However, these mechanisms that ensure dissociation of nuclear
proteasomes might not occur for cytosolic proteasomes.

In mammalian cells, proteaphagy is also activated in response to amino acid starvation.
Cohen-Kaplan et al. showed a degradation of both CP and 19S RP subunits in starved HeLa
cells. Interestingly, they revealed that proteaphagy induced by amino acid starvation is preceded by an
increase in polyubiquitylation of proteasomes, mostly in RPN1, RPN2, RPN10 and RPN13 subunits.
The autophagy receptor p62 mediates this degradation, making the bridge between lipidated LC3B
and ubiquitylated proteasomes [113]. Altogether, these recent studies indicated that proteaphagy can
be activated as part of the cellular response to starvation. This participation of distinct autophagy
receptors in distinct biological models indicates that while this is a functionally conserved mechanism,
the molecules involved can be distinct.

5.2. Proteaphagy of Non-Functional Proteasomes

The elimination of non-functional proteasomes by autophagy has been described in plants,
yeast and mammalian cells (Figure 3). Both proteasome inhibitor treatment (bortezomib or MG132)
and genetic alteration of proteasome subunits trigger proteaphagy. The extensive ubiquitylation of
proteasomes, mainly on the 19S RP, has been highlighted in several studies [108,111]. The identities
of modified subunits have not been fully characterized so far, but this ubiquitin signal is thought
to mediate the recognition of impaired proteasomes by selective autophagy receptors and their
clearance [114]. In Arabidopsis Thaliana, Marshall et al. proposed RPN10 to be the selective autophagy
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receptor for inactive 26S proteasomes. RPN10 was shown to bind on one hand ATG8 through a
ubiquitin-interacting motif (UIM) and on the other hand ubiquitylated proteasomes. Interestingly,
proteasome inhibitor-induced proteaphagy was hampered in RPN10 mutant, but starvation-induced
proteaphagy was not affected. Furthermore, the deubiquitylase USP2 modulates RPN10 stability during
proteasome inhibition, suggesting a central role of proteasome ubiquitylation in this context [108].

In yeast, separate routes are employed for proteaphagy during nitrogen starvation and proteasome
inhibition. Proteasome inhibition induces ubiquitylation of proteasome prior to its degradation.
Identification of autophagy receptors revealed Cue5 as a mediator of proteaphagy for both chemical
inhibition and genetic mutation of 26S proteasomes. Co-immunoprecipitation assays supported that
Cue5 tethers ubiquitylated 26S proteasomes to ATG8 [108]. Intriguingly, yeast proteaphagy likewise
needs a prior aggregation of 26S proteasome into peri-vacuolar insoluble protein deposit (IPOD)-type
structures. The IPOD formation upon proteasome inhibition suggests that there might be some overlap
between proteaphagy and aggregaphagy, at least in a yeast model [79]. The chaperone Hsp42 has
been shown to deliver dysfunctional proteasomes into IPODs, where extensive ubiquitylation might
occur prior to proteaphagy [108]. In a Dictyostelium discoideum model, a recent study revealed direct
interactions between RPN1 and RPN2 subunits with the core autophagosomal protein ATG16. In this
organism, ATG16 appears to be required for RPN1 and RPN2 enrichment in ATG8a positive puncta,
suggesting that ATG16 acts as proteaphagy adaptator [115].

It is still unclear whether proteaphagy induced by chemical inhibitors can drive degradation of
CP and 19S RP proteasomes separately or target the 26S whole complex. Marshall et al. revealed that
mutation in the α5 subunit triggers turnover of the CP only, and mutation in the RPN5 subunit triggers
turnover of the 19S RP [108]. Specific ubiquitylation of proteasome subunits ensured by associated E3
ligases could play a crucial role in the regulation of proteaphagy. Furthermore, the involvement of
distinct autophagy receptors in different biological models and in a stimuli-dependent manner could
provide the quality control required to regulate this selective autophagy route.

6. Proteaphagy in Pathology

Proteaphagy has been shown to be induced by virulent Pseudomonas syringae pv tomato strain
DC3000 during Arabidopsis thaliana infections. The bacterial protein T3E Hrp outer protein M1 (HopM1)
works as a putative proteasome inhibitor to increase pathogenicity in plants [116], but also activates
proteaphagy during infection [117] to escape host defenses. By enhancing autophagy flux and activating
proteaphagy in host cells, Pseudomonas syringae suppresses proteasome function to promote virulence.
This example is the only one demonstrating that proteaphagy can be manipulated by bacteria to
enhance infection. Since it is known that several pathogenic bacteria modulate autophagy to escape
their elimination through xenophagy (e.g., Salmonella, Shigella, Legionella, and Mycobacterium) [118],
it is not excluded that proteaphagy could be part of the mechanisms employed by some other pathogens
during human infection.

In yeast, nitrogen starvation or low ATP levels accumulate CP and RP separately in proteasome
storage granules (PSG) [114]. Like IPODs, these PSG inclusions were proposed to serve as a proteasome
protection mechanism from autophagy. Indeed, blocking delivery of proteasomes into PSGs induces
their degradation by proteaphagy. It has thus been proposed that PSGs act as a reservoir of proteasomes
for a rapid re-mobilization when proteolytic demand rises [114]. Protein aggregation and clustering,
such as proteasome accumulation in PSGs or IPOD, are used by cells to survive under stress conditions.
However, inappropriate regulation of cluster formation occurs and can be associated with diseases
such as Alzheimer’s or Parkinson’s. Deregulation of mitophaghy is already associated with these
neurodegenerative diseases. Loss of function of the ubiquitin ligase Parkin results in an accumulation of
damaged mitochondria and an aggregation of proteins that can lead to neuronal death [118]. Therefore,
investigating the link between proteaphagy and clustering regulation could ultimately improve the
understanding of protein aggregation in neurodegenerative pathologies [119].
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The proteasome inhibitor BTZ has been used to treat hematologic diseases such as multiple
myeloma (MM) and mantle cell lymphoma (MCL), even if some patients do not respond or develop
resistance to this treatment [120]. In acute myeloid leukaemia (AML), the proteasome inhibitor BTZ
activates the autophagy degradation of crucial cellular factors when the FLT3-ITD translocation is
present [91]. Proteaphagy has been recently observed in FLT3-ITD positive AML cells after BTZ
treatment, and the chemical inhibition of autophagy and proteasome enhances apoptosis in those
cells [121]. In MCL, proteaphagy has been easily observed in BTZ-resistant cells [122]. Proteasome
subunits from both CP and RP are permanently degraded by autophagy in cells with acquired or
innate BTZ resistance, in a p62-dependent manner. Interestingly, the more the cells are resistant to BTZ,
the more proteaphagy seems to be activated. Pharmacological inhibition of autophagy by inhibitors
such as bafilomycinA or chloroquine enhances BTZ-induced apoptosis in these cells [122]. Targeting
autophagy to overcome BTZ resistance has already been proposed in these models, since it affects the
stability of important cellular factors such as NOXA or NF-κB [93,94]. Importantly, the p62 inhibitor
verteporfin (VTP) hampers proteaphagy in BTZ-resistant MCL cells. Thus, combining BTZ with
autophagy inhibitors synergistically induces cytotoxic effects in BTZ-resistant cells and reduces tumor
growth in xenografted animal models [122]. Targeting proteaphagy with pharmacological approaches
can be considered as a relevant strategy to overcome BTZ-resistance in patients.

7. Conclusions

Maintaining the cellular proteostasis is of the upmost importance for cells health. The UPS and the
ALS act in an orchestrated manner to guarantee the correct degradation of a large diversity of substrates
such as proteins, aggregates, organelles or macromolecular complexes. Both systems are regulated
through different signalling pathways, using different sensor molecules that will activate the most
appropriated mechanisms to face aberrant situations. Ubiquitin and ubiquitin-like molecules play an
important role in this crosstalk between the two major proteolysis pathways. No less important are the
cellular factors and cofactors regulating these events or recognizing the degradation signals, like do the
distinct autophagy receptors. Considering all possible combinations of signals and factors involved in
the regulation of the UPS–ALS crosstalk, the plasticity of the cell to generate the appropriate response
or to get adapted to a specific situation is wide and complex. Proteaphagy appears as an evolutionary
conserved functional pathway by which organisms respond to an aberrant protein disequilibrium.
Although the molecules implicated in distinct organisms are not necessarily the same, it seems that
alternatives to regulate proteaphagy are multiple. The way in which proteaphagy could impact other
proteasome complexes and proteasome-regulated events in distinct cellular compartments, such as the
nucleus, remains to be investigated. Finally, proteaphagy can help cells to survive stresses like nutrient
starvation, since proteasomes work with a high energy cost and represent a potential source of amino
acid for recycling. Unravelling the regulation and biological impact of proteaphagy could potentially
have clinical implications, as new evidence underlines an important dysregulation of this mechanism
in various human pathologies.

Author Contributions: G.Q., M.G.-S., C.L. and M.S.R. wrote this review. G.Q. integrated all sections and prepared
illustrations. All authors provided comments and suggestions to improve this manuscript. All authors have read
and agreed to the published version of the manuscript.

Funding: G.Q. is a fellow from the French Ministry of Education. M.G.-S. is fellow from the UbiCODE
project funded by the EU’s Horizon 2020 research and innovation program under the Marie Skłodowska-Curie
grant agreement No 765445. M.S.R. is also funded by the Institut National du Cancer, France (PLBIO16-251),
CONACyT-SRE (Mexico) grant 0280365 and the REPERE program of Occitanie. C.L. is supported by pre-maturation
program of Occitanie.

Acknowledgments: We do thank all members of UbiCARE laboratory, Fabienne Aillet and Clémence
Coutelle-Rebut for the critics and proofreading of the manuscript.

Conflicts of Interest: The authors declare no conflicts of interest.



Molecules 2020, 25, 2352 15 of 20

References

1. van der Veen, A.G.; Ploegh, H.L. Ubiquitin-Like Proteins. Annu. Rev. Biochem. 2012, 81, 323–357. [CrossRef]
[PubMed]

2. Zheng, N.; Shabek, N. Ubiquitin Ligases: Structure, Function, and Regulation. Annu. Rev. Biochem. 2017,
86, 129–157. [CrossRef] [PubMed]

3. Mevissen, T.E.T.; Komander, D. Mechanisms of Deubiquitinase Specificity and Regulation. Annu. Rev. Biochem.
2017, 86, 159–192. [CrossRef] [PubMed]

4. Seeler, J.-S.; Dejean, A. SUMO and the Robustness of Cancer. Nat. Rev. Cancer 2017, 17, 184–197. [CrossRef]
[PubMed]

5. Mendoza, H.M.; Shen, L.-N.; Botting, C.; Lewis, A.; Chen, J.; Ink, B.; Hay, R.T. NEDP1, a Highly Conserved
Cysteine Protease That DeNEDDylates Cullins. J. Biol. Chem. 2003, 278, 25637–25643. [CrossRef] [PubMed]

6. Kwon, Y.T.; Ciechanover, A. The Ubiquitin Code in the Ubiquitin-Proteasome System and Autophagy.
Trends Biochem. Sci. 2017, 42, 873–886. [CrossRef] [PubMed]

7. Hershko, A.; Ciechanover, A. The Ubiquitin System. Annu. Rev. Biochem. 1998, 67, 425–479. [CrossRef]
8. Komander, D.; Rape, M. The Ubiquitin Code. Annu. Rev. Biochem. 2012, 81, 203–229. [CrossRef]
9. Zaffagnini, G.; Martens, S. Mechanisms of Selective Autophagy. J. Mol. Biol 2016, 428, 1714–1724. [CrossRef]
10. Bard, J.A.M.; Goodall, E.A.; Greene, E.R.; Jonsson, E.; Dong, K.C.; Martin, A. Structure and Function of the

26S Proteasome. Annu. Rev. Biochem. 2018, 87, 697–724. [CrossRef]
11. Komander, D. The Emerging Complexity of Protein Ubiquitination. Biochem. Soc. Trans. 2009, 37, 937–953.

[CrossRef] [PubMed]
12. Swatek, K.N.; Komander, D. Ubiquitin Modifications. Cell Res. 2016, 26, 399–422. [CrossRef] [PubMed]
13. Livneh, I.; Cohen-Kaplan, V.; Cohen-Rosenzweig, C.; Avni, N.; Ciechanover, A. The Life Cycle of the 26S

Proteasome: From Birth, through Regulation and Function, and onto Its Death. Cell Res. 2016, 26, 869–885.
[CrossRef] [PubMed]

14. Tanaka, K. The Proteasome: Overview of Structure and Functions. Proc. Jpn. Acad. Ser. B Phys. Biol. Sci.
2009, 85, 12–36. [CrossRef]

15. Finley, D.; Chen, X.; Walters, K.J. Gates, Channels, and Switches: Elements of the Proteasome Machine.
Trends Biochem. Sci. 2016, 41, 77–93. [CrossRef]

16. Ben-Nissan, G.; Sharon, M. Regulating the 20S Proteasome Ubiquitin-Independent Degradation Pathway.
Biomolecules 2014, 4, 862–884. [CrossRef]

17. Ferrington, D.A.; Gregerson, D.S. Immunoproteasomes: Structure, Function, and Antigen Presentation.
Prog. Mol. Biol. Transl. Sci. 2012, 109, 75–112. [CrossRef]

18. Murata, S.; Udono, H.; Tanahashi, N.; Hamada, N.; Watanabe, K.; Adachi, K.; Yamano, T.; Yui, K.;
Kobayashi, N.; Kasahara, M.; et al. Immunoproteasome Assembly and Antigen Presentation in Mice Lacking
Both PA28α and PA28β. EMBO J. 2001, 20, 5898–5907. [CrossRef]

19. Xing, Y.; Jameson, S.C.; Hogquist, K.A. Thymoproteasome Subunit-B5T Generates Peptide-MHC Complexes
Specialized for Positive Selection. Proc. Natl. Acad. Sci. USA 2013, 110, 6979–6984. [CrossRef]

20. Dambacher, C.M.; Worden, E.J.; Herzik, M.A.; Martin, A.; Lander, G.C. Atomic Structure of the 26S Proteasome
Lid Reveals the Mechanism of Deubiquitinase Inhibition. eLife 2016, 5, e3027. [CrossRef]

21. Navon, A.; Goldberg, A.L. Proteins Are Unfolded on the Surface of the ATPase Ring before Transport into
the Proteasome. Mol. Cell 2001, 8, 1339–1349. [CrossRef]

22. Smith, D.M.; Chang, S.-C.; Park, S.; Finley, D.; Cheng, Y.; Goldberg, A. Docking of the Proteasomal ATPases’
C-Termini in the 20S Proteasomes Alpha Ring Opens the Gate for Substrate Entry. Mol. Cell 2007, 27, 731–744.
[CrossRef] [PubMed]

23. Snoberger, A.; Brettrager, E.J.; Smith, D.M. Conformational Switching in the Coiled-Coil Domains of a
Proteasomal ATPase Regulates Substrate Processing. Nat. Commun. 2018, 9, 1–13. [CrossRef] [PubMed]

24. Rosenzweig, R.; Bronner, V.; Zhang, D.; Fushman, D.; Glickman, M.H. Rpn1 and Rpn2 Coordinate Ubiquitin
Processing Factors at Proteasome. J. Biol. Chem. 2012, 287, 14659–14671. [CrossRef]

25. Yu, Z.; Livnat-Levanon, N.; Kleifeld, O.; Mansour, W.; Nakasone, M.A.; Castaneda, C.A.; Dixon, E.K.;
Fushman, D.; Reis, N.; Pick, E.; et al. Base-CP Proteasome Can Serve as a Platform for Stepwise Lid Formation.
Biosci. Rep. 2015, 35, e00203. [CrossRef]

http://dx.doi.org/10.1146/annurev-biochem-093010-153308
http://www.ncbi.nlm.nih.gov/pubmed/22404627
http://dx.doi.org/10.1146/annurev-biochem-060815-014922
http://www.ncbi.nlm.nih.gov/pubmed/28375744
http://dx.doi.org/10.1146/annurev-biochem-061516-044916
http://www.ncbi.nlm.nih.gov/pubmed/28498721
http://dx.doi.org/10.1038/nrc.2016.143
http://www.ncbi.nlm.nih.gov/pubmed/28134258
http://dx.doi.org/10.1074/jbc.M212948200
http://www.ncbi.nlm.nih.gov/pubmed/12730221
http://dx.doi.org/10.1016/j.tibs.2017.09.002
http://www.ncbi.nlm.nih.gov/pubmed/28947091
http://dx.doi.org/10.1146/annurev.biochem.67.1.425
http://dx.doi.org/10.1146/annurev-biochem-060310-170328
http://dx.doi.org/10.1016/j.jmb.2016.02.004
http://dx.doi.org/10.1146/annurev-biochem-062917-011931
http://dx.doi.org/10.1042/BST0370937
http://www.ncbi.nlm.nih.gov/pubmed/19754430
http://dx.doi.org/10.1038/cr.2016.39
http://www.ncbi.nlm.nih.gov/pubmed/27012465
http://dx.doi.org/10.1038/cr.2016.86
http://www.ncbi.nlm.nih.gov/pubmed/27444871
http://dx.doi.org/10.2183/pjab.85.12
http://dx.doi.org/10.1016/j.tibs.2015.10.009
http://dx.doi.org/10.3390/biom4030862
http://dx.doi.org/10.1016/B978-0-12-397863-9.00003-1
http://dx.doi.org/10.1093/emboj/20.21.5898
http://dx.doi.org/10.1073/pnas.1222244110
http://dx.doi.org/10.7554/eLife.13027
http://dx.doi.org/10.1016/S1097-2765(01)00407-5
http://dx.doi.org/10.1016/j.molcel.2007.06.033
http://www.ncbi.nlm.nih.gov/pubmed/17803938
http://dx.doi.org/10.1038/s41467-018-04731-6
http://www.ncbi.nlm.nih.gov/pubmed/29915197
http://dx.doi.org/10.1074/jbc.M111.316323
http://dx.doi.org/10.1042/BSR20150055


Molecules 2020, 25, 2352 16 of 20

26. Worden, E.J.; Padovani, C.; Martin, A. Structure of the Rpn11-Rpn8 Dimer Reveals Mechanisms of Substrate
Deubiquitination during Proteasomal Degradation. Nat. Struct. Mol. Biol. 2014, 21, 220–227. [CrossRef]

27. Worden, E.J.; Dong, K.C.; Martin, A. An AAA Motor-Driven Mechanical Switch in Rpn11 Controls
Deubiquitination at the 26S Proteasome. Mol. Cell 2017, 67, 799–811.e8. [CrossRef]

28. Lee, M.J.; Lee, B.-H.; Hanna, J.; King, R.W.; Finley, D. Trimming of Ubiquitin Chains by Proteasome-Associated
Deubiquitinating Enzymes. Mol. Cell Proteom. 2011, 10, R110.003871. [CrossRef]

29. Riedinger, C.; Boehringer, J.; Trempe, J.-F.; Lowe, E.D.; Brown, N.R.; Gehring, K.; Noble, M.E.M.; Gordon, C.;
Endicott, J.A. Structure of Rpn10 and Its Interactions with Polyubiquitin Chains and the Proteasome Subunit
Rpn12. J. Biol. Chem. 2010, 285, 33992–34003. [CrossRef]

30. Isasa, M.; Katz, E.J.; Kim, W.; Yugo, V.; González, S.; Kirkpatrick, D.S.; Thomson, T.M.; Finley, D.; Gygi, S.P.;
Crosas, B. Monoubiquitination of RPN10 Regulates Substrate Recruitment to the Proteasome. Mol. Cell 2010,
38, 733–745. [CrossRef]

31. Keren-Kaplan, T.; Zeev Peters, L.; Levin-Kravets, O.; Attali, I.; Kleifeld, O.; Shohat, N.; Artzi, S.; Zucker, O.;
Pilzer, I.; Reis, N.; et al. Structure of Ubiquitylated-Rpn10 Provides Insight into Its Autoregulation Mechanism.
Nat. Commun. 2016, 7, 12960. [CrossRef] [PubMed]

32. Schreiner, P.; Chen, X.; Husnjak, K.; Randles, L.; Zhang, N.; Elsasser, S.; Finley, D.; Dikic, I.; Walters, K.J.;
Groll, M. Ubiquitin Docking at the Proteasome through a Novel Pleckstrin-Homology Domain Interaction.
Nature 2008, 453, 548–552. [CrossRef] [PubMed]

33. Chojnacki, M.; Mansour, W.; Hameed, D.S.; Singh, R.K.; El Oualid, F.; Rosenzweig, R.; Nakasone, M.A.; Yu, Z.;
Glaser, F.; Kay, L.E.; et al. Polyubiquitin-Photoactivatable Crosslinking Reagents for Mapping Ubiquitin
Interactome Identify Rpn1 as a Proteasome Ubiquitin-Associating Subunit. Cell Chem. Biol. 2017, 24, 443–457.
[CrossRef] [PubMed]

34. Lam, Y.A.; Lawson, T.G.; Velayutham, M.; Zweier, J.L.; Pickart, C.M. A Proteasomal ATPase Subunit
Recognizes the Polyubiquitin Degradation Signal. Nature 2002, 416, 763–767. [CrossRef] [PubMed]

35. Fu, H.; Lin, Y.-L.; Fatimababy, A.S. Proteasomal Recognition of Ubiquitylated Substrates. Trends Plant. Sci.
2010, 15, 375–386. [CrossRef] [PubMed]

36. Paraskevopoulos, K.; Kriegenburg, F.; Tatham, M.H.; Rösner, H.I.; Medina, B.; Larsen, I.B.; Brandstrup, R.;
Hardwick, K.G.; Hay, R.T.; Kragelund, B.B.; et al. Dss1 Is a 26S Proteasome Ubiquitin Receptor. Mol. Cell
2014, 56, 453–461. [CrossRef]

37. Shi, Y.; Chen, X.; Elsasser, S.; Stocks, B.B.; Tian, G.; Lee, B.-H.; Shi, Y.; Zhang, N.; de Poot, S.A.H.; Tuebing, F.;
et al. Rpn1 Provides Adjacent Receptor Sites for Substrate Binding and Deubiquitination by the Proteasome.
Science 2016, 351, aad9421. [CrossRef]

38. Olszewski, M.; Williams, C.; Dong, K.; Martin, A. The Cdc48 Unfoldase Prepares Well-Folded Protein
Substrates for Degradation by the 26S Proteasome. Commun. Biol. 2019, 2, 1–8. [CrossRef]

39. Fort, P.; Kajava, A.V.; Delsuc, F.; Coux, O. Evolution of Proteasome Regulators in Eukaryotes. Genome Biol Evol.
2015, 7, 1363–1379. [CrossRef]

40. Murata, S.; Kawahara, H.; Tohma, S.; Yamamoto, K.; Kasahara, M.; Nabeshima, Y.; Tanaka, K.; Chiba, T.
Growth Retardation in Mice Lacking the Proteasome Activator PA28γ. J. Biol. Chem. 1999, 274, 38211–38215.
[CrossRef]

41. Stohwasser, R. Proteasome Activator 28γ: Impact on Survival Signaling and Apoptosis. In Current
Understanding Apoptosis-Program. Cell Death; Yusuf, T., Lutfi, T., Eds.; IntechOpen: London, UK, 2018.

