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1 LIST OF ABBREVIATIONS 
 

ATF Activating transcription factor 

ATG Autophagy related 

ATP Adenosine triphosphate 

ATZ Alpha-1-antitrypsin Z 

BACE Beta-secretase 

BiP Binding immunoglobulin protein 

BFA Brefeldin A 

bZIP Basic leucine zipper domain 

CHMP4B Charged multivesicular body protein 4B 

CHOP C/EBP homologous protein 

CNX Calnexin 

COPII Coat protein complex II 

CPA Cyclopiazonic acid 

CRISPR Clustered regularly interspaced short palindromic repeats 

CRT Calreticulin 

Cyp Cyclophilin 

E1 Ubiquitin activating enzyme 

E2 Ubiquitin conjugating enzyme 

E3 Ubiquitin ligase 

EDEM ER degradation-enhancing α-mannosidase-like protein 

eIF2α Eukaryotic translation initiation factor 2α 

EL Endolysosome 

EndoH Endoglycosidase H 

ER Endoplasmic reticulum 

ERAD Endoplasmic reticulum-associated degradation 

ERES Endoplasmic reticulum exit sites 

ERGIC Endoplasmic reticulum-Golgi intermediate compartment 



  10 

ERLAD Endoplasmic reticulum-to-lysosome associated degradation 

ERManI ER α1,2-mannosidase I 

ERp44C/S ERp44 inactive mutant 

ERQC  Endoplasmic reticulum quality control 

ERSE Endoplasmic reticulum stress response element 

ESCRT Endosomal sorting complexes required for transport 

FDR False discovery rate 

FKBP FK506 binding protein 

GABARAP Gamma-aminobutyric acid receptor-associated protein 

GADD34 Growth arrest and DNA damage-inducible protein 34 

Glc Glucose 

GlcNac N-acetylglucosamine 

GnRHR Gonadotropin-releasing hormone receptor 

GP78 Glycoprotein 78 

GRP Glucose regulated protein 

GTP Guanosine triphosphate 

HEK Human embryonic kidney cells 

HERP Homocysteine-responsive ER-resident ubiquitin-like domain 
member 1 protein 

HRD1 HMG-CoA reductase degradation protein 1 

HSP heat shock protein 

HyT36 Hydrophobic tag 36 

IRE1 Inositol-requiring enzyme 1 

JNK Jun N-terminal kinase 

KO Knock-out 

LC3 Light chain 3 

LIR LC3-interacting region 

MAM Mitochondria-associated membrane 

Man Mannose 
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MD Mixed disulfide 

MKS Meckel-Gruber syndrome 

MRH Mannose-6-phosphate receptor homology 

MLEC Malectin  

NE Nuclear envelope 

NHK Null Hong Kong 

NPC1 Niemann–Pick type C protein-1  

NPL4 Nuclear protein localization protein 4 

OS-9 Amplified in osteosarcoma 9 

OST Oligosaccharyltransferase 

PDI Protein disulfide isomerase 

PERK Protein kinase R (PKR)-like endoplasmic reticulum kinase 

PNGase Peptide:N-glycosidase F 

PNS Post-nuclear supernatant 

PPI Peptidyl-prolyl isomerase 

PQC Protein quality control 

PTPA Serine/threonine-protein phosphatase 2A activator 

QC  Quality control 

rER Rough endoplasmic reticulum 

RIDD Regulated IRE1-dependent decay of mRNA 

RNase Ribonuclease 

RTN Reticulon 

SEC Secretory protein 

sER Smooth endoplasmic reticulum 

SERCA Sarco/endoplasmic reticulum Ca2+-ATPase 

SNARE  Soluble NSF attachment protein receptor 

STX17 Syntaxin 17 

SRP Signal recognition particle 

SRPR Signal recognition particle receptor 
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TCE Total cell extract 

TGFβ Transforming growth factor beta 

TM Transmembrane 

TMX  Thioredoxin-related transmembrane protein 

TMX1C/A  TMX1 trapping mutant 

TMX5C/A  TMX5 inactive mutant 

TRAP Translocon-associated protein  

TRX Thioredoxin 

UFD1  Ubiquitin fusion degradation protein 1 

UGGT1 UDP-glucose glycoprotein glucosyltransferase 1 

UPR Unfolded protein response 

UPRE Unfolded protein response element 

VAMP8  Vesicle associated membrane protein 8 

VCP/p97  Valosin-containing protein  

VKOR Vitamin K epoxide reductase 

VPS Vacuolar protein sorting 

WNT Wingless-related integration site 

WT Wild type 

XBP1 X-box binding protein 1 

XTP3-B  Endoplasmic reticulum lectin 1 

α1AT Alpha-1-antitrypsin 
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2 SUMMARY 
 

The endoplasmic reticulum (ER) is a complex organelle divided into different sub-domains 

that are required for the execution of various functions, such as protein and lipid synthesis, 

Ca2+ storage and drug detoxification. The rough ER (rER), named as such by the presence 

of membrane-bound ribosomes on the cytosolic side of the ER membrane, is the ER sub-

compartment deputed to the production of membrane and secretory proteins in the 

eukaryotic cells, which constitute about one third of the total cell proteome.  

Translocation of the newly synthetized polypeptides into the ER represents the first step in 

protein biogenesis. Upon ER import, the nascent polypeptide chains are N-glycosylated by 

the oligosaccharyltransferase complex (OST). The OST complex catalyzes the addition of 

pre-assembled 14-subunits oligosaccharides (Glc3Man9GlcNAc2) on the side chains of 

asparagine residues within the peculiar N-X-S/T/C consensus sequences. N-glycosylation  

increases the solubility of the newly synthetized polypeptides and creates binding motifs 

for the ER resident lectins, which help protein folding process.  

As soon as the nascent polypeptides have been N-glycosylated, the last two glucoses are 

sequentially removed by ER-resident glucosyl hydrolases generating mono-glucosylated 

polypeptides that enter the calnexin-calreticulin (CNX/CRT) folding cage. CNX and CRT 

are two ER lectins that specifically recruit ER resident enzymes responsible for the 

catalysis of protein folding rate-limiting steps. These enzymes belong to the protein 

disulfide isomerase (PDI) and peptidyl-prolyl isomerase (PPI) families, and catalyze the 

formation of the correct pattern of disulfide bonds and the isomerization of the peptidyl-

prolyl bonds of the maturing polypeptides, respectively. 

Once released from the CNX/CRT folding cage, a strict quality control system checks the 

folding state of the proteins ensuring only the export of the correctly folded proteins via 

COPII-mediated vesicles, while misfolded polypeptides are retained into the ER and 

subjected to additional folding attempts. If after extensive folding the polypeptides fail to 

acquire their native structure, they are labelled as terminally misfolded and degraded. 

Misfolded proteins degradation can occur through ER-associated degradation (ERAD), 

which is a complex series of events that comprehends polypeptide recognition, preparation 

for retro-translocation, poly-ubiquitination and degradation by cytosolic proteasomes. In 
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this context, PDI members are involved during the preparation of misfolded polypeptides 

for ERAD catalyzing the disulfide bonds reduction. Misfolded proteins can also form large 

polymers or aggregates that cannot be retro-translocated across the ER membrane, and thus 

are sent to the endolysosomal compartment for clearance through a series of events named 

as ER-to-lysosome associated degradation (ERLAD). 

A balanced equilibrium between protein synthesis, folding, export and degradation is 

fundamental for cells function and health. Perturbations of this equilibrium by cell-intrinsic 

events or external stimuli can trigger the induction of an ER stress condition. To restore the 

initial equilibrium, cells evolved a series of transcriptional and translational responses 

known as unfolded protein response (UPR). UPR activation leads to an up-regulation of 

ER chaperones, folding and degradative factors, a decreased translation of ER cargo 

proteins and an expansion of the ER membrane. If the stress condition cannot be resolved, 

UPR activates cell death-programs. On the other hand, if UPR resolves the ER stress 

situation, cells activate recovery programs, which efficiently clear excess and/or damaged 

ER portions generated during the stress phase to restore ER homeostasis. These catabolic 

pathways, recently named as Recov-ER-Phagy, ensure the delivery of specific ER sub-

domains to the endolysosome for clearance ensuring the return to pre-stress conditions. 

The four projects presented in this thesis represent a stepwise journey within the ER. 

Indeed, although different, each of the projects aimed at the characterization of ER function 

and homeostasis from different perspectives. 

In the first project, we dissected the role in ERAD of the thioredoxin related transmembrane 

(TMX) protein 1 (TMX1), an ER membrane-anchored PDI, member of the TMX 

subfamily. We demonstrated that the ER reductase TMX1 preferentially intervenes in 

ERAD of membrane-tethered folding-defective polypeptides, while ignoring the same 

misfolded ectodomains, when not associated to the ER membrane. These findings 

confirmed the selectivity of TMX1 towards membrane-anchored protein clients, previously 

showed for folding-competent substrates, characterizing TMX1 as the first example within 

the PDI family of topology-specific redox-catalyst acting in both protein folding and 

degradation. 

In the second project, we focused on TMX5, an un-characterized transmembrane PDI that 

belongs, as TMX1, to the TMX subfamily. We found that TMX5 is a secreted N-

glycosylated protein, whose expression is not transcriptionally regulated by ER stress 
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induction. Through its peculiar active site, TMX5 engages mixed disulfides preferentially 

with endogenous membrane-bound proteins, in line with what previously demonstrated for 

TMX1. Additionally, our data showed that TMX5 establishes a mixed disulfide with the 

soluble PDI ERp44: this interaction relies on a functional ERp44 active site and mediates 

the retention of TMX5 within the ER, possibly regulating its function. 

In the third project, we designed and generated membrane-bound variants of GFP-

HaloTag2® as chimeric reporters of protein misfolding to study protein quality control 

(PQC) systems. HaloTag2® is a modified version of a bacterial chloroalkane dehalogenase, 

which misfolds upon covalent binding of the cell-permeable hydrophobic chloroalkane-

reactive ligand HyT36. The generated GFP-HaloTag2® chimeric substrates are 

characterized by transmembrane anchors of different length, presence/absence of N-

glycans, and  HaloTag2® domain facing either the cytosol or the ER lumen. Our data 

showed that upon misfolding mediated by HyT36 binding, the HaloTag2® protein 

chimeras expressed in mammalian cells elicit different cellular responses according to their 

characteristics, being as such an ideal tool for the study of PQC machineries. 

For the fourth and last project, we analyzed Recov-ER-Phagy process from the 

transcriptional point of view. To this aim, we performed a RNAseq analysis of stressed 

cells and cells at different timepoints during the recovery phase. Gene enrichment analysis 

of differential expressed genes showed that upon ER stress, cells activate UPR, while 

down-regulating components of the other ER biosynthetic pathways and genes linked to 

cells growth. This trend is reversed as soon as the stress stimulus is relieved meaning that 

cells are recovering. Interestingly, upon initiation of the recovery phase, components of the 

WNT signaling pathway resulted up-regulated: these genes have been recently shown to 

regulate the function of proteins belonging to the ESCRT machinery, some of which are 

involved in Recov-ER-Phagy. Finally, these analyses revealed that most of the components 

of Recov-ER-Phagy pathway are not transcriptionally regulated, suggesting that this 

process could be most likely and alternatively regulated by post-transcriptional 

mechanisms. 

All in all, the projects presented in this thesis enlarged our current knowledge on the players 

and mechanisms regulating ER homeostasis and functionality. 
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3 RIASSUNTO 
 

Il reticolo endoplasmatico (RE) è un organello complesso suddiviso in diversi sottodomini 

che svolgono diverse funzioni, come la sintesi di proteine e di lipidi, il deposito di Ca2+ e 

la metabolizzazione di farmaci. Il RE rugoso (RER), così denominato per la presenza di 

ribosomi legati alla membrana del RE sul lato citosolico, costituisce il compartimento 

deputato alla biogenesi delle proteine di membrana e secretorie nelle cellule eucariotiche, 

le quali rappresentano circa un terzo del proteoma totale della cellula. 

La traslocazione nel RE rappresenta l’evento iniziale nella sintesi e maturazione delle 

proteine. Successivamente all'importazione nel RE, le proteine vengono N-glicosilate dalla 

oligosaccariltransferasi (OST). L’OST catalizza l'aggiunta di un’oligosaccaride costituito 

da 14 subunità (Glc3Man9GlcNAc2) su un residuo di asparagina contenuto all'interno delle 

specifiche sequenze consenso N-X-S/T/C. Questa modifica aumenta la solubilità delle 

proteine e crea sequenze specificamente riconosciute da lectine localizzate nel RE, che 

aiutano le proteine ad acquisire la loro struttura corretta. 

La catena oligosaccaridica delle glicoproteine viene successivamente processata da idrolasi 

del RE generando polipeptidi mono-glucosilati che entrano nel programma di ripiegamento 

gestito dalle lectine calnexina (CNX) e calreticulina (CRT). CNX e CRT reclutano in modo 

specifico degli enzimi residenti nel RE responsabili della catalisi di alcune fasi limitanti nel 

processo di ripiegamento delle proteine. Questi enzimi appartengono alle famiglie delle 

disolfuro isomerasi (PDI) e peptidil-prolil isomerasi (PPI) e catalizzano rispettivamente la 

formazione di ponti disolfuro e l'isomerizzazione dei legami peptidil-prolil. 

Al termine della fase di ripiegamento, un rigoroso sistema di controllo verifica la struttura 

delle proteine assicurando che solo le proteine correttamente ripiegate lascino il RE tramite 

vescicole COPII. Le proteine mal ripiegate vengono trattenute nel RE e sottoposte ad 

ulteriori tentativi di ripiegamento. Se le proteine non riescono ad acquisire la loro struttura 

nativa vengono etichettate come prodotti aberranti e degradate. La degradazione può 

avvenire tramite il processo denominato come ER-associated degradation (ERAD), che 

comprende una serie di eventi come il riconoscimento dei polipeptidi mal ripiegati, la loro 

linearizzazione per facilitare la retro-traslocazione, la poli-ubiquitinazione e la loro 

degradazione operata dai proteasomi citosolici. Alcune PDI sono coinvolte durante il 
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processo di linearizzazione dei polipeptidi mal ripiegati, catalizzando la riduzione dei ponti 

disolfuro. In alcuni casi, i prodotti aberranti possono formare grandi polimeri o aggregati 

che non possono essere retro-traslocati attraverso la membrana del RE, e vengono portati 

al lisosoma per essere degradati attraverso una serie di eventi denominati come ER-to-

lysosome associated degradation (ERLAD). 

Il mantenimento di una situazione di equilibrio tra sintesi, ripiegamento, esportazione e 

degradazione delle proteine risulta fondamentale per garantire la funzione e la 

sopravvivenza delle cellule. La perturbazione di questo equilibrio da parte di diversi fattori 

interni o stimoli esterni può indurre una condizione di stress all’interno del RE. Per 

risolvere la situazione di stress, le cellule hanno sviluppato una serie di risposte 

trascrizionali e traslazionali che vanno sotto il nome di unfolded protein response (UPR). 

L'attivazione dell'UPR induce un aumento nella quantità di fattori ripieganti, enzimi e 

componenti di ERAD, ma anche una ridotta sintesi proteica e un'espansione della 

membrana del RE. Se lo stress non può essere risolto, l'UPR attiva dei programmi di morte 

cellulare. Se invece la situazione di stress viene risolta efficientemente, le cellule attivano 

dei processi catabolici che portano all’eliminazione di porzioni del RE in eccesso e/o 

danneggiate generate durante lo stress, così da ripristinare l'omeostasi del RE. Questi 

processi sono stati recentemente denominati come Recov-ER-Phagy e assicurano che 

specifici sottodomini del RE vengano portati al lisosoma affinché siano degradati. 

I quattro progetti presentati in questa tesi rappresentano un viaggio a tappe attraverso la 

caratterizzazione di diversi processi consequenziali che avvengono nel RE. Infatti, sebbene 

diversi, ciascuno dei progetti mira alla caratterizzazione da diverse prospettive delle 

funzioni e dei processi deputati al mantenimento dell’omeostasi del RE. 

Nel primo progetto, abbiamo analizzato il ruolo in ERAD della proteina TMX1, una PDI 

legata alla membrana che fa parte della sottofamiglia TMX. Abbiamo dimostrato che 

TMX1 interviene preferibilmente nell’ERAD di proteine mal ripiegate legate alla 

membrana, ignorando le loro controparti non associate alla membrana del RE. Questi 

risultati hanno confermato la selettività di legame di TMX1 nei confronti di proteine di 

membrana, precedentemente dimostrata nella caratterizzazione del ruolo di TMX1 nel 

ripiegamento delle proteine. I dati mostrati caratterizzano TMX1 come primo esempio 

all'interno della famiglia delle PDI di catalizzatore redox che agisce sia nel ripiegamento 

che nella degradazione di proteine che presentano una determinata topologia. 
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Nel secondo progetto, abbiamo caratterizzato la proteina TMX5, una PDI legata alla 

membrana che appartiene, come TMX1, alla sottofamiglia TMX. In questo lavoro abbiamo 

dimostrato che TMX5 è una proteina N-glicosilata che viene esportata dal RE e non è 

regolata trascrizionalmente da uno stress del RE. Attraverso il suo peculiare sito attivo, 

TMX5 stabilisce preferibilmente complessi legati da ponti disolfuro con proteine endogene 

legate alla membrana, similarmente con quanto precedentemente dimostrato per TMX1. 

Inoltre, i nostri dati hanno mostrato che TMX5 stabilisce un complesso mediato da ponti 

disolfuro con ERp44, una PDI solubile: questa interazione viene mediata dal sito attivo di 

ERp44 e induce la ritenzione di TMX5 all'interno del RE, probabilmente regolandone la 

sua funzione. 

Nel terzo progetto, abbiamo costruito varianti chimeriche di GFP-HaloTag2® legate alla 

membrana come reporter di misfolding per studiare i sistemi cellulari che si occupano di 

controllare la struttura delle proteine. HaloTag2® è una versione modificata di una 

dealogenasi batterica, che assume una conformazione mal ripiegata a seguito del legame 

con il ligando idrofobico HyT36. Le chimere GFP-HaloTag2® generate presentano 

caratteristiche diverse come regioni transmembrana di lunghezza variabile, la presenza o 

l’assenza di N-glicani e il dominio HaloTag2® rivolto verso il citoplasma o il lume del RE. 

I nostri dati hanno mostrato che quando le chimere GFP-HaloTag2® espresse in cellule di 

mammifero vengono mal ripiegate in seguito al legame di HyT36 inducono risposte 

cellulari diverse in base alle loro caratteristiche chimico-fisiche. A seguito di ciò, esse 

costituiscono uno strumento ideale per lo studio dei sistemi cellulari deputati al controllo 

della struttura delle proteine. 