42. Ortega, J.; Heymann, J.B.; Kajava, A.V.; Ustrell, V.; Rechsteiner, M.; Steven, A.C. The Axial Channel of the
20S Proteasome Opens upon Binding of the PA200 Activator. J. Mol. Biol. 2005, 346, 1221–1227. [CrossRef]
[PubMed]

43. Tanahashi, N.; Murakami, Y.; Minami, Y.; Shimbara, N.; Hendil, K.B.; Tanaka, K. Hybrid Proteasomes.
Induction by Interferon-Gamma and Contribution to ATP-Dependent Proteolysis. J. Biol. Chem. 2000,
275, 14336–14345. [CrossRef] [PubMed]

44. Cascio, P. PA28αβ: The Enigmatic Magic Ring of the Proteasome? Biomolecules 2014, 4, 566–584. [CrossRef]
[PubMed]

45. Olivier, C.; Barbara, A.Z.; Silke, M. The Proteasome System in Health and Disease. Adv. Exper. Med. Biol.
2020, 1233, 55–100.

http://dx.doi.org/10.1038/nsmb.2771
http://dx.doi.org/10.1016/j.molcel.2017.07.023
http://dx.doi.org/10.1074/mcp.R110.003871
http://dx.doi.org/10.1074/jbc.M110.134510
http://dx.doi.org/10.1016/j.molcel.2010.05.001
http://dx.doi.org/10.1038/ncomms12960
http://www.ncbi.nlm.nih.gov/pubmed/27698474
http://dx.doi.org/10.1038/nature06924
http://www.ncbi.nlm.nih.gov/pubmed/18497827
http://dx.doi.org/10.1016/j.chembiol.2017.02.013
http://www.ncbi.nlm.nih.gov/pubmed/28330605
http://dx.doi.org/10.1038/416763a
http://www.ncbi.nlm.nih.gov/pubmed/11961560
http://dx.doi.org/10.1016/j.tplants.2010.03.004
http://www.ncbi.nlm.nih.gov/pubmed/20399133
http://dx.doi.org/10.1016/j.molcel.2014.09.008
http://dx.doi.org/10.1126/science.aad9421
http://dx.doi.org/10.1038/s42003-019-0283-z
http://dx.doi.org/10.1093/gbe/evv068
http://dx.doi.org/10.1074/jbc.274.53.38211
http://dx.doi.org/10.1016/j.jmb.2004.12.049
http://www.ncbi.nlm.nih.gov/pubmed/15713476
http://dx.doi.org/10.1074/jbc.275.19.14336
http://www.ncbi.nlm.nih.gov/pubmed/10799514
http://dx.doi.org/10.3390/biom4020566
http://www.ncbi.nlm.nih.gov/pubmed/24970231


Molecules 2020, 25, 2352 17 of 20

46. Takeshige, K.; Baba, M.; Tsuboi, S.; Noda, T.; Ohsumi, Y. Autophagy in Yeast Demonstrated with
Proteinase-Deficient Mutants and Conditions for Its Induction. J. Cell Biol. 1992, 119, 301–311. [CrossRef]
[PubMed]

47. Clarke, A.J.; Simon, A.K. Autophagy in the Renewal, Differentiation and Homeostasis of Immune Cells.
Nat. Rev. Immunol. 2019, 19, 170–183. [CrossRef]

48. Gatica, D.; Lahiri, V.; Klionsky, D.J. Cargo Recognition and Degradation by Selective Autophagy. Nat. Cell Biol.
2018, 20, 233–242. [CrossRef]

49. Khaminets, A.; Behl, C.; Dikic, I. Ubiquitin-Dependent And Independent Signals In Selective Autophagy.
Trends Cell Biol. 2016, 26, 6–16. [CrossRef]

50. Xie, Y.; Kang, R.; Sun, X.; Zhong, M.; Huang, J.; Klionsky, D.J.; Tang, D. Posttranslational Modification of
Autophagy-Related Proteins in Macroautophagy. Autophagy 2015, 11, 28–45. [CrossRef]

51. Wei, Y.; Liu, M.; Li, X.; Liu, J.; Li, H. Origin of the Autophagosome Membrane in Mammals. Biomed. Res. Int.
2018, 2018, 1012789. [CrossRef]

52. Tsuboyama, K.; Koyama-Honda, I.; Sakamaki, Y.; Koike, M.; Morishita, H.; Mizushima, N. The ATG
Conjugation Systems Are Important for Degradation of the Inner Autophagosomal Membrane. Science 2016,
354, 1036–1041. [CrossRef] [PubMed]

53. Kabeya, Y.; Mizushima, N.; Ueno, T.; Yamamoto, A.; Kirisako, T.; Noda, T.; Kominami, E.; Ohsumi, Y.;
Yoshimori, T. LC3, a Mammalian Homologue of Yeast Apg8p, Is Localized in Autophagosome Membranes
after Processing. Embo J. 2000, 19, 5720–5728. [CrossRef] [PubMed]

54. Xie, Z.; Nair, U.; Klionsky, D.J. Atg8 Controls Phagophore Expansion during Autophagosome Formation.
Mol. Biol. Cell 2008, 19, 3290–3298. [CrossRef] [PubMed]

55. He, C.; Klionsky, D.J. Regulation Mechanisms and Signaling Pathways of Autophagy. Annu. Rev. Genet.
2009, 43, 67–93. [CrossRef] [PubMed]

56. Tanida, I.; Ueno, T.; Kominami, E. LC3 Conjugation System in Mammalian Autophagy. Int. J. Biochem.
Cell Biol. 2004, 36, 2503–2518. [CrossRef] [PubMed]

57. Shpilka, T.; Weidberg, H.; Pietrokovski, S.; Elazar, Z. Atg8: An Autophagy-Related Ubiquitin-like Protein
Family. Genome Biol. 2011, 12, 226. [CrossRef]

58. Yu, Z.-Q.; Ni, T.; Hong, B.; Wang, H.-Y.; Jiang, F.-J.; Zou, S.; Chen, Y.; Zheng, X.-L.; Klionsky, D.J.; Liang, Y.;
et al. Dual Roles of Atg8−PE Deconjugation by Atg4 in Autophagy. Autophagy 2012, 8, 883–892. [CrossRef]

59. Ichimura, Y.; Kirisako, T.; Takao, T.; Satomi, Y.; Shimonishi, Y.; Ishihara, N.; Mizushima, N.; Tanida, I.;
Kominami, E.; Ohsumi, M.; et al. Ubiquitin-like System Mediates Protein Lipidation. Nature 2000, 408, 488–492.
[CrossRef]

60. Rockenfeller, P.; Koska, M.; Pietrocola, F.; Minois, N.; Knittelfelder, O.; Sica, V.; Franz, J.; Carmona-Gutierrez, D.;
Kroemer, G.; Madeo, F. Phosphatidylethanolamine Positively Regulates Autophagy and Longevity.
Cell Death Differ. 2015, 22, 499–508. [CrossRef]

61. Yang, A.; Li, Y.; Pantoom, S.; Triola, G.; Wu, Y.-W. Semisynthetic Lipidated LC3 Protein Mediates Membrane
Fusion. Chembiochem 2013, 14, 1296–1300. [CrossRef]

62. Nguyen, T.N.; Padman, B.S.; Usher, J.; Oorschot, V.; Ramm, G.; Lazarou, M. Atg8 Family LC3/GABARAP
Proteins Are Crucial for Autophagosome-Lysosome Fusion but Not Autophagosome Formation during
PINK1/Parkin Mitophagy and Starvation. J. Cell Biol. 2016, 215, 857–874. [CrossRef] [PubMed]

63. Grunwald, D.S.; Otto, N.M.; Park, J.-M.; Song, D.; Kim, D.-H. GABARAPs and LC3s Have Opposite Roles in
Regulating ULK1 for Autophagy Induction. Autophagy 2020, 16, 600–614. [CrossRef] [PubMed]

64. von Muhlinen, N.; Akutsu, M.; Ravenhill, B.J.; Foeglein, Á.; Bloor, S.; Rutherford, T.J.; Freund, S.M.V.;
Komander, D.; Randow, F. LC3C, Bound Selectively by a Noncanonical LIR Motif in NDP52, Is Required for
Antibacterial Autophagy. Mol. Cell 2012, 48, 329–342. [CrossRef] [PubMed]

65. Kirkin, V.; Rogov, V.V. A Diversity of Selective Autophagy Receptors Determines the Specificity of the
Autophagy Pathway. Mol. Cell 2019, 76, 268–285. [CrossRef] [PubMed]

66. Deosaran, E.; Larsen, K.B.; Hua, R.; Sargent, G.; Wang, Y.; Kim, S.; Lamark, T.; Jauregui, M.; Law, K.;
Lippincott-Schwartz, J.; et al. NBR1 Acts as an Autophagy Receptor for Peroxisomes. J. Cell Sci. 2013,
126, 939–952. [CrossRef] [PubMed]

67. Kim, B.-W.; Kwon, D.H.; Song, H.K. Structure Biology of Selective Autophagy Receptors. Bmb Rep. 2016,
49, 73–80. [CrossRef]

http://dx.doi.org/10.1083/jcb.119.2.301
http://www.ncbi.nlm.nih.gov/pubmed/1400575
http://dx.doi.org/10.1038/s41577-018-0095-2
http://dx.doi.org/10.1038/s41556-018-0037-z
http://dx.doi.org/10.1016/j.tcb.2015.08.010
http://dx.doi.org/10.4161/15548627.2014.984267
http://dx.doi.org/10.1155/2018/1012789
http://dx.doi.org/10.1126/science.aaf6136
http://www.ncbi.nlm.nih.gov/pubmed/27885029
http://dx.doi.org/10.1093/emboj/19.21.5720
http://www.ncbi.nlm.nih.gov/pubmed/11060023
http://dx.doi.org/10.1091/mbc.e07-12-1292
http://www.ncbi.nlm.nih.gov/pubmed/18508918
http://dx.doi.org/10.1146/annurev-genet-102808-114910
http://www.ncbi.nlm.nih.gov/pubmed/19653858
http://dx.doi.org/10.1016/j.biocel.2004.05.009
http://www.ncbi.nlm.nih.gov/pubmed/15325588
http://dx.doi.org/10.1186/gb-2011-12-7-226
http://dx.doi.org/10.4161/auto.19652
http://dx.doi.org/10.1038/35044114
http://dx.doi.org/10.1038/cdd.2014.219
http://dx.doi.org/10.1002/cbic.201300344
http://dx.doi.org/10.1083/jcb.201607039
http://www.ncbi.nlm.nih.gov/pubmed/27864321
http://dx.doi.org/10.1080/15548627.2019.1632620
http://www.ncbi.nlm.nih.gov/pubmed/31208283
http://dx.doi.org/10.1016/j.molcel.2012.08.024
http://www.ncbi.nlm.nih.gov/pubmed/23022382
http://dx.doi.org/10.1016/j.molcel.2019.09.005
http://www.ncbi.nlm.nih.gov/pubmed/31585693
http://dx.doi.org/10.1242/jcs.114819
http://www.ncbi.nlm.nih.gov/pubmed/23239026
http://dx.doi.org/10.5483/BMBRep.2016.49.2.265


Molecules 2020, 25, 2352 18 of 20

68. Ciuffa, R.; Lamark, T.; Tarafder, A.K.; Guesdon, A.; Rybina, S.; Hagen, W.J.H.; Johansen, T.; Sachse, C.
The Selective Autophagy Receptor P62 Forms a Flexible Filamentous Helical Scaffold. Cell Rep. 2015,
11, 748–758. [CrossRef]

69. Padman, B.S.; Nguyen, T.N.; Uoselis, L.; Skulsuppaisarn, M.; Nguyen, L.K.; Lazarou, M. LC3/GABARAPs
Drive Ubiquitin-Independent Recruitment of Optineurin and NDP52 to Amplify Mitophagy. Nat. Commun.
2019, 10, 1–13. [CrossRef]

70. Wild, P.; Farhan, H.; McEwan, D.G.; Wagner, S.; Rogov, V.V.; Brady, N.R.; Richter, B.; Korac, J.; Waidmann, O.;
Choudhary, C.; et al. Phosphorylation of the Autophagy Receptor Optineurin Restricts Salmonella Growth.
Science 2011, 333, 228–233. [CrossRef]

71. Zhang, J.; Ney, P.A. Role of bnip3 and nix in cell death, autophagy, and mitophagy. Cell Death Differ 2009,
16, 939–946. [CrossRef]

72. Clausen, T.H.; Lamark, T.; Isakson, P.; Finley, K.; Larsen, K.B.; Brech, A.; Øvervatn, A.; Stenmark, H.;
Bjørkøy, G.; Simonsen, A.; et al. P62/SQSTM1 and ALFY Interact to Facilitate the Formation of P62
Bodies/ALIS and Their Degradation by Autophagy. Autophagy 2010, 6, 330–344. [CrossRef] [PubMed]

73. Isakson, P.; Holland, P.; Simonsen, A. The Role of ALFY in Selective Autophagy. Cell Death Differ. 2013,
20, 12–20. [CrossRef]

74. Grumati, P.; Morozzi, G.; Hölper, S.; Mari, M.; Harwardt, M.-L.I.; Yan, R.; Müller, S.; Reggiori, F.; Heilemann, M.;
Dikic, I. Full Length RTN3 Regulates Turnover of Tubular Endoplasmic Reticulum via Selective Autophagy.
eLife 2017, 6, e25555. [CrossRef] [PubMed]

75. Khaminets, A.; Heinrich, T.; Mari, M.; Grumati, P.; Huebner, A.K.; Akutsu, M.; Liebmann, L.; Stolz, A.;
Nietzsche, S.; Koch, N.; et al. Regulation of Endoplasmic Reticulum Turnover by Selective Autophagy.
Nature 2015, 522, 354–358. [CrossRef] [PubMed]

76. Wurzer, B.; Zaffagnini, G.; Fracchiolla, D.; Turco, E.; Abert, C.; Romanov, J.; Martens, S. Oligomerization of
P62 Allows for Selection of Ubiquitinated Cargo and Isolation Membrane during Selective Autophagy. Elife
2015, 4, e0894. [CrossRef]

77. Cha-Molstad, H.; Lee, S.H.; Kim, J.G.; Sung, K.W.; Hwang, J.; Shim, S.M.; Ganipisetti, S.; McGuire, T.;
Mook-Jung, I.; Ciechanover, A.; et al. Regulation of Autophagic Proteolysis by the N-Recognin SQSTM1/P62
of the N-End Rule Pathway. Autophagy 2018, 14, 359–361. [CrossRef]

78. Lazarou, M.; Sliter, D.A.; Kane, L.A.; Sarraf, S.A.; Wang, C.; Burman, J.L.; Sideris, D.P.; Fogel, A.I.; Youle, R.J.
The Ubiquitin Kinase PINK1 Recruits Autophagy Receptors to Induce Mitophagy. Nature 2015, 524, 309–314.
[CrossRef]

79. Sharma, V.; Verma, S.; Seranova, E.; Sarkar, S.; Kumar, D. Selective Autophagy and Xenophagy in Infection
and Disease. Front. Cell Dev. Biol. 2018, 6, 147. [CrossRef]

80. Birgisdottir, Å.B.; Lamark, T.; Johansen, T. The LIR Motif - Crucial for Selective Autophagy. J. Cell Sci. 2013,
126, 3237–3247. [CrossRef]

81. Rogov, V.V.; Stolz, A.; Ravichandran, A.C.; Rios-Szwed, D.O.; Suzuki, H.; Kniss, A.; Löhr, F.; Wakatsuki, S.;
Dötsch, V.; Dikic, I.; et al. Structural and Functional Analysis of the GABARAP Interaction Motif (GIM).
EMBO Rep. 2017, 18, 1382–1396. [CrossRef]

82. Noda, N.N.; Kumeta, H.; Nakatogawa, H.; Satoo, K.; Adachi, W.; Ishii, J.; Fujioka, Y.; Ohsumi, Y.;
Inagaki, F. Structural Basis of Target Recognition by Atg8/LC3 during Selective Autophagy. Genes Cells 2008,
13, 1211–1218. [CrossRef] [PubMed]

83. Ji, C.H.; Kwon, Y.T. Crosstalk and Interplay between the Ubiquitin-Proteasome System and Autophagy.
Mol. Cells 2017, 40, 441–449. [CrossRef] [PubMed]

84. Liebl, M.P.; Hoppe, T. It’s All about Talking: Two-Way Communication between Proteasomal and Lysosomal
Degradation Pathways via Ubiquitin. Am. J. Physiol. Cell Physiol. 2016, 311, C166–C178. [CrossRef] [PubMed]

85. Nam, T.; Han, J.H.; Devkota, S.; Lee, H.-W. Emerging Paradigm of Crosstalk between Autophagy and the
Ubiquitin-Proteasome System. Mol. Cells 2017, 40, 897–905. [CrossRef] [PubMed]

86. Locke, M.; Toth, J.I.; Petroski, M.D. K11- and K48-Linked Ubiquitin Chains Interact with P97 during
Endoplasmic Reticulum-Associated Degradation. BiochemJ 2014, 459, 205–216. [CrossRef] [PubMed]

87. Tan, J.M.M.; Wong, E.S.P.; Kirkpatrick, D.S.; Pletnikova, O.; Ko, H.S.; Tay, S.-P.; Ho, M.W.L.; Troncoso, J.;
Gygi, S.P.; Lee, M.K.; et al. Lysine 63-Linked Ubiquitination Promotes the Formation and Autophagic
Clearance of Protein Inclusions Associated with Neurodegenerative Diseases. Hum. Mol. Genet. 2008,
17, 431–439. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.celrep.2015.03.062
http://dx.doi.org/10.1038/s41467-019-08335-6
http://dx.doi.org/10.1126/science.1205405
http://dx.doi.org/10.1038/cdd.2009.16
http://dx.doi.org/10.4161/auto.6.3.11226
http://www.ncbi.nlm.nih.gov/pubmed/20168092
http://dx.doi.org/10.1038/cdd.2012.66
http://dx.doi.org/10.7554/eLife.25555
http://www.ncbi.nlm.nih.gov/pubmed/28617241
http://dx.doi.org/10.1038/nature14498
http://www.ncbi.nlm.nih.gov/pubmed/26040720
http://dx.doi.org/10.7554/eLife.08941
http://dx.doi.org/10.1080/15548627.2017.1415190
http://dx.doi.org/10.1038/nature14893
http://dx.doi.org/10.3389/fcell.2018.00147
http://dx.doi.org/10.1242/jcs.126128
http://dx.doi.org/10.15252/embr.201643587
http://dx.doi.org/10.1111/j.1365-2443.2008.01238.x
http://www.ncbi.nlm.nih.gov/pubmed/19021777
http://dx.doi.org/10.14348/molcells.2017.0115
http://www.ncbi.nlm.nih.gov/pubmed/28743182
http://dx.doi.org/10.1152/ajpcell.00074.2016
http://www.ncbi.nlm.nih.gov/pubmed/27225656
http://dx.doi.org/10.14348/molcells.2017.0226
http://www.ncbi.nlm.nih.gov/pubmed/29237114
http://dx.doi.org/10.1042/BJ20120662
http://www.ncbi.nlm.nih.gov/pubmed/24417208
http://dx.doi.org/10.1093/hmg/ddm320
http://www.ncbi.nlm.nih.gov/pubmed/17981811


Molecules 2020, 25, 2352 19 of 20

88. Mattern, M.; Sutherland, J.; Kadimisetty, K.; Barrio, R.; Rodriguez, M.S. Using Ubiquitin Binders to Decipher
the Ubiquitin Code. Trends Biochem. Sci. 2019, 44, 599–615. [CrossRef] [PubMed]

89. Hatakeyama, S. TRIM Family Proteins: Roles in Autophagy, Immunity, and Carcinogenesis.
Trends Biochem. Sci. 2017, 42, 297–311. [CrossRef]

90. Boccitto, M.; Kalb, R.G. Regulation of Foxo-Dependent Transcription by Post-Translational Modifications.
Curr. Drug Targets 2011, 12, 1303–1310. [CrossRef]

91. Larrue, C.; Saland, E.; Boutzen, H.; Vergez, F.; David, M.; Joffre, C.; Hospital, M.-A.; Tamburini, J.; Delabesse, E.;
Manenti, S.; et al. Proteasome Inhibitors Induce FLT3-ITD Degradation through Autophagy in AML Cells.
Blood 2016, 127, 882–892. [CrossRef]

92. Zhu, K.; Dunner, K.; McConkey, D.J. Proteasome Inhibitors Activate Autophagy as a Cytoprotective Response
in Human Prostate Cancer Cells. Oncogene 2010, 29, 451–462. [CrossRef] [PubMed]

93. Cha-Molstad, H.; Sung, K.S.; Hwang, J.; Kim, K.A.; Yu, J.E.; Yoo, Y.D.; Jang, J.M.; Han, D.H.; Molstad, M.;
Kim, J.G.; et al. Amino-Terminal Arginylation Targets Endoplasmic Reticulum Chaperone BiP for Autophagy
through P62 Binding. Nat. Cell Biol. 2015, 17, 917–929. [CrossRef] [PubMed]

94. Hetz, C.; Chevet, E.; Oakes, S.A. Proteostasis Control by the Unfolded Protein Response. Nat. Cell Biol. 2015,
17, 829–838. [CrossRef] [PubMed]

95. White, E. Autophagy and P53. Cold Spring Harb. Perspect. Med. 2016, 6, a026120. [CrossRef] [PubMed]
96. Feng, Y.; Yao, Z.; Klionsky, D.J. How to Control Self-Digestion: Transcriptional, Post-Transcriptional,

and Post-Translational Regulation of Autophagy. Trends Cell Biol 2015, 25, 354–363. [CrossRef] [PubMed]
97. Kocaturk, N.M.; Gozuacik, D. Crosstalk Between Mammalian Autophagy and the Ubiquitin-Proteasome

System. Front. Cell Dev. Biol 2018, 6, 128. [CrossRef]
98. Wang, X.J.; Yu, J.; Wong, S.H.; Cheng, A.S.L.; Chan, F.K.L.; Ng, S.S.M.; Cho, C.H.; Sung, J.J.Y.; Wu, W.K.K.

A Novel Crosstalk between Two Major Protein Degradation Systems: Regulation of Proteasomal Activity by
Autophagy. Autophagy 2013, 9, 1500–1508. [CrossRef]

99. Korolchuk, V.I.; Mansilla, A.; Menzies, F.M.; Rubinsztein, D.C. Autophagy Inhibition Compromises
Degradation of Ubiquitin-Proteasome Pathway Substrates. Mol. Cell 2009, 33, 517–527. [CrossRef]

100. McDonough, H.; Patterson, C. CHIP: A Link between the Chaperone and Proteasome Systems.
Cell Stress Chaperones 2003, 8, 303–308. [CrossRef]

101. Zhao, B.; Qiang, L.; Joseph, J.; Kalyanaraman, B.; Viollet, B.; He, Y.-Y. Mitochondrial Dysfunction Activates
the AMPK Signaling and Autophagy to Promote Cell Survival. Genes Dis 2016, 3, 82–87. [CrossRef]

102. Kawamata, T.; Horie, T.; Matsunami, M.; Sasaki, M.; Ohsumi, Y. Zinc Starvation Induces Autophagy in Yeast.
J. Biol. Chem. 2017, 292, 8520–8530. [CrossRef] [PubMed]

103. Thompson, A.R.; Doelling, J.H.; Suttangkakul, A.; Vierstra, R.D. Autophagic Nutrient Recycling in
Arabidopsis Directed by the ATG8 and ATG12 Conjugation Pathways. Plant. Physiol. 2005, 138, 2097–2110.
[CrossRef] [PubMed]

104. Wójcik, C.; DeMartino, G.N. Intracellular Localization of Proteasomes. Int. J. Biochem. Cell Biol. 2003,
35, 579–589. [CrossRef]

105. Cuervo, A.M.; Palmer, A.; Rivett, A.J.; Knecht, E. Degradation of Proteasomes by Lysosomes in Rat Liver.
Eur. J. Biochem. 1995, 227, 792–800. [CrossRef] [PubMed]

106. Dengjel, J.; Høyer-Hansen, M.; Nielsen, M.O.; Eisenberg, T.; Harder, L.M.; Schandorff, S.; Farkas, T.;
Kirkegaard, T.; Becker, A.C.; Schroeder, S.; et al. Identification of Autophagosome-Associated Proteins and
Regulators by Quantitative Proteomic Analysis and Genetic Screens. Mol. Cell Proteom. 2012, 11, M111.014035.
[CrossRef] [PubMed]

107. Zhang, T.; Shen, S.; Qu, J.; Ghaemmaghami, S. Global Analysis of Cellular Protein Flux Quantifies the
Selectivity of Basal Autophagy. Cell Rep. 2016, 14, 2426–2439. [CrossRef] [PubMed]

108. Marshall, R.S.; Li, F.; Gemperline, D.C.; Book, A.J.; Vierstra, R.D. Autophagic Degradation of the 26S
Proteasome Is Mediated by the Dual ATG8/Ubiquitin Receptor RPN10 in Arabidopsis. Mol. Cell 2015,
58, 1053–1066. [CrossRef]

109. Marshall, R.S.; McLoughlin, F.; Vierstra, R.D. Autophagic Turnover of Inactive 26S Proteasomes in Yeast Is
Directed by the Ubiquitin Receptor Cue5 and the Hsp42 Chaperone. Cell Rep. 2016, 16, 1717–1732. [CrossRef]

110. Waite, K.A.; De-La Mota-Peynado, A.; Vontz, G.; Roelofs, J. Starvation Induces Proteasome Autophagy with
Different Pathways for Core and Regulatory Particles. J. Biol. Chem. 2016, 291, 3239–3253. [CrossRef]

http://dx.doi.org/10.1016/j.tibs.2019.01.011
http://www.ncbi.nlm.nih.gov/pubmed/30819414
http://dx.doi.org/10.1016/j.tibs.2017.01.002
http://dx.doi.org/10.2174/138945011796150316
http://dx.doi.org/10.1182/blood-2015-05-646497
http://dx.doi.org/10.1038/onc.2009.343
http://www.ncbi.nlm.nih.gov/pubmed/19881538
http://dx.doi.org/10.1038/ncb3177
http://www.ncbi.nlm.nih.gov/pubmed/26075355
http://dx.doi.org/10.1038/ncb3184
http://www.ncbi.nlm.nih.gov/pubmed/26123108
http://dx.doi.org/10.1101/cshperspect.a026120
http://www.ncbi.nlm.nih.gov/pubmed/27037419
http://dx.doi.org/10.1016/j.tcb.2015.02.002
http://www.ncbi.nlm.nih.gov/pubmed/25759175
http://dx.doi.org/10.3389/fcell.2018.00128
http://dx.doi.org/10.4161/auto.25573
http://dx.doi.org/10.1016/j.molcel.2009.01.021
http://dx.doi.org/10.1379/1466-1268(2003)008&lt;0303:CALBTC&gt;2.0.CO;2
http://dx.doi.org/10.1016/j.gendis.2015.12.002
http://dx.doi.org/10.1074/jbc.M116.762948
http://www.ncbi.nlm.nih.gov/pubmed/28264932
http://dx.doi.org/10.1104/pp.105.060673
http://www.ncbi.nlm.nih.gov/pubmed/16040659
http://dx.doi.org/10.1016/S1357-2725(02)00380-1
http://dx.doi.org/10.1111/j.1432-1033.1995.tb20203.x
http://www.ncbi.nlm.nih.gov/pubmed/7867640
http://dx.doi.org/10.1074/mcp.M111.014035
http://www.ncbi.nlm.nih.gov/pubmed/22311637
http://dx.doi.org/10.1016/j.celrep.2016.02.040
http://www.ncbi.nlm.nih.gov/pubmed/26947064
http://dx.doi.org/10.1016/j.molcel.2015.04.023
http://dx.doi.org/10.1016/j.celrep.2016.07.015
http://dx.doi.org/10.1074/jbc.M115.699124


Molecules 2020, 25, 2352 20 of 20

111. Nemec, A.A.; Howell, L.A.; Peterson, A.K.; Murray, M.A.; Tomko, R.J. Autophagic Clearance of Proteasomes
in Yeast Requires the Conserved Sorting Nexin Snx4. J. Biol. Chem. 2017, 292, 21466–21480. [CrossRef]

112. Mochida, K.; Oikawa, Y.; Kimura, Y.; Kirisako, H.; Hirano, H.; Ohsumi, Y.; Nakatogawa, H. Receptor-Mediated
Selective Autophagy Degrades the Endoplasmic Reticulum and the Nucleus. Nature 2015, 522, 359–362.
[CrossRef] [PubMed]

113. Cohen-Kaplan, V.; Livneh, I.; Avni, N.; Fabre, B.; Ziv, T.; Kwon, Y.T.; Ciechanover, A. P62- and
Ubiquitin-Dependent Stress-Induced Autophagy of the Mammalian 26S Proteasome. Proc. Natl. Acad.
Sci. USA 2016, 113, E7490–E7499. [CrossRef] [PubMed]

114. Marshall, R.S.; Vierstra, R.D. Proteasome Storage Granules Protect Proteasomes from Autophagic Degradation
upon Carbon Starvation. eLife 2018, 7, e34532. [CrossRef] [PubMed]

115. Xiong, Q.; Fischer, S.; Karow, M.; Müller, R.; Meßling, S.; Eichinger, L. ATG16 Mediates the Autophagic
Degradation of the 19S Proteasomal Subunits PSMD1 and PSMD2. Eur. J. Cell Biol. 2018, 97, 523–532.
[CrossRef] [PubMed]

116. Üstün, S.; Sheikh, A.; Gimenez-Ibanez, S.; Jones, A.; Ntoukakis, V.; Börnke, F. The Proteasome Acts as a Hub
for Plant Immunity and Is Targeted by Pseudomonas Type III Effectors. Plant. Physiol. 2016, 172, 1941–1958.
[CrossRef] [PubMed]

117. Üstün, S.; Hafrén, A.; Liu, Q.; Marshall, R.S.; Minina, E.A.; Bozhkov, P.V.; Vierstra, R.D.; Hofius, D. Bacteria
Exploit Autophagy for Proteasome Degradation and Enhanced Virulence in Plants. Plant. Cell 2018,
30, 668–685. [CrossRef] [PubMed]

118. Pickrell, A.M.; Youle, R.J. The Roles of PINK1, Parkin, and Mitochondrial Fidelity in Parkinson’s Disease.
Neuron 2015, 85, 257–273. [CrossRef]

119. Irvine, G.B.; El-Agnaf, O.M.; Shankar, G.M.; Walsh, D.M. Protein Aggregation in the Brain: The Molecular
Basis for Alzheimer’s and Parkinson’s Diseases. Mol. Med. 2008, 14, 451–464. [CrossRef] [PubMed]

120. Gonzalez-Santamarta; Quinet, G.; Reyes-Garau, D.; Sola, B.; Roué, G.; Manuel, S.R. Resistance to the
Proteasome Inhibitors: Lessons from Multiple Myeloma and Mantle Cell Lymphoma. In Proteostasis and
Disease From Basic Mechanisms to Clinics; Springer International Publishing: Cham, Switzerland, 2020.