Per il quarto e ultimo progetto, abbiamo analizzato dal punto di vista trascrizionale il 

processo di Recov-ER-Phagy. Per tale scopo, abbiamo eseguito un'analisi RNAseq dei 

trascritti di cellule stressate e di cellule durante diverse fasi di recovery da stress del RE. 

Gene enrichment analysis dei geni differenzialmente espressi ha rivelato che in seguito 

all’induzione dello stress, le cellule attivano l’UPR e allo stesso tempo riducono 

l’espressione di componenti legati ad altre vie biosintetiche del RE e di geni collegati alla 

crescita cellulare. Questa tendenza si inverte non appena lo stimolo che induce lo stress 

viene alleviato, dimostrando l’entrata delle cellule nella fase di recovery. Abbiamo inoltre 

notato che all'inizio del recovery la trascrizione dei componenti del WNT signaling risulta 

indotta: per questi geni è stato recentemente dimostrato che sono in grado di regolare la 

funzione di componenti della ESCRT machinery, alcuni dei quali sono coinvolti nel 
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processo di Recov-ER-Phagy. Infine, queste analisi hanno rivelato che la maggior parte dei 

componenti che mediano il processo di Recov-ER-Phagy non sono regolati 

trascrizionalmente, suggerendo che questo processo potrebbe essere in alternativa regolato 

da meccanismi post-trascrizionali. 

Nel complesso, i progetti presentati in questa tesi ampliano le nostre attuali conoscenze sui 

fattori e i meccanismi che regolano l'omeostasi e la funzionalità del RE. 
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4 INTRODUCTION 

4.1 The Endoplasmic Reticulum (ER) as protein factory 

4.1.1 Architecture and functions of the ER 

The Endoplasmic Reticulum (ER) is the largest organelle within eukaryotic cells1. It is 

constituted by a series of continuous membranous structures delimiting a common 

intraluminal space that spans through the cytosol2,3. It is architecturally organized into 

different specialized sub-compartments defined by the presence of various integral 

membrane proteins, contact sites with other organelles and the cytoskeleton1. Its complex 

structural organization reflects its complexity from the functional point of view. In fact, the 

existence of specialized sub-domains displaying unique features is required for the 

accomplishment of many different tasks, from protein and lipid synthesis to calcium 

storage and drug detoxification1. Historically, the ER has been divided into smooth (sER) 

and rough ER (rER), constituted by a network of branched tubules and flat sheets3-7. 

Beyond this main division, the ER also includes other specialized sub-domains, such as the 

nuclear envelope (NE), the contact sites with different organelles8 (e.g. mitochondria, 

peroxisomes, endosomes, lysosomes) and ER exit sites1,9. All in all, the ER architecture 

displays an high degree of plasticity, where the relative abundance of each sub-

compartment is characteristic of a particular cell type and can be remodeled according to 

the diverse cellular needs10,11. 

In general, the sER is mainly constituted by tubular structures12 and is the site of lipid 

synthesis13, drug metabolism14,15 and protein export16. On the other hand, the rER is 

constituted by a series of sheet-like structures characterized by the presence of ribosomes 

bound to its cytosolic side, responsible for its “rough” aspect1. Its peculiar appearance is a 

strong clue of rER function: in fact, it is the sub-domain designated for the synthesis and 

folding of membrane and secretory proteins, which count for about one third of the total 

proteome in eukaryotic cells17-19. 

4.1.2 Polypeptides entry into the ER  

Translocation of the nascent polypeptide chains within the ER is the first step in the 

biogenesis of membrane-bound and proteins destined to the secretory pathway. This 

process can occur either co-translationally or post-translationally20, but in both cases it 

requires the recognition and targeting of the polypeptide to the ER, the association with the 
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translocation machinery, and eventually its energy dependent import21. The first step of 

targeting is ensured by the presence of a cleavable N-terminal signal sequence within the 

nascent polypeptide. This signal is typically an amino acid stretch of 15-30 residues 

composed by an hydrophobic core flanked by a N-terminal positively charged region and 

a polar uncharged C-terminal region22-27. During co-translational translocation, the signal 

recognition particle (SRP) recognizes and binds the signal peptide as soon as it emerges 

from the ribosome28. SRP binding slows down protein translation allowing the mRNA-

ribosome-SRP complex to reach the ER surface thanks to the interaction with the SRP 

receptor (SRPR)28-32. The association between SRP and its receptor induces GTP binding 

and hydrolysis in both proteins20. Consequently, the complex is resolved and the nascent 

polypeptide chain is transferred to the translocon complex, placed in close proximity to the 

SRPR33,34. Once completed this step, protein translation re-starts. Alternatively, in post-

translational translocation, the polypeptide is fully synthetized within the cytosol, where it 

is bound by the cytosolic chaperones belonging to the heat shock protein (HSP) family 

HSP70 and HSP4035,36. These proteins keep the nascent polypeptide chain in a soluble 

state, preventing its premature folding, and drive its interaction with the translocon 

complex36. 

Membrane insertion and physical translocation of the nascent polypeptide across the ER 

membrane are accomplished thanks to the translocon complex, that is composed by the 

heterotrimeric complex SEC61 (SEC61α1, SEC61β and SEC61γ). The three subunits are 

spatially organized to build a proteinaceous channel through which the elongating 

polypeptide slides into the ER37,38. Translocation of some polypeptide chains requires the 

assistance of additional components, such as the ER luminal chaperone BiP and the 

membrane translocon-associated protein (TRAP) complex, which bind the nascent 

polypeptide chain and act as a ratchet driving its unidirectional transport into the ER 

lumen39-42. The association between BiP and the polypeptide is facilitated by the J domain 

containing proteins (e.g. ERj1) and SEC6343, whereas the ATP hydrolysis and the 

nucleotide exchange activity are ensured by the intervention of SIL1 and GRP17044,45.  

Furthermore, SEC61 complex can be complemented by the additional components SEC62 

and SEC63 to facilitate post-translational translocation of newly synthetized 

polypeptides46. Others important constituents of the translocation machinery are the signal 

peptidase complex, which cleaves the signal peptide from the nascent polypeptide47, and 

the oligosaccharyltransferase (OST) complex that catalyzes protein N-glycosylation48. 
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4.1.3 N-glycosylation of the nascent polypeptides 

Most of the polypeptides entering the ER are subjected to N-glycosylation49,50. This 

modification consists in the covalent attachment of a pre-formed sugar moiety made of 

three glucoses, nine mannoses and two N-acetylglucosamines (Glc3Man9GlcNAc2) to the 

side chain of an asparagine residue included within a specific consensus sequence (N-X-

S/T/C, where X is any amino acid except proline) (Figure 1)50,51. 

 

Figure 1: N-glycan structure and processing. (Elaborated from Tannous et al. 2015) 

The OST complex catalyzes the transfer reaction of the 14-subunits oligosaccharide from 

a lipid carrier (i.e. dolichylpyrophosphate) to the amide side chain of the designated 

asparagine residue48,49. In mammals, the OST complex is a membrane-bound heteromeric 

structure composed by a catalytic subunit (STT3A or STT3B) and six other proteins 

(ribophorin I, ribophorin II, OST48, OST4, N33 or MAGT1, and DAD1)48,52,53. While 

STT3A is involved in N-glycosylation of co-translationally imported polypeptides, its 

paralogue STT3B catalyzes post-translational N-glycosylation54. 

N-glycosylation is an highly conserved modification among eukaryotes55. It enhances the 

solubility of the newly synthetized polypeptides, but also stabilizes mature proteins hiding 

hydrophobic patches or immunogenic sites56,57. In the ER context, N-linked glycans 

represent crucial signal molecules for protein folding process: indeed, the covalent addition 

of these oligosaccharides creates binding sites for the ER lectins, which assist glycoproteins 
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folding58-60. Reflecting its pivotal importance in different cellular processes, impairments 

within N-glycosylation pathway are at the basis of different human diseases61. 

4.1.4 Protein folding and quality control in the ER 

4.1.4.1 Polypeptide binding to ER lectins: the CNX/CRT folding cycle 

As soon as the pre-assembled 14-units oligosaccharide is attached to the nascent 

polypeptide chain, it starts to be processed60. The first cleavage operated by the α-

glucosidase I removes the outermost α1,2-linked glucose (Figure 1) giving rise to a di-

glucosylated glycan57,62. Once this moiety has been exposed, it is selectively bound by the 

ER resident lectin malectin (MLEC) (Figure 2, step 1)63,64. MLEC is a single-pass type I 

protein, which is up-regulated upon ER stress64. In complex with ribophorin I, MLEC 

efficiently binds misfolded glycopeptides retaining them within the ER65,66.  

Trimming of the second outermost glucose unit by α-glucosidase II produces a mono-

glucosylated glycan (Figure 1) competent for the binding to the ER lectins calnexin (CNX) 

and calreticulin (CRT)67-69. This step determines the entry of the polypeptide within the 

CNX/CRT folding cycle (Figure 2, step 2)70. CNX is a single pass type I protein, while 

CRT is its soluble paralogue. These two proteins show a sequence similarity of about 39% 

and a similar structural organization71. In fact, they share a N-terminal globular domain 

containing the lectin binding site, calcium (Ca2+) binding sites and a P-domain, named as 

such since it is enriched in proline residues72,73. Despite their good degree of similarity, 

CNX and CRT preferentially bind different subsets of client proteins74. Once the maturing 

polypeptide is bound by CNX/CRT, these proteins recruit in turn, thanks to their P-

domains, different ER resident enzymes such as ERp5775 (Figure 2, step 2b) and 

Cyclophilin B (CypB)76. These two proteins belong to the protein disulfide isomerase (PDI) 

and peptidyl-prolyl isomerase (PPI) families, respectively, and catalyze two rate-limiting 

steps during protein folding77,78. While the PPIs promote the isomerization of the peptidyl-

prolyl bonds, the members of the PDI family catalyze the formation of the native set of 

intra- and inter-molecular disulfide bonds within the newly synthetized polypeptides58. 

Both topics will be object of further discussion in 5.3 sub-chapter. 
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Figure 2: Protein folding and quality control in the ER. As soon as the N-glycan is added by the OST complex to the 

newly synthetized polypeptide, α-glucosidase I cleaves the outermost glucose allowing MLEC binding (step 1). α-

glucosidase II removes the second glucose residue. This mono-glucosylated moiety is bound by CNX and CRT (step 2a 

and b), which can recruit in turn ERp57 promoting the formation of the native disulfide bonds (step 2a). Removal of the 

last glucose by the α-glucosidase II causes polypeptide release from CNX/CRT (step 3). UGGT1 checks polypeptide 

folding state and catalyzes the re-glucosylation of the unfolded intermediates to allow their re-association with CNX/CRT 

(step 4). Several cycles of association and dissociation from CNX/CRT can occur to attain polypeptide native structure 

(step 3-4). Once correctly folded (step 5), proteins can exit the ER (step 6). Polypeptides that fail to achieve their native 

conformation are labelled as terminally misfolded and their N-glycans are further trimmed upon the removal of the 

terminal mannose residue (step 7) to allow retro-translocation into the cytosol for proteasomal degradation (step 8). 

Misfolded aggregates (step 9) that are too large to be retro-translocated across the ER membrane are delivered via 

vesicular pathways to the lysosome for clearance (step 10).  
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α-glucosidase II is also responsible for the cleavage of the last glucose residue within the 

N-linked glycans (Figure 1)67. As such, it determines the release of the protein substrate 

from CNX and CRT, since these two lectins display very poor affinity for the de-

glucosylated species (Figure 2, step 3)79. Since folding efficiency is not the same for all 

proteins, it could happen that a particular substrate requires more than a single round in the 

CNX/CRT folding cycle to reach the native conformation80. 

4.1.4.2 PQC systems 

Only correctly folded proteins can be exported to reach their final destination, while 

incompletely folded polypeptides are retained within the ER lumen. To ensure this process, 

cells evolved a sophisticated quality control machinery that is able to discriminate folded 

from unfolded structures, bind the latter and eventually retaining them in the ER81. Specific 

folding sensors check protein frameworks looking for solvent-accessible hydrophobic 

patches and unpaired cysteine residues, which are characteristic signs of unfolded 

structures82,83. Once recognized, misfolded proteins can be re-addressed to the folding 

machinery for further folding attempts. However, if after several rounds the polypeptides 

fail to achieve their correct conformation, these are recognized and labelled as terminally 

misfolded, and eventually committed to degradation84. The correct working of this 

mechanism of surveillance is crucial, since the accumulation of aggregated misfolded 

intermediates or incompletely folded protein complexes can be very dangerous for the 

cells85. Indeed, this phenomenon constitutes the basis of many human diseases86,87. 

After protein substrate release from CNX/CRT, the UDP-glucose:glycoprotein 

glucosyltransferase 1 (UGGT1) checks its folding status88. UGGT1 is a soluble ER-resident 

glycoprotein structurally organized in a N-terminal folding sensor domain and a C-terminal 

glucosyltransferase domain89. The N-terminal folding sensor domain adopts a flexible 

curved conformation with a central hydrophobic cavity, which recruits high-mannose 

structures via hydrophobic interactions90. Upon recruitment through the N-terminal region, 

the C-terminal domain of UGGT1 catalyzes the re-addition of the terminal glucose unit 

(Figure 1) to the incompletely folded protein to ensure its re-binding to CNX/CRT and 

determining in turn its retention in the ER for an additional folding attempt (Figure 2, step 

4)88,89. Consequent cycles of CNX/CRT binding, glucose trimming by α-glucosidase II and 

UGGT1-mediated re-glucosylation allow misfolded substrates retention within the ER, 

while fostering their folding through interactions with  ER chaperones and folding 
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enzymes60. In this way, UGGT1 plays the role of the CNX/CRT cycle gatekeeper91, which 

determines glycoproteins’ fate within the secretory pathway. 

Another important checkpoint is represented by the thiol-mediated QC83,92. Since most of 

the cysteine residues within a protein sequence are paired in disulfide bonds before 

trafficking through the secretory pathway, the exposure of free cysteines suggests that a 

protein is not correctly folded. As such, specific ER sensors recognize exposed thiols 

mediating proteins retention within the ER, in a model suggested by the observation that 

unassembled IgM subunits exposing C-terminal cysteines in lymphocytes B are not 

secreted from the ER93. 

4.1.5 Export of correctly folded proteins from the ER 

Once passed the quality control check (Figure 2, step 5), correctly folded proteins can 

travel through the secretory pathway to reach their final destination. Notably, a post-ER 

quality control checkpoint has been reported: it is operated by UGGT1 in combination with 

VCP/p97 and prevents the export to the Golgi of cargo proteins showing native 

ectodomains, but defects at the level of the transmembrane regions94. 

Protein export from the ER occurs at specialized sites known as transitional ER or ER exit 

sites (ERESs) (Figure 2, step 6)95. Here, cargo proteins are packed into coat protein 

complex II (COPII) coated vesicles and bud from the ER to reach the Golgi apparatus96,97. 

Homotypic fusion events between COPII-coated vesicles can occur giving rise to the ER-

Golgi intermediate compartment (ERGIC)98,99. Cargo exit from the ER can be a receptor-

mediated process, or occur by bulk flow100. Usually, in the first case, the receptor engages 

the protein substrate through its glycans or by protein-protein interactions. Indeed, the 

cleavage of mannose i (Figure 1) operated by ERManI101 allows protein interaction with 

different lectin receptors as ERGIC53, VIPL and VIP36102. On the other hand, in the bulk 

flow modus operandi, correctly folded proteins diffuse and enter COPII-coated 

vesicles103,104, while misfolded proteins are retained thanks to the action of ER resident 

chaperones. 
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4.2 Catabolic pathways for misfolded proteins clearance 

4.2.1 ER-associated degradation (ERAD) 

Protein folding is not a completely accurate process. In fact, it has been estimated that about 

30% of the newly synthetized proteins are not correctly folded105 and this rate can 

incredibly rise in the case of genetic mutations or cellular stresses106,107. An adequate 

removal of the misfolded proteins is needed to protect ER homeostasis and in turn cells’ 

health. This can happen through the ER-associated degradation, shortly ERAD, which is 

defined as an highly conserved and complex series of events including a step of recognition 

of the misfolded substrates, their preparation for retro-translocation, poly-ubiquitination 

and eventually their degradation by the cytosolic proteasomes (Figure 3)108.  

 

Figure 3: Schematics of the ER-associated degradation steps. Recognition of the misfolded substrate by ER lectins 

and chaperones, which respectively recognize specific N-glycan structures and exposed hydrophobic patches. 

Ubiquitination of the misfolded substrate catalyzed by the sequential intervention of E1, E2 and E3 enzymes. Retro-

translocation is helped by the AAA ATPase VCP/p97 that provides the mechanical force through ATP hydrolysis. Once 

in the cytosol, the misfolded polypeptide is kept soluble by different cytosolic factors, and then it undergoes de-

ubiquitination and de-glycosylation prior proteasomal degradation. (From Guerriero and Brodsky 2012) 
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4.2.1.1 Recognition and preparation of misfolded proteins for retro-translocation 

After several unsuccessful cycles of folding, glycoproteins undergo extensive de-

mannosylation (Figure 2, step 7), which determines the definitive exit from CNX/CRT 

folding cycle and eventually their recognition as ERAD substrates (Figure 2, step 8)107. 

The progressive trimming of mannose units starts from the action of ERManI that generates 

a Man8GlcNAc2 isomer (Figure 1). This moiety is subjected then to further trimming 

operated by ER degradation-enhancing alpha-mannosidase like (EDEM) 1109-111, 

EDEM2112-114 and EDEM3115. Trimming of the outermost mannose of the branch C 

exposes the mannose j (Figure 1), which is recognized by the ERAD lectins OS-9 and 

XTP3-B and bound through their mannose-6-phosphate receptor homology (MRH) 

domains116-120. This interaction allows the transfer of the misfolded glycoproteins to the 

dislocation machineries (Figure 3, Recognition)120,121.  

Recognition and ERAD targeting of non-glycosylated misfolded polypeptides are still less 

well understood. Interactions of the ERAD lectins OS-9 and XTP3-B with both BiP and 

GRP94  have been reported, hinting that these ER chaperones could recognize incorrectly 

folded substrates to directly address them to ERAD.116,122  

Recognition and shuttling of misfolded proteins to the dislocon complex are usually 

followed by a step of substrates preparation123,124. Linearization of the polypeptides 

structure facilitates their retro-translocation across the ER membrane for ERAD125. PDI 

and PPI family members take care of this step. Indeed, many PDIs and PPIs have been 

shown to be involved in the reduction of disulfide bonds126 and in the cis-trans 

isomerization of peptidyl-prolyl bonds127, respectively, to help the disassembly of the 

tertiary/quaternary protein structures prior their dislocation and degradation by the 

cytosolic proteasomes (more details in 5.3). Of note, retro-translocation of misfolded 

proteins that do not require a step of preparation has been also reported128.  