121. Lopez, R. New insights into Proteasome Inhibition-Induced Proteaphagy in Acute Myeloid Leukaemia. 2020;
unpublished work.

122. Quinet, G. Targeting p62/Sequestosome-1Impairs Constitutively Active Proteaphagy and Enhances Apoptosis
of BTZ-Resistant MCL. 2020; unpublished work.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1074/jbc.M117.817999
http://dx.doi.org/10.1038/nature14506
http://www.ncbi.nlm.nih.gov/pubmed/26040717
http://dx.doi.org/10.1073/pnas.1615455113
http://www.ncbi.nlm.nih.gov/pubmed/27791183
http://dx.doi.org/10.7554/eLife.34532
http://www.ncbi.nlm.nih.gov/pubmed/29624167
http://dx.doi.org/10.1016/j.ejcb.2018.09.002
http://www.ncbi.nlm.nih.gov/pubmed/30269947
http://dx.doi.org/10.1104/pp.16.00808
http://www.ncbi.nlm.nih.gov/pubmed/27613851
http://dx.doi.org/10.1105/tpc.17.00815
http://www.ncbi.nlm.nih.gov/pubmed/29500318
http://dx.doi.org/10.1016/j.neuron.2014.12.007
http://dx.doi.org/10.2119/2007-00100.Irvine
http://www.ncbi.nlm.nih.gov/pubmed/18368143
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.


Inhibition of the proteasome and proteaphagy enhances
apoptosis in FLT3-ITD-driven acute myeloid leukemia
Rosa G. Lopez-Reyes1,2, Gr�egoire Quinet1, Maria Gonzalez-Santamarta1, Cl�ement Larrue2, Jean-
Emmanuel Sarry2 and Manuel S. Rodriguez1

1 Institute of Advanced Technology and Life Sciences (ITAV), IPBS-Centre de la Recherche Scientifique (CNRS), Universit�e Toulouse III

Paul Sabatier, Toulouse, France

2 Cancer Research Center of Toulouse Unit�e Mixte de Recherche (UMR) 1037 INSERM, ERL 5294 Centre de la Recherche Scientifique

(CNRS), Toulouse, France

Keywords

AML; bortezomib; FLT3-ITD; leukaemia;

proteaphagy; ubiquitin

Correspondence

M. S. Rodriguez, UbiCARE, Institute of

Advanced Technology and Life Sciences, 1

Place Pierre Potier, 31000 Toulouse, France

E-mail: manuel.rodriguez@itav.fr

(Received 27 May 2020, revised 15 July

2020, accepted 12 August 2020)

doi:10.1002/2211-5463.12950

Acute myeloid leukaemia (AML) is a clonal disorder that affects hematopoi-

etic stem cells or myeloid progenitors. One of the most common mutations

that results in AML occurs in the gene encoding fms-like tyrosine kinase 3

(FLT3). Previous studies have demonstrated that AML cells expressing

FLT3-internal tandem duplication (ITD) are more sensitive to the protea-

some inhibitor bortezomib (Bz) than FLT3 wild-type cells, with this cytotox-

icity being mediated by autophagy (Atg). Here, we show that proteasome

inhibition with Bz results in modest but consistent proteaphagy in MOLM-

14 leukemic cells expressing the FLT3-ITD mutation, but not in OCI-AML3

leukemic cells with wild-type FLT3. Chemical inhibition of Atg with bafilo-

mycin A simultaneously blocked proteaphagy and resulted in the accumula-

tion of the p62 Atg receptor in Bz-treated MOLM-14 cells. The use of

ubiquitin traps revealed that ubiquitin plays an important role in protea-

some-Atg cross-talk. The p62 inhibitor verteporfin blocked proteaphagy and,

importantly, resulted in accumulation of high molecular weight forms of p62

and FLT3-ITD in Bz-treated MOLM-14 cells. Both Atg inhibitors enhanced

Bz-induced apoptosis in FLT3-ITD-driven leukemic cells, highlighting the

therapeutic potential of these treatments.

Acute myeloid leukaemia (AML) is a clonal disorder

that affects hematopoietic stem cells or myeloid pro-

genitors. It is characterized by an accumulation of

immature leukemic cells in the bone marrow and

peripheral blood and leads to bone marrow failure [1].

AML is a heterogeneous disease with a variety of dis-

tinct genetic alterations [2]. One of the most common

mutations occurs in the gene encoding fms-like tyro-

sine kinase 3 (FLT3) [3]. This type III receptor tyro-

sine kinase regulates the normal growth and

differentiation of hematopoietic cells via the activation

of multiple signalling including Akt, mitogen-activated

protein kinase and signal transducer and activator of

transcription 5 (STAT5) [4,5]. FLT3 cooperates with

other recurrent molecular abnormalities to induce

acute leukaemia in preclinical models. Internal tandem

duplication (ITD) mutations in the FLT3 gene are

found in approximately 30% of AML patients and are

associated with a poor clinical outcome. Previous stud-

ies have demonstrated that AML cells expressing

FLT3-ITD are more sensitive to the proteasome inhi-

bitor (PI) bortezomib (Bz) than FLT3 wild-type cells.
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This cytotoxicity is mediated by autophagy (Atg) [6].

Furthermore, the genetic inhibition of early Atg steps

or of autophagosome formation blocks FLT3-ITD,

STAT5 and Akt degradation induced by Bz [6].

The proteasome has been envisioned as a promising

target for the development of anticancer therapeutic

drugs [7]. The 26S proteasome is a large multi-subunit

protease (1500–2000 kDa) formed by the 20S prote-

olytic core and one or two 19S regulatory particles [8].

Three proteolytically active subunits integrate the 20S

core: b1 with a caspase-like activity, b2 with a trypsin-

like activity and b5 with a chymotrypsin-like activity.

b5 is the primary target for most PIs that reached a

clinical phase [8,9]. Cancer therapy also targets the

autophagy-lysosome system (ALS), another proteolytic

process that is responsible for the bulk degradation of

cytoplasmic components. Amino acid deficiency acti-

vates Atg by regulating the signalling cascades control-

ling this proteolytic pathway [10]. During selective

Atg, phagophores engulf cytoplasmic material, and

then fuse to form double-membrane autophagosomes.

Cargo recruitment occurs through a family of Atg

receptors, including p62, OPTN or NBR1, which are

often used as markers for Atg activation together with

the ubiquitin-like molecule Atg8 [11]. The Atg machin-

ery was first identified in yeast and equivalent mole-

cules reported in mammalian cells [11–13]. Distinct

Atg events drive the degradation of organelles or

aggregated proteins such as mitophagy (mitochondria),

aggrephagy (protein aggregates) or proteasome (pro-

teaphagy), to name a few [14].

Many of the current Atg inhibitors act at a late

stage of the system, such as the V-ATPase inhibitor

bafilomycin A (BafA). BafA inhibits Atg in a non-se-

lective way, by neutralizing the acidic pH of the lyso-

somal hydrolases that drive autophagic degradation

[15]. Verteporfin (VT) is a drug approved by the US

Food and Drug Administration that was identified in

a screen for chemicals that prevent autophagosome

formation [16]. Unlike BafA, VT inhibits Atg at an

early stage and does not allow autophagosome accu-

mulation[16]. A better understanding of the proteolytic

regulation mechanism and interplay will allow the

exploration of alternative/combined treatments to

tackle cancer development and/or drug resistance.

Here, we aimed to better understand the proteolytic

cross-talk connecting proteasome with Atg after Bz

treatment in FLT3-ITD-positive MOLM-14 AML cells.

Using a chemical approach to block Atg at distinct

levels together with ubiquitin traps [known as tandem

ubiquitin binding entities (TUBEs)] [17], immunoprecip-

itation (IP) and immunofluorescence, we found that

proteaphagy was activated after Bz treatment. Although

proteaphagy is a process preserved in distinct species

[18–20], we found that the presence of FLT3-ITD pre-

disposes MOLM-14 cells to activate it.

Materials and methods

Cell lines

Human myeloid leukaemia cell lines MOLM-14 and OCI-

AML-3 were purchased from the ATCC collection (ATCC,

Manassas, VA, USA). AML cell lines were maintained in

RPMI supplemented with 10% foetal calf serum in the

presence of 100 U�mL�1 penicillin and 100 µg�mL�1 strep-

tomycin. Cells were incubated at 37 °C with 5% CO2 [6].
To facilitate Atg analysis, 2% calf serum was used during

the chemical inhibitor treatment for a maximum of 8 h.

Antibodies and reagents

The anti-microtubule-associated protein antibodies 1A/1B

light chain 3B (LC3B), anti-Erk 1/2, anti-STAT5, anti-Akt,

anti-ubiquitin (P4D1) and anti-PSMB5 were purchased

from Cell Signaling Technology (Beverly, MA, USA). Anti-

FLT3, anti-p62/SQSTM1 and anti-Beta 2 were obtained

from Santa Cruz Biotechnology (Dallas, TX, USA) and

anti-PSMA6 was obtained from Invitrogen (Carlsbad, CA,

USA). Anti-PSMB6 and anti-Rpn10 were purchased from

Enzo (Enzo Diagnostics, Farmingdale, NY, USA), anti-

PSMD3 was obtained from Thermo Fisher (Waltham, MA,

USA) and anti-GAPDH was obtained from Sigma-Aldrich

(St Louis, MO, USA).

Bz and chloroquine were purchased from Sigma-Aldrich,

BafA was obtained from InvivoGen (InvivoGen, San Diego,

CA, USA) and VT was obtained from Sigma-Aldrich.

Western blot analysis

Proteins were resolved using 8–12% PAGE and electro-

transferred to poly(vinylidene difluoride) membranes.

Membranes were then blocked with 5% skimmed pow-

dered milk in NaCl/Tris or 5% BSA in NaCl/Tris. Mem-

branes were immunostained with appropriate antibodies

and horseradish peroxidase-conjugated secondary antibod-

ies and visualized using an enhanced chemiluminescence

system.

Apoptosis assay

Cell lines were cultured in RPMI 5% and then treated at

different times with Bz, BafA and VT. Then, 5 9 105 cells

were washed with NaCl/Pi and resuspended in 100 µL of

annexin-V binding buffer. Two microliters of annexin-V-

fluorescein isothiocyanate was added at room temperature.

All samples were analysed by a fluorescence-activated cell
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sorter (FACS Calibur flow cytometer; Becton-Dickinson

Biosciences, Franklin Lakes, NJ, USA) [6].

TUBE capture

TUBEs were produced as described by Hjerpe et al. [17,21].

Twenty million cells were used for each condition [TUBE

p62, TUBE HHR23 or glutathione S-transferase (GST)

control]. Cells were resuspended in 500 µL of TUBE lysis

buffer, maintained for 10 min at 4 °C and spin down at

15 500 g. A fraction of this supernatant was diluted in

3 9 boiling buffer (BB) (50 mM Tris-HCl, pH 6.8, 10%

glycerol, 2% SDS, bromophenol blue, 10% b-mercap-

toethanol) and considered as the input. Supernatant was

transferred to the glutathione-agarose beads with TUBEs

or GST control, and samples were incubated overnight in

rotation at 4 °C. The next day, samples were spin down at

500 g at 4 °C, a fraction recollected, diluted in BB and con-

sidered as the flow-through (FT). Beads were washed three

times with 1 mL of NaCl/Pi Tween 0.05%. Beads were

resuspended in 100 µL of BB and boiled for 5 min before

protein electrophoresis.

Antibody cross-linking

Thirty microliters per point of magnetic beads protein A

(Millipore, Billerica, MA, USA) were washed with NaCl/Pi
and equilibrated in binding buffer (50 mM Tris pH 8.5,

150 mM NaCl, +0.5% NP40) using a magnetic holder. Anti-

bodies were added to beads and rotated overnight. The next

day, 10–20 µL of supernatant was kept to control antibody

binding. Beads were washed twice with NaCl/Pi and once

with 500 µL of coupling buffer (200 mM borate, 3 M NaCl

pH 9). Fifty millimolars of dimethyl pimelimidate was added

to the coupling buffer, and samples were rotated for 30 min

with this cross-linking solution. Supernatant was discarded,

replaced with fresh cross-linking solution and incubated at

4 °C for 30 min. Beads were washed twice with coupling

buffer before blocking with 20 mM ethanolamine, pH 8.2.

Supernatant was discarded and replaced by fresh ethanola-

mine and incubated for 1 h. Beads were washed twice with

NaCl/Pi. Non-coupled antibodies were removed with two

washes of 1 M NaCl/binding buffer. A NaCl/Pi equilibration

was performed before washing three times with 200 mM gly-

cine, pH 2.5. Beads were blocked with 0.1% BSA in binding

buffer for 90 min. Magnetic beads were equilibrated in bind-

ing buffer and maintained in NaCl/Pi until use. A fraction

of these beads (10–20 µL) were analyzed by electrophoresis

followed by Coomassie blue staining to compare antibodies

before and after cross-linking.

IP in the presence of TUBEs

Twenty millions of cells were spin down at 300 g for

10 min and the dry pellet was resuspended in 500 lL of

TUBE lysis buffer including 100 lg of TUBE p62 or

TUBE HHR23[17]. Cell lysates were homogenized with 40

strokes at 4 °C using a Dounce homogenizer. The whole

sample was centrifuged at 200 g for 5 min and the super-

natant was recovered for IP. A fraction (1/20) of the super-

natant was considered as input. The cross-linked antibody

was incubated with cell lysates in rotation for 1 h 30 min

at 4 °C. Samples were disposed in magnetic holder to sepa-

rate bound from unbound material. Proteins unbound to

cross-linked antibodies were considered as the FT fraction.

Magnetic beads were washed with NaCl/Pi/Tween 0.05%

three to five times and then resuspended in 30 µL of BB

39 to be analyzed by western blotting.

Statistical analysis

Data from four independent experiments are reported as

the mean � SEM. Statistical analyses were performed using

unpaired two-tailed Student’s t-tests with PRISM, version 4

(GraphPad Software Inc., San Diego, CA, USA). P < 0.05

was considered statistically significant.

Results

Proteaphagy activation after proteasome

inhibition in FLT3-ITD mutant-driven MOLM-14

leukemic cells

To mechanistically understand the regulation of the

cross-talk between the ubiquitin-proteasome system

(UPS) and ALS in leukaemia, we investigated the role

of proteaphagy, which is known to be activated after

proteasome inhibition [22]. The impact of Bz was

assessed in MOLM-14 cells with the FLT3-ITD muta-

tion and compared with the FLT3 wild-type cell line

OCI-AML3 (Fig. 1). Bz treatment does not always

promote an obvious degradation of proteasome sub-

units because proteolysis can be compensated by the

novo synthesis of these subunits as reported previously

[23,24]. For this reason, proteaphagy was evaluated by

the degradation of 20S and 19S proteasomal subunits

after Bz treatment and their accumulation with Atg

inhibitors. BafA treatment resulted in the accumula-

tion of Atg markers p62 and LC3B in the presence or

absence of Bz, indicating that Atg was activated under

these experimental conditions in both cell lines

(Fig. 1A). Nevertheless, lipidated forms of LC3B were

only observed after BafA treatment in MOLM-14 but

not in OCI-AML3. The low levels of apoptosis

observed after 8 h of individual or combined Bz/BafA

treatment excluded the possibility that differences

could be due to massive death of MOLM-14 cells

(Fig. S1). Our results showed modest but consistent
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Bz-mediated degradation of 20S proteasome subunits

a6s and b5 and 19S subunits Rpn1 and Rpn3, which

was blocked by BafA in MOLM-14 (Fig. 1B,C). How-

ever, the combination of BafA with Bz did not signifi-

cantly accumulate proteasome subunits in OCI-AML3

as was the case in MOLM-14 cells (Fig. 1B,C, lower),

suggesting that a predisposition for degradation of 26S

proteasome could be linked to the presence of FLT3-

ITD. These results were also confirmed by immunoflu-

orescence, where proteasomes subunit b2 or a2 colo-

calized with autophagosomes (Atg8 equivalent LC3B

or p62 staining, respectively) after Bz/BafA treatment

Fig. 1. Bz-driven proteaphagy is enhanced in the FLT3-ITD phenotype. MOLM-14 (FLT3-ITD+/�) or OCI-AML3 (FLT3-WT) cells were treated

for 8 h with 10 nM Bz and 20 nM bafilomycin. Total cell lysates were resolved by SDS/PAGE and immunoblotted with the indicated

antibodies recognizing the Atg receptor p62 (A), proteasome core subunits a6 and b5 (B) or 19S subunits Rpn1 and Rpn3 (C). Protein

expression levels were quantified by densitometry analysis (IMAGEJ; NIH, Bethesda, MD, USA). Statistical analyses were performed using

unpaired two-tailed Student’s t-tests with PRISM, version 4. *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001. Data are reported as

the mean � SEM (n = 4).
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of MOLM-14 cells (Fig. 2). This Bz-induced degrada-

tion of proteasome subunits is blocked by BafA, indi-

cating that proteaphagy mediated these proteolytic

events.

Role of p62 and ubiquitin in Bz-induced

autophagy

To analyse the role of p62 in the Bz-induced autopha-

gic degradation of the proteasomes and FLT3-ITD,

the interaction of p62 with proteasome subunits and

FLT3-ITD was investigated. IP experiments using a

specific p62 antibody were performed using MOLM-14

cells treated (or not) with Bz/BafA. Taking advantage

of the protective effects of TUBEs that block the

action of proteases, accumulate ubiquitylated proteins

and interact with multiple chain types [17,25], IPs were

performed in the presence or absence of TUBEs based

in the UBA domain of HHR23 (TUBE-HHR23) or

the UBA domain of p62 (TUBE-p62) (Fig. 3A). In the

absence of TUBEs, p62 was immunoprecipitated with-

out treatment and Bz/BafA reduced the level of precip-

itated p62. However, in the presence of both TUBEs,

p62 was protected from proteasome- and/or Atg-medi-

ated degradation under Bz/BafA conditions (Fig. 3A).

Compared to the situation without any TUBEs or

TUBE-HHR23, the presence of TUBE-p62 allowed a

better coimmunoprecipitation of p62-bound protea-

some subunits b2 and but not RPN1. High molecular

weight forms most likely representing ubiquitylated

forms of RPN1 were better immunoprecipitated in the

presence of TUBE-HHR23 (Fig. 3A). Consistent with

these observations, FLT3-ITD was also protected by

TUBE-p62, although putative ubiquitylated forms of

this protein were better immunoprecipitated in the

presence of TUBE-HHR23.

Fig. 2. Colocalization of proteasome and Atg markers after Bz and Atg inhibitor treatment in FLT3-ITD AML cells. Indirect

immunofluorescence staining LC3B/b2 (A)- or p62/a2 (B)-positive structures in MOLM-14 cells treated for 8 h with 10 nM Bz and 20 nM

BafA. Images were captured by confocal microscopy. Scale bar = 10 µm. Immunofluorescence images were quantified from three

replicates. Statistical analyses were performed using unpaired two-tailed Student’s t-tests with PRISM, version 6. ***P < 0.001 and

****P < 0.0001. Data are reported as the mean � SEM.
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Because ubiquitin is a major coordinator of UPS

and ALS, we investigated its role in the cross-talk of

these pathways induced after Bz and BafA treatments.

In particular, we were interested in investigating

whether the high molecular weight forms of FLT3 co-

immunoprecipitated with p62 corresponded to ubiqui-

tylated FLT3. TUBE-HHR23 was used to capture

total ubiquitylated proteins from MOLM-14 cells trea-

ted (or not) with individual and combined Bz/BafA

treatment (Fig. 3B). Total ubiquitylated proteins were

efficiently trapped by TUBE-HHR23. BafA treatment

alone did not significantly enrich ubiquitylated pro-

teins captured by TUBE-HHR23 compared to Bz or

Bz/BafA. Proteasome subunits b5 and Rpn1 were cap-

tured by TUBE-HHR23 (Fig. 3B). The p62 receptor

was also captured under the same conditions, although

the combination of Bz/BafA enriched this protein

compared to Bz alone (Fig. 3B). Interestingly, ubiqui-

tylated forms of FLT3-ITD were captured by TUBE-

HHR23 under all conditions but were best enriched

when Bz/BafA treatment was used (Fig. 3B).

p62 drives proteaphagy and autophagic

degradation of FLT3-ITD

To further assess the role of the Atg receptor p62 in

proteaphagy, VT was used to treat MOLM-14 cells

and western blot analyses were performed to detect

distinct proteasome subunits. High molecular weight

forms of p62 were detected after VT treatment

(Fig. 4A). Interestingly, the lipidated form of LC3B

decreased after VT treatment, indicating that this drug

reduced the Atg flux. Bz-mediated degradation of 20S

or 19S subunits was blocked by VT even if the Bz-me-

diated degradation of 19S subunits was more promi-

nent than 20S subunits (Fig. 4B,C). The colocalization

of p62/a2 was significantly reduced with VT or Bz/VT,

indicating that blocking of p62 could inhibit pro-

teaphagy via a mechanism distinct from BafA

(Fig. 4D). To investigate whether the high molecular

weight forms of p62 observed in Fig 4A were aggre-

gated and/or ubiquitylated, IP was performed with

p62 antibodies in the presence or absence of TUBE-

Fig. 3. Ubiquitin role in proteaphagy and degradation of FLT3-ITD

under proteasome inhibition conditions. MOLM-14 cells were

treated (or not) for 8 h with 10 nM Bz, 20 nM BafA, or both drugs,

and cells were lysed as reported [17]. Ubiquitylated proteins were

captured using TUBEs-HHR23, TUBEs-p62 or GST control (A).

Captured proteins were resolved by SDS/PAGE and immunoblotted

with the indicated antibodies. Input and FT fractions were also

analysed with anti-ubiquitin antibody. GAPDH was used as the

loading control. (B) MOLM-14 cells were treated (or not) with Bz/

BafA under the same conditions as in (A). p62-bound proteins

were captured by IP with a specific p62 antibody in the presence

or absence of TUBE-HHR23 or TUBE-p62. Precipitated material

was analysed by western blot with the indicated antibodies. The

input fraction was analysed for the indicated proteins.

53FEBS Open Bio 11 (2021) 48–60 ª 2020 The Authors. FEBS Open Bio published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

R. G. Lopez-Reyes et al. Proteaphagy inhibition and FLT3-ITD AML apoptosis



54 FEBS Open Bio 11 (2021) 48–60 ª 2020 The Authors. FEBS Open Bio published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

Proteaphagy inhibition and FLT3-ITD AML apoptosis R. G. Lopez-Reyes et al.



p62 (Fig 4E) and TUBE capture of ubiquitylated pro-

teins (Fig. 4F). Interestingly, the aggregated forms of

p62 generated after Bz/VT treatment did not interact

with the lipidated form of LC3B, indicating that this

treatment negatively affected the interaction (Fig. 4E).

The lipidated forms of LCB3 were also reduced in the

input fraction, indicating that VT stops the Atg flux as

observed in Fig. 4A. To explore the ubiquitylation sta-

tus of p62 after VT treatment, we captured ubiquity-

lated proteins using TUBE-p62 (Fig. 4F). VT had a

negative impact on the total ubiquitylated proteins as

can be observed in the input fraction. Nevertheless,

the levels of ubiquitylation could be recovered when

VT was combined with Bz. These results were also

observed with respect to the TUBE capture of total

ubiquitylated proteins. Under these experimental con-

ditions, p62 increased its ubiquitylated levels after Bz

treatment and decreased when cells were treated with

VT (Fig. 4F). Taken together, the evidence indicates

that, after VT treatment, aggregated forms of p62 are

accumulated and these forms are less ubiquitylated.

The reduction of the interaction p62/lipidated LC3B

indicates that this p62 was not integrated into

autophagosomes after Bz/VT treatment. In a similar

manner, VT reduced the localization of p62 with pro-

teasome subunits, supporting the idea that pro-

teaphagy is hampered by this treatment (Fig. 4D).

Thus, these data show that p62 plays an important

role in the proteaphagy observed in MOLM-14 cells.

Inhibition of UPS and ALS pathways enhances

apoptosis of FLT3-ITD cells

Individual or combined treatments were used to inves-

tigate whether Bz-induced degradation of FLT3-ITD

was blocked by VT in MOLM-14 cells (Fig. 5A). The

results obtained indicated that FLT3-ITD and FLT3

were degraded by up to 25% after Bz treatment in

MOLM-14 cells (Fig. 5A). FLT3-ITD degradation

was blocked by VT, whereas high molecular weight

forms of FLT3 were formed under the same conditions

in MOLM-14 suggesting a ubiquitin-driven Atg-medi-

ated proteolysis event (Fig. 5A). Interestingly, in OCI-

AML3 cells, under the same experimental conditions,

FLT3 was not degraded by Bz and VT treatment and,

instead, there was an accumulation of high mobility

forms of this protein (Fig. 5B). The double Bz/VT

treatment did not result in a significant accumulation

of FLT3 in OCI-AML3 (Fig. 5B), supporting the idea

that proteolytic pathways are not efficiently activated

in these cells.