4.2.1.2 Poly-ubiquitination, retro-translocation and proteasomal degradation 

Retro-translocation of misfolded products to the cytosol for proteasomal degradation relies 

on dislocation machineries, that are large protein complexes embedded within the ER 

membrane. Several candidates have been suggested as protein scaffolds forming the 

channel through which misfolded substrates are extracted from the ER. Among them, we 

find SEC61129, signal peptidases130, Derlins 1-3131,132 and HRD1133-135.  
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The retro-translocation process is coupled with substrates’ poly-ubiquitination, a 

modification that requires the consequent action of different proteins108. E1 enzymes 

activate the ubiquitin, which is then transferred to E2 ubiquitin-conjugating enzymes and 

eventually delivered to E3 ubiquitin-ligases that are responsible for the ubiquitination 

reaction of selected protein substrates (Figure 3, Ubiquitination)136,137. Dislocon 

complexes are built around the E3 ubiquitin-ligases: in mammalian cells, 24 distinct 

enzymes have been identified so far138, with HRD1139 and GP78140 as the best known 

members. Other than E3-ligases, retro-translocation machineries rely on the help of adaptor 

proteins, which allow substrates recognition and regulate the activity of the E3 ligase 

enzymes. SEL1L is one excellent example: this protein serves as scaffold for the 

recognition of many protein substrates and stabilizes the HRD1-disclocon based 

complex116,141,142. Indeed, SEL1L has been shown to interact with the luminal acceptors 

OS-9, XTP3-B, EDEM1, BiP or GRP94, shuttling protein substrates to the dislocation 

machinery116,122,143,144. Another important adaptor protein is HERP that, thanks to its short 

half-life, acts as a regulator of the HRD1-based dislocon assembly and function145-147. The 

variety of the players involved in these processes implicates the existence of different 

alternative dislocation complexes, each one taking rid of a specific subset of misfolded 

substrates. 

Consequently to the poly-ubiquitination, the extraction of the protein substrates from the 

ER is driven by the action of the AAA ATPase VCP/p97 (Figure 3, Retro-translocation)148. 

In combination with its co-factors, UFD1 and NPL4, and the ATP hydrolysis, VCP/p97 

mediates the unidirectional transport to the cytosol of poly-ubiquitinated clients148-150. As 

the substrates emerge from the ER, they are degraded by the 26S cytosolic proteasomes 

(Figure 3, Degradation). The intervention of de-ubiquitinating enzymes (DUBs) and 

Peptide:N-glycanases (PNGases) ensures an efficient protein transition within the 

proteasomal pore, allowing its prompt degradation151. 

4.2.2 ER-to lysosomes associated degradation (ERLAD) 

Since the ER does not contain catabolic devices, the misfolded proteins are retro-

translocated within the cytosol and degraded by the cytosolic proteasomes through 

ERAD108. However, misfolded proteins can also form polymers or aggregates, that are too 

large to be dislocated across the ER membrane. These ERAD-resistant proteins are instead 

delivered to the lysosomes for clearance through an ensemble of autophagic and non-

autophagic pathways collectively defined as ER-to-lysosomes-associated degradation 
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(ERLAD) process152,153. In the literature, many examples of ERAD-resistant misfolded 

proteins have been reported so far, including β-subunits of the thyrotrophic hormone154, 

various mutants of the serpin proteins155-158, mutant dysferlin159, endogenous and ectopic 

expressed collagen160-162, mutant of the gonadotropin releasing hormone receptor 

(GnRHR)163, the mutant Niemann–Pick type C protein-1 (NPC1)164, and proinsulin 

aggregates165. Similarly to what has been found for ERAD in the past years139, description 

of ERLAD route for handful of these proteins showed that cells evolved different 

mechanisms to get rid of misfolded polymers or aggregates with different characteristics.  

α1-antitrypsin Z (ATZ) is a mutant form of the serine protease inhibitor α1-antitrypsin 

(α1AT)155. This protein forms large ERAD-resistant polymers, whose removal from the ER 

lumen requires the intervention of ERLAD158. During this process, ATZ polymers are 

segregated with the help of the ER lectin CNX in specific ER sub-domains, decorated with 

the ER-phagy receptor FAM134B158. These sub-domains undergo scission generating 

single-membrane vesicles containing ATZ polymers, but not CNX. The vesicles are then 

transported to the endolysosomal compartment, where LC3 is engaged by the LC3 

interacting region (LIR) displayed by FAM134B, allowing vesicles docking to the 

endolysosomes158. As final step, the intervention of the SNAREs Syntaxin17 (STX17) and 

Vesicle-associated membrane protein 8 (VAMP8) allows vesicles fusion to release ATZ 

polymers within the lumen of the endolysosomes for clearance158. 

The same receptor FAM134B is also responsible for the lysosomal degradation of the 

endogenous misfolded procollagen162. This occurs through an ERLAD pathway that shows 

several differences compared to the one described for ATZ158. As first step, the endogenous 

misfolded procollagen is recognized by CNX that interacts with FAM134B162. Afterwards, 

FAM134B engages LC3 on the autophagosomal membranes, which enwrap ER sub-

regions containing both misfolded procollagen and CNX, ensuring their delivery to the 

endolysosomes for clearance162. As such, although the intervention of the same receptor, 

ERLAD degradation of the endogenous misfolded procollagen relies on the formation of 

double membrane autophagosomes162, which are dispensable for ATZ delivery to the 

endolysosomes158. Of note, a recent work showed that misfolded procollagen degradation 

can also occur through an alternative microautophagic-like process, where lysosomes 

directly engulf specialized ER-exit sites containing ectopic procollagen161. However, 

mechanistic details of this pathway are still not known. 
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Another ERLAD pathway has been postulated for the degradation of the misfolded 

proinsulin Akita mutant. Although the molecular mechanisms of this pathway are still not 

clearly defined, it has been shown that the lysosomal clearance of Akita aggregates relies 

on the intervention of the ER-phagy receptor RTN3, which mediates a process that does 

not require RTN3 functional LIRs165.  
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4.3 Rate-limiting reactions in protein folding and ERAD 

4.3.1 Peptidyl-prolyl bonds isomerization: PPI enzymes  

Polypeptide chains are made by the ensemble of different amino acids kept together by 

peptide bonds. This kind of linkage is naturally planar with the flanking Cα that can adopt 

either a cis or a trans conformation, where the latter is the most common, since it is 

energetically favored. This preference is generally true, except in the case of linkages 

involving a proline residue (i.e. prolyl bond)166-168. The spontaneous cis-trans isomerization 

of the prolyl bonds is quite slow (in order of hundreds of seconds)169 and it represents a 

rate-limiting step in both protein folding123,170 and substrates preparation for ERAD171. 

Thus, the intervention of the peptidyl-prolyl isomerases (PPIs) results crucial (Figure 4). 

PPI family members are sub-divided into four sub-groups: cyclophilins (Cyps), FK506 

binding proteins (FKBPs), parvulins and the serine/threonine-protein phosphatase 2A 

activator (PTPA)58,172-174. Cyps activity is blocked by the immunosuppressive and anti-

rejection drug cyclosporine A, while the FKBPs are inhibited by FK506 and rapamycin175-

177. For PPIs, quite little is known about their substrate’s specificity and redundancy. 

Several studies highlighted that different PPI family members are not in the same protein 

complex, suggesting that these enzymes could cooperate with different ER chaperones, 

according to the type of substrate or process in which they are involved178,179. 

 

 

Figure 4: Schematics of peptidyl-prolyl cis-trans isomerization catalyzed by the PPI proteins.  

(From Hanes 2015) 

 

Interestingly, some members of the FKBPs have a chaperone-like activity in addition to 

their PPIase function: indeed, these proteins have been shown to bind hydrophobic patches 

exposed by the misfolded proteins preventing their aggregation174,180. 
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4.3.2 Disulfide bonds formation, isomerization and reduction 

Disulfide bond is defined as a covalent linkage established through an oxidation reaction 

between the thiol groups of two cysteine residues181. Due to its more oxidizing nature 

compared to the cytosolic compartment, this reaction is more likely to occur within the ER 

environment182, even though disulfide bonds can be also established within the cytosol183 

or the mitochondria184. Disulfide bonds formation can occur between two cysteines of the 

same polypeptide (intramolecular) or of two distinct polypeptides (intermolecular) to form 

an oligomeric complex. Thus, the formation of disulfide bonds stabilizes tertiary or 

quaternary protein structures185. The establishment of the correct set of disulfide bonds does 

not only require a step of oxidation, but also reduction (i.e. breakage) and isomerization 

(i.e. shuffling) of mispaired linkages (Figure 5)186.  

 

 

 

Figure 5: Schematics of disulfide bonds formation. Native disulfide bonds are established through oxidation, reduction 

and isomerization reactions, which are catalyzed by the PDI family members. 

 

Potentially, a disulfide bond can form between any couple of exposed cysteine residues: as 

such, greater is the number of cysteines within a polypeptide sequence, greater is the 

possibility to form non-native disulfide bonds. Thus, their formation constitutes a rate-
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limiting step during protein folding and the intervention of protein disulfide isomerase 

(PDI) enzymes is required to successfully accomplish this task187.  

Besides its critical importance in protein folding, reduction and rearrangement of disulfide 

bonds have also a pivotal role in substrates preparation prior ERAD. Indeed, other than 

protein structure stabilization, disulfide bonds can also create large oligomers of misfolded 

proteins, which do not fit across the retro-translocation channel, and therefore must be 

reduced by the intervention of PDIs188. 
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4.4 The PDI family 

4.4.1 PDI structure and mechanism of action 

In mammalian cells, more than 20 members of the PDI family have been identified so far58 

(Table 1). Despite these proteins differ in size, membrane topology and tissue distribution, 

they have all in common the presence of at least one thioredoxin (TRX)-like domain, which 

can be either catalytically active (a) or inactive (b)186,189.  

 

Table 1: PDI family. a, active TRX-like domain; b, inactive TRX-like domain;  

x, linker domain; J, J-domain; t, transmembrane domain. The active site composition of each PDI is shown in the third 

column. O, oxidation; R, reduction; I, isomerization; C, chaperone activity.  
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Little is known about the function of the inactive b-type, for which several studies 

suggested a role as substrate binding site190. Type-a TRX-like domain is characterized by 

an active site usually containing a CXXC motif: the cysteine residues constitute the redox 

active core, while the surrounding residues influence the pKa of the cysteines, determining 

the local redox potential and in turn the overall activity of the PDI as oxidase or 

reductase191. As working model, the N-terminal cysteine of the CXXC active site performs 

a nucleophilic attack towards a thiol group of a protein substrate, forming a transient 

reaction intermediate between the PDI and the substrate known as mixed-disulfide (MD), 

while the intervention of the C-terminal cysteine resolves the interaction191. Several PDIs 

do not display a classical CXXC active site within their TRX-like domains (Table 1). 

Indeed, alternative active sites missing either the N-terminal or the C-terminal cysteine 

have been found. PDIs missing the N-terminal cysteine are unable to perform the 

nucleophilic attack, and thus they result catalytically inactive192,193. Instead, proteins 

lacking the C-terminal cysteine within the active site sequence can still perform a 

nucleophilic attack towards a substrate protein, resulting in the formation of a MD: 

however, this interaction is stabilized, since it can be resolved only by the intervention of 

an external thiol group supplied by other PDIs or by the protein substrate itself194. 

Many members of the PDI family possess an ER stress responsive (ERSE) motif195 within 

their promoter region, which is responsible for their upregulation upon ER stress induction, 

hinting an important role of some PDIs during UPR (see 4.5)194. Considering their 

differences in structural organization, size and active site composition, it is likely that PDIs 

are not broadly equivalent and that each of them would act as a reaction catalyst towards a 

select group of substrates, and also in different cellular processes. However, the absence of 

relevant phenotypes in individual PDIs knock-out models let hypothesize about a 

functional redundancy189.  

4.4.2 The Thioredoxin-related transmembrane (TMX) protein family 

Most of the members of the PDI family are soluble proteins. One exception is represented 

by a small sub-group known as thioredoxin-related transmembrane (TMX) proteins, which 

counts five transmembrane proteins (TMX1, TMX2, TMX3, TMX4 and TMX5) (Figure 

6)196. TMX proteins are characterized by a N-terminal ER signal peptide, one or more 

transmembrane regions of variable length and one type-a TRX-like domain displaying 

different active site sequences194. Among the five members, TMX1 represents the best 

described, while TMX5 is the least characterized.  
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Figure 6: Schematic representation of TMX family members. Active site composition, topology, N-glycosylation 

state and retention motifs are shown in the scheme. 

 

4.4.2.1 TMX1 

TMX1 has been identified in 2001197 in a screening among the responsive genes for TGF-

β198. It is a non-glycosylated protein of 281 amino acids197. It possesses a large N-terminal 

luminal domain and a C-terminal cytosolic portion lacking a canonical ER retention 

signal197. Alternatively, it has been proposed that an RQR motif within the C-terminal tail 

mediates its ER retention and localization199. TMX1 harbors a TRX-like domain within its 

N-terminal region, which contains a non-canonical CPAC active site197. The presence of a 

proline in position 2 indicates a role of TMX1 as reductase191. Indeed, TMX1 reduces 

insulin disulfides in vitro197, and in vivo is predominantly found in the reduced form200. 

Moreover, its overexpression enhances the cytotoxicity of the type 2 ribosome-inactivating 

proteins ricin and abrin, which require a reduction step in the ER prior retro-translocation 

of the catalytic subunit within the cytosol201. 

Unlike other members of the PDI family, TMX1 does not contain an ERSE motif within 

its promoter region194, and indeed it is not up-regulated upon ER stress202. Notably, it has 

been shown that TMX1 is reversible oxidized upon ER stress induced by brefeldin A (BFA) 
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treatment: BFA unbalances protein export from the ER, leading to the accumulation of 

unfolded substrates and the consequent induction of an ER stress; in this condition, TMX1 

results oxidized in a reversible manner, suggesting a role as redox gatekeeper to cope with 

protein overload203. TMX1 expression is ubiquitous with the highest levels in liver, kidney, 

lungs and placenta197. Consistent with its high expression in liver, TMX1 knockout mice 

exhibit no evident defects, as in cellular culture, except for an higher susceptibility to liver 

damage upon treatment with lipopolysaccharides (LPSs)204. An important interactor of 

TMX1 is VKOR, a membrane bound co-factor of the ER electron transfer pathway. The 

high expression of VKOR in liver tissue suggested its possible role as redox partner for 

TMX1205. 

TMX1 is the first member of the PDI family showing a topology-specific behavior in 

protein folding, preferentially binding folding-competent membrane-tethered substrates206. 

Thanks to the exploitation of a trapping-mutant version, it has been demonstrated that 

TMX1 establishes mixed disulfides with membrane-bound clients selectively delaying 

their maturation and secretion206. TMX1 also forms a functional complex with CNX202,206, 

that is mediated by the transmembrane regions202. Additionally, this functional complex is 

stabilized by the presence of protein substrates, suggesting that TMX1 recruits its 

membrane-bound clients through cooperative interaction with the ER lectin CNX206. 

In addition to its role in protein folding, TMX1 seems also to act as a regulator of the Ca2+ 

homeostasis. Indeed, palmitoylation of two cysteine residues within its C-terminal region 

determines TMX1 targeting to the MAM, i.e. contact sites between ER and mitochondria. 

In this context, TMX1 binds the Ca2+-ATPase SERCA2b decreasing its activity and 

increasing in turn the calcium flux from the ER to the mitochondria207.  

4.4.2.2 TMX5 

TMX5 (also known as TXNDC15) is a poorly characterized member of the TMX family 

that has been identified in 2003208. It is a single-pass type I protein of 360 amino acids with 

four predicted N-glycosylation sites and no ER retention signal. As the other TMX proteins, 

it harbors one type-a TRX-like domain within its N-terminal region. Of note, this domain 

displays a non-canonical CRFS active site: this sequence characterizes TMX5 as a natural 

trapping-mutant protein, suggesting a distinct role of this protein compared to the other 

family members. 
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Recently mutations within TMX5 sequence have been associated to several perinatally 

lethal autosomal recessive ciliopathies, as the Meckel syndrome (MKS). In particular, 

frame-shift and missense mutations that alter the overall protein expression or lead to the 

production of a truncated protein version, have been reported209-211. 

4.4.2.3 Other members of TMX family 

Beyond TMX1 and TMX5, other three proteins belong to the TMX protein family. TMX2 

is non-glycosylated protein of 296 amino acids. It has been identified in 2003 and its 

expression is ubiquitous, with the highest levels in brain, liver, kidney, heart and 

pancreas193. Despite it has been predicted as a single-pass type II protein193, it has been 

recently shown that TMX2 is a multi-span transmembrane protein with both the N- and the 

C-termini facing the cytosol212. Its C-terminal domain harbors a KKDK retention signal 

and a TRX-like domain193. The latter contains a peculiar SNDC active site sequence that, 

lacking of the canonical N-terminal cysteine, results catalytically inactive as 

oxidoreductase212. TMX2 can be localized in the nuclear outer membrane212 or at the MAM 

upon palmitoylation207. Its alternative localization suggests that TMX2 could be involved 

in different processes: indeed, at the nuclear envelope, TMX2 interacts with the importin-

β and the GTPase Ran to maintain the nucleocytoplasmic Ran protein gradient, and ensure 

in turn an efficient nuclear import of the importin-β cargo proteins212. On the other hand, 

palmitoylated TMX2 interacts with the Ca2+ pump SERCA2b regulating calcium flux at 

the MAM213. Interestingly, TMX2 results up-regulated upon oxidative stress, but not upon 

ER stress, hypoxia or heat shock induction212. Moreover, TMX2 knockout experiment in 

primary neurons demonstrated its protective function from ER stress214, while missense 

mutations have been recently associated to human patients with microlissencephaly and 

brain developmental abnormalities213,215. 

TMX3 is a single-pass type I protein of 454 amino acids that has been identified in 2005216. 