Finally, we investigated the consequences of accu-

mulated proteasome and FLT3-ITD after inhibition of

the UPS and ALS pathways in MOLM-14 cells com-

pared to OCI-AML3 cells. Apoptosis was measured by

analysing annexin-V-positive cells after single agent or

combined treatments (Fig. 5). Bz-induced cell death

was always maintained below 50% to differentiate

positive or negative effects of BafA on the Bz treat-

ments. To improve the efficiency of Atg inhibition,

cells were pre-treated with BafA for 8 h before adding

Bz for an additional 16 h at the indicated doses

(Fig. 5C,D). The results obtained showed that the tox-

icity of the individual BafA treatment was approxi-

mately 20% (MOLM-14) or below 5% (OCI-AML3)

and both drugs efficiently cooperated to enhance the

cell killing effect on MOLM-14 (Fig. 5C), although

this was not in the case in OCI-AML3 (Fig. 5D).

Apoptosis induced by VT also improved the results

observed with Bz alone in MOLM-14 cells (Fig. 5E)

but not in OCI-AML3 cells (Fig. 5F). In this case, Bz

and VT were simultaneously added to cell cultures to

work below the VT IC50. This results in an additional

8 h of Bz compared to Fig. 5A, explaining the higher

apoptosis observed for the Bz treatment only. Cooper-

ative effects observed with the double Bz/VT treatment

were statistically significant in MOLM-14 cells but not

in OCI-AML3 (Fig. 5E,F). Taken together, our results

show that the inhibition of both proteolytic pathways

markedly enhances apoptosis levels in MOLM-14 that

express FLT3-ITD (Fig. 6) but not in OCI-AML3 that

express WT FLT3.

Fig. 4. p62 drives proteaphagy in FLT3-ITD AML cells. MOLM-14 cells were treated for 8 h with 10 nM Bz and 1 µM VT. Total cell lysates

were resolved by SDS/PAGE and immunoblotted with antibodies against Atg markers LCB3 and p62 (A), proteasome core subunits a6 and

b5 (B), and 19 subunits Rpn1 and Rpn3 (C). Protein expression levels were quantified by densitometry analysis (IMAGEJ). (D) Indirect

immunofluorescence staining of p62/a2-positive structures in MOLM-14 cells treated for 8 h with 10 nM Bz and 1 µM VT. Images were

captured by confocal microscopy. Scale bar = 10 µm. Immunofluorescence images were quantified from three replicates. Statistical

analyses were performed using unpaired two-tailed Student’s t-tests with PRISM, version 6. *P < 0.05, **P < 0.01, ***P < 0.001 and

****P < 0.0001. Data are reported as the mean � SEM (n = 5). (E) IP of p62 from MOLM-14 cells treated (or not) with 10 nM Bz and 1 µM

VT. Experiments were performed in the presence or absence of TUBE-p62. Precipitated material was analysed by western blotting with

specific p62 and LC3B antibodies. The input fraction was analysed with the indicated antibodies. (F) Capture of ubiquitylated proteins using

TUBE-p62 trap. GST was used as the negative control. Captured proteins were analysed by western blotting with anti-ubiquitin or p62

antibodies. The input and FT fractions were analysed with the indicated antibodies.
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Discussion

Multiple mechanisms of interplay between the UPS

and ALS have been documented over the last

10 years. In the present study, we have identified pro-

teaphagy as part of the selective autophagic events,

which are activated after Bz treatment in FLT3-ITD-

positive leukemic cells. Our data showed that this tyr-

osine kinase translocation facilitates the Bz-mediated

proteolysis of 20S and 19S subunits and their colocal-

ization within autophagosomes. FLT3-ITD can

potentially predispose to proteaphagy as a result of

Fig. 5. Proteasome and Atg inhibitors cooperate to improve apoptosis of FLT3-ITD expressing cells. MOLM-14 (A) and OCI-AML3 (B) cells

were treated for 8 h with 10 nM Bz and 1 µM VT. Total cell lysates were resolved by SDS/PAGE and immunoblotted with antibodies against

FLT3 (A, B). Protein expression levels were quantified by densitometry analysis (IMAGEJ). Statistical analyses were performed using unpaired

two-tailed Student’s t-tests tests with PRISM, version 6. *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001. Data are reported as the

mean � SEM. (C, D) MOLM-14 and OCI-AML3 cells were treated for 8 h with 15 nM BafA. Bz was added at a concentration of 6 or 7.5 nM

for an additional 16 h. (E, F) MOLM-14 and OCI-AML3 cells were treated with a fixed concentration of 7.5 nM Bz and two distinct doses of

VT (0.5 and 1 µM) as indicated. Apoptosis was analysed by FACS. The percentage of cell death was measured from four biological

replicates. Statistical analyses were performed using unpaired two-tailed Student’s t-tests PRISM, version 4. *P < 0.05, **P < 0.01,

***P < 0.001 and ****P < 0.0001. Data are reported as the mean � SEM (n = 3).
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its capacity to activate multiple signalling cascades

that have an impact on Atg activation. Among these

are the phosphatidylinositol-3 kinase [26,27]; Akt [28];

mammalian target of rapamycin [29]; Ras; and extra-

cellular signal-related kinase, mitogen-activated pro-

tein kinase and STAT5 [5,30] pathways. It remains to

be determined whether any (or several) of these sig-

nalling pathways has a positive or negative impact on

proteaphagy.

Proteaphagy is a complicated process to analyse

because not all proteasomes are directly concerned by

this type of degradation. Nuclear proteasomes will not

be immediately affected because proteaphagy is a cyto-

plasmic event. According to the literature, only 20–
50% of the proteasomes are regulated by proteaphagy

depending on the time, intensity and type of stimuli in

distinct biologic models [18–20]. Our results demon-

strate that the Atg receptor p62 is implicated in the

proteaphagy activated by Bz in MOLM-14 cells. How-

ever, our data do not exclude the participation of

other Atg receptors in this process [14]. For example,

both the ubiquitin receptor Cue5 and the chaperon

Hsp40 [19] or the proteasome subunit RPN10 [18],

respectively, mediate proteaphagy in Saccha-

romyces cerevisiae or Arabidopsis thaliana. Neverthe-

less, the use of VT in leukemic cells showed that the

inactivation of p62 stops Bz-induced proteaphagy, sup-

porting a major role for p62 in this process. Interest-

ingly, VT favors the formation of high molecular

weight aggregates of p62 [31], which are also observed

with FLT3-ITD with the same treatment. However,

other effects have been reported for VT, including the

activation of ROS, which could affect other processes

[32,33] making it difficult to attribute the effects of VT

only to its action on p62.

The IP/protection assays [17] revealed that TUBE-

p62 protects p62, RPN1, b2 or FLT3-ITD from Bz-dri-

ven degradation blocked with BafA in MOLM14 cells.

TUBE-HHR23 also protects these factors, although to

a lesser extent than TUBE-p62. However, TUBE-

HHR23 better accumulates ubiquitylated forms of

RPN1 or FLT3-ITD. Similar IP experiments performed

with Bz/VT in MOLM-14 showed that high molecular

weight forms of p62 did not interact with the lipidated

form of LC3B, indicating that p62 was not integrated

into autophagosomes under those conditions. This

could be associated with the reduction of total ubiquity-

lated forms observed after VT treatment that might

have a negative impact on ubiquitin-regulated events.

The ubiquitin proteome captured with TUBE-

HHR23 includes several proteins implicated in pro-

teaphagy such as p62, RPN1 or b5 after Bz or Bz/

BafA treatments but not with BafA alone, indicating

that this Atg inhibitor does not accumulate ubiquity-

lated forms of these factors in the absence of protea-

some inhibition. TUBE-p62 captures significantly less

ubiquitylated proteins than TUBE-HHR23 and speci-

fic ubiquitylated forms can only be seen with overex-

posure. Nonetheless, in this way, we found that,

although Bz accumulated ubiquitylated forms of p62,

Fig. 6. UPS and ALS cross-talk under proteasome and/or Atg inhibition. (1) Under basal unstimulated conditions, turnover of important

cellular factor is ensured by equilibrated proteolytic pathways. (2) Inhibition of proteasome directs crucial cellular factors to ALS for

degradation. (3) Atg inhibition drives the degradation of some cellular factors to proteasome-mediated degradation. (4) When both

proteolytic pathways are impaired, both UPS and ALS contribute to accumulate cellular factors and increase apoptosis in FLT3-ITD-positive

cells.
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VT reduces these forms, most likely by interfering with

the integration of this receptor into autophagosomes.

The use of both TUBEs to investigate UPS and ALS

regulated events highlights the need to consider all

possibilities with respect to determining which pathway

plays a role under distinct experimental settings.

Although TUBE-HHR23 recognises almost all types

of chains [17,25,34], the UBA domain of p62 recog-

nises mainly K63 ubiquitin chains, explaining the

observed differences [35,36].

Taken together, our data indicate that, when both

proteolytic pathways are blocked, the accumulation of

cellular factors occurs as a result of the functional

absence of these degradation machineries (Fig. 6). This

contributes to enhanced apoptosis in MOLM-14 but

not in OCI-AML3 cells under the same experimental

conditions. In conclusion, targeting protein homeosta-

sis could be an alternative for improving current treat-

ments of FLT3-ITD AML cells. Although the cross-

talk of these complex proteolytic mechanisms remains

to be fully clarified, our results open new possibilities

for the treatment of this AML phenotype.
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Fig. S1. Cell death evaluation at 8 h. Treatments using

15 nM Bz and 10 nM BafA with fetal bovine serum 2%

MOLM-14 before annexin-V staining and flow

cytometry to validate the western blot conditions

(n = 24), three biological replicates. Statistical analyses

were performed using unpaired two-tailed Student’s t-

tests with PRISM, version 6. *P < 0.05, **P < 0.01,

***P < 0.001 and ****P < 0.0001. Data are reported

as the mean � SEM (n = 3).
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A B S T R A C T   

The proteome adapts to multiple situations occurring along the life of the cell. To face these continuous changes, 
the cell uses posttranslational modifications (PTMs) to control the localization, association with multiple part-
ners, stability, and activity of protein targets. One of the most dynamic protein involved in PTMs is Ubiquitin 
(Ub). Together with other members of the same family, known as Ubiquitin-like (UbL) proteins, Ub rebuilds the 
architecture of a protein in a few minutes to change its properties in a very efficient way. This capacity of Ub and 
UbL is in part due to their potential to form complex architectures when attached to target proteins or when 
forming Ub chains. The highly dynamic formation and remodeling of Ub chains is regulated by the action of 
conjugating and deconjugating enzymes that determine, in due time, the correct chain architecture for a 
particular cellular function. Chain remodeling occurs in response to physiologic stimuli but also in pathologic 
situations. Here, we illustrate well-documented cases of chain remodeling during DNA repair, activation of the 
NF-κB pathway and autophagy, as examples of this dynamic regulation. The crucial role of enzymes and cofactors 
regulating chain remodeling is discussed.   

1. Introduction 

Proteins form a dynamic equilibrium in cells. Their quality, abun-
dance and function must be highly regulated. This homeostatic protein 
equilibrium known as proteostasis contributes to maintaining cell 
viability, granting the ability to cope with external/internal stimuli or 
stress conditions. Various processes are involved in this equilibrium 
including protein synthesis, folding, posttranslational modifications 
(PTMs), assembly/disassembly of complexes, intracellular transport, 
and degradation. Disruptions of this equilibrium are associated with 
various pathologies such as inflammatory, neurodegenerative, or in-
fectious diseases and different cancer types. A proteostasis disequilib-
rium is a common hallmark in the most aggressive types of cancers like 
those localized in the pancreas, lung, and prostate. Many enzymes and 
proteostasis regulators have been described to be dysregulated in 
tumorigenesis, cancer progression, metastasis and resistance to chemo-
therapy [1]. In addition, neurodegenerative diseases, in particular those 
associated with dementia, usually display a defective proteolytic activity 
generating a “proteostatic collapse”, a phenotype in which misfolded 
proteins aggregate together with ubiquitylated inclusion bodies [2]. 

PTMs like phosphorylation, acetylation, and modification by 

Ubiquitin (Ub) family members also known as (AKA) Ubiquitin-like 
proteins (UbLs), regulate the half-life of proteins and their localiza-
tion, but also their activity and interactions with other cellular factors. 
The reversibility of PTMs has the great virtue of enabling reversible 
switches between different functional states, therefore a rapid and ver-
satile manner of fine-tuning countless signaling cascades and cellular 
events. Historically, Ub was first involved in the regulation of protea-
somal degradation, also called “Ub Proteasome System” (UPS). In the 
last decades, different functions and layers of complexity have however 
been attributed to this unique modification underlaying a complex 
language that has been named as “the Ub Code”, involving different types 
of ubiquitylation and regulatory mechanisms [3]. The plasticity of the 
Ub Code allows the control of a large diversity of processes including cell 
cycle control, protein quality control, cell proliferation, apoptosis, 
development, DNA repair, autophagy, signal transduction pathways, 
endocytosis, intracellular trafficking, transcription and the regulation of 
multiple infections, among others [4–7]. 

Ub is a 76-residue amino-acid β-grasp structure that is highly 
conserved across eukaryotic organisms. Ub is generated through the 
processing of high molecular weight precursors that after cleavage 
expose the glycine residue 76 (G76) then used to attach it covalently to 
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lysine or other residues on target proteins [3]. The complexity of Ub 
signals relies in part on its capacity to be attached as a monomer, one or 
several times on the target proteins, but also on one or more of the 7 
reactive lysine residues present on Ub itself. 

Ub attachment to protein substrates, or Ub conjugation, is a highly 
dynamic reversible process regulated by conjugating and deconjugating 
enzymes. Conjugation events involve a thiol ester cascade of reactions 
that are mediated by a group of enzymes that activate (E1), conjugate 
(E2) or ligate (E3) the Ub moiety to its target. This process is associated 
with the writing of the Ub Code and involves two E1, at least 37 E2s and 
around 600 putative ligases in human cells. While E1s and E2s form 
thiol-ester intermediates, not all E3s do it and Ub can be transferred 
from E2 directly to the lysine residue on the substrate. In this category of 
E3, we find the family of really interesting new gene (RING) finger type. 
Other enzymes like the homologous to E6-associated protein C-terminus 
(HECT) domain type form a thiol ester intermediate with an internal 
cysteine residue in the E3 before transferring Ub to the target protein. 
Literature describes two other major families of E3 ligases: the UFD2 
homology (U-box), and the RING-in-between-RING (RBR) [3]. E3s 
confers specificity to the conjugation process as they control the decision 
for the substrate to be modified and the lysine residue to be conjugated. 

Deconjugating enzymes are editors of this language and are specific 
for each member of the Ub family. In the case of Ub, these have been 
called DUBs for deubiquitylating enzymes. This group of enzymes 
proofread the architecture of Ub chains acting as “erasers” to control the 
quantity or number of Ub moieties modifying targets and chain archi-
tecture required to connect with a specific function. DUBs are proteases 
that specifically recognize monoubiquitin (monoUb) or polyubiquitin 
(polyUb) chains on modified targets and remove Ub by hydrolysis of 
isopeptide bonds from the carboxyl group of Ub G76 attached to the 
target. Some DUBs process high molecular weight precursors of Ub and 
others have a role on Ub chain remodeling by its endo- or exo-protease 
activity. DUBs have been classified in seven families, based on their 
sequence and structure of their catalytic domain; six are cysteine pro-
teases, the Ub-specific proteases (USP), Ub C-terminal hydrolases 
(UCH), Machado-Joseph disease proteases (MJD), ovarian tumor 
domain proteases (OTUs), motif interacting with Ub containing novel 
DUB family (MINDYs) and the recently discovered zinc finger with 
UFM1-specific peptidase domain protein proteases (ZUFSPs). The sev-
enth family encompasses the zinc dependent metalloproteases JAB1/ 
MPN/MOV34 (JAMMs) [8,9]. The Ub chain architecture on a particular 
target protein can be simultaneously proofread by the action of one or 
more DUBs that will determine the final architecture. 

The information encrypted in Ub chains is read and interpreted by 
different adapter proteins or “readers” [10]. The modulation of the 
formation and processing of Ub chains is achieved through Ubiquitin 
Binding Domains (UBD), some of them with a preference for specific Ub 
chains and topologies [11]. In this way, Ub chains, recognized by mul-
tiple UBDs present in effector proteins, can connect with multiple 
cellular functions. In some cases, this connection might rely on cofactors 
of different nature that will provide specificity or increase affinity of 
these temporal interactions. Since the Ub Code can be regulated at the 
level of writing, editing, reading and interpretation, the complexity of 
this language is almost limitless. Improving our knowledge of the mes-
sages encrypted by distinct chain types is necessary to understand this 
cellular communication. 

2. Ubiquitin chains diversity 

Protein substrates can be modified by one Ub moiety over one or 
multiple amino acids of its target protein, referred to as mono- or multi- 
monoubiquitylation respectively. Ub attachment generally occurs on 
lysine (K) residues, but serine (S) and threonine (T) have been found to 
be ubiquitylated under particular circumstances too [12]. Since Ub has a 
globular shape, eight exposed residues can be conjugated to the C-ter-
minus of another Ub via isopeptide bonds to form chains of various 

lengths, linkages, and structures. Seven lysine residues (K6, K11, K27, 
K29, K33, K48, and K63) and N-terminal methionine residue (M1) force 
Ub to adopt unique topologies forming distinct binding surfaces. For-
mation of polyUb chains can hold the same Ub linkage (homotypic 
chains) or a combination of different K linkages (heterotypic chains). 
Heterotypic chains provide another layer of complexity as they can be 
mixed with different Ub linkages and branched when Ub is modified at 
two or more K residues [11] (Fig. 1). Further complexity is generated by 
the order in which branched chains are formed resulting in different 
conformations. 

Despite recent efforts, the mechanism underlying the formation of 
complex Ub chains is not fully understood [13]. To simplify our un-
derstanding, generic functions have been attributed to some chain 
linkages. While the functions of homotypic chains are well-defined, the 
structures and functions of heterotypic or branched chains have 
emerged more recently. Even if heterotypic K6/K11, K6/K48, K27/K29 
and K29/K33 linkages have been detected in vitro or in cells, only a few 
examples have been found and their functions need to be better studied 
to define their role. Evidence also exists for branched M1/K63 and 
K11/K63 chains, though their structures are still to be identified [14]. 
Recent studies have shown that branched chains represent a significant 
fraction of all polyUb chains in cells, with current estimates ranging 
from 5% to 20% [15]. Finally, Ub moieties can also be modified by other 
PTMs, including phosphorylation, acetylation, SUMOylation or NED-
Dylation. These PTMs alter the Ub chain architecture and allow new 
interactions that connect with a distinct set of functions [16,17]. Ex-
amples of generic functions established for some Ub chains are summary 
in the Table 1. 

3. Ubiquitin chains implicated in proteasomal degradation 

One of the most predominant Ub linkages found inside the cells is 
K48, which is the major signal for proteasome-mediated degradation. 
Quantitative mass spectrometry (MS) analyses of cells treated with the 
proteasome inhibitor MG132 provided evidence to support this idea, 
since K48-polyUb linkages quickly accumulate in cells after treatment. 
Initial studies suggested that at least four K48-linked Ub molecules were 
required for an efficient binding to the 26S proteasome. However, latest 
data indicate that the number of K48-polyUb chains may be more 
important than chain length since two di-Ub K48-chains provide a more 
efficient binding to the proteasome than a single tetraubiquitin K48- 
chain [18]. The requirement of four or more Ub moieties integrated 
into a polyUb chain to target proteasomal degradation was challenged 
by several studies. Ciechanover et al. demonstrated that multiple 
mono-ubiquitylation can also mimic the patch required for an optimal 
recognition by dedicated proteasome Ub receptors [19]. Dimova et al. 
also showed that multiple monoubiquitylation of cyclin B1 is an efficient 
signal for proteasomal degradation [20]. Consequently, these and other 
findings proved that multiple Ub moieties can be recognized by the 
proteasome and imply the existence of monoubiquitylation vs. poly-
ubiquitylation decision mechanisms. Based on these observations, it was 
suggested that the chain length necessary for proteasomal degradation is 
mainly determined by the size of the substrate: substrates smaller than 
150 residues are degraded via multiple monoubiquitylation, whereas 
longer substrates need longer chains. Dimova and co-workers proved 
that by limiting the number of ubiquitylable K residues, the degradation 
signal can change from multiple monoubiquitylations to poly-
ubiquitylation [20]. These results suggest that masking K residues by 
protein–protein interactions or PTMs can affect the ubiquitylation 
pattern. 

Since K48-linked chains became a canonical signal for proteasomal 
proteolysis, an interesting hypothesis proposed that intrinsic protea-
some subunits with UBDs, such as Rpn10 and Rpn13, selectively bind 
with K48-polyubiquitin chains. Proteasome associated subunits with 
UBDs like hHR23A and hHR23B would also bind with K48- 
polyubiquitin conjugates to stimulate their binding to the 26S [21]. 
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Interestingly, when isolated, these UBDs bind with K48- and K63-linked 
chains with similar affinity suggesting that other domains or cofactors 
could contribute to provide K48 Ub chain selectivity. Tsuchiya et al. 
described how the cell division cycle protein 48 (Cdc48) and its cofactor 
Npl4 direct K48 ubiquitylated proteins to the proteasome upstream 
Rad23/Dsk2 and proposed the Cdc48-Rad23/Dsk2 axis as a major route 
to drive proteasome-mediated proteolysis [22]. 

DUBs play a crucial role in the regulation of K48 Ub chain-mediated 
functions. Several members of the OTU family showed remarkable 
specificity for K48-linked chains including OTUB1, that limits its action 
towards this chain type even in the context of mixed chain linkages. K48 
chains can also be regulated by DUBs associated with the 19 S regulatory 
particle of the proteasome. This is the case for Ubp6/USP14 and Rpn11/ 
PSMD14 (in yeast and human, respectively). 

3.1. Heterotypic chains in proteasomal degradation 

Different evidences suggest that other Ub linkages are involved in 
proteasomal degradation as various Ub chain types are accumulated 
upon proteasome inhibition [3,23]. Among them, K11-linked Ub chains, 
which are the third most abundant linkages in cells, play a significative 
role during mitosis. However, in 2015, Grice et al. suggested that 
homotypic K11 Ub signals are not sufficient to bind the proteasome and 
drive proteasomal degradation [24]. Heterotypic K11/K48 chains are 
involved in the degradation of multiple cellular factors, but in the 
absence of tools and technology to monitor them, their characterization 
and the assessment of their role in the regulation of different functions 
remains problematic. By engineering a bi-specific antibody to detect 
K11/K48 Ub chains, Yau et al. discovered that the multi-subunit RING 
E3 ligase anaphase-promoting complex (AKA APC/C or cyclosome) as-
sembles K11/K48 heterotypic chains on cell-cycle substrates [25]. They 

showed that K11/K48 chains were enriched upon proteotoxic stress 
generated by proteasome inhibition or HSP70/90 blockage. These 
findings underlined that K11/K48 Ub chains are involved in the control 
of cell-cycle and protein quality, as they provided a rapid and specific 
degradation of mitosis regulators like cyclin B and misfolded proteins 
[13]. The formation of K11/K48 branched chains, during mitosis, is 
mediated by the APC/C with the cooperation of two E2 conjugating 
enzymes, UBE2C and UBE2S. First, UBE2C attaches short chains con-
taining mainly mixed K11/K48 linkages to substrates of the APC/C. 
Then, the K11-specific E2, UBE2S, adds multiple K11 linkages to these 
short chains, resulting in branched K11/K48. The proteotoxic stress 
response also involves E3 ligases, UBR4 and UBR5 to generate K11/K48 
chains on misfolded and aggregation-prone proteins such as the Hun-
tington’s disease-associated HTT variant [25]. These modified proteins 
bind the p97/VCP complex and the proteasomal adapter hHR23A. 
K11/K48 polyUb chains adopt conformations that can bind with the 
proteasome 19S subunit, likely via interaction with the I44 Ub-binding 
surface, or alternatively by the presence of K48 linkages permitting its 
association with 26S Ub receptors. It has been shown recently that the 
Rpn1 proteasomal subunit contains a high affinity towards K11/K48 
chains [26]. In 2018, Samant et al. discovered that K48/K11 Ub chains 
are needed for cytoplasmic degradation in contrast to the K11-nuclear 
independent degradation of substrates, which only involves K48 Ub 
chains, also making a distinction in the regulatory elements associated 
in each proteolytic pathway [27]. 

The proteasome’s capacity to differently degrade proteins modified 
with homotypic K11 and heterotypic K11/K48 chains has been associ-
ated with the capacity of proteasome-associated DUBs to disassemble 
these chains. Both homotypic K11 and heterotypic K11/K48-polyUb 
conjugates can be disassembled, but only K11/K48-polyUb conjugates 
can efficiently drive protein degradation [24]. Thus, the binding of 

Fig. 1. Ub chains diversity. Monoubiquitylation occurs when the Ub G76 residue is attached to a K residue on a target protein. Multimonoubiquitylation involves the 
attachment of several Ub molecules on multiple sites on the same target protein. Polyubiquitylation occurs when the first attached Ub is the target of another Ub 
moiety, which in turn, becomes the target for additional Ub molecules. The architecture and formation of Ub chains depend on the K residue that is used on the 
proximal Ub (which is the nearest to the substrate), to form the isopeptide link with the G76 residue of the adjacent or distal Ub. Structural diversity and complexity 
of chains can be appreciated and classified as it is shown in the cartoon representations. A structural view of Ub molecule (PDB:1ubq) is presented to illustrate the 
position of each K or M1 residues involved in the link formation. 

M. Gonzalez-Santamarta et al.                                                                                                                                                                                                               



Seminars in Cell and Developmental Biology xxx (xxxx) xxx

4

ubiquitylated substrates to 19S receptors is not required to activate the 
proteasome-associated DUBs for the disassembly of homotypic K11 Ub 
chains. Deubiquitylation of APC/C substrates is mediated by the 
K11-linkage-specific DUB Cezanne (OTUD7B), a member of OTU family 
[28]. Cezanne depletion accelerates APC/C target degradation and 
provokes errors in mitotic progression. Cezanne also regulates ubiq-
uitylation and stability of the hypoxia inducible factor HIF-1α and 
HIF-2α [29]. 

Whether the other Ub chain types can act as signal for proteasomal 
degradation is still unclear. Whereas K6, K27, K29, and K33 Ub linkages 
are all detected at low levels in cells, they all increase after treatment 
with proteasome inhibitors, though in different proportions. This means 
that their accumulation could be an indirect consequence of proteasome 
inhibition or that they could be involved in proteasomal degradation. 