It displays a large N-terminal luminal domain containing two N-glycosylation sites217 and 

a short C-terminal cytosolic tail harboring a KKKD retention sequence216. TMX3 is not up-

regulated upon ER stress and it is broadly expressed in all human tissues, with the highest 

levels in heart and skeletal muscle216. TMX3 contains 3 TRX-like domains, one type-a 

characterized by a canonical CGHC active site, responsible for TMX3 behavior as oxidase 

in vitro, and two enzymatically inactive type-b domains218. Preliminary studies suggested 

a protective role of TMX3 in mice models for Huntington’s disease219. 
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TMX4 is a single-pass type I protein of 349 amino acids and it is considered the paralogue 

of TMX1220. It has been identified in 2010220 and contains one N-glycosylation site within 

its N-terminal region199. As TMX1, TMX4 lacks a canonical cytosolic ER retention signal, 

but it displays the di-arginine RQR motif199. Consistent with the lack of an ERSE motif 

within its promoter region, TMX4 is not up-regulated upon ER stress induction220. TMX4 

has a non-canonical CPSC active site sequence within its type-a TRX-like domain220: 

similarly to TMX1, this sequence contains a proline in position 2, which destabilizes the 

disulfide state and favors the di-thiol reduced form of the active site191,221. Consistently, 

also TMX4 acts as reductase in vitro220 and it weakly interacts with VKOR205. TMX4 

knockdown has no effects on degradation of ERAD substrates220, suggesting that it is not 

involved in this pathway, or that other proteins may compensate its absence. More 

interestingly, it has been shown that TMX4 interacts with CNX and ERp57, suggesting a 

role as reductase within the folding pathway220. 
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4.5 ER stress and the Unfolded Protein Response (UPR) 

4.5.1 ER proteostasis and UPR induction 

ER proteostasis is defined as the capacity to keep cell’s proteome in the proper quantity 

and quality222. Its maintenance is of crucial importance to ensure cells, tissues and 

organisms functionality and health223. A sustained inward flux of nascent polypeptides can 

overwhelm the folding capacity of the ER, leading to an accumulation of unfolded proteins, 

and eventually to an unbalanced ER proteostasis224. Other conditions that can perturb ER 

proteostasis include exogenous stimuli as nutrient deprivation, hypoxia, alterations in 

temperature or redox conditions, drugs, attacks by pathogens, but also endogenous events 

such gene mutations, cell differentiation and aging. These perturbations alter the normal 

function of the ER leading to a condition of ER stress225-228. In this situation, a series of 

transcriptional and translational events are activated in order to restore ER proteostasis. 

This program goes under the name of Unfolded Protein Response, or shortly UPR229. 

During UPR, genes encoding for ER chaperones and folding enzymes230,231, components 

of the export machinery232, together with enzymes dedicated to lipid synthesis233-235, are 

transcriptionally up-regulated. Concomitantly, general translation of ER cargo proteins is 

repressed236,237, while ER turnover is increased to clear damaged ER sub-regions or 

stockpile of misfolded proteins generated during the stress153,238. The overall meaning of 

these measures aims to resolve the overwhelming pressure on the ER allowing the return 

to its homeostatic conditions. If the stress cannot be alleviated and resolved, the prolonged 

UPR brings to the activation of cell-death programs239,240.  

In mammalian cells, the UPR activation is orchestrated by the action of three ER stress 

sensors embedded within the ER membrane: the kinase/RNase inositol-requiring protein 1 

(IRE1)241, the activating transcription factor 6 (ATF6)242 and the protein kinase RNA-like 

ER kinase (PERK)236. The mechanisms leading to the activation of these sensors are still 

not completely understood. One hypothesis, defined as competition model, is that the ER 

chaperone BiP binds at steady state the luminal domains of the stress sensors, keeping them 

inactive. Upon misfolded proteins accumulation within the ER lumen, these compete for 

BiP binding, causing its detachment from the sensors’ luminal domains and the consequent 

UPR cascade activation243-248. Another hypothesis is represented by the model of direct 

binding, according which misfolded proteins directly bind the luminal domains of the 

sensors leading to their activation249-251. In this case, BiP regulates the shutdown of the 

response by binding to the sensors’ luminal domains248.   
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Figure 7: The three branches of the unfolded protein response (UPR). IRE1, PERK, and ATF6 represent the UPR 

stress sensors that mediate the activation of the transcriptional and the translational responses aiming to the restoration of 

the ER homeostasis. 

 

4.5.1.1 IRE1 pathway 

Identified as ER stress sensor in the late 1980s, IRE1 represents the only UPR branch 

conserved from yeast to human. In metazoan, two distinct isoforms of IRE1 have been 

described: IRE1α, whose expression is ubiquitous and its knockout is embryonal lethal252; 

IRE1β, which has an expression restricted to the respiratory and the gastrointestinal tracts 

and no particular phenotypes are observed if knocked out in mice models253,254. As such, 

IRE1α represents the most studied isoform255. 

IRE1α is a single-pass type I membrane protein with a N-terminal luminal stress sensor 

domain and a C-terminal cytosolic region containing both serine/threonine kinase and 

endoribonuclease (RNase) activities224,256,257. Upon activation, IRE1α oligomerizes and 

undergoes trans-autophosphorylation, enabling its RNase activity that is responsible for the 
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unconventional splicing of XBP1 mRNA258-262. Spliced XBP1 (sXBP1) encodes for a 

transcription factor, which translocates into the nucleus to promote the transcription of 

genes involved in protein folding and secretion, ERAD and lipid synthesis230,231,263. sXBP1 

mediates this process through binding to ER stress response elements (ERSE)195, ERSE 

II264 and UPR elements (UPRE)265 that are present within the promoter region of the target 

genes. RNase activity of IRE1α is also responsible for the so called regulated IRE1-

dependent decay (RIDD)266: during this process, ribosomal RNAs267, mRNAs268-270 and 

miRNAs271,272 are degraded to smooth the pressure on the ER biosynthetic compartment. 

In case of sustained UPR, IRE1α activates a signaling cascade leading to cell death273. In 

particular, this occurs through an uncontrolled RIDD activity that ends up with the 

degradation of anti-apoptotic miRNAs271,272, but also through the activation of c-Jun N-

terminal kinase (JNK) and apoptosis by a phosphorylation cascade274,275. 

4.5.1.2 ATF6 pathway 

ATF6 has two isoforms in vertebrates, ATF6α and ATF6β, with the first showing stronger 

transcriptional activity in vivo276. ATF6α is a single-span type II membrane glycoprotein, 

which displays a basic leucine zipper (bZIP) motif within its N-terminal cytosolic region242. 

Interestingly, upon ER stress burden, ATF6α is transported to the Golgi compartment277 

where it is sequentially processed by two endopeptidases site-1 (S1P) and site-2 

(S2P)243,278. Their action results in the release within the cytosol of the bZIP domain 

(known as ATF6f), which upon nuclear translocation acts as a transcription factor. Indeed, 

ATF6f binds to ERSE195 and ERSE II279 motifs to mediate the transcription mainly of ER 

folding enzymes and ERAD factors. 

4.5.1.3 PERK pathway 

PERK is a single-pass type I protein and represents the third branch of the UPR. Upon 

activation, it oligomerizes and undergoes trans-autophosphorylation within its cytosolic 

portion280. Moreover, PERK phosphorylates the eukaryotic initiation factor 2α (eIF2α), 

inhibiting its activity as translation initiation factor and thus leading to a decreased general 

translation236,237,281,282. Interestingly, P-eIF2α selectively promotes the translation of the 

activating transcription factor 4 (ATF4)283,284, a transcription factor whose targets are genes 

encoding for proteins involved in folding process, amino acid metabolism, autophagy, anti-

oxidant response and apoptosis285-288. Sustained activation of PERK branch can lead to cell 

death289. In fact, ATF4 also induces the expression of C/EBP homologous protein 
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(CHOP)290, a transcription factor controlling the expression of different pro-apoptotic 

genes291. Another target gene of ATF4 is growth arrest and DNA damage–inducible 34 

(GADD34), which mediates eIF2α de-phosphorylation and decreases in turn PERK 

signaling292,293.  

4.5.2 How do cells recover after an ER stress: Recov-ER-phagy 

Perturbations of ER homeostasis, due to different endogenous and exogenous stimuli, 

induce a condition of ER stress that triggers the activation of the UPR to adapt the cellular 

homeostasis to the changing conditions294. UPR activation leads to the ER expansion in 

order to accommodate and dilute the accumulated misfolded proteins, but also many ER 

chaperones and folding enzymes are synthetized during this phase234.  If the ER stress is 

successfully resolved, the excess machinery and membranes previously generated have to 

be cleared in order to restore organelle pre-stress volume, content and activity295,296. In this 

context, we recently demonstrated that upon resolution of an ER stress, specific ER 

subdomains are delivered to the endolysosomal compartment for clearance through a 

selective ER-phagy process, named as Recov-ER-phagy297. Specifically, this pathway is 

mediated by SEC62, an ER resident component of the post-translational protein 

translocation machinery297. Upon ER stress resolution, SEC62 acts as an ER-phagy 

receptor allowing the delivery of excess ER portions to the endolysosomes (ELs) for 

clearance297. SEC62 possesses an LC3 interacting region (LIR) that is required for its 

function as ER-phagy receptor, but not for its role in protein translocation297. Interestingly, 

Recov-ER-phagy does not rely on the hierarchical intervention of the functional complexes 

ensuring macro-autophagy298. Indeed, while the engagement of the LC3 lipidation 

machinery results indispensable, Recov-ER-phagy does not require the intervention of both 

the autophagosomal biogenesis machinery and the SNAREs proteins, which are typically 

involved in autophagosomes-ELs fusion events298. We recently showed that Recov-ER-

phagy occurs via piecemeal micro-autophagic like process: ER portions containing SEC62 

and decorated with LC3 are directly engulfed by the ELs via membrane invagination 

process298. These events rely on the intervention of the ESCRT-III component CHMP4B 

and the accessory AAA+ ATPase VPS4A, which typically catalyze membrane inward 

invagination processes298. 
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4.6 Aim of the research projects 

4.6.1 Investigation of Thioredoxin-related transmembrane protein 1 (TMX1) role in 

ERAD 

 

Mammalian ER contains more than 20 members of the PDI protein family. These enzymes 

are responsible for the formation of the correct set of intra- and inter-molecular disulfide 

bonds, which represents a rate-limiting step during protein folding process. Additionally, 

PDIs are also involved in the reduction of disulfide bonds within misfolded substrates to 

facilitate their dislocation across the ER membrane for ERAD. The reasons for a high 

degree of redundancy, as well as PDI substrate preferences, are still poorly understood. PDI 

family mainly comprises soluble members with one exception represented by a sub-group 

named thioredoxin-related transmembrane (TMX) proteins, whose members are five 

membrane-bound PDIs. TMX1 represents the first identified TMX family member for 

which a role in protein folding has been demonstrated. TMX1 forms functional complexes 

with CNX preferentially intervening during the maturation of cysteine-containing 

membrane-tethered proteins. These evidences characterized TMX1 as the first example of 

topology-specific redox-catalyst in living cells. Interestingly, it has been also reported in 

literature an involvement of TMX1 in the reduction of the toxins ricin and abrin prior their 

retro-translocation across the ER membrane. This evidence together with its reductase 

nature suggested a role of TMX1 in ERAD. 

The aim of this project was to investigate TMX1 involvement in ERAD. The exploitation 

of a trapping mutant version of TMX1 (TMX1C/A) allowed to demonstrate that TMX1 

preferentially forms mixed disulfides with membrane-bound folding-defective protein 

substrates selectively delaying their degradation. 

These data have been published as follows (see Appendix): 

The reductase TMX1 contributes to ERAD by preferentially acting on membrane 

associated folding-defective polypeptides. 

Guerra C, Brambilla Pisoni G, Soldà T, Molinari M. 

Biochem Biophys Res Commun. 2018 Sep 5;503(2):938-943. 

doi:10.1016/j.bbrc.2018.06.099. Epub 2018 Jun 22. 
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4.6.2 Characterization of Thioredoxin-related transmembrane protein 5 (TMX5) 

 

TMX5 is the less characterized member of the TMX family. It is a single-span type I protein 

containing one TRX-like domain within its luminal region. The peculiar CRFS active site 

displayed within its TRX-like domain characterizes TMX5 as a natural trapping mutant 

protein. Information about TMX5 are limited to structural annotations. Indeed, the unique 

data available in the literature link TMX5 mutations to the development of a rare ciliopathy, 

known as Meckel-Gruber syndrome (MKS). 

In this thesis, we aimed to preliminary characterize TMX5 protein. We showed that TMX5 

is a N-glycosylated protein, whose expression is not regulated by ER stress induction. In 

contrast with the other TMXs, TMX5 exits the ER to travel along the secretory pathway. 

Moreover, its active site allows the formation of mixed disulfides with endogenous proteins 

with a preference for membrane-tethered substrates. Additionally, TMX5 interacts with 

ERp44 establishing a disulfide-bonded complex: this interaction requires a functional 

ERp44 active site and determines TMX5 retention within the ER. 
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4.6.3 Generation of HaloTag2® chimeras as protein-based tools for the 

characterization of PQC systems  

 

Maintenance of cell proteome in appropriate quantity and quality is crucial for cells 

viability and health. Indeed, accumulation of unfolded intermediates or misfolded proteins 

within cells is linked to the development of many human diseases. To cope with failures in 

protein folding, cells possess different quality control systems to allow the recognition of 

misfolded polypeptides, eventually leading to their degradation. 

The aim of this project was to design and develop HaloTag2® protein-based tools for the 

characterization of the PQC pathways. HaloTag2® is a mutated version of a bacterial 

haloalkane dehalogenase, which misfolds upon covalent binding to the hydrophobic 

chloroalkane reactive ligand HyT36. I built a palette of membrane-tethered GFP-

HaloTag2® protein substrates with different characteristics (i.e. length of the 

transmembrane anchor, presence/absence of N-glycans, HaloTag2® domain in the cytosol 

or in the ER lumen) to determine the consequences of domain misfolding on protein 

secretion and cells homeostasis. HyT36-mediated misfolding of the HaloTag2® chimeras 

elicited different responses according to the properties of the single proteins. Indeed, 

HyT36 treatment induces a decrease in protein levels of the luminal HaloTag2® protein 

chimeras. The same treatment does not affect protein levels of the HaloTag2® protein 

chimeras displaying the misfolded domain on the cytosolic side. This is due to the 

recognition of the luminal misfolded moieties by the ER quality control through BiP. As 

direct consequence of BiP engagement, upon HyT36 treatment, the secreted luminal 

HaloTag2® chimeras lose the plasma membrane staining, while leaving unaffected the sub-

cellular localization of the secreted chimera harboring the HaloTag2® domain within the 

cytosolic region. Additionally, analysis of the BiP transcript levels showed the induction 

of an ER stress and the consequent UPR activation upon HyT36-mediated misfolding of 

the luminal HaloTag2® protein chimeras. In the view of these results, the developed 

HaloTag2® protein chimeras represent reliable tools for the study of the PQC pathways. 
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4.6.4 Transcriptional analysis of Recov-ER-Phagy process 

 

ER homeostasis perturbations caused by different endogenous and exogenous stimuli, can 

lead to ER stress and UPR activation. Upon ER stress relief, cells activate ill-defined 

recovery programs that mediate the removal of excess and/or damaged ER portions 

produced during the stress phase and the re-establishment of the ER homeostasis. These 

recently identified catabolic pathways have been defined as Recov-ER-Phagy. During this 

process, the translocon subunit SEC62 acts as the ER-phagy receptor that ensures the 

lysosomal degradation of select ER sub-regions. In detail, on a resolution of an ER stress, 

SEC62 recruits components of the autophagic machinery through its LC3-interacting 

region (LIR) mediating the delivery of selected ER portions to the endolysosomal 

compartment for clearance. Recov-ER-Phagy occurs via piecemeal micro-ER-phagy 

mechanism, during which the ER sub-domains to be degraded are directly engulfed by the 

endolysosomes in a process relying on the ESCRT-III component CHMP4B and the 

accessory AAA+ ATPase VPS4A. Even though, genetic tools as KO and CRISPR cell lines 

allowed the individual dissection of the required components of Recov-ER-Phagy pathway, 

there are still many points to be understood. 

Here, we aimed to transcriptionally characterize Recov-ER-Phagy process. As such, we 

performed an RNA-seq analysis to monitor transcripts variations during the different 

phases of Recov-ER-Phagy. In particular, we analyzed the transcriptome of untreated cells, 

of cells treated for 12h with CPA to induce an ER stress, and of cells at different timepoints 

after CPA wash-out (i.e., during the recovery phase). From these analyses, we obtained a 

time-resolved description of the transcriptional events and pathways that cells are 

activating or suppressing to counteract the perturbations of the ER homeostasis and 

successfully ride the recovery phase. 
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5 PHD RESARCH PROJECTS 

5.1 Thioredoxin-related transmembrane protein 1 (TMX1) as ER reductase 

acting in ERAD of membrane-bound folding-defective polypeptides 

5.1.1 Results 

5.1.1.1 TMX1 preferentially associates with membrane-bound folding-defective  

model substrates 

TMX1 is a transmembrane ER-resident member of the PDI protein family. It harbors one 

TRX-like domain displaying a non-canonical CPAC active site197 (Figure 1A). As for other 

PDIs, the substitution of the C-terminal resolving cysteine of the TMX1 active site with an 

alanine (TMX1C/A) traps the mixed disulfide intermediate in the reductive pathway, thus 

stabilizing the interaction with the client proteins (Figures 1A-C). In the recent years, the 

exploitation of its trapping mutant version allowed the characterization of TMX1 as the 

first example of topology-specific redox-catalyst selectively acting during productive 

folding of membrane-bound clients206.  

Figure 1: TMX1 wild-type vs 

trapping mutant. A, TMX1 and 

TMX1C/A constructs are shown 

together respectively with wild-type 

and trapping-mutant active sites (red 

boxes). SS, signal sequence; TM, 

transmembrane region. B and C, 

Schematic representation of the 

disulfide bonds reduction catalyzed by 

TMX1. Mixed disulfide intermediate 

formation mediated by the nucleophilic 

attack of the N-terminal active site 

cysteine on a substrate disulfide bond is 

shown. The resulting intermediate is 

resolved thanks to the intervention of 

the C-terminal active site cysteine on 

the mixed disulfide. The replacement of 

the C-terminal resolving cysteine of 

TMX1 with an alanine residue 

substantially stabilizes mixed disulfide 

reaction intermediate between the 

enzyme and its substrate. 
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To date, a possible role of TMX1 in ERAD is suggested by circumstantial evidences. 

Indeed, the proline residue in position 2 of the TMX1 active site contributes to its redox 

attitude, driving the potential towards substrate reduction, thus hinting a role as ER 

reductase191. Additionally, its overexpression increases the cytotoxicity of the type-2 

ribosome inactivating proteins abrin and ricin, two toxins that require a step of reduction 

prior retro-translocation from the ER to the cytosol where they act201. 

To study TMX1 contribution in the reduction of ERAD substrates prior degradation, we 

exploited two couples of folding-defective model substrates (Figure 2A): the first is 

represented by the single-span type I, pancreatic splice form of the beta secretase BACE457 

and BACE457∆, its soluble variant obtained ablating the transmembrane C-terminal 

domain124; the second couple is composed by the soluble disease-causing mutant form of 

the alpha-1-antitrypsin inhibitor (NHK) and NHKCD3δ, a membrane-tethered version 

obtained adding the CD3δ transmembrane domain to the NHK C-terminal portion94. 

HEK293 cells were mock-transfected (EV for empty vector Figure 2B, lane 1), transfected 

with a plasmid for the expression of a V5-tagged version of the trapping mutant TMX1C/A 

alone (Figure 2B, lane 2), or in combination with the HA-tagged versions of BACE457 

(Figure 2B, lane 3), BACE457∆  (Figure 2B, lane 4), NHK  (Figure 2B, lane 5) and 

NHKCD3δ (Figure 2B, lane 6). Cells were lysed and the ectopically expressed folding-

defective substrates were immunoisolated from the post nuclear supernatants (PNSs) using 

an anti-HA antibody. The immunocomplexes were then separated in a reducing SDS-

PAGE and transferred on a PVDF membrane. The upper part of the membrane was probed 

with an anti-HA antibody to reveal the presence of the model ERAD substrates (Figure 

2B, upper panel), while the portion below 40kDa was probed with an anti-V5 antibody to 

assess the co-immunoprecipitation of TMX1C/A (Figure 2B, lower panel). 

This experiment revealed that TMX1C/A strongly associates with both folding-defective 

membrane-tethered BACE457 and NHKCD3δ (Figure 2B, lanes 3 and 6, respectively), 

and much less with their soluble counterparts BACE457∆ and NHK (Figure 2B, lanes 4 

and 5, respectively). These findings were additionally supported by the reciprocal 

experiment (Figure 2C), where upon immunoisolation of the ectopically expressed 

TMX1C/A-V5 using an anti-V5 antibody (Figure 2C, lower panel), both the membrane-

tethered BACE457 and NHKCD3δ were abundantly co-precipitated compared with their 

soluble forms BACE457∆ and NHK (Figure 2C, lane 3 vs 4 and lane 5 vs 6, upper panel).  
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Figure 2: TMX1C/A association with ERAD model substrates. A, Schematic of the model ERAD folding-defective 

substrates used in the experiments. B, HEK293 cells were transfected with an empty vector (EV, lane 1), with the V5-

tagged TMX1C/A alone (lane 2), or in combination with the HA-tagged BACE457, BACE457∆, NHK or NHKCD3δ 

(lanes 3-6). After cells lysis, the HA-tagged substrates were immunoisolated from the PNS and revealed by WB with an 

anti-HA antibody (upper panel). Using an anti-V5 antibody, the co-precipitation of TMX1C/A has been revealed (lower 

panel). C, V5-tagged TMX1C/A was immunoisolated from the same PNS of panel B using the anti-V5 antibody conjugated 

agarose beads to check the association of TMX1 with the HA-tagged model folding-defective proteins (upper panel). As 

control, TMX1C/A immunoisolation was checked using an anti-V5 antibody (lower panel).  *, cross-reaction due to the 

heavy chains antibody recognized by the secondary antibody in WB. 

All in all, these data confirm the preferential association of TMX1 with membrane-bound 

protein substrates previously demonstrated for folding-competent substrates206, and extend 

its binding specificity to folding-defective membrane-tethered polypeptides that are 

committed to ERAD. 
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5.1.1.2 TMX1 establishes mixed disulfides with the membrane-tethered folding-defective 

substrates BACE457 and NHKCD3δ 

Functional interactions between PDIs and protein substrates implies the formation of mixed 

disulfides as reaction intermediates299,300. To directly determine the establishment of mixed 

disulfides between TMX1 and the folding-defective substrates, HEK293 cells were 

transfected and lysed to isolate the PNSs as described in the previous paragraph. TMX1-

containing complexes were immunoisolated from the PNSs using an anti-V5 antibody and 

then separated by SDS-PAGE under both non-reducing and reducing conditions. Western 

blot analysis of the non-reduced samples with an anti-V5 antibody, confirmed the 

immunoprecipitation of TMX1C/A (Figure 3A, lanes 2-6, shown with a lane) and revealed 

the presence of disulfide-bounded complexes containing TMX1C/A (Figure 3A, lanes 2-6 

above 45kDa). Notably, TMX1C/A alone engages mixed disulfides with cysteine-containing 

endogenous substrates (Figure 3A, lane 2). Upon the co-expression of TMX1C/A with the 

folding-defective model substrates, the pattern of the disulfide-bonded complexes positive 

for TMX1C/A changed (Figure 3A, lane 2 vs 3-6). In particular, this phenotype appears 

clearly evident when TMX1C/A is co-expressed with the two membrane-tethered folding-

defective substrates BACE457 and NHKCD3δ (Figure 3A, lanes 3 and 6).  

Upon BACE457-HA co-expression, TMX1C/A-V5 establishes a high molecular weight 

complex of about 90kDa that is positive for both the anti-V5 (Figure 3A, lane 3, arrow 

MD1T for TMX1 component (T) of Mixed Disulfide 1) and the anti-HA components 

(Figure 3B, lane 3, arrow MD1B for BACE457 component (B) of Mixed Disulfide 1). This 

complex is disassembled when the same sample is analyzed under reducing conditions 

(Figures 3C and 3D, lane 3), meaning that it represents the mixed disulfide between 

TMX1C/A and BACE457. Similarly, upon NHKCD3δ-HA co-expression, TMX1C/A-V5 

forms two distinct complexes of about 116 and 160kDa, which are positive for both the 

anti-V5 (Figure 3A, lane 6, arrows MD2T for TMX1 component (T) of Mixed Disulfide 2) 

and the anti-HA components (Figure 3B, lane 6, arrows MD2N for NHKCD3δ component 

(N) of Mixed Disulfide 2). Moreover, both complexes are resolved under reducing 

conditions (Figures 3C and 3D, lane 6), confirming that TMX1C/A engages NHKCD3δ 

into two distinct disulfide-bounded complexes, representing TMX1-s-s-NHKCD3δ and 

TMX1-s-s-NHKCD3δ-s-s-NHKCD3δ, according to their electrophoretic mobility. In 

contrast, TMX1C/A does not establish distinct mixed disulfides with the soluble folding-

defective model substrates BACE457∆ and NHK (Figures 3A and 3B, lanes 4 and 5). 
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Altogether, these data demonstrate that the selective interaction of TMX1 with membrane-

tethered folding-defective polypeptides involves the establishment of mixed disulfide 

reaction intermediates. 

Figure 3: TMX1C/A forms mixed 

disulfides with BACE457 and 

NHKCD3δ. A, HEK293 cells were 

transfected with an empty vector 

(EV, lane 1), with a V5-tagged 

version of TMX1C/A alone (lane 2), or 

in combination with the HA-tagged 

BACE457, BACE457∆, NHK or 

NHKCD3δ (lanes 3-6). After cells 

lysis, the complexes containing 

TMX1C/A-V5 were immunoisolated 

from the PNSs using anti-V5 

conjugated agarose beads. Protein 

complexes were separated by SDS-

PAGE under non-reducing 

conditions and analyzed by WB 

using an anti-V5 antibody to reveal 

TMX1C/A signal. B, The same 

membrane of panel A was probed 

with an anti-HA antibody after 

stripping to detect the co-

precipitation of the HA-tagged 

substrates. C, Same as panel A, but 

the V5-containing complexes were 

separated under reducing conditions. 

D, The same membrane of panel C 

was probed with an anti-HA antibody 

after stripping to check the co-

precipitation of the HA-tagged 

substrates. MD1T for TMX1 

component (T) of Mixed Disulfide 1; 

MD1B for BACE457 component (B) 

of Mixed Disulfide 1; MD2T for 

TMX1 component (T) of Mixed 

Disulfide 2; MD2N for NHKCD3dδ 

component (N) of Mixed Disulfide 2. 
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5.1.1.3 TMX1 preferentially intervenes in ERAD of membrane-anchored folding-

defective model substrates 

Misfolded proteins may require a step of linearization prior retro-translocation into the 

cytosol for proteasomal degradation123. This step includes the intervention of some PDIs, 

which reduce intra- and inter-molecular disulfide bonds126, facilitating the dislocation of 

the misfolded substrates across the ER membrane. The non-canonical active site of TMX1 

with a proline in position 2 supports its role as ER reductase and suggests in turn its possible 

function as reductase acting in ERAD. To assess TMX1 role as ERAD reductase, we 

examined the effect of TMX1C/A expression on the degradation of the select folding-

defective model substrates. HEK293 cells were transfected with the previously described 

HA-tagged ERAD model substrates (Figure 2A) in combination either with an EV or with 

TMX1C/A-V5. Afterwards, cells were metabolically labelled upon 15 minutes incubation 

with 35S-methionine/cysteine, and then chased at different timepoints to follow the decay 

of the radioactive signal and thus monitor the degradation of the folding-defective model 

substrates. To this extent, after cells lysis, the ERAD substrates were immunoisolated from 

the PNSs using an anti-HA antibody and separated by SDS-PAGE under reducing 

conditions. The radiolabeled proteins were finally visualized by autoradiography. 

The co-expression of TMX1C/A with the membrane-anchored BACE457 significantly 

delays its degradation (Figure 4A, lanes 1-4 vs 5-8, and Figure 4B for quantification). 

Conversely, the overexpression of TMX1C/A does not affect the clearance of the soluble 

BACE457∆ (Figure 4C, lanes 1-4 vs 5-8, and Figure 4D for quantification). On the same 

line, the degradation of the soluble NHK is not affected upon TMX1C/A overexpression 

(Figure 5A, lanes 1-4 vs 5-8, and Figure 5B for quantification), whereas the clearance of 

the same cysteine-containing ectodomain tethered to the membrane, NHKCD3δ, results 

significantly delayed (Figure 5C, lanes 1-4 vs 5-8, and Figure D for quantification). 

Consistently with the previous data (Figures 2B and C, 3C and D), TMX1C/A strongly 

associates with both membrane-tethered ERAD substrates BACE457 (Figure 4A, lanes 5-

8) and NHKCD3δ (Figure 5C, lanes 5-8), whereas the interaction results weaker in the 

case of the soluble ERAD model proteins BACE457∆ (Figure 4C, lanes 5-8) and NHK 

(Figure 5A, lanes 5-8). All in all, these evidences demonstrate that the ER reductase TMX1 

selectively intervenes during the degradation of membrane-anchored ERAD model 

substrates. 
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Figure 4: TMX1C/A selectively delays the clearance of BACE457. A, HEK293 cells were transfected with the HA-

tagged BACE457 in combination with an empty vector (EV, lanes 1-4), or  with the V5-tagged TMX1C/A (lanes 5-8). 

Cells were metabolically labelled with 35S-methionine/cysteine for 15 minutes and chased for 10, 180, 240, or 270 

minutes. The radiolabeled HA-tagged BACE457 was immunoisolated using an anti-HA antibody to monitor its 

degradation. B, Quantification of panel A. Error bars: SDs of six independent experiments for 180 min, three independent 

experiments for 240 and two for 270 min chase. For 180 and 240 min chase points, significance was analyzed by unpaired 

t-test; *p < 0.05; ***p < 0.001. C, Same as panel A for the HA-tagged BACE457∆. D, Quantification of panel C. Error 

bars: SDs of two independent experiments for 60 and 90 min chase, and three independent experiments for 120 min chase 

time. For 120 min chase point, significance was analyzed by unpaired t-test; ns not significant. 

 

 

 



  58 

 

 

 

 

Figure 5: TMX1C/A selectively delays the clearance of NHKCD3δ. A, HEK293 cells were transfected with the HA-

tagged NHK in combination with an empty vector (EV, lanes 1-4), or  with the V5-tagged TMX1C/A (lanes 5-8). Cells 

were metabolically labelled with 35S-methionine/cysteine for 15 minutes and chased for 10, 60, 120, or 180 minutes. The 

radiolabeled HA-tagged NHK was immunoisolated using an anti-HA antibody to monitor its degradation. B, 

Quantification of panel A. Error bars: SDs of two independent experiments for 60 and 120 min chase points. C, Same as 

panel A for NHKCD3δ. D, Quantification of panel C. Error bars: SDs of three independent experiments for 60 and 120 

min chase, and of two independent experiments for 180 min chase time. For 60 and 120 min chase points, significance 

was analyzed by unpaired t-test. *p < 0.05; **p < 0.01; ***p < 0.001. 
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5.1.2 Discussion 

The mammalian ER contains more than 20 PDIs, which catalyze the reduction, the 

oxidation and the isomerization of disulfide bonds to ensure the correct folding of nascent 

polypeptides and the efficient ERAD of misfolded by products194. PDIs have as common 

feature the presence of at least one TRX-like domain, harboring an active site sequence that 

is crucial for the enzymes’ function191. Other than this, PDI family is quite heterogenous, 

since its members display differences in the number of TRX-like domains, active site 

composition, topology and structural arrangement. These divergences easily bring to the 

hypothesis that each PDI would specifically act in a different process or with a different 

substrate specificity, thus justifying the co-existence of so many PDIs within the ER194. 

However, the individual roles and contributions of each PDI are still lost in the fog. This 

aspect is not of easy investigation as it could seem: indeed, in vivo studies using knockout 

mice models usually do not give clear phenotypes, since the depletion of one PDI could be 

compensated by the intervention of other proteins301,302. As such, even though a redox 

activity has been proven for many PDIs186,191,194, there is still a long way to go to assess the 

individual functions of each PDI in a cellular environment. 

5.1.2.1 Thioredoxin-related transmembrane (TMX) protein family 

Most of the PDI family members are soluble proteins. One exception is represented by the 

TMX family, a sub-group of five membrane-tethered proteins (TMX1, TMX2, TMX3, 

TMX4 and TMX5)189,197,212,216,220. They are characterized by the presence of an ER signal 

sequence and one type-a TRX-like domain. Manual annotations and preliminary studies 

about TMX proteins highlighted some differences among the members: first of all, these 

proteins display different active site sequences197,212,216,220; moreover, TMX1 and TMX2 

possess palmitoylation sites within their cytosolic tails207, whereas TMX3, TMX4 and 

TMX5 harbor a variable number of N-glycosylation sites within their N-terminal luminal 

domains218,220. These evidences would suggest that functional diversification could exist 

even in a small protein family, meaning that each of the TMX proteins could be specialized 

in a precise function, according their structural features. This hypothesis is still far from 

being confirmed since clear experimental data for all TMXs are not available. 

5.1.2.1.1 TMX1, a membrane-tethered ER reductase 

TMX1 represents the first identified and also the best characterized member of the TMX 

protein family. It is a non-glycosylated protein, which contains one type-a TRX-like 

domain197. This domain displays a non-canonical CPAC active site197, whose peculiar 
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composition is an important hint of TMX1 role in cells: the proline residue in position 2 

destabilizes the disulfide state of the active site and favors instead the di-thiol reduced form, 

thus suggesting a role for TMX1 as ER reductase191. Indeed, TMX1 is mainly found 

reduced in vivo202 and it is able to reduce insulin disulfides in vitro197. As for other members 

of the PDI protein family, additional information about TMX1 function came from the 

exploitation of its trapping mutant version, in which the C-terminal cysteine of the active 

site has been replaced with an alanine (TMX1C/A). As definition of trapping mutant 

suggests, TMX1C/A is able to establish a mixed disulfide through its N-terminal cysteine, 

but the interaction cannot be quickly resolved because of the lack of the second cysteine 

residue, and thus protein substrates result stably trapped in a mixed disulfide reaction 

intermediate. Recently, the exploitation of the trapping mutant version allowed to 

demonstrate that TMX1 selectively acts during productive folding of membrane-tethered 

protein substrates206. In details, through the formation of functional complexes with the ER 

lectin CNX, TMX1 preferentially engages mixed disulfides with membrane-tethered client 

substrates intervening during their folding206. 

Other than protein folding, PDI family members, as the well-known PDI303 and ERdj5126, 

can also act in ERAD to catalyze the reduction of disulfide bonds within misfolded 

substrates facilitating their dislocation across the ER membrane304. The reductase nature of 

TMX1 makes this protein a good candidate for a role in ERAD. An additional hint in this 

direction is provided by the evidences that TMX1 overexpression in mammalian cells 

enhances cytotoxicity of abrin and ricin, two type 2 ribosome-inactivating proteins, which 

require a step of reduction before being retro-translocated into the cytosol, where they act 

as toxins201. 

Considering this prior knowledge, during my PhD, I investigated the role of TMX1 as ER 

reductase intervening in ERAD, demonstrating that it preferentially establishes mixed 

disulfides with membrane-anchored ERAD model substrates, while ignoring the same 

misfolded cysteine-containing ectodomains if detached from the membrane. Moreover, 

TMX1C/A overexpression significantly delayed the degradation of the membrane-tethered 

ERAD model substrates. These findings defined TMX1 as the first example of topology-

specific ER redox-catalyst intervening in both productive folding and ERAD. 
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5.1.2.1.2 TMX1 preferentially associates with folding-defective membrane-protein 

substrates delaying their degradation 

Protein topology constitutes a crucial characteristic in determining protein interactions and 

engagement in different processes, as protein folding and degradation. Indeed, one 

excellent example is represented by the two ER lectins CNX and CRT, which preferentially 

engage different protein substrates, according to their distinct topology74,305-308. Evidences 

that topology matters have been also reported for ERAD, where misfolded soluble proteins 

exhibit a preference towards HRD1-based dislocon for their disposal121,309. A previous 

work from our lab demonstrated the selectivity of TMX1 towards membrane-tethered 

protein clients in the context of protein folding206. The data collected in this thesis show 

that TMX1 keeps its preference for membrane-anchored protein substrates also in the case 

of folding-defective ERAD clients. The molecular mechanism through which TMX1 can 

distinctly act in both protein folding and ERAD of membrane-bound proteins are still 

unknown. In this context, the most probable hypothesis would be represented by the 

association of TMX1 with different partners. Indeed, for protein folding process, TMX1 

intervention relies on the formation of a functional complex with the ER lectin CNX. Thus, 

the association of TMX1 with alternative ER chaperones could determine a different sub-

ER localization, such as near the dislocation machinery to support its role in ERAD. 