4. Ubiquitin chains implicated in proteasome-independent 
functions 

Early structural studies demonstrated a drastic conformational 
distinction between Ub chains driving proteasomal degradation from 
those that do not. Ub chains recognized by the proteasome mainly adopt 
a packed “closed” conformation wherein the two neighboring Ub sub-
units form extensive interactions with each other. In contrast, non- 
proteolytic Ub chains form an extended configuration with no direct 

contact between neighboring Ub moieties. The many exceptions to this 
dogmatic theory argue in favor of other features and regulatory mech-
anisms determining the role of distinct Ub chains. Non-proteolytic 
chains are very diverse, and their functions are far from being fully 
understood. However, their role in the regulation of intracellular 
signaling cascades is without any doubt one of the most important. Cell 
signaling allows cells to perceive and respond to the extracellular 
environment, essential to their development, growth, and immune 
response. Ubiquitylation has emerged as a key mechanism that regulates 
signal transduction pathways in most biological processes. For instance, 
ubiquitylation regulates multiple receptor-mediated signaling cascades 
implicated in differentiation, cell cycle, innate and adaptive immune 
responses, among others. The first Ub chain implicated in cell signaling 
was the K63, reported to regulate the activation of protein kinases and 
protein trafficking for cell survival and proliferation. Defective forma-
tion of K63 chains is associated with the development of various disor-
ders including inflammation, cancer, neurodegeneration and cardiac 
hypertrophy [30]. 

One of the best-known examples of signaling pathways regulated by 
K63 chains is the NF-κB pathway, an important signaling cascade 
involved in inflammation and cancer development. NF-κB is also regu-
lated by M1 chains that will be discussed below. The following sections 
how some examples of regulation of crucial functions and cellular 
pathways by diverse Ub chains implicating multiple Ub E3s and DUBs in 
a dynamic way. 

4.1. Ubiquitin chains in the NF-κB pathway 

The nuclear factor κB (NF-κB) was initially described in B cells as a 
transcription factor that binds the enhancer of the kappa light chain 
gene. NF-κB is a family of inducible heterodimeric transcription factors 
found at the center of cell signaling pathways, having a role in immune 
response, cell growth and apoptosis [31]. NF-κB plays an important role 
in inflammation since it is activated by cytokines such as interleukin-1 
(IL-1) or the tumor necrosis factor α (TNF-α). Under unstimulated con-
ditions NF-κB is retained in the cytosol by natural inhibitors and its 
nuclear translocation is conditioned to the degradation of these mole-
cules (see text below). The NF-κB pathway involves a signaling cascade 
starting with the receptor stimulation until the activation of transcrip-
tion of inflammatory genes [32]. Two pathways lead to NF-κB activa-
tion, known as the canonical and non-canonical pathways (Fig. 2) [33, 
34]. The canonical one converges into phosphorylation of the inhibitor 
IkappaB (IκB) by a multi-subunit IκB kinase (IKK) complex. The IKK 
complex composed by three subunits: IKK1 (AKA, IKKα), IKK2 (AKA, 
IKKβ) and a regulatory subunit NF-κB essential modulator (NEMO) 
(AKA, IKKγ) fundamental for NF-κB canonical activation. Phosphoryla-
tion on the N-terminal of IκBα is followed by ubiquitylation leading to its 
proteasomal degradation. A tight control of both pathways is necessary 
to maintain NF-κB homeostasis. Ubiquitylation and other PTMs partic-
ipate in this fine regulation at different levels. We dissected the canon-
ical pathway into 3 levels to illustrate the role of distinct Ub chains, E3s 
and DUBs: 1) Recruitment of adapter proteins after receptor-ligand 
binding, 2) Recruitment of the main kinase complexes and 3) Release 
of NF-κB dimer. 

4.1.1. Recruitment of adapter proteins after receptor-ligand binding 
In the prototype-signaling pathway induced by the tumor necrosis 

factor alpha (TNF-α), the TNF receptor 1 (TNF-R1) trimerizes and trig-
gers recruitment of different proteins, including many Ub E3s, 
comprising the TNF-R1-signaling complex. The adapter protein TRADD 
bound to the TNF-R1 cytoplasmic domain enrolls the receptor- 
interacting serine/threonine-protein kinase 1 (RIPK1), the adapter 
protein Sam68, the E3 ligase TNF receptor–associated factor 2 (TRAF2) 
and possibly also TRAF5 [33]. TRAF2 is a scaffold for two other Ub E3s, 
the cellular inhibitor of apoptosis protein-1 (c-IAP1) and c-IAP2, which 
are responsible of conjugation of K63-, K48- and K11-linked Ub chains to 

Table 1 
Functions associated to different ubiquitin-chain linkages. Non exhaustive 
examples.  

Type of Ub chain Ub chain 
linkage- 
type 

Main described 
functions 

Ref. 

Homotypical Canonical K48 Proteasomal 
degradation 

[18,22] 

K63 Cell signaling, DNA 
repair, autophagy, 
protein trafficking 

[30,40,41, 
67,150] 

Non- 
canonical or 
atypical 

M1 NF-κB signaling, cell 
death regulation, 
protein quality 
control 

[13, 
43–45] 

K6 DNA repair, 
mitophagy 

[6,126] 

K11 Proteasomal 
degradation, cell 
cycle, IFN signaling 

[24,72] 

K27 Cell signaling, 
immune regulation, 
autophagy, DNA 
repair 

[72,151] 

K29 Wnt/β-catenin 
signaling, immune 
regulation 

[75,76, 
152,153] 

K33 Cell signaling, 
immune regulation, 
protein trafficking, 
autophagy 

[71,74, 
153–156] 

Heterotypical Mixed K6/K11 unknown [157] 
Branched K6/K48 unknown [14] 
Branched K11/K48 Proteasomal 

degradation, cell 
cycle, protein quality 
control 

[24,25, 
157,158] 

Mixed K11/K63 unknown [157] 
Branched K27/K29 unknown [14] 
Branched K29/K33 unknown [14] 
Branched K29/K48 ER-associated 

protein degradation 
(ERAD) 

[159] 

Branched K48/K63 NF-κB signaling [47,160] 
Mixed K63/M1 NF-κB signaling [46] 
Mixed K48/ 

K63/K11 
Cyclin B1 regulation [161]  
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RIPK1 [35]. Polyubiquitylated RIPK1, particularly with K63 chains, 
recruits the linear Ub E3 complex (LUBAC) and the TAK1 kinase com-
plex, which are important for the downstream signaling cascade. The 
stimulation of the IL-1R or toll-like receptors (TLRs) recruits a different 
set of adapter proteins that leads to the enrollment of TRAF6, an Ub E3 
that catalyze the synthesis of K63-linked Ub chains with the help of the 
Ub E2 Ubc13-Uev1A. These K63 Ub chains are attached to the same 
TRAF6 (autoubiquitylation) that is necessary for the recruitment of the 
transforming growth factor-β-activated kinase 1 (TAK1) kinase complex, 
which in turn phosphorylates and activates the IKK complex [36]. 
TRAF6 was shown to promote K63- and K27-linked polyubiquitination 
over TAK1 after IL-1β stimulation [37]. 

4.1.2. Recruitment of the main kinases complexes 
Different stimuli as well as pattern recognition receptors (PRRs) can 

trigger receptor mediated-signaling transduction, which converges at 
TAK1 activation. TAK1 is a member of the MAPKKK kinases that exists 
as a heterotrimer in the complex with the accessory proteins TAK1 
binding protein (TAB) 1, TAB2 or TAB3. The complex TAK1/TAB2/ 
TAB3 is recruited to the site of ubiquitylated RIPK1 thanks to the 

ubiquitin associated (UBA) domain Np14 zinc finger (NZF), present in 
TAB2 and TAB3, that recognizes K63-linked chains [38]. Free 
K63-linked Ub chains synthetized by TRAF6 are also able to bind TAB2 
[36]. The identification of the K377 site on RIPK1 was shown to be 
important for the recruitment of TAK1 and IKK complexes, even if other 
sites were later characterized [39]. 

On the other hand, the recruitment of the IKK complex is mediated 
through the ubiquitylated-RIPK1 recognition by NEMO. The N-terminal 
of NEMO is involved in the interaction with IKKα and IKKβ, while the C- 
terminal attaches Ub chains. The NEMO C-terminal harbor two different 
motifs which together form a UBD that specifically recognizes K63- 
linked Ub chains, the UBAN motif (AKA NOA) and the zinc finger (ZF) 
motif [40]. Recruited IKK complex is responsible of phosphorylation of 
IκB through the IKKβ subunit. There is evidence that also IKKβ un-
dergoes ubiquitylation with K48- and K63-linked Ub chains. The role of 
ubiquitylation in the regulation of this kinase was shown by mutations at 
the K171 site, which leads to constitutive phosphorylation activity. This 
particular mutation was previously observed in Multiple Myeloma, 
Spleen Marginal Zone Lymphoma and Mantle Cell Lymphoma. In vitro 
experiments simulating the K171 mutation showed an increased 

Fig. 2. Highly dynamic regulation of the NF-kB pathway by distinct Ub chains. The two canonical and the non-canonical pathways activating NF-κB are heavily 
regulated by M1, K63, K48, K27 and K11 Ub chain (illustrated with multiple colors). While the canonical pathway converges into phosphorylation of the inhibitor, 
IkappaB (IκB), by a multi-subunit IκB kinase (IKK) complex to release the p50/RelA heterodimer, the non-canonical pathway activate the cleavage of p100 that will 
form the p52/RelB transcription dimer. Ubiquitylation and other posttranslational modifications participate in this fine regulation at the level of the recruitment of 
adapter proteins after receptor-ligand binding, the activation of main kinase complexes and the NF-κB dimer releasing. The names and roles of regulated factors are 
well described in the main text. 
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K63-linked ubiquitylation of IKKβ on different sites and a persistent 
activation of STAT3 signaling [41]. Otherwise, IKK3 (AKA IKKε) is a 
non-canonical IKK family member that is activated by TLRs and intra-
cellular receptors able to recognize viral nucleic acids such as dsRNA. 
IKK3 plays a role in the phosphorylation and activation of other tran-
scription factors as interferon response factors IRF3 and IRF7, but can 
also activate NF-κB. IKK3 and Tank-binding kinase 1 (TBK1) are 
involved in the activation of the NF-κB pathway through phosphoryla-
tion of IκB and p65 subunit [42]. 

LUBAC is currently the only E3 ligase complex that synthetizes linear 
chains. It is composed of 3 members: HOIL-1L (AKA RBCK1), HOIL-1L- 
interacting protein (HOIP) (AKA RNF31) and SHANK-associated RH 
domain interacting protein (SHARPIN). The assembled heterotrimer is 
required to generate M1 linear chains where HOIP is the catalytic sub-
unit [43]. Once LUBAC is enrolled by ubiquitylated RIPK1, it attaches 
M1-linked chains to the IKK complex subunit NEMO and to the same 
RIPK1 leading for an efficient activation of the canonical IKK [44]. MS 
analyses of ubiquitylated NEMO and mutagenesis experiments showed 
that K285 and K309 are the acceptors of LUBAC-mediated ubiq-
uitylation. LUBAC can also modify other substrates as TRADD and 
TNF-R1 and undergo autoubiquitylation. It can synthetize linear Ub 
conjugates with different E2s as UbcH5, E2–25, and UbcH7. Recruit-
ment of LUBAC is key to stabilizing the TNF-R1-signaling complex since 
several components harbor UBDs. Indeed, linear Ub chains bind UBDs 
and retention of cIAP1, TRAF2, RIPK1, and TAK1 was shown to be 
dependent on LUBAC ligase activity, protecting the complex from falling 
apart [45]. There is also evidence that the UBAN motif of NEMO binds to 
M1-linked Ub chains with higher affinity than to K63 chains, and that 
this interaction is crucial for the TNF-α-induced activation of the IKK 
complex. Interestingly, hybrid chains were later observed in the 
pathway mediated by IL-1R stimulation. Emmerich and collaborators 
found that K63-ubiquitylated substrates, such as the IL-1R1 associated 
kinase (IRAK) 1, were also ubiquitylated by linear chains. The formation 
of K63-linked Ub chains was shown to be a prerequisite for the forma-
tion of M1-linked chains, with NEMO being able to capture these hybrid 
chains [46]. Regarding the identification of heterotypic chains, it has 
been shown that K48–K63 branching Ub chains are formed in substrates 
as TRAF6 or IRAK1 in cells stimulated with IL-1β. Ubiquitylated TRAF6 
with K63-linked chains seems to be remodeled by the action of the E3 
ligase HUWE1, which conjugates K48 Ub chains on the preformed 
chains. Interestingly, there is no interference in the recognition of these 
K48-K63 branched chains by TAB2; but otherwise, branched chains 
appear to be protected from cylindromatosis (CYLD)-mediated deubi-
quitylation, which could contribute to amplifying the NFκB activation 
[47]. Even if LUBAC has been extensively studied in the context of TNF 
signaling, it has also been recently associated with oncogenic signaling, 
antibacterial autophagy and protein quality control [13]. 

4.1.3. Release of NF-κB dimer 
NF-κB dimers can be assembled with two of the five subunits: RelA 

(AKA p65), RelB, c-Rel, p50 (from precursor p105) and p52 (from p100). 
Under basal unstimulated conditions, the dimer is retained in the cyto-
plasm by action of its corresponding inhibitor (an IκB family member). 
Phosphorylation of IκB takes place once the IKK complex has been 
activated. 

In addition to the p105 and p100 precursors that contain ankyrin 
repeats, three other proteins inhibit NF-κB activity: IκBα, IκBβ and IκBε. 
Ankyrin repeats allow the interaction with the Rel domain of NF-κB. IκBs 
share a conserved sequence DSGXXS motif that includes the two serine 
residues that are targeted by the IKK complex [33]. In the 
TNF-stimulated cells, phosphorylation at residues S32 and S36 on the 
N-terminal of IκBα is followed by K48-linked ubiquitylation that leads to 
its proteasomal degradation. The phosphorylation signal is recognized 
by a key E3 Ub ligase complex, the multisubunit Skp, Cullin, F-box, 
beta-transducin repeat containing protein (SCFβ-TrCP) E3 ligase, which 
polyubiquitinates IκBα mainly on K21 and K22, favors its degradation 

releasing the NF-κB dimer. Monoubiquitylated forms of IκBα can be 
found in basal state, in forms that are not degraded by the proteasome 
after TNF-stimulation, as usually occurs with polyubiquitylated IκBα 
[48]. The role of this pool of monoubiquitylated IκBα remains to be fully 
investigated. Furthermore, IκBα is subjected to multiple PTMs beyond 
phosphorylation and ubiquitylation since SUMOylation, acetylation, 
glutathionylation and hydroxylation have also been reported [49]. 

4.1.4. Non-canonical pathway 
A non-canonical or alternative pathway has been described in the 

activation of specific NF-κB family members. The p50/RelA dimer is 
predominantly translocated to the nucleus in the canonical pathway, 
while the p52/RelB dimer is particularly activated in the non-canonical 
pathway. This alternative mechanism relies on the inducible processing 
of the p100 precursor instead of degradation of IκBα. P100 takes on the 
inhibiting role of IκB impeding the RelB nuclear translocation, so the 
p100 processing to p52 allows dimer release and translocation for target 
genes activation. Resembling to the phosphorylation sites of IκBα, p100 
contains two serine residues S866 and S870, which are phosphorylated 
by the NF-κB-inducing kinase (NIK, AKA MAP3K14). Phoshorylated 
sites of p100 generate a binding site for βTrCP subunit of SCFβ-TrCP E3 
ligase that induces p100 ubiquitylation. The p100 modified-site is a Lys 
residue, K856, which is analogous to the I-κBα K22 residue adjacent to 
the phosphorylation site S32. Phosphorylation-dependent ubiq-
uitylation promotes p100 processing releasing the p52/RelB dimer to 
trigger the transcription of a different set of target genes compared than 
those of the canonical pathway. The stimuli responsible of non- 
canonical pathway activation are different from those to the canonical 
pathway. Examples of non-canonical receptors are such as CD40 ligand 
or lymphotoxin β, that lead to the IKKα activation, phosphorylating 
p100 at multiple sites to drive p52 processing [50]. IKKα activation in 
turn depends on kinase activity from the newly synthesized NIK. Under 
basal conditions, NIK is constantly degraded by the proteasome due to 
K48 ubiquitylation mediated by the complex 
TRAF3-TRAF2-cIAP1/cIAP2 [51]. When CD40, which is a TNFR mem-
ber, is stimulated by its ligand, TRAF2 ubiquitylates cIAPs with K63 
chains promoting their ligase activity and targeting TRAF3. Conjugated 
K48 chains drive TRAF3 to proteasomal degradation and prevent its 
association with NIK, allowing NIK accumulation and therefore IKKα 
phosphorylation [34]. The processing of p105 precursor to p50 can also 
be dependent on ubiquitylation. Recently, the KIP1 
ubiquitylation-promoting complex 1 (KPC1 AKA RNF123) was identi-
fied to form a heterodimer with KPC2 (AKA UBAC1), acting together as a 
Ub E3 ligase to promote a limited proteasome-mediated proteolysis of 
p105 [52]. 

4.1.5. Role of DUBs in the NF-κB pathway 
A strict control of all of these Ub modifications is key to avoid cellular 

alterations that could result in inflammatory disorders and other NF-κB 
related diseases. NF-κB is deregulated in numerous tumors. Negative 
regulation of the NF-κB activation is prompted by the editing deubi-
quitylating enzymes CYLD and USP19, which are Ub specific protease 
(USP) family members. Also contributing to the regulation of NF-κB, 
OTU (ovarian tumor domain) deubiquitinase family members A20 (AKA 
TNF-α-induced protein 3 (TNFAIP3)) and OTULIN (AKA Gumby or 
Fam105b), a DUB with linear linkage specificity. The K63- and M1- 
linked Ub chains can be removed from different ubiquitylated sub-
strates by CYLD, a DUB enzyme that was first identified as a NEMO- 
interacting protein [53]. Deficiency of this DUB leads to a constitutive 
NF-κB activation causing proinflammatory gene expression [54]. CYLD 
is constitutively expressed, but after TNF stimulation it is recruited to 
LUBAC through the adapter protein spermatogenesis-associated protein 
2 (SPATA2), which in turn binds to the subunit HOIP of LUBAC [54,55]. 
In the pathway triggered by NOD2 that is involved in inflammation by 
infectious diseases, the DUB activity of CYLD is necessary to regulate 
K63- and M1-linked ubiquitylation on RIPK2 [56]. The functional role of 
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CYLD in different pathological processes was well documented prior to 
understanding its role as a DUB enzyme. Several skin disorders related to 
CYLD gene mutations were described such as multiple familial cylin-
dromatosis, trichoepithelioma and the Brooke–Spiegler syndrome. In 
cancers such as multiple myeloma, mutations on CYLD and other genes 
involved in the NF-κB pathway, as c-IAP1/2, were also reported [57]. 
CYLD activity was shown to be regulated by IKK3 kinase, which targets 
CYLD by phosphorylation at S418 decreasing its deubiquitylating ac-
tivity [58]. Besides CYLD, OTULIN is a DUB that specifically recognizes 
and deconjugates M1-linked Ub chains; it is currently the only DUB able 
to cleave exclusively lineal chains [59]. OTULIN interacts directly with 
the subunit HOIP of LUBAC and regulates LUBAC-mediated processes. 
The OTULIN function is important to regulate angiogenesis, innate im-
munity and autoimmunity [60]. 

The deubiquitylating/E3 Ub ligase enzyme A20, plays an important 
role in the regulation of the NF-κB pathway [61]. A20 was first described 
as an inhibitor of TNF-induced apoptosis, but its role as a negative 
feedback regulator of NF-κB pathway was later well documented. The 
A20 gene is one of the several target genes that respond to NF-κB. The 
N-term of A20 harbor an OTU domain with DUB activity that hydrolyzes 
in vitro K48-, K11- and K63-linked Ub chains. The C-term contains a 
series of seven ZF motifs, among them, the ZF4 is critical to confer its E3 
ligase activity. The NF-κB inhibitory effect of A20 was mainly attributed 
to its ability to disassemble K63-linked chains from different substrates, 
including RIPK1, TRAF6 and NEMO [54]. For instance, A20 was shown 
to remodel Ub chains on RIPK1 by removing K63-linked chains and 
conjugating K48-linked chains favoring its proteasomal degradation 
[62]. Although there is evidence that A20 as DUB or E3 ligase enzyme 
contributes to the regulation of the NF-κB pathway, later studies suggest 
that also its non-enzymatic features, like the ZF7 motif, play a significant 
role in the regulation of this pathway as it regulates cell death [63]. 

The DUB USP19 appears to be also a negative regulator of TNF-α– 
and IL-1β–triggered NF-kB activation by hydrolyzing K63- but also K27- 
linked Ub chains from TAK1. TAK1 was recently found to be a substrate 
of USP19. TRAF6 mediates K27-linked polyubiquitylation of TAK1, 
which is necessary for the recruitment of TAB2 and TAB3 to TAK1 to 
generate the TAK1-TABs complex. This deubiquitylation impairs TAK1 
phosphorylation and therefore disrupts the TAK1–TAB complex, thus 
terminating the TAK1-mediated induction of NF-κB downstream genes 
[37]. The K27 ubiquitylation was first linked to NEMO regulation by the 
tripartite motif (TRIM) Ub ligase TRIM23, a step required for NF-κB and 
IRF3 induction [64]. Since then, several TRIM ligases have been shown 
to form K27 Ub chains that regulate intracellular signaling, transcrip-
tion, autophagy, and carcinogenesis, among other important processes 
[65]. TRIM26 and TRIM21 regulate immune responses using distinct 
mechanisms synthesizing K27 Ub linkages. For instance, TRIM26 can be 
auto-ubiquitylated with K27 Ub chains to favor its interaction with 
NEMO while inducing the expression of autoinflammatory cytokines 
and type I IFNs [66]. The regulation of the NF-κB pathway is an example 
of complex Ub dynamics that will be regulated in a spatio-temporal 
manner depending on the physiologic or pathologic situation of the cell. 

4.2. Ubiquitin chains in the regulation of Akt pathway 

The activity of many kinases is controlled by K63 chains, as we 
showed with RIPK1 that is implicated in the regulation of cell death 
besides inflammation [67]. Another example is the serine/threonine 
kinase Akt (AKA Protein kinase B) that plays key roles in multiple 
cellular processes such as glucose metabolism, apoptosis, cell prolifer-
ation, transcription, and cell migration. Although it is well known that 
PIP3 produced by PI3K is essential for the membrane recruitment and 
activation of Akt, K63–linked polyubiquitylation contributes to its 
hyperactivation and therefore to the regulation of tumorigenesis [68]. 
TRAF6 is an E3 ligase that ubiquitinates Akt upon stimulation with 
insulin-like growth factor 1 (IGF 1). CYLD acts on Akt permitting to keep 
Akt-stimulating activity in balance. By studying the molecular 

mechanisms of lung injury, Lim et al. discovered that loss of CYLD led to 
the development of lung fibrosis in mice infected with Streptococcus 
pneumoniae. They found that CYLD deubiquitinates and inactivates 
K63-polyubiquitylated Akt, leading to inhibition of transforming growth 
factor–β (TGF-β) signaling by decreasing the stability of the TGF-β 
effector protein Smad3 [69]. In line with this study, Yang et al. showed 
that CYLD and Akt are physically associated. They found that, in the 
absence of growth factors, CYLD keeps Akt hypo-ubiquitylated through 
direct association and deubiquitylation, whereas growth factor stimu-
lation allows E3 ligases such as TRAF6 to replace CYLD from Akt, 
thereby promoting its ubiquitylation, membrane translocation, phos-
phorylation and activation [70]. The E3 ligase Skp2-Skp–cullin–F--
box—containing (SCF) complex, also ubiquitylates Akt in response to 
the activation of the epidermal growth factor family of receptors (ErbB) 
[70]. These findings show that Akt K63-linked ubiquitylation and acti-
vation can be induced by diverse signaling cascades using distinct E3 
ligases. 

4.3. Atypical ubiquitin chains in signaling and immune related functions 

Beyond K63 chains, there are atypical Ub linkages also having non- 
proteolytic roles in cells mediating signaling, intracellular trafficking, 
and autophagy among other functions [71,72]. K33 Ub chains regulate 
T-cell antigen receptor (TCR) and AMP-activated protein kinase 
(AMPK)-related kinases [4]. E3 Ub ligases such as Cbl-b and Itch syn-
thetize K33 Ub chains on the T cell receptor-zeta (TCR-zeta). Deficient 
formation of K33 Ub chains increases T cell activation and spontaneous 
autoimmunity [71], demonstrating their role in regulation of cell sur-
face receptor-mediated signal transduction. K33 Ub signals are also 
implicated in immune responses upon DNA or RNA virus infection. Viral 
infection leads to TBK1 K33 poly-ubiquitylation, promoting IRF3 acti-
vation and type I Interferon (IFN) signaling. This antiviral response can 
be reversed by the DUB USP38 that removes K33 Ub chains on K670 of 
TBK1 and favors the formation of K48 Ub chains at the same position to 
drive its proteasomal degradation. Lin et al. found that knockout of 
USP38 increased K33-linked ubiquitylation and decreased K48 
Ub-mediated degradation of TBK1 kinase, thus enhancing type I IFN 
signaling. Conversely, overexpression of USP38 decreased K33-linked 
ubiquitylation of TBK1 and increased its K48-linked ubiquitylation 
[73]. Another example of the role of K33 chains is leaded by the Ub E3 
RNF2, which generates K33 Ub chains on the STAT1 DNA binding 
domain allowing its dissociation from the promotor of several interferon 
stimulated genes (ISG) underlining the role of these chains in the 
regulation of IFN pathway [74]. 

K29-linked polyUb chains have been associated with the regulation 
of inflammation, antiviral immune response, and the regulation of the 
Wnt/β-catenin pathway at multiple levels. The Wnt/β-catenin pathway 
is essential to the regulation of events such as cell proliferation, orga-
nized migration, self-renewal, and tissue polarity. Various Ub E2s in 
coordination with E3s attach distinct Ub linkages to different K residues 
on β-catenin, causing context-specific functional consequences. For 
example, both the E2 Rad6B and the E3 Ub ligase EDD (identified by 
differential display) interact with β-catenin and enhance its ubiq-
uitylation, stability and activity. While EDD catalyzes the formation of 
K29-linked chains on β-catenin, Rad6B adds K63-linked polyUb chains 
on the same target protein. Under basal conditions, a destruction com-
plex comprising Axin and adenomatous polyposis coli (APC) promotes 
β-catenin degradation. Wnt ligands lead to the inactivation of this 
complex, allowing β-catenin to accumulate, and thus activate a tran-
scriptional program [75]. 

Smad ubiquitylation regulatory factor 1 (Smurf1) commonly serves 
to regulate Ub-dependent protein degradation in several signaling 
pathways. It also drives non-proteolytic ubiquitylation through the 
formation of K29 Ub chains on Axin [76]. Axin ubiquitylation on K789 
and K821 negatively regulates Wnt/β-catenin signaling by disrupting 
Axin interaction with the Wnt co-receptors LRP5/6 that together with 
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Frizzled receptor initiate this signaling cascade. 
K29 ubiquitylation has also been linked to the modification and 

activation of ASK1 (apoptosis signal-regulating kinase 1), promoting 
type I interferon production upon viral infection. The F-box only protein 
Fbxo21, a functionally unknown component of SCF (Skp1-Cul1-F-box 
protein) complex, mediates ASK1 ubiquitylation. Fbxo21 deficiency 
impairs the production of proinflammatory cytokines resulting in 
reduced antiviral response and enhanced virus replication and infection. 
The Ub Specific Peptidase 9 X-Linked (USP9X) is a C19-peptidase family 
protein with known DUB activity, which can cleave K48, K63 and K29 
linkages. USP9X binds and stabilize ASK1 by removal of Ub chains and 
prevention of its degradation. Interestingly, ASK1 contains six amino 
acids identical to the Ub C-terminus (LRLRGG), of which the GG 
sequence was required for the USP9X-ASK1 interaction [77]. 

TRIM21 assembles K27 polyUb chains on mitochondrial antiviral 
signaling protein (MAVS), promoting the recruitment of TBK1 to mito-
chondrial adapter molecules, or mitochondrial antiviral signaling pro-
teins leading to the upregulation of innate immunity [78]. MAVS is also 
targeted by RNF34 Ub ligase, that mediates K27 and K29 Ub chains after 
viral infection, enhancing its autophagic degradation and negatively 
regulating antiviral immunity [79]. Another example of K27 implication 
was observed upon microbial DNA invasion, the endoplasmic reticulum 
(ER) protein AMFR is recruited to interact with stimulator of interferon 
genes (STING) in an insulin-induced gene 1 (INSIG1)-dependent 
manner. AMFR and INSIG1 form an E3 Ub ligase complex to catalyze 
K27 Ub-linked chains on STING. This modification served as a scaffold to 
recruit TANK-binding kinase 1 (TBK1) triggering the activation of the 
interferon regulatory factor-3 (IRF3) and/or NF-κB signaling pathway 
inducing the expression of type I IFNs and proinflammatory cytokines 
[4]. The DUB USP13 has been reported to remove the K27-linked Ub 
chains on STING and thereby inhibiting the recruitment of TBK1 to 
STING, negatively regulating IFN production during DNA virus infection 
[80]. Other ligases also synthesize K27 Ub chains to regulate immune 
responses. The TIR domain-containing adapter inducing interferon-β 
(TRIF), an essential adapter protein required for innate immune re-
sponses, was shown to be regulated by K27 ubiquitylation. The RING E3 
Ub ligase complex Cullin-3-Rbx1-KCTD10 assembles K27 polyUb chains 
on TRIF, and the reaction is reversed by USP19 [81]. Tumorigenesis can 
be also regulated by K27 Ub chains. For example, BRFA (key player in 
tumorigenesis and MEK/ERK pathway) is modified by K27 Ub chains by 
the ITCH Ub E3 ligase, regulating proliferation and invasion in mela-
noma cells [82]. Further investigations are required to evaluate full 
potential of K27 Ub chains to regulate other functions. 

5. Ubiquitin chains dynamics in autophagy regulation 

The Autophagy Lysosome System (ALS) is one of the main intracel-
lular degradation systems, together with the UPS. Autophagy digests 
long-lived, protein aggregates, stress RNA granules, and abnormal 
cytoplasmic organelles, including among others, mitochondria. 
Chaperone-mediated autophagy, microautophagy and macroautophagy 
use distinct mechanisms to drive proteolysis. Chaperone-mediated 
autophagy uses HSC70 to sequester proteins containing a KFERQ 
motif into lysosomes. Microautophagy is a direct lysosomal uptake of 
substrates whereas in macroautophagy (here referred as autophagy), 
cytosolic cargos are sequestered by a double membrane vesicle 
including a fraction of the cytoplasm using a complex multistep process. 
Recent general autophagy reviews give more details on the whole pro-
cess [83]. 

5.1. Activation of autophagy by non-proteolytic ubiquitin chains 

Several Ub chains and Ub-like molecules play an important role in 
the regulation of autophagy and in the crosstalk between the UPS and 
ALS. Nevertheless, their role in distinct mechanisms including the 
regulation of signaling cascades and targeting cargoes to proteolysis has 

not been fully elucidated. It has been suggested that non-degradative Ub 
chains stimulate autophagy induction, whereas degradative Ub chains 
are needed to restore the basal autophagy flux once the stress situation is 
resolved [84]. UbE3s and DUBs determine K63 and K48 Ub chains 
formed on distinct regulatory complexes and define their role in a dy-
namic reversible manner (Fig. 3) [85]. The initiation of autophagy and 
autophagosome formation is regulated by ULK1 and PI3K-III kinases 
whose activity is regulated by mTORC1 and AMPK dependent phos-
phorylation [86]. Ubiquitylation mediated by the concerted action of 
various E3 ligases also contributes to regulating autophagy initiation 
and autophagosome formation [85]. For instance, the Ub E3 TRAF6 can 
regulate ULK1 and PI3K-III kinases by the formation of K63 chains. Upon 
starvation, TRAF6 uses unphosphorylated AMBRA1 (Autophagy and 
BECLIN 1 Regulator 1) to bind ULK1 which is stabilized and activated by 
K63 chains favoring autophagy (Fig. 3A). K63-activated ULK1 phos-
phorylates AMBRA1 to set a regulatory autophagy loop. Interestingly 
mTORC1 also phosphorylates AMBRA1 on distinct sites and controls 
ULK1 ubiquitylation self-association and function, which has a negative 
effect on autophagy [87]. 

The catalytic core of the PI3K–III complex is regulated by TRAF6- 
mediated K63 ubiquitylation of BECLIN 1 which abolishes its binding 
to BCL2 and induces autophagy (Fig. 3A). A20, a DUB that hydrolyzes 
the K63 chain of BECLIN 1, contributes to restore the binding to BCL2 
[88,89]. BECLIN 1 phosphorylation by DAPK negatively regulates its 
association with BCL2, underlining an important interplay between 
these two PTMs to regulate autophagy [90]. Other Ub E3s such as 
Rbx1/Cul4-ligase can also form a complex with AMBRA1 to target 
BECLIN 1 under starvation. ULK1 can also phosphorylate BECLIN 1, 
increasing the PI3K–III complex activity [91]. Other members of the Ub 
family such as SUMO contribute to regulating the PI3K-III complex since 
VPS34, a component of the catalytic core of this complex, is targeted by 
the SUMO ligase KAP1. SUMOylated VPS34 increases its interactions 
within the PI3K–III complex and promotes phagophore formation [92]. 

5.2. Autophagy termination is regulated by degradative ubiquitylation 

Under normal growth conditions or when a specific stress situation is 
finished, autophagy is stopped to avoid the unnecessary destruction of 
cellular components that could compromise cell viability. Phosphory-
lation and ubiquitylation also contribute to switch off the activity of the 
ULK1 and PI3K–III complexes [84]. In particular, K11 and K48 Ub 
chains have been proposed to promote the proteasomal degradation of 
autophagy regulators to restore a new equilibrium compatible with the 
physiological basal autophagy flux. NEDD4, a Ub E3 of the HECT family, 
uses K11 Ub chains to target BECLIN1 for degradation, limiting auto-
phagy [93] (Fig. 3B). Interestingly, an E3 ligase homologous to NEDD4, 
called NEDD4L, drives the proteasome degradation of ULK1 via K27 and 
K29 chains during autophagy [94] (Fig. 3B). The CULLIN3–KHLH20 
ligase can also drive the K48 chains-driven degradation of ULK1, 
BECLIN 1, and VPS34 [95] highlighting the participation of several li-
gases in the control of both autophagy induction and termination. 
During starvation, AMBRA1 is another important factor targeted for 
proteasome-mediated proteolysis by various Ub ligases including 
CULLIN4–DDB1 [96] or RNF2 [97]. 

Protein de-ubiquitylation importantly contributes to regulate the 
degradation of autophagy regulators, like DUBs USP13 and USP10 that 
protect BECLIN 1 from ubiquitylation. Their chemical inhibition by 
Spautin-1treatment drives a Ub-proteasome mediated degradation of 
BECLIN 1. The chemical separation of BECLIN 1 from its chaperone 
HSP90 by geldanamycin also results in the K48 ubiquitylation of BECLIN 
1 [98] (Fig. 3B). 

It is clear that the autophagy system uses multiple E3 ligases to 
regulate different steps inside this pathway like the activation, pro-
gression and the termination of the flux. We can speculate that a DUB 
will be counteracting their role for each ubiquitylation reaction. How-
ever, many of these enzymes are still uncharacterized. 
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5.3. Role of Ub in selective autophagy pathways 

The concept of selective autophagy derives from the fact that distinct 
types of aggregated proteins and damaged organelles are targeted for 
degradation under distinct physiologic and pathologic situations, 
implying the existence of specialized pathways. However, some of the 
enzymes, adapters and cofactors are shared under certain circum-
stances, complicating our understanding of the selectivity of proteolytic 
events. This includes the autophagy receptors that bring cargoes into 
autophagosomes for clearance. More than 30 autophagy receptors, also 
called Sequestosome-1-like receptors (SLRs) after the first described 
p62/SQSTM1 (Sequestosome 1) [99]. p62 carries a UBA, a UBD that 
binds ubiquitylated cargoes. The UBA domain of p62 can homodimerize, 
modulating its interaction with monoubiquitin. p62 contains LC3 
Interacting Regions (LIR) that interact with ATG8 proteins that will be 

integrated into autophagosomes. Other SLRs with similar architecture 
include Next to BRCA1 gene 1 protein (NBR1), Optineurin (OPTN) or the 
nuclear dot protein 52 kDa (NDP52). The diversity of receptors un-
derlines the complex regulation of selective autophagy mechanisms. 
Some of them show functional redundancy for cargo recognition and 
cooperate with multiple cofactors [100]. 

Selective autophagy events can be classified as Ub-dependent or 
-independent. The receptors involved in Ub-dependent autophagy bind 
Ub chains through a UBD which is absent in receptors implicated in Ub- 
independent autophagy. However, some cargos can be transported in a 
Ub-dependent and independent manner. It is most likely the reason why 
selective autophagy events are named according to the cargo they 
transport [101]. K63 Ub chains show preferential binding for the auto-
phagy receptors [102], while K48, K27 and K11 Ub chains target for 
proteasomal degradation (Fig. 3). Nevertheless, in situations of defective 

Fig. 3. Multiple steps of autophagy are regulated by Ub chains. Several Ub chains and Ub-like molecules play an important role in the regulation of autophagy and in 
the crosstalk of the UP and AL systems. While non-degradative Ub chains stimulate autophagy induction (A), degradative Ub chains are needed to terminate it (B). 
(A) TRAF6 form K63 chains that regulate ULK1 and PI3K-III kinases. TRAF6 also uses AMBRA1 to bind and stabilize ULK1 by forming K63 chains and activate 
autophagy. DUBs such as A20 regulate ubiquitin chains formed on distinct regulatory complexes and define their role in a dynamic reversible manner (see main text). 
(B) K11 and K48 Ub chains promote proteasomal degradation of crucial regulators to control autophagy. For example, NEDD4 targets BECLIN1 for degradation to 
inhibit autophagy and NEDD4L that induce proteasomal degradation of ULK1. Selective autophagy events such as aggrephagy (C), proteaphagy (D) or Mitophagy (E) 
involve the participation of K63 Ub chains but also degradative chains. The type of chains involved depends in a large proportion in the stimuli activating these 
proteolytic events. The UbL proteins LC3/GABARAP contribute to the cargo recruitment into the phagophores, illustrated with a double membrane. Several auto-
phagy receptors have been involved in these selective events such as p62, NBR1, OPTN or NDP52. For some of these selective events such as proteaphagy, the 
information available is still limited (see main text). 

M. Gonzalez-Santamarta et al.                                                                                                                                                                                                               



Seminars in Cell and Developmental Biology xxx (xxxx) xxx

10

autophagy, all Ub chains have been found enriched [103], most likely 
due to the fact that these chain types are also involved in the regulation 
of other cellular functions. The accumulation of Ub aggregates might 
also contribute to increasing the affinity of autophagy receptors for the 
cargoes. The role of Ub chains in the regulation of autophagy is still 
under investigation. Regardless of their Ub dependency, all autophagy 
receptors contain LC3-interacting regions (LIRs) that bind other mem-
bers of the Ub family in mammalians (LC3/GABARAP) or yeast (ATG8) 
(Fig. 3). These ATG8 molecules contribute to expanding the autopha-
gosomes and providing specificity to selective autophagy events. 

Around 20 types of selective autophagy have been reported, half of 
them driven by Ub [101]. Selective autophagy events include 
aggrephagy and mitophagy (that will be further developed in this re-
view) but also xenophagy, lysophagy and ERphagy, to name a few. 
Characterized more recently, proteaphagy is quite intriguing since 
together with aggrephagy, it importantly contributes to the crosstalk 
between the UPS and ALS and is activated under similar stress stimuli. 
The nature of the aggrephagy-proteaphagy interconnection has not been 
totally explored (Fig. 3). 

5.3.1. Aggrephagy 
Heat-shock stress or proteotoxic insults generate protein aggregates. 

Part of these aggregated proteins are degraded by the proteasome via 
K48 chains while K63 chains activate the aggrephagy machinery to re-
cruit the autophagy receptors p62, OPTN and NBR1 (Fig. 3C) [104]. 
These autophagy receptors and K63 Ub chains are essential to present 
proteins aggregates for autophagosome inclusion. The aggregation 
process itself involves the participation of other UbL molecules such as 
SUMO-1 and FAT10 [105,106]. BAG3 also interacts with K48 chains and 
p62, favoring ALS degradation of ubiquitylated proteins. Interestingly, 
another member of the same family named BAG1 favors the presentation 
of misfolded proteins to the proteasome underlining the participation of 
BAG proteins in the balance between both proteolytic pathways [107] 
(Fig. 3C). Several DUBs are other important actors of the degradation of 
protein aggregates, including the RPN11 proteasome subunit that re-
cruits HDAC6 to promote autophagy degradation [108,109]. The role of 
DUBs in the autophagy-dependent degradation of proteins aggregates is 
still under investigation, but examples, like USP9X that acts on 
mono-ubiquitylated synuclein to favor aggrephagy rather than protea-
somal degradation, illustrate the importance of these enzymes in 
selecting the proteolytic pathway to be used to eliminate these cargoes 
[110]. 

5.3.2. Proteaphagy 
Upon nutrient starvation, autophagy works as a recycling machine to 

recover the nutrient pool from dysfunctional cellular components [111]. 
Under these circumstances, proteaphagy represents an efficient strategy 
to face nutrient limitation. Marshall et al. proved that proteaphagy oc-
curs in both Arabidopsis taliana and Saccharomyces cerevisiae under ni-
trogen starvation [112]. Nuclear proteasomes are also regulated by 
proteaphagy but the core particle (CP) and 19S subunit/regulatory 
particle (RP) have to be dissociated prior to their nuclear export in yeast. 
The autophagy of the CP depends on the DUB Ubp3, while RP export for 
cytosolic degradation relies on ATG7 and ATG17 factors [113]. 

In mammalian cells, proteaphagy is also activated in response to 
amino acid starvation. Proteaphagy induced by amino acid starvation 
involves the polyubiquitylation of proteasomes subunits RPN1, RPN2, 
RPN10 and RPN13. The autophagy receptor p62 is required to drive the 
degradation of ubiquitylated proteasomes [114]. The participation of 
distinct autophagy receptors in distinct biological models and stress 
conditions suggest that the molecules involved can be distinct [115]. 

Proteaphagy can also be induced when the proteasome activity is 
impaired by point mutations or chemical inhibition by proteasome in-
hibitors [115]. After proteasome inhibition, ubiquitylated RP subunits 
are recognized by the autophagy receptor p62 [112,116,117] (Fig. 3D). 
In Arabidopsis, RPN10 acts as an autophagy receptor to promote the 

proteaphagy of inactive 26S proteasomes but does not participate in 
starvation-induced proteaphagy. In this process, USP2 plays a role as a 
regulator of RPN10 stability [112]. In yeast, Cue5 acts as an autophagy 
receptor to mediate proteaphagy after chemical inhibition and genetic 
mutation of 26S proteasomes [118]. The nature of the Ub chains 
implicated in proteaphagy must be better defined, but while K48 Ub 
chains are decreased, K63 Ub chains are enriched after proteasome in-
hibition in Bortezomib resistant cells [116,119].The Ub ligases and 
DUBs implicated in proteaphagy remains to be identified. 

5.3.3. Mitophagy 
Mitochondrial degradation is a good example of collaboration be-

tween the autophagy and the proteasome, where Ub plays an important 
role (Fig. 3E). Mitophagy can also be achieved in a Ub-independent 
manner and involve the autophagy receptors FUNDC1, BNIP3, and 
NIX [120]. 

Ub-dependent mitophagy involves the E3 Ub ligase PARKIN, which 
is activated by PINK1-mediated phosphorylation, increasing the ubiq-
uitylation of mitochondrial outer membrane (MOM) proteins. PINK1 
also phosphorylates Ub chains on the mitochondrial surface, increasing 
mitophagy due to the higher affinity of PARKIN for phospho-Ub chains 
[121–123]. PARKIN ubiquitylation favors the binding of several auto-
phagy receptors including p62, OPTN, NPD2, TAX1BP1, and NBR1. 
PARKIN interacts with AMBRA1 that could potentially recruit Ub E3s 
such as TRAF6 and CUL4–DDB1 to the mitochondria. It also regulates 
the interaction of BECLIN1 with BCL2 by controlling the mono-
ubiquitylation levels of BCL2 and blocking BECLIN1 function in auto-
phagy [124]. Therefore, PARKIN plays multiple roles by promoting 
autophagy through the formation of K63 and K48 chains on the mito-
chondria but also inhibits autophagy when it monoubiquitylates BCL2. 
The DUB USP30 controls PARKIN activity by removing preferentially K6 
and K11 polyUb chains from the mitochondrial surface [125]. K6 Ub 
linkages have also been detected in MOM proteins. Using Ub 
linkage-specific affirmers for K6, Michel et al., identified HUWE1 E3 as 
the major source of K6 Ub chain formation inside the cells. HUWE1 
modifies mitofusin-2 (Mfn2), a known substrate required for mito-
chondrial membrane remodeling during mitophagy [126]. On the other 
side, a reduced membrane potential leads to the accumulation of the 
mitochondrial kinase PINK1 and subsequently the E3 Ub ligase PARKIN 
which predominantly assembles K6-linked Ub chains. Distinct Ub chains 
appear as key regulators of PARKIN-mediated mitophagy and can be 
disassembled by DUBs like USP8, USP15, USP30 and USP33 [126,127]. 
Ub-dependent or independent mitophagy must go through a fission 
process to be incorporated into autophagosomes. 

Ub also plays an important role in mitochondrial fission and fusion 
since it modifies the MOM proteins MFN1/2, FIS1, DRP1, and OPA1, 
driving their K48 Ub chain-dependent proteasomal degradation with 
consequences in the mitochondrial network [128,129]. The degradation 
of MFN2 and OPA1 favors mitochondrial fission, which is required to 
isolate a single damaged organelle. Under starvation, healthy mito-
chondria escape proteasomal degradation by promoting their elongation 
to preserve ATP production and avoid mitophagy [130]. 

6. Ubiquitin chains dynamics in DNA repair 

Cells possess different mechanisms to contend with exogenous or 
endogenous events that cause damage to DNA integrity. The DNA 
damage response encompasses a set of mechanisms involving detection, 
signaling and initiation of DNA repair. According to the type of damage, 
a particular pathway is triggered by the cell to repair the lesion. DNA 
adducts or ultraviolet (UV)‑induced DNA lesions are repaired by the 
nucleotide excision repair (NER) mechanism. The Fanconi anemia 
pathway (FA) repairs DNA crosslinks, while base lesions are repaired by 
the base excision repair (BER) pathway [131]. DNA double-strand 
breaks (DSB) are low-frequency types of DNA damage producing very 
drastic effects when they are unrepaired or incorrectly repaired, leading 
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to genome instability promoting subsequent disorders such as cancer. 
Ubiquitylation regulates multiple steps of these mechanisms as will be 
reviewed below (Fig. 4). 

When a DSB occurs, two major repair mechanisms can be initiated: 
nonhomologous end-joining (NHEJ) and homologous recombination 
(HR). Fidelity and template requirements are the main differences be-
tween the two ways. NHEJ modifies the broken DNA ends and ligates 
them together with no homology or reference template, therefore being 
considered as an error prone mechanism generating deletions or in-
sertions. In contrast, HR requires a DNA template on the sister chromatid 
or homologous chromosome to repair the DSB and restore the original 
sequence [131]. After DSB, the ataxia telangiectasia mutated 
(ATM/ATR) signaling pathway takes place rendering a serial of PTMs 
over histones and intermediate proteins as H2AX and mediator of DNA 

damage checkpoint protein 1 (MDC1). Ubiquitylation of histones is 
essential to select one of the two repairing ways. The E3 ligases RNF8 
(RING finger protein 8) and RNF168 have a major role in promoting 
NHEJ mechanism, while the E3 ligase complex BRCA1/BARD1 (breast 
cancer susceptibility gene 1/BRCA1-associated RING-domain protein) 
promotes HR. In both cases, the main target is the histone H2A through 
ubiquitylation on specific sites. It was first thought that RNF8 had a 
priming role as E3 ligase, undertaking H2A ubiquitylation, followed by 
extension of K63-chains by RNF168. However, it became evident that 
RNF8 in coordination with the Ub E2 UBC13, is responsible of the 
observed K63 Ub chains generated at DSB sites even if the target sub-
strate was not identified [132]. Thorslund T. and colleagues identified, 
by proteomics studies, that the isoforms of the linker histone H1 (H1.2 
and H1.x) were substrates of the RNF8-UBC13 complex. The 

Fig. 4. Regulation of DNA repair by multiple Ub chain types. Protein ubiquitylation regulates the two major DNA repair mechanisms initiated by nonhomologous 
end-joining (NHEJ) and homologous recombination (HR). The ataxia telangiectasia mutated (ATM/ATR) signaling pathway regulate H2AX and the mediator of DNA 
damage checkpoint protein 1 (MDC1). Ubiquitylation of histones determine the DNA repair mechanisms that will be used. While the E3 ligases RNF8 and RNF168 
promote NHEJ mechanism, the E3 ligase complex BRCA1/BARD1 (breast cancer susceptibility gene 1/BRCA1-associated RING-domain protein) promotes HR. RNF8 
and the Ub E2 UBC13 form K63 Ub chains at DSB sites. The K63-polyubiquitylation of histone H1 allows the recruitment of RNF168 and the E2 UBCH5 which 
initiates the ubiquitylation events on histone H2A at K13 and K15 sites recruiting the repairing protein p53-binding protein 1 (53BP1) towards nucleosomes near sites 
of broken DNA. RNF168 also promotes non-canonical K27-linked chains on histones H2A/H2A.X which is crucial in the DNA stress response since allow the 
recruitment of mediators like 53BP1, and BRCA1. The USP51 deubiquitylating enzyme regulate H2A ubiquitylation. DSB induced by ionizing radiation enrolls the E3 
heterodimer, RNF20/RNF40 (BRE1 complex). Together with the Ub E2 UBE2B (RAD6), the BRE1 complex to promotes monoubiquitylation on histone H2B which has 
a critical role in cellular functions. H2B is deubiquitylated by the Spt-Ada-Gcn5-acetyltransferase (SAGA) complex which integrates the DUB ubiquitin-specific 
protease 22 (Usp22). The complex BRCA1/BARD1 modifies H2A favouring HR mechanism. The USP48 deubiquitylating activity regulates BRCA1–BARD1 modifi-
cations and promotes the DNA-end resectioning. 
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K63-polyubiquitylation of histone H1 at DSB sites is the signal for 
enrollment of RNF168 which initiates the ubiquitylation events on his-
tone H2A [133]. RNF168, in combination with the E2 UBCH5, directs 
mono-ubiquitylation of the N-terminal region of histone H2A at K13 and 
K15 sites; specifically K15 ubiquitylation promotes recruiting of 
repairing protein p53-binding protein 1 (53BP1) towards nucleosomes 
near sites of broken DNA [134]. In 2015, Gatti et al., demonstrated that 
RNF168 also promotes non-canonical K27-linked chains on histones 
H2A/H2A.X upon DNA damage. This modification appears to be crucial 
in the DNA stress response, as mutations on Ub K27 prevent DNA 
damage response activation and the recruitment of mediators like 
53BP1, and BRCA1 [4,135]. 53BP1 endorses DNA repair by NHEJ 
mechanism antagonizing DNA end resection that is the initial step in HR. 
To counteract H2A ubiquitylation at K13 and K15, the role of USP51 as a 
deubiquitylating enzyme has been demonstrated [136]. 

Once DSB triggers the ATM/ATR pathway, kinases guide phos-
phorylation of histones H2AX, MDC1 and L3MBTL2 (lethal (3) malig-
nant brain tumor-like protein 2). L3MBTL2 is a polycomb group protein 
essential for embryonic development which is mutated in malignancies 
such as leukemia. ATM-mediated phosphorylation of L3MBTL2 pro-
motes its interaction with MDC1 and localizes it to the DSB site. In 
addition to the H1 ubiquitylation by RNF8, this E3 can also conjugate 
K63-Ub chains into L3MBTL2 that allows its binding to the UDM1 
domain of RNF168. UDM1 specifically recognizes K63-linked Ub chains 
and in this way RNF168 is attracted to the DSB site [137]. The same 
mechanism allows the UDM1 to interact with polyubiquitylated H1. 
Therefore, RNF8 and RNF168 are sequentially recruited at DSB sites and 
K63-linked chains generated by the complex RNF8-UBC13 are necessary 
for RNF168 participation. K63-Ub chains can be regulated by the deu-
biquitylating activity of BRCC36 (BRCC3), a DUB member belonging to 
the JAMM family that forms a heterodimeric complex with ABRAXAS1 
(a metalloprotease-like with no activity) [138]. BRCC36 and ABRAXAS1 
are scaffold subunits of a macro-multi-protein complex known as 
BRCA1-A complex, that is also recruited by K63-chains through the UIM 
domain of the RAP80 subunit [8,139]. Depletion of BRCC36 compro-
mises the G2/M cell cycle checkpoint, inactivating BRCC36 DUB by 
RNAi and genome editing attenuates BRCA1-A functions at DSBs and 
leads to unrestrained DSB end resection and hyperactive DNA repair 
[140]. 