Interestingly, the interaction between TMX1 and CNX occurs through their transmembrane 

regions202: on this basis, it could be envisioned that for its function in ERAD, TMX1 would 

interact via transmembrane with membrane-tethered components of the dislocon 

machinery rather than engage soluble factors. 

Another important determinant for protein-protein interaction is constituted by N-

glycosylation. In this context, it still remains to be determined if TMX1 could also engage 

mixed disulfides with non-glycosylated protein substrates, since the only evidences 

available show the association of TMX1 with both folding-competent and folding-

defective N-glycosylated substrates. It is quite likely that also in this context, the binding 

of TMX1 to alternative partners would allow the choice between different clients, as 

glycosylated or non-glycosylated proteins. In support to this hypothesis, its cooperative 

binding to the ER lectin CNX easily explains the activity of TMX1 on N-glycosylated 

substrates during protein folding. 
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5.1.3 Contributions 

I was involved in the conceptualization and development of this research project. I realized 

all the figures contained in this section, except panels 5A and 5C. 
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5.2 Preliminary characterization of thioredoxin-related transmembrane 

protein 5 (TMX5), a single-pass type-I member of the PDI protein family  

5.2.1 Results 

5.2.1.1 TMX5, an ER stress unresponsive member of the PDI family 

TMX5 is a poor characterized PDI belonging to the TMX subfamily. It is single-pass type 

I protein, which harbors one type-a TRX-like domain within its N-terminal luminal side, 

containing a peculiar non-canonical CRFS active site (Figure 6A). The expression of 

different PDI family members, such as PDI, ERp57, ERdj5 and ERp44, is transcriptionally 

regulated by ER stress induction186,310-312. 

 

Figure 6: TMX5, a natural trapping 

mutant PDI. A, TMX5 construct is 

shown together with the active site 

sequence (red box) and the four putative 

N-glycosylation sites (blue symbols). 

SS, signal sequence; TM, 

transmembrane region. B, Schematic 

representation of the formation of the 

mixed disulfide between TMX5 and a 

substrate protein. N-terminal cysteine of 

TMX5 active site performs a 

nucleophilic attack on a thiol-group of a 

client protein establishing a mixed 

disulfide that results substantially 

stabilized by the lack of the C-terminal 

cysteine within its active site. 

 

To verify if TMX5 is transcriptionally up-regulated upon induction of an ER stress, 

HEK293 cells were mock-treated with DMSO or treated with 5 μg/mL tunicamycin for 

17h. Tunicamycin is a N-glycosylation inhibitor commonly used in literature to trigger ER 

stress313. After treatment, cells were lysed, and the RNA was collected. Transcript levels of 

TMX5 were determined by Quantitative Real-Time PCR (qPCR). The levels of sXbp1 and 

BiP transcripts were also checked, as positive control of ER stress induction. 
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Figure 7: TMX5 is not up-regulated upon ER stress 

induction. HEK293 cells were mock treated (DMSO) or 

treated with the ER stress inducer tunicamycin for 17h. After 

cell lysis, transcripts were isolated and analyzed by qPCR to 

check TMX5 levels. sXbp1 and BiP transcripts were used as 

positive control of ER stress induction. 

 
 
 
Upon tunicamycin treatment, transcript levels of sXbp1 and BiP had an increase of more 

than 10 folds (Figure 7), indicating the induction of an ER stress. Interestingly, the levels 

of TMX5 transcript were not affected (Figure 7). Thus, similarly to the other TMXs, these 

data reveal that TMX5 is not transcriptionally regulated upon ER stress induction. 

 

5.2.1.2 TMX5 is a secreted N-glycosylated protein 

In order to characterize TMX5, we prepared a plasmid for the expression in mammalian 

cells of a V5-tagged version of TMX5. HEK293 were mock-transfected with an empty 

vector (EV, Figure 8A, lane 1) or with a plasmid for the expression of TMX5-V5 (Figure 

8A, lane 2). After cell lysis, the collected PNSs were separated by reducing SDS-PAGE 

and the proteins were then transferred on a PVDF membrane. Western blot analysis using 

an anti-V5 antibody was used to reveal the expression of V5-tagged TMX5. 

Comparison between mock-transfected and TMX5 transfected samples (Figure 8A, lane 1 

vs 2) revealed the expression of the recombinant V5-tagged protein. In particular, the anti-

V5 antibody specifically recognized a main band slightly below 66kDa and a smear just 

above. This is compatible with the fact that other than a TRX-like domain, TMX5 also 

contains four putative N-glycosylation sites within its N-terminal luminal region (Figure 

6A).  

To determine N-glycosylation state of TMX5, we performed a biochemical assay using the 

Endoglycosidase H (EndoH) enzyme, which cleaves the N-linked oligosaccharides of 

proteins localized within the ER allowing their definition as EndoH sensitive. N-

glycosylated proteins exiting the ER undergo further glycan processing and modification 
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that make EndoH cleavage site no more accessible. As such, these proteins are described 

as EndoH resistant. The PNS of cells transfected with the TMX5-V5 from the previous 

experiment was mock-treated (Figure 8B, lane 1) or subjected to EndoH treatment (Figure 

8B, lane 2). After enzymatic digestion, the samples were separated by reducing SDS-PAGE 

and the proteins were then transferred on a PVDF membrane. Western blot analysis using 

an anti-V5 antibody was performed to reveal TMX5-V5 signal. 

 

Figure 8: TMX5-V5 expression in mammalian cells and 

EndoH treatment. A, HEK293 were transfected with an 

empty vector (lane 1) or with a plasmid for the expression of 

the TMX5-V5 (lane 2). Cells were lysed and the collected 

PNSs were subjected to SDS-PAGE under reducing 

conditions. After electrophoretic migration, proteins were 

transferred on a PVDF membrane that was probed with an 

anti-V5 antibody to reveal TMX5-V5 signal. B, Same PNS of 

cells transfected with the TMX5-V5 of panel A was mock-

treated (lane 1) or treated with the EndoH (lanes 2) for 1 h at 

37°C. The samples were then separated by SDS-PAGE under 

reducing conditions, and the proteins were transferred on a 

PVDF membrane. Western blot analysis was performed using 

an anti-V5 antibody. EndoHR, for TMX5 EndoH resistant 

fraction; EndoHS, for TMX5 EndoH sensitive fraction. 

 

The comparison between the mock-treated and the EndoH-treated samples showed that 

TMX5-V5 has both a major EndoH sensitive fraction and a less abundant EndoH resistant 

fraction (Figure 8B, lane 1 vs 2). Indeed, the EndoH treatment induced a shift in the 

electrophoretic migration of the main band of about 10-15kDa (Figure 8B, lane 1 vs 2, 

EndoHS arrows for EndoH sensitive fraction), which is compatible with the presence of the 

four predicted N-glycans. Moreover, upon EndoH treatment, the smeared bands above 

66kDa did not change their electrophoretic migration (Figure 8B, lane 1 vs 2, EndoHR 

arrows for EndoH resistant fraction), indicating the existence of a TMX5-V5 EndoH 

resistant fraction that exits from the ER. All in all, this experiment showed that TMX5 is a 

secreted N-glycosylated protein, compatibly with the lack of a retention signal within its 

sequence. 
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5.2.1.3 TMX5 forms mixed disulfides with endogenous substrates 

Functional ER oxidoreductases are characterized by the presence of at least one type-a 

TRX-like domain displaying a CXXC active site, where the N-terminal cysteine residue 

performs a nucleophilic attach towards a thiol of a client protein establishing a mixed 

disulfide. This reaction intermediate is very short living, since it is quickly resolved by the 

C-terminal cysteine residue of the active site. TMX5 contains a peculiar CRFS active site, 

which is missing the C-terminal cysteine residue (Figure 6A). As such, it can be defined 

as a natural trapping mutant, since it could theoretically establish a mixed disulfide with a 

substrate protein thanks to its N-terminal cysteine, but this interaction could be resolved 

only by the intervention of an external cysteine residue supplied by other PDIs or by the 

protein substrate itself. As result, the mixed disulfides involving TMX5 and its cargo 

proteins are likely to be more stable than the mixed disulfides formed by other PDIs 

displaying the conventional CXXC active site (Figure 6B). 

To verify the ability of TMX5 to trap protein substrates in disulfide bonded complexes, 

HEK293 cells were mock-transfected with an empty vector (EV, Figure 9, lanes 1 and 3) 

or transfected with the TMX5-V5 (Figure 9, lanes 2 and 4). Cells were lysed and TMX5-

V5 was immunoisolated from the PNSs using anti-V5 antibody-conjugated agarose beads. 

The immunoisolated complexes were separated by SDS-PAGE under both non-reducing 

and reducing conditions and then transferred on a PDVF membrane. A western blot 

analysis with an anti-V5 antibody was performed to reveal TMX5-V5 signal.  

The immunoblotting of the PVDF membrane with an anti-V5 antibody confirmed the 

immunoisolation of TMX5-V5 (Figure 9, arrows), but more interestingly it also revealed 

few bands at high molecular weight positive for TMX5-V5, under non-reducing conditions 

(Figure 9, lane 2, red box). These bands correspond to the mixed disulfides engaged by 

TMX5 with endogenous proteins, since these complexes were disassembled under reducing 

conditions, where only the monomeric TMX5 was detected (Figure 9, lane 4). The absence 

of bands in the mock-transfected samples (Figure 9, lanes 1 and 3) confirmed the 

specificity of the anti-tag antibody. All together, these evidences show that the natural 

trapping-mutant TMX5 is able to establish high molecular weight disulfide-bonded 

complexes with endogenous proteins. 

 



  67 

 

 

 

 Figure 9: TMX5 forms mixed disulfides with endogenous 

proteins. HEK293 cells were transfected with an empty vector (EV) 

or with TMX5-V5. The PNSs were immunoprecipitated using anti-

V5 antibody-conjugated agarose beads. The proteins were separated 

by SDS-PAGE under both non reducing and reducing conditions 

and then transferred on a PVDF membrane, which was probed with 

an anti-V5 antibody to reveal TMX5-V5 signal. 

 

 

 

 

5.2.1.4 Mass spectrometry analysis of TMX5 interacting partners 

For many PDI family members, interactomic analyses allowed the characterization of their 

client proteins as well as their potential role in a cellular context. To identify the 

endogenous substrates of TMX5, we expressed TMX5-V5 in HEK293 cells and analyzed 

by mass spectrometry analysis the endogenous proteins interacting with TMX5. In details, 

HEK293 cells were mock-transfected with an empty vector (EV, Figure 10, lanes 1 and 2) 

or transfected with the V5-tagged TMX5 (Figure 10, lanes 3 and 4). After cell lysis, the 

collected PNSs were immunoprecipitated twice using anti-V5 antibody-conjugated agarose 

beads. The immunoisolated complexes were then separated by SDS-PAGE under both non-

reducing and reducing conditions. The proteins were then revealed by silver staining and 

all the bands above 66kDa were cut (Figure 10, green boxes for EV, red boxes for TMX5-

V5) and analyzed by mass spectrometry (in collaboration with Dr. Manfredo Quadroni, 

UNIL). TMX5 partners were identified from the results of two independent experiments. 
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Figure 10: Preparative gel for the mass spectrometry analysis of the 

TMX5 interacting partners. HEK293 cells were mock-transfected with an 

empty vector or transfected with the TMX5-V5. Cells were lysed and the 

collected PNSs were subjected to a double immunoprecipitation using anti-

V5 antibody-conjugated agarose beads. After separation by SDS-PAGE 

under both non-reducing and reducing conditions, the isolated complexes 

were visualized by silver staining. The bands shown in the colored boxes 

were cut and analyzed by mass spectrometry. 

 

 

As first step, the mass spectrometry data were filtered excluding the non-specific hits that 

were identified in mock-transfected samples (Figure 10, lanes 1 and 2 vs 3 and 4). Results 

were further refined leaving out the hits that were found to interact with TMX5 under both 

non-reducing and reducing conditions, in order to keep only the proteins establishing 

disulfide-bonded complexes with TMX5. These interactomic analyses show that TMX5 

preferentially associates with membrane-tethered endogenous substrates (Table 1), 

similarly to what previously shown for TMX1206, another member of the TMX protein 

family. Surprisingly, endogenous ERp44 was identified among the strongest partners of 

TMX5 (Table 1). ERp44 is a soluble and well-characterized member of the PDI family312. 

It harbors one catalytically active TRX-like domain, which comprises a CRFS active site 

sequence312, similarly to TMX5. Through its active site, ERp44 intervenes during the thiol-

mediated protein quality control, preventing the release of immature or misfolded proteins 

within the secretory pathway83. Additionally, ERp44 mediates the retention within the ER 

of the oxidoreductase ERO1L-α, thus modulating its function as redox-regulator314. As 

ERO1L-α, TMX5 does not contain any retention signal. Thus, given the role of ERp44, we 

decided to better characterize the interaction between TMX5 and ERp44. 
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Table 1: Endogenous disulfide-interacting partners of TMX5 identified by MS analysis. The resulted hits are 

reported in the table according the decreasing number of the identified peptides. 

5.2.1.5 TMX5 forms a mixed disulfide with ERp44 

As first step, we verified by biochemical analyses the interaction between TMX5 and 

ERp44 identified by mass spectrometry. HEK293 cells were transfected with the TMX5-

V5 in combination with an empty vector (EV, Figure 11A, lane 1) or with the HA-tagged 

version of ERp44 (Figure 11A, lane 2). Cells were lysed, the PNSs were collected and 

separated by reducing SDS-PAGE. The proteins were then transferred on a PVDF 

membrane, which was probed with either an anti-V5 antibody or an anti-HA antibody to 

check both the expression of TMX5-V5 and HA-ERp44, respectively. The same PNSs were 

then immunoprecipitated using anti-V5 antibody-conjugated agarose beads or with an anti-

HA antibody (Figure 11B and C). The immunoisolated complexes were separated by 

SDS-PAGE under both non-reducing and reducing conditions, and transferred on PVDF 

membranes. The immunocomplexes isolated with the anti-V5 were then immunoblotted 

Gene 
Name Protein Name Entry no. Luminal  

Cys Protein description 

ERp44 Endoplasmic reticulum resident 
protein 44 Q9BS26 6 Soluble 

LTF Lactotransferrin P02788 32 Soluble 

HLA-C HLA class I histocompatibility 
antigen, C alpha chain P10321 5 Single-pass TM 

HLA-A HLA class I histocompatibility 
antigen, A alpha chain P04439 4 Single pass TM 

EXTL3 Exostosin-like 3 O43909 17 Single pass TM 

TMEM30A Cell cycle control protein 50A Q9NV96 6 Multi-pass TM 

ITM2C Integral membrane protein 2C Q9NQX7 5 Single pass TM 

HS6ST2 Heparan-sulfate 6-O-
sulfotransferase 2 Q96MM7 15 Single pass TM 

ITM2B Integral membrane protein 2B Q9Y287 5 Single pass TM 

DOLPP1 Dolichyldiphosphatase 1 Q86YN1 1 Multi-pass TM 

VKORC1L1 Vitamin K epoxide reductase 
complex subunit 1-like protein 1 Q8N0U8 2 Multi-pass TM 

DIPK2A Divergent protein kinase 
domain 2A Q8NDZ4 12 Soluble 
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with an anti-HA antibody to assess the co-precipitation of ERp44 (Figure 11B). On the 

other hand, the immunocomplexes isolated with the anti-HA were immunoblotted with an 

anti-V5 antibody to check the co-precipitation of TMX5-V5 (Figure 11C). 

 

 

Figure 11: TMX5 establishes a mixed disulfide with ERp44. A, HEK293 cells were transfected with the TMX5-V5 in 

combination with an empty vector (EV) or with the HA-ERp44. Cells were lysed to collect the PNSs that were separated 

by SDS-PAGE under reducing conditions. After electrophoretic separation, the proteins were transferred on a PVDF 

membrane that was probed either with an anti-V5 antibody or with an anti-HA antibody to check the expression of TMX5 

and ERp44, respectively. B, The same PNSs of panel A were immunoprecipitated using anti-V5 antibody-conjugated 

agarose beads. The immunocomplexes were separated by SDS-PAGE under both non-reducing and reducing conditions 

and then transferred on a PVDF membrane. The immunoblotting with an anti-HA antibody was performed to verify the 

co-precipitation of ERp44. C, The same PNSs of panel A were immunoprecipitated with an anti-HA antibody. The 

immunoisolated complexes were separated by SDS-PAGE under both non-reducing and reducing conditions and then 

transferred on a PVDF membrane. Western blot analysis using an anti-V5 antibody was performed to assess the co-

precipitation of TMX5. 

 

The immunoprecipitation of TMX5-V5 upon the co-expression of HA-ERp44 revealed the 

presence of a complex around 117kDa under non-reducing conditions, which is positive 

for the HA-ERp44 (Figure 11B, lane 2). This complex resulted disassembled when the 

same sample was separated under reducing conditions, suggesting its disulfide bonded 

nature (Figure 11B, lane 4). The immunoprecipitation of HA-ERp44 under non-reducing 
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conditions revealed a complex positive for TMX5-V5 with the same electrophoretic 

mobility (Figure 11C, lane 2). This complex was disassembled when the same sample was 

separated under reducing conditions, where only the monomeric TMX5-V5 was detected 

(Figure 11C, lane 4). Of note, HA-ERp44 forms mixed disulfides with the EndoH sensitive 

(i.e., ER-localized) fraction of TMX5-V5 (Figure 11C, lane 4). As specificity control, the 

interaction was absent when the TMX5-V5 was expressed in combination with an empty 

vector (Figure 11B and C, lanes 1 and 3). These results confirmed mass spectrometry data 

showing the formation of a mixed disulfide between TMX5 and ERp44. Moreover, this 

interaction selectively involves the EndoH sensitive fraction of TMX5, suggesting that the 

complex between ERp44 and TMX5 is localized within the ER.  