According to Kaiser S.E. et al., approximately 65% of total Ub (pre-
sent in cell lines) are conjugated as mono Ub, and from this pool ~ 30% 
are present on the histones fraction. Histone H2A is probably the most 
abundant ubiquitylated protein in the cell [141]. Three E3s enable H2A 
monoubiquitylation including RNF168 that was already mentioned. 
RING1B/ BMI1 is another E3 which is part of the polycomb repressive 
complex 1 (PRC1) and is responsible of the canonical K119 site modi-
fication. A third E3 is the complex BRCA1/BARD1 which modifies the 
K125, K127 and K129 sites located at the C-terminal of histone H2A 
[132]. Ubiquitylation by PRC1 takes part in transcriptional silencing 
that is more related to chromatin remodeling or epigenetics than DNA 
repair, while ubiquitylation by BRCA1/BARD1 inclines the balance for 
the HR mechanism. 

BRCA1/BARD1 occupancy at DSBs antagonizes 53BP1. The BRCA1/ 
BARD1 heterodimeric complex harbors a RING domain on each mono-
mer through which it interacts with E2 enzymes [142]. Very recently, 
the structure of BRCA1/BARD1 heterodimer with the E2 enzyme 
UBCH5c bound to the nucleosome was resolved by cryo-EM. The H2A 
K-targeted by BRCA1/BARD1 (125/127/129) are nearby to those tar-
geted by RING1B/BMI1 (118/119) but reside in the fully disordered 
flexible C-terminal tail of H2A. It is particularly interesting that the 
BRCA1/BARD1 complex selectively ubiquitylates only K125, K127 and 
K129 positions. Heterodimer arrangement effectively tilts the BRCA1 E2 
interaction site, orienting UBCH5c active site away from the K119 po-
sition. This interface is also sensitive to H3 K79 methylation status and 
mutations found in individuals are associated with cancer [143]. USP48 
deubiquitylating activity counters the BRCA1–BARD1 modifications and 

promotes the DNA-end resectioning [8]. 
DSB induced by ionizing radiation leads to enrollment of another E3 

heterodimer, RNF20/RNF40 (BRE1 complex). This ligase operates with 
the Ub E2 UBE2B (RAD6) to promote monoubiquitylation on histone 
H2B at the K120 site. H2B ubiquitylation has a critical role in cellular 
function, and its impairment has been linked to various cancers [144]. 
H2B is deubiquitylated by the Spt-Ada-Gcn5-acetyltransferase (SAGA) 
complex deubiquitylation module, composed of ENY2, ATXN7, 
ATXN7L3, and the DUB Ub-specific protease 22 (Usp22). There is evi-
dence of the RNF20/RNF40 role in HR as they are required for CtIP- and 
NBS1-dependent end resection. Observations also point out that BRE1 
has a role in NHEJ for repair of I-SceI-induced DSBs which requires 
repression of resection [144]. A more accepted role for H2B mono-
ubiquitylation is to allow access of repair proteins to DNA by promoting 
displacement of one H2A/H2B dimer from the nucleosome barrier for 
transcription activation [145]. 

If K63-linked chains and monoUb are important for recruiting of 
repairing factors, other Ub linkages participate in regulating other DNA 
damage events. It has been reported that RNF8 can conjugate K11-linked 
Ub chains in coordination with the E2 UBE2S [146]. The K11-linked 
ubiquitylation plays a critical role in inhibiting transcription at sites of 
damage and is essential for cellular resistance to ionizing radiation. The 
DUB enzyme Cezanne (OTUD7B), a member of OTU family, has been 
shown to catalyze hydrolysis of K11-linked Ub chains even if its role has 
been mainly described in the regulation of the NF-κB pathway [147]. In 
response to DSB, Cezanne antagonizes the activity of RNF8 and UBE2S 
[146]. 

Searching for K63-linked Ub chain-specific binders, Wu X. and col-
laborators developed a UBD microarray where UBA domains of Cezanne 
and Cezanne2 were identified as selective for K63 but not K48- or K11- 
linked chains. Cells depleted of Cezanne by siRNAs or knockout (KO) 
cells generated by CRISPR-Cas9, showed diminished ionizing radiation- 
induced foci of Abraxas and BRCA1 seemingly as occurs with depletion 
of Rap80, the subunit component of BRCA1-A complex responsible of 
recruiting towards K63-linked foci. Intriguingly, their experiments 
suggested that Cezanne promotes Rap80/Abraxas/BRCA1 recruitment 
to DNA damage sites through its UBA domain binding to K63- 
conjugates, and its DUB activity disassembled K11-linked Ub chains. A 
model has been proposed where Cezanne serves as a “reader” of the K63- 
linkage and “eraser” of the K11-linkage ubiquitylation for the regulation 
of DNA damage response [148]. 

7. Conclusions and future perspectives 

Over the last 20 years, Ub and UbL proteins have appeared as key 
regulators of the proteome and cellular plasticity, since these PTMs 
determine not only stability and localization of modified targets but also 
their function depending on the stimuli. The clinical relevance of these 
PTMs is based on the hundreds of reported diseases where deletions, 
translocations and mutations affect Ub chain synthesis, deconjugation, 
recognition and connection with effector functions. Understanding the 
meaning of the Ub language and its regulation will be crucial to better 
assess the possibilities for therapeutic intervention. Despite the tech-
nological progress on mass spectrometry analysis to unveil the Ub chain 
complexity, our community still faces a lack of tools to identify complex 
chains. Most of the available tools provide information on homotypic Ub 
chains. However, we know that distinct and complex Ub-chains exist 
and some of them include other PTM modifications related to the Ub 
family (eg. SUMO or NEDD8) or not (eg. phosphorylation or acetyla-
tion). Deciphering how Ub moieties are disposed within a complex Ub 
chain is still challenging [149]. Distinct tools such as molecular traps 
(eg. TUBEs), peptide aptamers (eg. nanobodies) or affimers, were 
recently developed to get information on specific chain types. One can 
expect that in the near future more tools recognizing all Ub chain link-
ages or modified Ub will be developed and the identification and char-
acterization of non-homotypic, mixed or branched chains will be 
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possible [15]. The highly dynamic action of DUBs further complicates 
our understanding of Ub chains. With or without dedicated chain 
specificity, they indeed remodel Ub polymers depending on the stimuli, 
time, and cellular space where the substrate is present. It is also 
important to keep in mind that the concept of one enzyme for one target 
used, to easily explain or simplify our research paradigms is called into 
question. Since functional redundancy might exists between Ub enzymes 
to act on a single target and some targets could be modified by several 
members of the Ub family, cooperation or opposition could exist to 
control Ub-driven functions. The identification of enzymes participating 
in Ub chain synthesis and remodeling in physiology and pathology will 
be crucial to understand how cells remodel their proteome to face 
distinct situations. These efforts should allow the selection of the best 
candidate biomarkers and drug targets. 
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Abstract: Protein ubiquitylation coordinates crucial cellular events in physiologic and pathologic 41 
conditions. A comparative analysis of the ubiquitin proteome from bortezomib (BTZ)-sensitive and 42 
BTZ-resistant mantle cell lymphoma (MCL) revealed an enrichment of Autophagy-Lysosome 43 
System (ALS) in BTZ-resistant cells. Pharmacological inhibition of autophagy at the level of 44 
lysosome-fusion revealed a constitutive activation of proteaphagy and accumulation of proteasome 45 
subunits within autophagosomes in different MCL cell lines with acquired or natural resistance to 46 
BTZ. Inhibition of the autophagy receptor p62/SQSTM1 upon verteporfin (VTP) treatment 47 
disrupted proteaphagosome assembly, reduced co-localisation of proteasome subunits with 48 
autophagy markers and negatively impacted proteasome activity. Finally, the silencing or 49 
pharmacological inhibition of p62 restored the apoptosis threshold at physiological levels in BTZ-50 
resistant cells both in vitro and in vivo. In total, these results demonstrate for the first time a 51 
proteolytic switch from Ubiquitin-Proteasome System (UPS) to ALS in B-cell lymphoma refractory 52 
to proteasome inhibition, pointing out a crucial role for proteaphagy in this phenomenon and 53 
paving the way for the design of alternative therapeutic venues in treatment-resistant tumours. 54 

Keywords: Apoptosis; Autophagy; Proteasome inhibitor; TUBEs; Ubiquitin proteome; Verteporfin. 55 
 56 

 57 

1. Introduction 58 

 59 

Mantle Cell Lymphoma (MCL) is an aggressive subtype of non-Hodgkin lymphoma, for 60 

which chemotherapy treatments show poor response and reduced patient survival. The proteasome 61 

inhibitor (PI) bortezomib (BTZ) has been used as a new class of agents for treatment of multiple 62 

myeloma (MM) and MCL [1,2]. BTZ inhibits the proteasome by targeting the β5 subunit of the 20S 63 

core particle (CP), thereby impairing degradation of intracellular proteins, including crucial factors 64 

regulating cell cycle, tumour progression and apoptosis [3]. Resistance to BTZ treatment appears in 65 

patients and has been extensively investigated in hematologic cancers over the last decade [4]. Point 66 

mutations in the β5 catalytic subunits of the proteasome occasionally explain BTZ resistance [5,6]. 67 

Nevertheless, such mutations are not always found in BTZ-resistant cells indicating that alternative 68 

mechanisms must support drug refractoriness. These alternative mechanisms include dysfunction of 69 

oxidative and endoplasmic reticulum stress [7], activation of the cytoprotective arm of the unfolded 70 

protein response [8], or re-activation of a plasmacytic differentiation program [9]. Consistently, 71 

pharmacological modulation of these pathways can partially re-sensitize resistant MCL cells to BTZ 72 

[10]. 73 

The Ubiquitin Proteasome System (UPS) and the Autophagy Lysosome System (ALS) 74 

constitute the main intracellular proteolytic pathways in eukaryotic cells [11,12]. Proteasomes are 75 

large protein complexes that ensure the selective degradation of cytosolic and nuclear proteins in 76 

response to a vast diversity of specific signals. The best understood proteasome form is the 26S 77 

proteasome, which degrades ubiquitylated proteins. It is formed by the 20S CP carrying the 78 

proteolytic activities and the 19S regulatory particle (RP) that recruits the target proteins and injects 79 
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them into the CP. The 20S CP possesses three catalytic subunits: β1, β2 and β5 with caspase-like, 80 

trypsin-like and chymotrypsin-like peptidase activities, respectively [13,14]. 81 

Ubiquitin (Ub) and Ubiquitin-like proteins (UbLs) are also implicated in ALS-mediated 82 

proteolysis. In particular, members of the LC3/GABARAP are involved in the formation of lipidic 83 

membranes called phagophores that engulf targeted cargos. Subsequently, they fuse with lysosomes 84 

to drive substrate degradation [11,12]. Distinct selective autophagy pathways have been reported and 85 

named according to the type of substrate that is embedded and degraded such as mitophagy 86 

(mitochondria) or proteaphagy (proteasome). Recently, Marshall et al. showed in A. thaliana that 87 

proteaphagy is activated under proteasome inhibition and nutrient starvation [15,16]. Proteaphagy 88 

has also been described in mammalian cells [17–19]. These results revealed a novel level of interaction 89 

between UPS and ALS.  90 

To analyse the molecular impact of BTZ resistance in MCL, we investigated the Ub-91 

dependent proteome of MCL cells. To this end, Tandem Ubiquitin Binding Entities (TUBEs) coupled 92 

to mass spectrometry (MS) analysis were performed [20–22]. Here we report the comparison of 93 

TUBEs-associated Ub-proteomes from MCL cell lines refractory (ZBR) or responsive (Z-138) to BTZ. 94 

Similar changes were found by comparing other sensitive and resistant MCL cells, highlighting the 95 

relevance of our observations. Our results show that ALS compensates a defective UPS found in BTZ-96 

resistant cells by a permanently activated proteaphagy and that autophagy receptor p62 has a key 97 

role in the assembly of proteaphagosomes. We further demonstrate that silencing or pharmacological 98 

inhibition of p62 reactivates apoptosis signalling in vitro and in vivo in MCL tumours with intrinsic 99 

or acquired resistance to BTZ. 100 

2. Results 101 

2.1. Reduction of UPS is compensated by ALS factors in BTZ-resistant MCL cells  102 

 103 

The biological impact of proteasome inhibition in MCL leads to the accumulation of 104 

ubiquitylated proteins, inducing proteotoxic stress and affecting crucial signalling pathways [10,23]. 105 

We hypothesized that these accumulated proteins could potentially be implicated in the response or 106 

resistance to BTZ. To get insight into the nature of these proteins, we compared the Ub-proteome 107 

isolated from a representative, BTZ-sensitive MCL cell line (Z138), and from its BTZ-resistant derived 108 

sub-clone (ZBR) [8]. We used TUBEs previously shown to be efficient for purification of Ub-proteins 109 

[3,21,24,25]. We identified 895 proteins that were specifically bound to TUBEs in Z-138 cells, and 683 110 

in ZBR cells (Figures 1A and S1A-S1E). From these proteins, 263 were reduced or enriched in these 111 

cell lines and were retained for analysis (Table S1). Ingenuity Pathway Analysis (IPA) showed protein 112 

ubiquitylation, phagosome maturation and unfolding protein response were in the top five of the 113 

most represented pathways (Figure S1F). Gene ontology (GO) analysis was used to obtain an 114 

integrated heatmap view of the simultaneous Ub-regulated processes occurring in both BTZ-resistant 115 

and -sensitive cells (Figure S2). Crucial differences were observed among the 60 proteins of the UPS 116 

and ALS. In particular, proteasome subunits were reduced while components of the ALS were 117 

enriched in ZBR compared to Z-138 cells (Figures 1B and S3A). Other changes in the UPS included 118 

Ub-ligases, de-ubiquitylating enzymes and total protein ubiquitylation (Figure 1B and 1C). 119 

We confirmed the reduced levels of proteasome subunits (α and β subunits of the CP, base 120 

and lid subunits of the 19S complex) associated to the Ub-proteome in ZBR cells compared to Z-138 121 
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cells by Western blot (WB) using specific antibodies (Figures 1D, S3B and S3D). In direct contrast, 122 

cellular factors implicated in autophagosome early signalling, autophagosome formation and fusion 123 

with the lysosome were enriched in the Ub-proteome of ZBR compared to Z-138 cells (Figures 1D, 124 

S3B and S3D). The enrichment of some ALS factors and reduction of proteasome subunits were 125 

confirmed by WB in JBR, another BTZ-resistant cell line, when compared to the parental JeKo-1 cell 126 

line (Figures 1E, S3C and S3E). In summary, our results indicate that in BTZ-resistant cells, the levels 127 

of ALS factors associated to the Ub-proteome are increased concomitantly with a reduction in 128 

proteasome subunits levels, suggesting a compensatory mechanism that highlights a regulatory 129 

crosstalk between ALS and UPS in these cells. 130 
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 131 

Figure 1. Analysis of the TUBEs-associated Ub proteome of BTZ-resistant MCL cells. (A) Scheme 132 

of the strategy used to isolate and compare the Ub proteome of Z-138 and ZBR MCL cells. (B) Heat 133 

map and boxplots showing significantly functional enriched UPS and ALS categories in BTZ-resistant 134 

ZBR cells compared to the parental Z-138 cell line. Red = low enrichment; green = high enrichment. 135 

(C) Ubiquitylation pattern in Z-138 vs ZBR and JeKo-1 vs JBR cells. Ubiquitylated proteins were 136 

captured using TUBEs from Z-138/ZBR (D) and JeKo-1/JBR (E). GST was used as a control. Indicated 137 
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fractions were analysed by WB with the indicated Abs. The densities of proteins calculated for the 138 

19S, 20S and autophagy are the means of all single values. Quantifications were performed using 139 

ImageJ software (n ≥ 3; mean ± SD; two-tailed Student's t-test, *P < 0.05, **P < 0.01, ***P < 0.001, ****P 140 

< 0.0001). “n” represents the mean of three replicates for each of the subunits analysed that were 141 

integrated into 20S or 19S subunits”. 142 

 143 

2.2. Proteaphagy is constitutively active in BTZ-resistant MCL cells 144 

 145 

Proteaphagy was proposed to be increased after proteasome inhibition, indicating that this 146 

mechanism could be used in physiological conditions to eliminate inactive proteasomes [16,17,26]. 147 

We observed that the autophagy inhibitors bafilomycin A (BafA) and chloroquine (CQ) led to the 148 

accumulation of autophagy factors (p62 ad LC3B) equally well in all cell lines (Figures 2A, 2B, S4A, 149 

S4B). In sharp contrast, they triggered an increase in the whole-cell levels of 26S proteasome subunits 150 

in ZBR and JBR cells and a decrease in Z-138 and JeKo-1 parental (BTZ-sensitive) cells. These results 151 

strongly supported a constitutive activation of proteaphagy only in BTZ-resistant cells. To extend 152 

these results, we evaluated the accumulation of proteasome subunits in the presence of BafA in 153 

several MCL cell lines with distinct inherent resistance/sensitivity to BTZ. We found that the MCL 154 

cell line REC-1 with the highest intrinsic resistance to proteasome inhibition [8], accumulated 155 

proteasome subunits after BafA treatment. This phenomenon was not statistically significant or not 156 

observed in MINO and Granta-519 cell lines showing intermediate and null resistance to BTZ, 157 

respectively (Figures 2C and S4C-E). Moreover, the accumulation of proteasome subunits was easier 158 

to detect when BTZ treatment was combined with BafA or CQ. Our data suggested that proteaphagy 159 

was activated in BTZ-resistant cells. Supporting these observations, immunofluorescence studies 160 

revealed a substantial increase in proteasome subunits-containing autophagosomes in ZBR and JBR 161 

treated with BafA or CQ plus BTZ, when compared to parental Z-138 and JeKo-1 cells (Figures 2D, 162 

2E, S5A-B). In remarkable contrast with the BTZ-sensitive cell line Z-138, the co-localisation of 163 

proteasomes with autophagosomes was already observed at basal levels in ZBR cells, and BTZ 164 

treatment did not improve this co-localisation as much as autophagy inhibitors (Figure S5A). These 165 

results indicated that proteaphagy is functionally active in BTZ-resistant cells in the absence of any 166 

stimulus and underline its potential as a hallmark of BTZ-resistance in MCL cells. 167 

 168 



Cancers 2020, 12, x FOR PEER REVIEW 7 of 25 

 

 169 

Figure 2. Proteaphagy is activated in BTZ-resistant MCL cells. BTZ-sensitive cells Z-138 (A) and 170 

JeKo-1 (B) and their resistant counterpart ZBR and JBR were treated or not with 20 nM BafA for 4 or 171 

8 hours. Cells with intrinsic sensitivity (Granta-519) or resistance to BTZ (MINO and REC-1) (C) were 172 

treated or not with 40 nM BafA for 4 hours. WB analyses to detect autophagy or 26S proteasome 173 

proteins were performed with the indicated antibodies. Quantifications were performed using 174 

ImageJ software (n ≥ 3; means ± SD; two-tailed Student's t-test, *P < 0.05, **P < 0.01, ***P < 0.001). Z-175 



Cancers 2020, 12, x FOR PEER REVIEW 8 of 25 

 

138/ZBR (D) and JeKo-1/JBR (E) were treated with 40 nM BafA for 8 hours. Fixed cells were stained 176 

with anti-β2 (green) or -LC3B (red) Abs and analysed by confocal microscopy, scale bar indicates 10 177 

µM. Primary Abs were used: mouse anti- β2 1:100, mouse anti-p62 1:100, rabbit anti-LC3B 1:200, 178 

rabbit anti-α2 1:200. Secondary Abs were diluted 1:500 in blocking solution (5% bovine serum 179 

albumine, 0.1% Triton x100 in PBS) and incubated during 30 min at RT. Nuclei were stained with 180 

DAPI (P36931, Invitrogen). Looking for co-localisation of proteasome and autophagy proteins, 181 

normalized values of fluorescence intensity for LC3B (red) and β2 (green) along the white lines were 182 

plotted. Co-localisation was measured with Manders correlation coefficient calculated in regions of 183 

interest with LC3B punctates (n ≥ 20; means ± SD; two-tailed Student's t-test, *P < 0.05, **P < 0.01, ***P 184 

< 0.001). 185 

 186 

2.3. p62/Sequestosome-1 coordinates proteaphagosome assembly  187 

 188 

p62 is not only a major autophagy player but it has also been involved in proteaphagy [17] 189 

and in proteasome inhibitor susceptibility in multiple myeloma cells [27]. To explore the role of p62 190 

in proteaphagy, verteporfin (VTP, a clinical-grade small molecule inhibitor of this autophagy 191 

receptor) was employed [28,29]. Unlike BafA, VTP inhibits autophagy at early stage by aggregation 192 

of p62 and reduces autophagosome accumulation that can be assessed by a reduction of the 193 

autophagy marker LC3B [30,31]. Whereas the levels of LC3B and its lipidated form decreased, high 194 

molecular weight aggregates of p62 accumulated after VTP treatment in both Z-138 and ZBR cells. In 195 

contrast, BafA treatment accumulated both LC3B forms and p62 monomers. In agreement with the 196 

mechanism of action of these drugs when the double treatment was used, VTP stopped the BafA-197 

induced accumulation of LC3B and p62 (Figure 3A). Interestingly, high molecular weight forms of 198 

RPN1, were also observed after VTP treatment. In contrast, β5 and β2 subunits were decreased after 199 

VTP treatment in both cell lines (Figure 3B). Accordingly, VTP treatment induced co-localisation of 200 

p62 with RPN1 but not with β2 subunits (Figure 3C, D). In contrast, BafA accumulated these 201 

proteasomal subunits in regions where punctuated autophagosomes were observed, in ZBR but not 202 

in Z138 cells (Figure 3B), highlighting a distinct mechanism of action for each inhibitor. 203 

 204 
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 205 

Figure 3. Inhibition of p62 affects the stability and localisation of proteasome subunits. Z-138 and 206 

ZBR cells were treated with 40 nM BafA, 10 µM VTP or in combination of BafA/VTP at the same 207 

concentrations for 4 or 6 hours, respectively. Whole-cell extracts were analysed by WB to control 208 

autophagy flux (A) and the total expression of proteasome subunits after treatments (B). Bands were 209 

analysed in 3 biological replicates using ImageJ software. (C and D) Co-localisation of proteasome 210 

subunits with autophagosomes after treatment with autophagy inhibitors. Z-138/ZBR were treated 211 

or not for 4 hours with 40 nM BafA or 10µM VTP or the combined treatment. Fixed cells were stained 212 

with anti-β2 antibody (green) and p62 (red) (C), or with anti-RPN1 antibody (green) and anti-p62 213 
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(red) (D). Images were analysed by confocal microscopy, scale bar indicates 10 µM. Co-localisation 214 

was measured with Manders correlation coefficient calculated in regions of interest containing LC3B 215 

or p62 punctates (n ≥ 20; mean ± SD; two-tailed Student's t-test, *P<0.05, **P<0.01, ***P<0.001). 216 

 217 

To investigate if high molecular weight forms of RPN1 could be ubiquitylated, a TUBEs-218 

capture approach was used (Figure 4A). VTP remarkably altered the total ubiquitylation and had a 219 

negative impact on the TUBE-capture of RPN10 and β5 proteasome subunits in ZBR cells. Moreover, 220 

VTP enhanced the capture of p62 and RPN1 in both ZBR and Z138 cells (Figure 4A). To investigate 221 

how VTP affected p62 interactions with distinct proteasome subunits, immunoprecipitation 222 

experiments were performed using cell extracts from Z-138 and ZBR cells treated with BafA, VTP or 223 

both drugs (Figure 4B). The amount of RPN1 and β5 associated to p62 after BafA treatment was 224 

marginally but consistently increased, specifically in ZBR cells. In sharp contrast, the β5 and RPN1 225 

subunits showed a reduced binding to p62 after VTP treatment (Figure 4B). To confirm these 226 

observations, RPN1 immunoprecipitation was performed under identical conditions. The level of 227 

RPN1 was increased after VTP treatment and this affected the amount of immunoprecipitated RPN1 228 

(Figure 4C). Under these conditions, high molecular weight forms of p62 were bound to RPN1 while 229 

β5 subunits were dissociated (Figure 4C). These results suggest that p62 and RPN1 antibodies 230 

recognize distinct complexes differentially affected with BafA or VTP treatments. While the anti-p62 231 

Ab precipitated proteophagosomes in the presence of BafA, the anti-RPN1 Ab precipitated 232 

aggregated forms of p62 after VTP treatment. All in all, these results underline the key role of p62 233 

and its association with RPN1 for degradation via proteaphagy. Since VTP treatment could reduce 234 

the interaction of RPN1 with the 20S catalytic subunits, this raised the question of its impact on the 235 

overall proteasome activity. To investigate this point, in-gel chymotrypsin-like activity of proteasome 236 

β5 subunit was measured in vitro from VTP-treated MCL cells using reporter peptides [32]. Our 237 

results showed that 30S, 26S and 20S activities were reduced after a VTP treatment, but were 238 

unaffected by BafA (Figure 4D). Native gel-WB analysis of α7, β5 and RPN1 subunits revealed that 239 

VTP accumulated RPN1 subunit, whereas 20S CP were reduced and converted into a smaller 240 

molecular weight form of 20S subunit (Figure 4E). According to the in-gel proteasome activity assay 241 

this low molecular weight form of 20S was not activated (i20S). Overall, our results suggested that 242 

p62 contributes to target proteasome subunits to proteaphagic degradation. 243 

 244 

 245 
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 246 

Figure 4. Role of p62 in the proteophagosome assembly. (A) Ubiquitylated proteins were captured 247 

using TUBEs from Z-138 and ZBR treated or not with 10 µM VTP for 4 hours. GST was used as a 248 

control. Indicated fractions were analysed by WB with the indicated Abs. (B and C) Cell lysates from 249 

Z-138 and ZBR were immunoprecipitated (IP) with anti-p62 and anti-RPN1 Abs. 250 

Immunoprecipitated material and input fractions were resolved and subjected to WB with the 251 

indicated Abs. (D) Cell extracts from Z-138 and ZBR treated or not with BafA, VTP or combined 252 
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treatment were run into non-denaturing native gels. In gel proteasome activity assay was measured 253 

using fluorogenic peptides. (E) Native complexes separated as in (D) were transferred onto PDVF 254 

membranes and blotted with the indicated Abs (n ≥ 3; mean ± SD; two-tailed Student's t-test, *P < 0.05, 255 