 

5.2.1.6 Characterization of TMX5:ERp44 complex 

Both TMX5 and ERp44 display the CRFS sequence within their active site, which is 

responsible for the engagement of protein substrates through the N-terminal cysteine 

residue. To determine the direct involvement of the active sites of both TMX5 and ERp44 

in the formation of the TMX5:ERp44 mixed disulfide, we took advantage of their inactive 

mutant versions, in which the N-terminal cysteine of TMX5 and ERp44 was replaced with 

an alanine (TMX5C/A) (Figure 12A) or with a serine (ERp44C/S) (Figure 12B), 

respectively. HEK293 cells were transfected with the V5-tagged TMX5 or with its mutant 

TMX5C/A-V5 alone or in combination with the HA-ERp44 or with its mutant HA-ERp44C/S 

(Figures 13A and B). Cells were lysed, and the collected PNSs were separated by reducing 

SDS-PAGE. The proteins were then transferred on a PVDF membrane, which was probed 

with both an anti-V5 (Figure 13A) and an anti-HA (Figure 13B) antibody to check the 

ectopic expression of both the V5- and the HA-tagged proteins. The same PNSs were then 

immunoprecipitated using anti-V5 antibody-conjugated agarose beads (Figures 13C and 

D). The isolated protein complexes were separated by SDS-PAGE under both non-reducing 

and reducing conditions and then transferred on PVDF membranes. Finally, the 

immunoisolated complexes were analyzed by western blot with both an anti-V5 (Figure 

13C) and an anti-HA (Figure 13D) antibody to check the formation of a mixed disulfide. 
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Figure 12: Schematic representation of TMX5 and ERp44 WT and inactive mutant constructs. A, TMX5 and 

TMX5C/A constructs are shown together with the WT and the mutated active site sequences (red box, mutated amino acid 

underlined) and the four putative N-glycosylation sites (blue symbols). SS, signal sequence; TM, transmembrane region. 

B, ERp44 and ERp44C/S constructs are represented indicating the WT and the mutated active site sequences (red box, 

mutated amino acid underlined). SS, signal sequence; KDEL, retrieval signal. 

As previously shown, TMX5 engages mixed disulfides with endogenous substrates (Figure 

9, lane 2, Figure 13C, lane 1). Interestingly, the mutation of the TMX5 active site 

(TMX5C/A) abolished the formation of mixed disulfides with endogenous clients (Figure 

13C, lane 2). Upon co-expression of both the WT versions of the two PDIs, the mixed 

disulfide between TMX5 and ERp44 was detected under non-reducing conditions (Figure 

13C and D, lane 3), while the complex was disassembled when the same samples were 

separated under reducing conditions (Figure 13C and D, lane 9). Upon co-expression of 

TMX5 together with the ERp44C/S mutant, the mixed disulfide was not detectable (Figure 

13C and D, lane 4), hinting a direct role of the active site of ERp44 in the formation of the 

TMX5:ERp44 complex. On the same line, when the TMX5C/A mutant was expressed in 

combination with the WT ERp44, the establishment of the disulfide-bonded complex 

between the two PDIs was not affected (Figure 13C and D, lane 5), while upon co-

expression of the two mutants, TMX5C/A and ERp44C/S, the formation of the mixed 

disulfide was abolished (Figure 13C and D, lane 6). All in all, these evidences indicate 

that the formation of a TMX5:ERp44 disulfide bonded complex mainly relies on a 

functional ERp44 active site, whereas the active site of TMX5 is dispensable for the 

engagement of ERp44, but is required for the establishment of mixed disulfides with 

endogenous client substrates. 
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Figure 13: Characterization 

of the TMX5:ERp44 

complex. A, HEK293 cells 

were transfected with the WT 

TMX5 or the mutant TMX5C/A 

alone or in combination with 

the WT ERp44 or the mutant 

ERp44C/S. After cells lysis, the 

PNSs were collected and 

separated by SDS-PAGE under 

reducing conditions. The 

proteins were transferred on a 

PVDF membrane that was 

probed with an anti-V5 

antibody to check the 

expression of both WT TMX5 

and its mutant TMX5C/A. B, 

Same as panel A, but the 

membrane was immunoblotted 

with an anti-HA antibody to 

check the expression of WT 

ERp44 and its mutant 

ERp44C/S, respectively. C, The 

PNSs of panel A were 

immunoprecipitated using 

anti-V5 antibody-conjugated 

agarose beads. The protein 

complexes were separated by 

SDS-PAGE under both non-

reducing and reducing 

conditions and then transferred 

on a PVDF membrane, which 

was probed with an anti-V5 

antibody. D, Same as panel C, 

but the membrane was 

immunoblotted using an anti-

HA antibody.  
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5.2.1.7 ERp44 regulates the sub-cellular localization of TMX5 through the formation of 

a mixed disulfide 

ERp44 is a soluble PDI family member harboring a C-terminal KDEL retrieval signal, 

which has been found to cycle between ER and ERGIC compartment to operate thiol-

mediated-retention of misfolded proteins83. Moreover, ERp44 is responsible for the 

retention within the ER of the oxidoreductase ERO1L-α, modulating its function as redox 

regulator314. Given the role of ERp44 together with the evidences indicating that it interacts 

with the EndoH sensitive fraction of TMX5 (Figure 11C, lane 4), we decided to investigate 

if the formation of a mixed disulfide between TMX5 and ERp44 could regulate the sub-

cellular localization of TMX5.  

To this aim, HEK293 cells were seeded on poly-Lys coated glass coverslips and then 

transfected with the V5-tagged WT TMX5 or with its V5-tagged mutant TMX5C/A alone 

(Figure 14) or in combination with the WT HA-ERp44, or with the mutated HA-ERp44C/S 

(Figures 16 and 17). As control, cells were also single-transfected with the WT HA-ERp44 

and its mutant HA-ERp44C/S (Figure 15). Seventeen hours after transfection, cells were 

fixed, permeabilized and then stained with an anti-V5 and an anti-HA antibody to reveal 

the intracellular localization of TMX5 and ERp44, respectively. Cells were also stained for 

the endogenous proteins CNX and giantin, which were exploited as markers of the ER and 

the Golgi apparatus, respectively. 

 

 

Figure 14: Intracellular localization of 

TMX5-V5 and TMX5C/A-V5. A, HEK293 

cells were seeded on poly-Lys coated 

coverslips and transfected with TMX5-V5. 

After fixing, cells were permeabilized and 

stained with an anti-V5 antibody in 

combination with an anti-CNX or an anti-

giantin antibody as markers of the ER and 

the Golgi apparatus, respectively. B, Same 

as panel A, but cells were transfected with 

TMX5C/A-V5. 
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Figure 15: Intracellular 

localization of HA-ERp44 and 

HA-ERp44C/S. A, HEK293 cells 

were seeded on poly-Lys coated 

coverslips and transfected with 

HA-ERp44. After fixing, cells were 

permeabilized and stained with an 

anti-HA antibody in combination 

with an anti-CNX or an anti-giantin 

antibody as markers of the ER and 

the Golgi apparatus, respectively. 

B, Same as panel A, but cells were 

transfected with HA-ERp44C/S. 

 

 

Ectopically expressed TMX5-V5 resulted localized within the ER, but also in the Golgi 

compartment and at the plasma membrane (Figure 14A). These results are in line with the 

lack of an ER retention signal within the sequence of TMX5, but also with the previous 

data indicating the existence for TMX5 of an EndoH resistant fraction (Figure 8B). 

Interestingly, the mutation within the active site of TMX5 did not affect its overall sub-

cellular localization: indeed, TMX5C/A showed a co-localization with CNX and giantin, and 

a plasma membrane staining (Figure 14B). Consistently with the data reported in the 

literature, both ectopically expressed WT ERp44 and ERp44C/S localized mainly in the ER 

(Figure 15). 

Upon co-expression of ERp44, TMX5 resulted localized within the ER (Figure 16A), 

whereas the co-expression of its mutant ERp44C/S did not affect the sub-cellular distribution 

of TMX5 (Figure 16B). On the same line, when mutant TMX5C/A was expressed together 

with WT ERp44, it resulted mainly localized in the ER (Figure 17A). Upon co-expression 

of the two mutants PDIs, the route of TMX5C/A to the plasma membrane was restored 

(Figure 17B). All together, these data show that the formation of a mixed disulfide between 

TMX5 and ERp44 determines the sub-cellular localization of TMX5, suggesting a possible 

mechanism for the regulation of the TMX5 function through its retention within the ER 

mediated by ERp44. 
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Figure 16: The expression of ERp44, but not of its mutant ERp44C/S affects the sub-cellular localization of TMX5. 

A, HEK293 cells were seeded on poly-Lys coated coverslips and co-transfected with TMX5-V5 and HA-ERp44. After 

fixing, cells were permeabilized and stained with both an anti-V5 and an anti-HA antibody in combination with an anti-

CNX (upper panel) or an anti-giantin (lower panel) antibody as markers of the ER and the Golgi apparatus, respectively. 

B, Same as panel A, but cells were co-transfected with TMX5-V5 and HA-ERp44C/S. 
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Figure 17: The expression of ERp44, but not of its mutant ERp44C/S affects the sub-cellular localization of 

TMX5C/A. A, HEK293 cells were seeded on poly-Lys coated coverslips and co-transfected with TMX5C/A-V5 and HA-

ERp44. After fixing, cells were permeabilized and stained with both an anti-V5 and an anti-HA antibody in combination 

with an anti-CNX (upper panel) or an anti-giantin (lower panel) antibody as markers of the ER and the Golgi apparatus, 

respectively. B, Same as panel A, but cells were co-transfected with TMX5C/A-V5 and HA-ERp44C/S. 
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5.2.2 Discussion 

5.2.2.1 TMX5, a peculiar member of TMX family 

TMX5 is the youngest and the less characterized member of the TMX protein family. It is 

a type I protein, whose N-terminal region is characterized by four putative N-glycosylation 

sites and one type-a TRX-like domain. In this domain resides its greatest peculiarity: 

indeed, TMX5 displays a non-canonical CRFS active site, where the lack of the C-terminal 

cysteine residue makes TMX5 a natural trapping mutant. Interestingly, the same active site 

is shared by ERp44, a soluble member of the PDI protein family that is involved in thiol-

mediated protein quality control315. The only evidences available in literature about TMX5 

report the existence of different mutations linked to the development of the Meckel-Gruber 

syndrome (MKS)210,211,316, a rare perinatally lethal autosomal recessive ciliopathy. 

In this thesis, a preliminary characterization of TMX5 is provided. In particular, the 

collected data showed that TMX5 is a N-glycosylated and ER stress unresponsive protein 

that travels along the secretory pathway, differently from the other TMXs. Moreover, it is 

able to engage mixed disulfides with endogenous proteins with a preference for membrane-

tethered substrates. Finally, TMX5 forms a mixed disulfide with ERp44: this association 

relies on a functional active site of ERp44 and mediates the retention of TMX5 within the 

ER. 

5.2.2.1.1 TMX5, a secreted N-glycosylated PDI unresponsive to ER stress 

Different members of the PDI protein family are characterized by the presence of an ER 

stress responsive element (ERSE) within their promoter region, which is responsible for 

their transcriptional up-regulation upon ER stress194. The data available in the literature 

indicate that TMX1, TMX2, TMX3 and TMX4 do not display any ERSE motif and are not 

up-regulated upon ER stress induction194,202,212,216,220. On the same line, TMX5 resulted 

transcriptionally unresponsive to ER stress. This evidence might suggest that TMX5 would 

not have a role in the alleviation of the ER stress burden. Alternatively, it could also be 

possible that the expression of TMX5 would be post-transcriptionally regulated. 

N-glycosylation is a post-translational modification that has an important role in both 

protein folding and targeting to different sub-cellular or extracellular sites. This 

modification also determines an increase in protein solubility and stabilizes the protein 

structures hiding hydrophobic stretches56,317. Biochemical analyses showed that TMX5 is 

an N-glycosylated member of the TMX family, in addition to TMX3216 and TMX4220. 
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Moreover, consistently with the lack of an ER retention signal within its cytosolic tail, 

TMX5 possesses an EndoH resistant fraction. This observation was further confirmed by 

the immunofluorescence analyses showing that TMX5 is localized within the ER, the Golgi 

apparatus and at the plasma membrane. Interestingly, the other members of the TMX 

family are all ER resident proteins: as such, these findings could suggest a possible peculiar 

role of TMX5 within the secretory pathway. 

5.2.2.1.2 TMX5, a natural trapping mutant preferentially interacting with ERp44 and 

membrane-tethered substrates 

TMX5 possesses a TRX-like domain within its luminal N-terminal region. This domain 

displays a peculiar CRFS active site that characterizes TMX5 as natural trapping mutant 

protein. Western blot analysis under non reducing conditions demonstrated that TMX5 is 

able to establish mixed disulfides with endogenous proteins. Additionally, mass 

spectrometry analyses suggested that TMX5 preferentially interacts with membrane-

tethered endogenous proteins, similarly to what previously reported for TMX1206. This 

could hint that the topology of the PDI would represent itself a discriminant for the 

engagement of topology-specific protein substrates. The future characterization of the 

association between TMX5 and its substrates will be crucial to determine its possible role 

in the thiol-mediated protein quality control. Surprisingly, the same mass spectrometry 

analyses also pointed out a disulfide bonded complex between TMX5 and ERp44, a soluble 

PDI that intervenes during the thiol-mediated protein quality control315. The exploitation 

of inactive mutant versions of both TMX5 and ERp44 allowed to determine that the 

formation of the mixed disulfide between the two PDIs relies on a functional ERp44 active 

site. Indeed, the mutation of the active site of TMX5 did not affect the establishment of the 

TMX5:ERp44 mixed disulfide, but it only abolished the formation of the disulfide-bonded 

complexes between TMX5 and endogenous client proteins. Immunofluorescence analyses 

of the sub-cellular localization of TMX5 showed its retention within the ER upon co-

expression of ERp44. These results are consistent with the role of ERp44 in the retention 

of ERO1L-α within the ER314, but also with our data showing that ERp44 associates with 

the EndoH sensitive fraction of TMX5. Considering these evidences, it could be 

hypothesized that the formation of the mixed disulfide between TMX5 and ERp44 

regulates TMX5 function, through the modulation of its intracellular localization.  

The similarity of the TMX5 active site with the one displayed by ERp44, together with the 

data hinting the preferential interaction of TMX5 with membrane-tethered endogenous 
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proteins, might suggest a possible role of TMX5 in the thiol-mediated quality control of 

membrane-bound proteins. In this context, TMX5 interaction with ERp44 would be crucial: 

in fact, since TMX5 lacks an ER retention motif within its sequence, ERp44 binding could 

mediate the retrieval of TMX5 and its trapped substrate to the ER lumen, thus regulating 

its function.  

5.2.3 Contributions 

I was involved in the conceptualization and development of this research project. For this 

section, I analyzed mass spectrometry data and realized respectively Figures 6, 7, 8A, 12, 

14-17. 
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5.3 Design and development of HaloTag2®-based protein tools for the study 

of cellular PQC 

5.3.1 Results 

5.3.1.1 Generation of HaloTag2® protein chimeras 

Maintenance of the cellular proteome integrity is crucial for cell health and viability. 

Indeed, the accumulation of unfolded intermediates and misfolded proteins within the cells 

represents the basis of many rare and inherited pathologies including neuro-degenerative 

diseases318. To deal with this, cells have evolved protein quality control (PQC) systems to 

ensure the recognition and the consequent degradation of incorrectly folded and mis-

localized polypeptides319.  

To enlarge our knowledge about PQC mechanisms within the secretory pathway, we 

designed and generated membrane-bound variants of the GFP-HaloTag2® as chimeric 

reporters of protein misfolding, exploiting basic strategies of plasmid DNA cloning. 

HaloTag2® is a modified variant of a bacterial haloalkane dehalogenase320, that is able to 

misfold upon the covalent binding to a cell-permeable hydrophobic chloroalkane-reactive 

ligand (Figure 18A), named HyT36321 (Figure 18B).  

All the HaloTag2® protein chimeras are characterized by a GFP molecule within the ER 

lumen and an HA-tag facing the cytosol (Figure 18C and D), in order to allow proteins 

detection in biochemical and immunofluorescence assays. To introduce variability among 

the misfoldable protein substrates, we attached the HaloTag2® moiety to two different 

transmembrane anchors made of respectively 17 (TM17) and 22 (TM22) amino acids to 

ensure differential protein localization (Figure 18C and D). Indeed, based on the available 

literature on the transmembrane anchors, proteins characterized by short transmembrane 

regions are retained within ER, also in the absence of a retention signal322. On the other 

hand, long transmembrane anchors allow proteins release and trafficking along the 

secretory pathway322. 

Additionally, the misfoldable HaloTag2® domain was placed either at the cytosolic 

(Figure 18C and D, CH for C-terminal cytosolic side) or at the ER luminal side (Figure 

18C and D, NH for N-terminal cytosolic side) of both TM17 and TM22, in order to allow 

the induction of protein misfolding in different cellular compartments. We also introduced 

N-glycosylation sites within the ER luminal domains of the chimeric proteins (Figure 18C 
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and D, GFP-NH-TM17 and GFP-NH-TM22). As such, we obtained a palette of 

misfoldable HaloTag2®-based protein chimeras characterized by different chemical-

physical properties.  

 

Figure 18: Schematics of the HaloTag2® misfolding and of the generated protein chimeras. A, Model of the HyT36-

mediated HaloTag2® misfolding. B, Chemical structure of HyT36, the small molecule used to destabilize HaloTag2® 

protein chimeras. This representation was taken from Raina et al 2014. C, Schematic representation of the TM17-

HaloTag2® protein chimeras. D, Schematic representation of the TM22-HaloTag2® protein chimeras. 

 

5.3.1.2 Biochemical characterization of the HaloTag2®-based protein chimeras 

As first step, to characterize the HaloTag2® protein chimeras and check the effects of the 

HyT36-mediated destabilization, HEK293 cells were transfected with an empty vector 

(EV, Figure 19A, lanes 1 and 2) or with the generated HaloTag2® constructs (Figure 19A, 

lanes 3 and 4, and 19B-F). Seventeen hours after transfection, cells were mock-treated with 

DMSO or treated with the destabilizing ligand HyT36. After six hours of treatment, cells 

were lysed and the collected PNSs were separated by reducing SDS-PAGE. After 

electrophoretic migration, the proteins were transferred on a PVDF membrane that was 

probed with an anti-GFP antibody to reveal the expression of the HaloTag2® protein 

chimeras. As loading control, immunoblotting analysis of the GAPDH levels was also 

performed. 

Considering the modular construction of the HaloTag2® chimeras and the MW of the 

single domains, we estimated their apparent MW in about 70kDa. Indeed, immunoblotting 
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analysis with an anti-GFP antibody showed that all protein chimeras migrate near 66kDa, 

thus not too much far from our predictions (Figure 19A, lane 3, and Figure 19B-F, lane 

1). The treatment with HyT36 of the cells transfected with the different chimeras resulted 

in a decreased protein signal for the substrates harboring the misfolded HaloTag2® within 

the ER lumen (Figure 19A, lane 3 vs 4, Figure 19B, D and E, lane 1 vs 2), while no effects 

could be seen for the chimeras displaying the HaloTag2® domain towards the cytosol 

(Figure 19C and F, lane 1 vs 2). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 19: HaloTag2® protein chimeras expression -/+ HyT36 ligand. A, HEK 293 cells were transfected with an 

empty vector (EV) or transfected with GFP-NH-TM17. Seventeen hours after transfection, cells were mock-treated with 

DMSO or incubated with 10µM HyT36 for six hours. After treatment, cells were lysed to collect the PNSs. The proteins 

were separated by SDS-PAGE under reducing conditions and then transferred on a PVDF membrane. Western blot 

analysis with an anti-GFP antibody was used to reveal the GFP-HaloTag2® protein chimera. Anti-GAPDH 

immunoblotting was performed as loading control. B, Same as panel A, but cells were transfected with GFP-NH-TM17Q. 