**P < 0.01, ***P < 0.001) 256 

 257 

2.4. Autophagy inhibition increases apoptosis in BTZ-resistant MCL cells 258 

 259 

To explore the impact of autophagy inhibition on the viability of BTZ-resistant cells, 260 

pharmacological modulation of apoptosis was evaluated by flow cytometry analysis of ZBR and JBR 261 

cells. As expected, compared to their parental cells, both BTZ-resistant cell lines showed a significant 262 

reduction in apoptosis levels after a 48h-treatment with 10 nM BTZ (Figures 5A and B). However, the 263 

24 h-treatment with 20 nM BafA delivered a stronger apoptosis response in ZBR (around 40%) than 264 

in JBR cells (around 12%). Both BTZ- resistant and their parental cell lines responded to the BafA-265 

treatment to the same extent (Figures 4A and S7). Nevertheless, the combined BTZ plus BafA 266 

treatment remarkably stimulated apoptosis in ZBR (up to 70% apoptotic cells) and Z-138 cells (up to 267 

90% apoptotic cells) while this combination exerted relatively modest anti-apoptotic activity (around 268 

40% apoptosis) in JBR cells (Figure 5A and B). Considering the high diversity in MCL genetic 269 

backgrounds, we further explored the effects of the same treatments on cell lines that naturally show 270 

distinct sensitivity to BTZ (Figure 5C). While BafA alone killed efficiently REC-1 cells (Figure 5C), the 271 

BafA/BTZ combo slightly increased the apoptosis rate in these cells, when compared with MINO cells 272 

(Figure 5C), suggesting that this combination treatment could be more efficient in cells with high 273 

bortezomib resistance. 274 

Since p62 is playing a critical role in the assembly of proteaphagosomes, we then explored 275 

whether its inhibition upon VTP treatment could favourably impact on BTZ-mediated apoptosis in 276 

resistant cells (Figure 5D-F). Although VTP significantly promoted apoptosis when used alone (plus 277 

30% or 26% cell death in REC-1 and ZBR, respectively). Its combination with BTZ achieved a 278 

significant higher degree of cytotoxicity in both ZBR (plus 80% cell death induction, Figure 5D) and 279 

REC1 cells (70% cell death induction) (Figure 5E), with respective drug combination indexes of 0.81 280 

+/- 0.15 and 0.76 +/- 0.12, indicative of cooperative effects (Figure 5F). Interestingly, this cooperative 281 

effect was statistically similar in ZBR and REC-1 cells.  282 

In order to confirm the participation of p62 in the BTZ-mediated cytotoxicity, we used a 283 

siRNA approach to knockdown SQSTM1 (encoding p62) gene in ZBR cells prior to BTZ treatment. 284 

As shown in Figure S6A and B, an 80% reduction was observed in p62 mRNA and protein levels after 285 

transfection, this level of expression was maintained upon treatment with standard doses of BTZ. 286 

Interestingly, upon a 24 h-treatment with BTZ, compared to the cells transfected with a non-targeting 287 

siRNA, sensitivity to this inhibitor was restored in siSQSTM1-transfected ZBR cells. Following 288 

treatment with 7.5 or 10 nM BTZ, the relative cytotoxic activity was recovered by 32% and 38%, 289 

respectively (Figure S6C). Accordingly, knocking-down SQSTM1 reduced the mean IC50 of  BTZ 290 

down to 7.33 nM at 24 h, reaching a similar value as the one observed in the parental non-resistant 291 

Z-138 cells [8]. These results clearly support a role of p62 in the response to BTZ in resistant cells and 292 

underline its potential as target for drug development.  293 
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 294 

Figure 5. Autophagy inhibition increases apoptosis of BTZ-resistant cells. Flow cytometry analysis 295 

of apoptosis in Z-138 and ZBR cells (A), JeKo-1 and JBR (B) cells or in Granta-519, MINO and REC-1 296 

(C) MCL cells treated or not for 48 hours with 10 nM BTZ, 50 nM BafA or combined drugs as indicated. 297 

Apoptosis levels were measured by annexin V staining in Z-138 and ZBR cells (D) treated for 24 hours 298 

with 5µM VTP, 5 nM BTZ or the combined treatment and in REC-1 cells (E) treated for 24 hours with 299 

15µM VTP, 5 nM BTZ or the combined treatment (n ≥ 3; means ± SD; two-tailed Student's t-test, 300 

*P<0.05, **P<0.01, ***P<0.001, ****p<0.0001). (F) From these results, we calculated the combination 301 

indexes (CIs) for Z-138, ZBR and REC-1 treated with VTP or BTZ using the Compusyn software 302 

(http://www.combosyn.com). The CIs between VTP and BTZ were determined at the constant ratios 303 
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displayed in (D) and (E) for Z-138/ZBR and REC-1 respectively. CI values of <1.0 indicate a 304 

cooperative effect of the two agents tested in combination.  305 

 306 

2.5. Inhibition of p62 reduces the growth of BTZ-resistant MCL tumours in vivo 307 

 308 

To evaluate the potential clinical interest of p62 inhibition in the treatment of BTZ-resistant 309 

MCL tumours, REC-1-Luc+ mouse xenografts were treated for two weeks with 0.5 mg/kg BTZ, 310 

20 mg/kg VTP or both drugs. Tumour growth was evaluated for two weeks upon bioluminescent 311 

signal and tumour volume recorded (Figure 6A-D). Consistent with the resistant phenotype of REC1 312 

cells, administration of BTZ as a single agent did not affect tumour burden. VTP-receiving animals 313 

experimented a 38% reduction in tumour growth compared to vehicle- or BTZ-treated mice. VTP 314 

administration combined with BTZ treatment reduced tumour growth to 44%, reaching statistical 315 

significance (Figure 6A and B). Immunohistochemical and WB analysis of tissue sections in 316 

representative tumour specimens revealed that VTP as a single agent was able to reduce the tumour 317 

mitotic index and to trigger apoptosis, as shown by a lower phospho-histone H3 staining and by the 318 

appearance of some nuclei positive for active caspase-3 within the tumours (Figure 6C, D). Most 319 

important, VTP-based treatments were associated with a cytosolic accumulation of p62, indicative of 320 

an inhibited autophagy, together with the consequent accumulation of RPN1. Confirming in vitro 321 

results, VTP/BTZ drug combination was able to improve both p62 and RPN1 accumulation, in 322 

association with highest tumour growth inhibition and apoptosis processing (Figure 6C, D). Thus, 323 

these in vivo results confirm the therapeutic potential of using autophagy inhibitors to recover the 324 

antitumor activity of BTZ in MCL tumours primarily resistant to this agent.  325 

 326 
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 327 

Figure 6. p62 inhibition reduces tumour growth in a BZT-resistant MCL xenograft model. (A) NSG 328 

mice were subcutaneously injected with REC1-GFP+Luc+ cells and tumour-bearing mice were 329 

randomly assigned to one of the following treatment arms (n = 4 mice per group): BTZ, 0.5 mg/kg 330 

twice weekly (i.p.); VTP, 20 mg/kg twice weekly (i.p.), both agents or equal volume of vehicle, for two 331 

weeks. Tumour burden was evaluated at week 1 and week 2 by analysis of the bioluminescence signal. 332 

(B) Luciferase activity was quantified using the Living Image software. (C) Tumour volume was 333 
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evaluated ex vivo using callipers, upon euthanasia of the animals. The inhibition of tumour growth 334 

relative to the control group is reported on the histograms. (D) Immunohistochemical labelling of 335 

phosphorylated histone H3 (H3-pS10) as a marker of proliferating cells and activated (act.) caspase 3 336 

as a marker of apoptosis, and p62 in consecutive tissue sections from four representative tumour 337 

specimens (x 500, magnification) after 2 weeks of treatment. (E) RPN1 protein levels were evaluated 338 

by WB analysis in 4 representative tumour samples after the 2 weeks of treatment. ns, not significant. 339 

 340 

3. Discussion 341 

 342 

Bortezomib significantly improved the prognosis of patients with MM and MCL. However, 343 

relapses following this therapy are frequent, while primary resistance to this agent remains a major 344 

limitation for further development of its therapeutic use [10]. Here, using different cellular models of 345 

MCL with either acquired or intrinsic resistance, we observed that refractoriness to BTZ is 346 

accompanied by ALS activation, and in particular proteaphagy. Reduction of proteasome subunits in 347 

the Ub-proteome is a strong hallmark of BTZ-resistant cells and highlight an important crosstalk 348 

between these two major proteolytic pathways in these cells. Other studies have proposed that the 349 

reduced expression of 19S proteasome subunits are responsible for the BTZ-resistance found in MM 350 

cells [33]. Furthermore, low levels of 19S subunits are at the origin of the resistance to the second-351 

generation PI, carfilzomib, in MM cells [33,34]. Upon the blockade of autophagy-mediated 352 

degradation, both 19S and 20S subunits were accumulated in BTZ-resistant cells with acquired or 353 

intrinsic resistance. In intrinsic resistant models such as REC-1 cells, the accumulation of proteasome 354 

subunits upon autophagy inhibition was easier to highlight. The reduction in proteasome subunits 355 

within the Ub-proteome was also observed in JBR cells. JBR and its parental cell line JeKo-1 carry 356 

mutations/deletions of relevant genes such as TP53, MLL2, DCP1B, TRMP6 [35]. Despite these genetic 357 

alterations, proteaphagy was observed in JBR indicating that active proteaphagy is a well-preserved 358 

mechanism present in cells that resist to BTZ-treatment, independently of the genetic background of 359 

the tumour cells.  360 

Our co-localisation analyses employing two distinct markers of autophagy (LC3B and p62), 361 

clearly indicate that 20S proteasome subunits are accumulated in autophagosomes after treatment 362 

with autophagy inhibitors, indicating ongoing proteaphagy. Cells may employ this mechanism in 363 

the presence of deficient proteasomes to restore proteostasis [15,16]. Interestingly, the use of distinct 364 

autophagy inhibitors (CQ, BafA or VTP) did not lead to the same results in ZBR and JBR in terms of 365 

timing and efficiency to accumulate proteasome subunits nor in the capacity to drive apoptosis alone 366 

or in combination with BTZ. This suggests that the molecular mechanisms engaged by these drugs 367 

are not exactly the same [23,36]. Blocking autophagy at the level of p62 receptor appears to negatively 368 

affect the assembly of the 26S proteasome and results in a dissociation of the 20S from 19S subunits. 369 

Since VTP could trigger oxidative stress, in a light dependent manner [28] and produce reactive 370 

oxygen species (ROS) such as singlet oxygen and radical species [37], ROS contribute to the observed 371 

effects on proteasome stability and activity [38]. In any case, RPN1 is likely fulfilling a relevant role 372 

in the response to VTP since in contrast to other proteasome subunits tested, its integration in the 373 

ubiquitin proteome is increased after treatment with this drug.  374 

The role of p62 in the response to BTZ in multiple myeloma has been previously suggested 375 

[27]. Although the mechanism of BTZ-resistance acquisition is not fully clear, it appears that it could 376 
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be common to other proteasome inhibitors such as carfilzomib since p62 is directly or indirectly 377 

implicated in this process [39]. Indeed, knocking down SQSTM1 in ZBR cells significantly potentiates 378 

BTZ cytotoxicity (Figure 6), supporting the role of p62 in BTZ resistance in MCL model. Actual 379 

options for chemical inhibitors of p62 are limited. The XRK3F2 inhibitor that specifically targets the 380 

ZZ domain of p62 [40] can overcome BTZ resistance in MM, independently of the TP53 status [41,42]. 381 

We therefore tested the p62 inhibitor XRK3F2 in BTZ-resistant MCL cells, but its cytotoxic effects 382 

were less pronounced than the ones observed with VTP (data not shown). This suggest that in 383 

addition of p62, other factors might play a crucial role in the response/resistance to proteasome 384 

inhibitors.  385 

Late stage autophagy inhibitors also induced distinct apoptosis levels in BTZ-resistant MCL 386 

cells. In inherent BTZ-resistant cell models, the resistance to BTZ seems positively correlated with 387 

their dependency on autophagy, and BafA alone compromises cell viability (e.g. results from REC-388 

1). However, the combined treatment BTZ/BafA could be more efficient to kill cells with intermediate 389 

levels of resistance (e.g. results from MINO) [9]. Interestingly, the most efficient single treatment was 390 

VTP and the combination index indicated that cooperative effects can be observed when combined 391 

with BTZ. These observations were also validated in xenografted mice models using the REC-1 cell 392 

line.  393 

 394 

4. Materials and Methods  395 

4.1. Antibodies 396 

Antibodies (Abs) anti-P4D1 ubiquitin, -β2, -PSMD2, -p62 were purchased from Santa Cruz 397 

Biotechnology (CA). Abs anti-α6 and -PSMD3 were obtained from Invitrogen. Anti-β-actin Ab was 398 

from Abgent. Anti-annexin 5 Ab was from BD Science. Abs anti-β1, -RPN10 and -RPT4 were from 399 

Enzo Life Science. Anti-β5, -PSMA2, -LC3B, -ADRM1, -AMBRA1 and -HYOU1 were from Cell 400 

Signaling Technology (Danvers, MA). Abs anti-mTOR and -S100A9 were from Sigma (St. Louis, MO). 401 

Abs anti-UVRAG, -TOLLIP, -VPS33A, and -VTI1A were from ThermoFischer Scientific (Waltham, 402 

MA). Donkey anti-rabbit TexRed and donkey anti-mouse FITC secondary Abs were from Jackson 403 

Immunoresearch. Goat anti-mouse Star 635 was from Abberior and Donkey anti-Rabbit Alexa Fluor 404 

594 was from Invitrogen. Fluorescent secondary Abs IRDye® 800CW and IRDye® 680RD were from 405 

LICOR. Peroxidase Goat Anti-Rabbit IgG and Peroxidase Rabbit Anti-Mouse IgG were from Jackson 406 

Immunoresearch.   407 

 408 

4.2. Reagents 409 

Ac-nLPnLD-amc, Boc-LSTR-amc and Suc-LLVY-amc peptides were purchased from Bachem AG 410 

(Bubendorf, CHE). Marizomib, Chloroquine and Verteporfin were from Sigma (St. Louis, MO), 411 

Bortezomib was from Tebu bio (FR), Bafilomycin A1 and Everolimus were from Invivogen (CA). 412 

 413 

4.3. Cell Culture 414 

ZBR and JBR were derived from Z-138 and JeKo-1 respectively [8]. All cells were cultured in RPMI 415 

1640 with 2 mM L-glutamine, 100 Units/mL penicillin, 100 µg/mL streptomycin and 10% foetal bovine 416 

serum (FCS), excepting JeKo-1 and JBR (20% FCS). Cells were incubated at 37°C, 5% CO2. Cell lines 417 

authentication was based on short tandem repeat (STR) profiling by DSMZ services (Braunschweig, 418 
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Germany). 419 

 420 

4.4. TUBEs capture 421 

The capture of ubiquitylated proteins for mass spectrometry analysis was performed as described in 422 

[3]. For all other TUBE-captures, 107 cells were treated and used according to the protocol reported 423 

in [20] and [21].  424 

 425 

4.5. Mass spectrometry analysis 426 

TUBEs-mass spectrometry analysis was performed as reported [3,44]. Mass spectrometry data are 427 

available in the PRIDE database: http://www.ebi.ac.uk/pride  Username: reviewer16995@ebi.ac.uk 428 

Password: 5aiE0r5b. A stringent protein identification filter was selected retaining only proteins with 429 

at least false discovery rate (FDR) < 1%. Spectral counts were summed up for each matching peptide 430 

for a given protein and spectral counts obtained in GST control samples were subtracted using the 431 

statistical programming language R. Negative and zero values were set to one to enable log2 432 

transform of the quantitative data. The data were then log2 transformed and quantile normalized 433 

across samples. Proteins with more than two fold regulated between Z-138 and ZBR that could be 434 

reproduced in all three replicas were maintained for further Western blot validation and functional 435 

evaluation. From the 263 selected proteins with more than two-fold difference between Z-138 and 436 

ZBR that could be reproduced in all three replicas, 60 were UPS and ALS factors. Among the 263, 123 437 

were more abundant in ZBR and 140 less abundant in ZBR. These proteins were maintained for 438 

further dry and wet analyses.  439 

 440 

4.6. IPA analysis  441 

Analysis using Ingenuity Pathway Analysis (IPA®, QIAGEN Redwood City, 442 

www.qiagen.com/ingenuity) integrated canonical signalling pathways associated to Z-138 and ZBR 443 

cells (p-value < 0.05 calculated by Fishers's exact test). The calculated p-values determine the 444 

probability that the association between proteins in the dataset and the canonical pathways is 445 

explained by chance alone.  446 

 447 

4.7. Database search 448 

The obtained data from the 120 LC-MS runs were searched using VEMS [45] and MaxQuant [46] 449 

using both Higher-energy induced collisional dissociation (HCD) and ETD scoring. A standard 450 

human proteome database from UniProt (3AUP000005640) including common contaminating 451 

proteins [47]. Permutated protein sequences, where Arg and Lys were not permutated, were included 452 

in the database. The total number of protein entries in the database was 140149. Trypsin cleavage 453 

allowing a maximum of 4 missed cleavages was used. Carbamidomethyl cysteine was included as 454 

fixed modification. Methionine oxidation (UNIMOD: 35), N-terminal protein acetylation (UNIMOD: 455 

1), GG tag (UNIMOD: 121) on lysine, LRGG tag (UNIMOD: 535) on lysine deamidation (UNIMOD: 456 

7) of asparagine and glutamine was included as variable modifications. Five ppm mass accuracy was 457 

specified for precursor ions and 0.5 m/z for fragment ions. The FDR for protein identification was set 458 

to 1% for peptide and protein identifications. No restriction was applied for minimal peptide length 459 

for VEMS search. Identified proteins were divided into evidence groups [48]. 460 

 461 

http://www.ebi.ac.uk/pride%20e
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4.8. Bioinformatics analysis 462 

Gene ontology analysis (http://geneontology.org) was made using the R packages GO.db [49]  and 463 

KEGG.db [50] the proteins associated to the functional categories in the heatmaps. Venn diagrams 464 

were made with the R package VennDiagram [51]. 465 

 466 

4.9. Western blotting 467 

Western blot analysis was performed as previously reported [20,21]. Pictures were acquired using 468 

West Femto ECL (34096 Thermofischer), with PXI4 (Syngene) and GeneTools (Syngene). 469 

Quantifications were performed using ImageJ. The density of each protein of interest was then 470 

normalized against the density of the control housekeeping protein β-actin. Relative protein levels 471 

under treatment conditions were calculated with respect the control basal condition. 472 

 473 

4.10. Immunoprecipitation 474 

Abs (3-5 μg per point) were incubated 2 h at 4°C with 30-40 μl of protein A magnetic beads (Millipore). 475 

Abs were then crosslinked as reported [3]. Cells pellets were lysed with 500 µL TUBE lysis buffer [21]. 476 

After 5 min incubation on ice, samples were centrifugated 30 min at 13 000 rpm at 4°C. Supernatant 477 

were incubated 1 h at 4°C with 30 µL of DMP-crosslinked beads-Abs. After 5 washes with PBST 0.05%, 478 

pull-downed proteins were eluted in 100 µL 1.5X Boiling Buffer (4% SDS, 20% glycerol, 120 mM Tris-479 

HCl pH 6.8) before analysis by immunoblotting. 480 

 481 

4.11. Immunofluorescence microscopy 482 

Immunofluorescence analysis of Z-138/ZBR and JeKo-1/JBR was performed with the same reported 483 

protocol [8]. Abs were incubated overnight at RT in blocking solution (5% bovine serum albumine, 484 

0.1% triton X100 in PBS). Images from Figure 2 and Figure S5 were acquired with Zeiss Observer Z.1 485 

Microscope implemented with the Zeiss LSM 510, C-apochromat objective 40X/1.20 W (UV-V15-IR, 486 

Torr), using Zen 2009 software package (Zeiss). Images from Figure S5 were acquired with Nikon 487 

confocal C1-Si with 40X oil immersion objective 1.3 NA, using NIS-Elements Software (Nikon). 488 

Pictures were assembled with Adobe Photoshop 7.0. Images were not modified other than 489 

adjustments of levels, brightness and magnification. Co-localisation analyses and Manders co-490 

localisation coefficient calculations were performed using ImageJ.  491 

 492 

4.12. Native gel electrophoresis and in gel proteasomal activity assay 493 

The analysis of proteasome complexes and activity were performed by native gel electrophoresis as 494 

reported [32,52]. Ten million of fresh or rapidly thawed cells were used for each experimental point. 495 

Thirty μg of total protein were migrated per well in NuPAGE™ Novex™ 3-8% Tris-Acetate Protein 496 

Gel (ThermoFisher). Migrations were performed in native gel electrophoresis buffer (NG buffer) (90 497 

mM Tris-borate, 0.1 mM EDTA, 5 mM MgCl2, 0.5 mM ATP, 0.5 mM DTT) at 150 volts for 3 hours. The 498 

intrinsic activity of native proteasomes was analysed in gel by 20 min incubation in NG buffer 499 

supplemented with 100 µM Suc-LLVY-AMC (Bachem) at 37°C. The amount of cleaved AMC 500 

fragment was imaged with Syngene NuGenius. Native gels were then washed during 10 min 2 times 501 

in 10x Tris-Glycine/SDS Laemmli buffer (0.25 M Tris, 1.92 M Glycine, 1% SDS, pH 8.6), followed by a 502 

last wash in 1x Tris-Glycine/SDS Laemmli buffer. Gels were transferred in PDVF membrane (0.45µm 503 

pore size, Immobilon-P, Merck) overnight at 40 volts at 4°C. Membranes were blotted and analysed 504 

http://geneontology.org/
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for proteins of interest. 505 

 506 

4.13. Flow cytometry 507 

Cells seeded at 4 x 105/mL in 12- or 24-well plates were collected and pelleted by centrifugation at 125 508 

g for 5 min. Pellets were resuspended and cells were stained 20 min with 100 μL 1x Annexin V Buffer 509 

(BD Pharmingen) with 1:100 FITC-Annexin V (BD Pharmingen). Three hundred μL of Annexin Buffer 510 

were added to samples, and 104 events were collected for each experiment. Means ± SD of all events 511 

were calculated from the population. 512 

 513 

4.14. In vivo experiments 514 

REC1-GFP-Luc cells were produced and inoculated subcutaneously in 7-week old NSG mice as 515 

previously described [53]. Animals were randomly assigned into 4 equivalent cohorts and treated 516 

intraperitoneally with 0.5 mg/kg BTZ and/or 20 mg/kg VTP, twice weekly, for two weeks. Animals 517 

of the control group were dosed with equal volume of vehicle. Tumour engraftment was determined 518 

weekly following mice injection with 75 mg/kg D-luciferine (AnaSpec) and bioluminescence 519 

recording on a Xenogen IVIS Spectrum (Perkin Elmer). After two weeks, animals were then sacrificed, 520 

and tumours were measured ex vivo by external calipers. Tumour samples were formalin-fixed and 521 

paraffin-embedded and subjected to immunohistochemical analysis following previously described 522 

procedure [9]. The primary Abs used were phospho-histone H3 and cleaved-caspase-3 (Cell 523 

Signaling Technology) and p62 (Tebu-Bio). Images were acquired using an Eclipse microscope with 524 

the NIS-Elements Viewer software (Nikon). One representative tumour of each group was used for 525 

the quantification of RPN1 protein levels by SDS-PAGE, as previously published [54], using an anti-526 

RPN1 monoclonal antibody (Tebu-Bio). Animal handling was performed following protocols 527 

approved by the Animal Ethics Committee of the Autonomous University of Barcelona (protocol 528 

#37/18). 529 

 530 

4.15 Quantification and statistical analysis  531 

All experiments were repeated for at least 3 times unless stated in the figure legend. Two-tailed 532 

unpaired Student’s t-tests was applied for comparisons between two groups. The data are presented 533 

as the means ± SD except where stated otherwise. P < 0.05 values were considered statistically 534 

significant. 535 

 536 

5. Conclusions 537 

Our results indicate that manipulating proteaphagy could be used as a strategy to treat BTZ-538 

resistant MCL cells since they become “addicted” to autophagy and therefore hypersensitive to the 539 

inhibition of both proteolytic pathways. Since proteaphagy is permanently activated in BTZ-resistant 540 

cells but absent from untreated BTZ-sensitive cells, this process might only concern inactive 541 

proteasomes under those conditions. However, since BTZ is still blocking some proteasome activity 542 

in BTZ-resistant cells further investigations are required to elucidate if proteaphagy distinguish 543 

inactive from active proteasomes. Since proteaphagy eliminates the target of BTZ (20S proteasomes), 544 

the sensitivity to this treatment is reduced in BTZ-resistant cells. We propose proteaphagy as a new 545 

mechanism contributing to the lack of sensitivity to BTZ observed in BTZ-resistant cells. The existence 546 
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of other compensatory processes contributing to reduce the efficacy of BTZ cannot be ruled out. 547 

New generation of PIs have been subsequently developed to reduce toxicity and overcome 548 

BTZ-resistance [43]. Marizomib constitutes a promising example that acts on the three catalytic 549 

subunits of the proteasome and improves apoptosis when combined to distinct autophagy inhibitors 550 

on BTZ-resistant cells [34,43]. Therefore, the identification of the multifactorial mechanisms 551 

mediating inherent and acquired resistance to BTZ will be instrumental to overcome this problem 552 

and enhance the therapeutic efficacy of PIs. 553 

 554 

Supplementary Materials:  555 

Supplementary materials contain supplementary methods and supplementary figures and legends as follows:  556 

Figure S1. TUBEs-MS procedure to identify the ubiquitin proteome from MCL cells, Figure S2. Heat map 557 

representation of the 263 proteins enriched or reduced in studied MCL cell lines, Figure S3. Analysis of the UPS 558 

and ALS proteins identified in our TUBEs-MS analysis, Figure S4. Inhibition of autophagy revealed an active 559 

proteaphagy in distinct BZT-resistant MCL cell lines, Figure S5. Co-localisation of proteasome subunits with 560 

autophagosomes in distinct MCL cell lines, Figure S6. Silencing of p62 improves sensitivity to BTZ in BZT-561 

resistant MCL cells. Supplementary Table 1. Excel file with the following MS data can be obtained at: the PRIDE 562 

database: http://www.ebi.ac.uk/pride  Username: reviewer16995@ebi.ac.uk Password: 5aiE0r5b. 563 
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