C, Same as panel A, but cells were transfected with GFP-CH-TM17. D, Same as panel A, but cells were transfected with 

GFP-NH-TM22. E, Same as panel A, but cells were transfected with GFP-NH-TM22Q. F, Same as panel A, but cells 

were transfected with GFP-CH-TM22. 
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Additionally, immunoblotting analysis revealed a unique band for all the HaloTag2® 

protein chimeras (Figure 19B, C, E and F, lanes 1 and 2) except for GFP-NH-TM17 and 

GFP-NH-TM22 (Figure 19A, lanes 3 and 4, and Figure 19D, lanes 1 and 2). Indeed, GFP-

NH-TM17 displayed a main band at 66kDa and a smear just below (Figure 19A, lanes 3 

and 4), whereas GFP-NH-TM22 displayed a strong signal just below 66kDa and smeared 

signals above and below the main band (Figure 19D, lanes 1 and 2). Since both GFP-NH-

TM17 and GFP-NH-TM22 harbor a N-glycosylation site within their luminal domain 

(Figure 18B and C), these evidences are compatible with the presence of different 

glycosylated forms at steady state. As such, EndoH and PNGaseF treatment of the PNSs of 

cells transfected with GFP-NH-TM17 induced a shift in protein electrophoretic migration 

(Figure 20A): intriguingly, the electrophoretic mobility of this protein changed in the same 

way in both treatments (Figure 20A, lanes 1 vs 2 and 3) indicating that it is an ER resident 

N-glycosylated protein. Interestingly, the enzymatic digestion of GFP-NH-TM22 revealed 

a distinct susceptibility to the EndoH and the PNGaseF cleavage (Figure 20B): in fact, the 

EndoH treatment induced a shift in the electrophoretic migration only of the main band 

below 66kDa, indicating the existence of an EndoH resistant fraction (Figure 20B, lane 1 

vs 2), that is then efficiently processed upon PNGaseF treatment (Figure 20B, lane 1 vs 3). 

This is due to the different cleavage specificity of the two enzymes: while the EndoH 

removes poorly complex N-glycans belonging to proteins localized within the ER, the 

PNGaseF cleaves also complex N-glycans resulting from their further processing in the 

Golgi apparatus. These findings confirm that due to the nature of its TM22, GFP-NH-TM22 

is a N-glycosylated protein that exits from the ER. 

 

Figure 20: EndoH and PNGaseF treatment of GFP-NH-TM17 and GFP-NH-TM22. A, The PNSs of cells transfected 

with GFP-NH-TM17 were mock-treated or incubated with either EndoH or PNGaseF for 1h at 37°C. After treatment, 

proteins were separated by reducing SDS-PAGE and transferred on a PVDF membrane. Immunoblotting with an anti-

GFP antibody was performed to reveal the signal of the GFP-HaloTag2® chimera. B, Same as panel A, but the PNSs of 

cells transfected with GFP-NH-TM22 was used. 
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All in all, these data show that the levels of the HaloTag2® protein chimeras at steady state 

result differentially affected upon HyT36 treatment: indeed, the chimeras displaying the 

HaloTag2® moiety within the ER lumen have a decreased overall level, while their sisters 

with the same misfolded domain facing the cytosol are not affected. Moreover, the EndoH 

and the PNGaseF assays confirmed that both GFP-NH-TM17 and GFP-NH-TM22 are N-

glycosylated proteins, but thanks to their different transmembrane regions, the first one is 

resident within the ER, whereas the latter has an EndoH resistant fraction, which exits from 

the ER. 

5.3.1.3 Intracellular localization of the HaloTag2® protein chimeras 

To characterize their intracellular localization, Flp-In NIH-3T3 mouse fibroblasts were 

stably transfected with the HaloTag2® protein chimeras (Figures 21 and 22) (see 

Materials and Methods section). Cells were seeded on alcian blue coated glass coverslips 

and then were mock-treated with DMSO (Figure 21A, C and E, and Figure 22A, C and 

E), or treated with the HyT36 ligand (Figure 21B, D and F, and Figure 22B, D and F). 

After 12h of treatment, cells were fixed, permeabilized and stained using either the anti-

CNX (Figures 21 and 22, upper panels) or the anti-giantin (Figures 21 and 22, lower 

panels) antibody as endogenous markers respectively for the ER and the Golgi 

compartment. The HaloTag2® protein chimeras were visualized without staining thanks to 

the fluorescence of the GFP molecule placed within the constructs. 

Immunofluorescence analysis of the TM17-HaloTag2® chimeras revealed the co-

localization of the GFP signal with CNX, but not with giantin (Figure 21A, C and E), 

indicating that these three proteins are localized within the ER, consistently with the 

characteristics of their transmembrane anchor322. Notably, the treatment with HyT36 did 

not affect the localization pattern of the TM17-HaloTag2® protein chimeras (Figure 21B, 

D and F). Conversely, the TM22-based HaloTag2® protein chimeras co-localized with 

both CNX and giantin (Figure 22A, C and E). Moreover, these proteins also stained the 

plasma membrane (Figure 22A, C and E). These data are consistent with the previous 

reports about transmembrane anchors, indicating that the proteins harboring a long 

transmembrane region, as TM22, are able to exit from the ER and travel along the secretory 

pathway322. Interestingly, the HyT36-induced misfolding caused a change in the 

localization pattern of both the TM22 chimeras displaying HaloTag2® moiety within the 

ER lumen: indeed, the plasma membrane staining of GFP-NH-TM22 and GFP-NH-

TM22Q was lost upon the treatment with HyT36 (Figure 22B and D). On the contrary, the 
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intracellular localization of GFP-CH-TM22 was not affected (Figure 22F). These data are 

in line with what previously emerged for GFP-NH-TM22: indeed, western blot analysis 

highlighted a decreased level of its EndoH resistant fraction upon the treatment with HyT36 

(Figure 19D, lane 1 vs 2). 

 

 

Figure 21: Intracellular localization of the TM17-based HaloTag2® protein chimeras. A, Flp-In NIH-3T3 cells 

stably transfected with GFP-NH-TM17 were seeded on alcian blue coated coverslips and mock-treated with DMSO for 

12h. After fixation and permeabilization, cells were stained either with an anti-CNX (upper panel) or an anti-giantin 

antibody (lower panel). Coverslips were analyzed by confocal microscopy. B, Same as A, but the cells were treated with 

HyT36 for 12h. C, Same as A, but for Flp-In NIH-3T3 cells stably transfected with GFP-NH-TM17Q. D, Same as C, but 

the cells were treated with HyT36 for 12h. E, Same as A, but for Flp-In NIH-3T3 cells stably transfected with GFP-CH-

TM17. F, Same as E, but the cells were treated with HyT36 for 12h. 
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Figure 22: Intracellular localization of the TM22-based HaloTag2® protein chimeras. A, Flp-In NIH-3T3 cells 

stably transfected with GFP-NH-TM22 were seeded on alcian blue coated coverslips and mock-treated with DMSO for 

12h. After fixation and permeabilization, cells were stained either with an anti-CNX (upper panel) or an anti-giantin 

antibody (lower panel). Coverslips were analyzed by confocal microscopy. B, Same as A, but the cells were treated with 

HyT36 for 12h. C, Same as A, but for Flp-In NIH-3T3 cells stably transfected with GFP-NH-TM22Q. D, Same as C, but 

the cells were treated with HyT36 for 12h. E, Same as A, but for Flp-In NIH-3T3 cells stably transfected with GFP-CH-

TM22. F, Same as E, but the cells were treated with HyT36 for 12h. 
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As control, we also performed an immunofluorescence analysis of the stably transfected 

Flp-In NIH-3T3 cells incubated with a fluorescent HaloTag® ligand (i.e. PBI5030) instead 

of the destabilizing ligand HyT36 (Figure 23). As such, treatment with PBI5030 did not 

change the intracellular localization of any of the HaloTag2® protein chimeras (Figure 

23), confirming that the effect on GFP-NH-TM22 and GFP-NH-TM22Q localization 

(Figure 22B and D) is the direct consequence of the HyT36-mediated misfolding. 

 

Figure 23: Intracellular localization of the HaloTag2® protein chimeras with the fluorescent ligand PBI5030. A, 

Flp-In NIH-3T3 cells stably transfected with GFP-NH-TM17 were seeded on alcian blue coated coverslips and incubated 

with the fluorescent ligand PBI5030. After 12h, cells were fixed and analyzed by confocal microscopy. B, Same as A, 

but for Flp-In NIH-3T3 cells stably transfected with GFP-NH-TM17Q. C, Same as A, but for Flp-In NIH-3T3 cells stably 

transfected with GFP-CH-TM17. D, Same as A, but for Flp-In NIH-3T3 cells stably transfected with GFP-NH-TM22. E, 

Same as A, but for Flp-In NIH-3T3 cells stably transfected with GFP-NH-TM22Q. F, Same as A, but for Flp-In NIH-

3T3 cells stably transfected with GFP-CH-TM22. 

All together, these data showed that consistently with the intrinsic properties of the 

transmembrane, the TM17-based HaloTag2® chimeras are ER resident proteins. 

Additionally, their localization is not affected by the binding of HyT36. On the other hand, 

the TM22-based HaloTag2® chimeras stain the ER, the Golgi apparatus and are displayed 

at the plasma membrane, but upon the treatment with HyT36, only the luminal HaloTag2®-

TM22 chimeras lose the plasma membrane staining, suggesting that the misfolded 

HaloTag2® domain is efficiently recognized by the ER quality control, eventually 

preventing the release of the chimeras in the secretory pathway. 
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5.3.1.4 HyT36 treatment induces BiP binding of the NH-HaloTag2® protein chimeras 

Previous evidences reported in literature showed that the HyT36-induced misfolding of an 

ER resident GFP-HaloTag2® soluble protein triggers its binding to BiP and its consequent 

degradation323. BiP is an ER luminal chaperone that recognizes misfolded proteins thanks 

to the exposition of hydrophobic stretches allowing their degradation through ERAD324. 

Considering the previous data, we hypothesized that the decrease in protein levels of the 

chimeras harboring the HaloTag2® within the ER lumen (NH-HaloTag2® protein 

chimeras) upon the treatment with HyT36 could be due to BiP recognition and binding. To 

confirm this hypothesis, the same PNSs of 6.3.2 paragraph were immunoprecipitated using 

an anti-GFP antibody and the immunoisolated complexes were separated by reducing SDS-

PAGE. After electrophoretic migration, the proteins were transferred on a PVDF 

membrane that was analyzed by western blot to assess the co-precipitation of BiP. After 

stripping, the same membrane was probed with an anti-GFP antibody to check the 

immunoisolation of the HaloTag2® protein chimeras. 

Western blot analysis of BiP co-precipitation showed that all chimeric proteins bind a 

certain amount of BiP at steady state (Figure 24A, lane 3, Figures 24B-F, lane 1). 

Interestingly, upon treatment with HyT36, BiP binding visibly increased in the case of the 

chimeras displaying the HaloTag2® within the ER lumen (Figure 24A, lane 3 vs 4, Figure 

24B, D and E, lane 1 vs 2). On the contrary, BiP co-precipitation did not change upon the 

HyT36-induced misfolding of the HaloTag2® constructs with the misfolded domain facing 

the cytosol (Figure 24C and F, lane 1 vs 2). As specificity control, an anti-GFP 

immunoprecipitation was also performed in the mock-transfected samples (Figure 24A, 

lanes 1 and 2). These data suggest that as for the ER resident soluble GFP-HaloTag2® 

protein323, the binding of HyT36 destabilizes the HaloTag2® and this destabilization is 

detected by the ER quality control through BiP only when the misfolded moiety is localized 

within the ER lumen. BiP could then commit the destabilized HaloTag2® protein chimeras 

to degradation, justifying their decreased levels at steady state (Figure 19A, lane 3 vs 4, 

and Figure 19B, D and E, lane 1 vs 2). 
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Figure 24: Effect of the HyT36-induced misfolding on BiP binding of the HaloTag2® protein chimeras. A, the 

PNSs of cells transfected with an empty vector (EV) or with GFP-NH-TM17 were immunoprecipitated using an anti-

GFP antibody. The isolated protein complexes were then separated by SDS-PAGE under reducing conditions and 

transferred on a PVDF membrane. Immunoblotting analysis using an anti-KDEL antibody was performed to reveal the 

co-precipitation of BiP. After stripping, the same membrane was probed with an anti-GFP antibody to check the levels 

of the HaloTag2® chimera. B, Same as A, but using the PNSs of cells transfected with GFP-NH-TM17Q. C, Same as A, 

but using the PNSs of cells transfected with GFP-CH-TM17. D, Same as A, but using the PNSs of cells transfected with 

GFP-NH-TM22. E, Same as A, but using the PNSs of cells transfected with GFP-NH-TM22Q. F, Same as A, but using 

the PNSs of cells transfected with GFP-CH-TM22. 

 

5.3.1.5 Analysis of the ER stress induction by the HyT36-mediated misfolding of the 

HaloTag2® protein chimeras 

The accumulation of misfolded products within the ER can induce ER stress, which results 

in the activation of the UPR aiming to restore the ER homeostasis224. Recently, it has been 

shown that the HyT36-mediated misfolding of the soluble ER resident GFP-HaloTag2® 

moiety induces ER stress323. Thus, to assess if the generated membrane-tethered 

HaloTag2® chimeras are able to trigger the UPR activation, the transcripts of the stably 

transfected Flp-In NIH-3T3 cells were analyzed upon treatment with HyT36. In details, 

Flp-In NIH-3T3 cells stably transfected with the HaloTag2® protein chimeras were plated 

and incubated with the HyT36 ligand for 6h. Cells were lysed to collect total RNA. The 

transcript levels of BiP were determined by qPCR. The treatment of mock Flp-In NIH-3T3 
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cells with 5µg/mL tunicamycin for 6h was used as positive control of ER stress induction, 

whereas the same cells treated with HyT36 for 6h were used as negative control. 

 

 

Figure 25: Analysis of the BiP transcript levels upon HyT36-mediated misfolding of the HaloTag2® protein 

chimeras. A, FLP-In NIH-3T3 cells were mock-treated with DMSO, treated with 10µM HyT36 or 5µg/mL tunicamycin 

for 6h. After lysis, the RNA was collected and used to analyze the transcript levels of BiP by qPCR. B, FLP-In NIH-3T3 

cells stably expressing GFP-NH-TM17 were mock-treated with DMSO or treated with 10µM HyT36 for 6h. Cells were 

lysed, and the RNA was collected and used to analyze the BiP transcripts by qPCR. C, Same as B, but for FLP-In NIH-

3T3 cells stably expressing GFP-NH-TM17Q. D, Same as B, but for FLP-In NIH-3T3 cells stably expressing GFP-CH-

TM17. E, Same as B, but for FLP-In NIH-3T3 cells stably expressing GFP-NH-TM22. F, Same as B, but for FLP-In 

NIH-3T3 cells stably expressing GFP-NH-TM22Q. G, Same as B, but for FLP-In NIH-3T3 cells stably expressing GFP-

CH-TM22. Error bars: mean and SDs of three independent experiments for all panels. Significance was analyzed by 

unpaired t-test; *p < 0.05; **p < 0.01  

 

The treatment of mock Flp-In NIH-3T3 cells with HyT36 did not induce any change in BiP 

transcript levels (Figure 25A). On the other hand, a strong up-regulation of the BiP 

transcripts was detected upon tunicamycin treatment of the same cells (Figure 25A). The 

treatment with HyT36 of the cells expressing the HaloTag2® chimeras with the misfolded 

domain within the ER lumen affected BiP transcript levels but at different extents (Figure 

25B, C, E and F). Indeed, BiP transcripts were slightly but significantly induced upon the 

treatment with HyT36 of Flp-In NIH-3T3 cells expressing GFP-NH-TM17 and GFP-NH-

TM17Q (Figure 25B and C). For their counterparts built around a TM22 scaffold, the 

induction of BiP resulted much stronger (Figure 25E and F), even though the response 

was not even near to the one induced by the treatment with tunicamycin (Figure 25A). 
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Interestingly, this comparison underlines once more that chemical ER stress inducers 

trigger an exacerbate response, which is quite far from a more physiological landscape of 

an ER stress induced by protein misfolding325. Additionally, for both the TM17 and the 

TM22 chimeras harboring the HaloTag2® within the ER lumen, the HyT36 induced 

misfolding of the N-glycosylated versions (GFP-NH-TM17 and GFP-NH-TM22) triggered 

a lower up-regulation of BiP transcripts compared to their un-glycosylated counterparts 

(GFP-NH-TM17Q and GFP-NH-TM22Q) (Figure 25B vs C, Figure25E vs F): this would 

be due to the fact that the oligosaccharide tree could sterically hinder the misfolded domain, 

impeding its recognition by the ER quality control. Notably, HyT36-mediated 

destabilization of GFP-CH-TM17 did not induce any statistically significant change in BiP 

transcript levels (Figure 25D). On the other hand, the treatment with HyT36 of FLP-In 

NIH-3T3 cells expressing GFP-CH-TM22 slightly affected BiP transcripts (Figure 25G): 

even though this response resulted significant, its entity was not comparable to the one 

induced by its counterparts displaying the HaloTag2® towards the ER (Figure 25E-F vs 

25G). All together these data indicate that the HyT36 induced misfolding of the membrane-

tethered HaloTag2® chimeras triggers an ER stress response when the misfolded domain 

is placed within the ER lumen. Moreover, this protein-misfolding dependent response 

results milder compared to the ER stress induced by treating the cells with a chemical 

compound as tunicamycin. 
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5.3.2 Discussion 

Cells can be compared to a swiss clock, where every little gear is perfectly fitted and works 

together to ensure the perfect timing. Any damage within this system can lead to 

catastrophic consequences. Indeed, in cells an unbalanced proteostasis due to the 

accumulation of misfolded proteins can cause many different rare and invalidating 

diseases318. To avoid this fate, the nature evolved protein quality control (PQC) systems 

that monitor the proteome health and take care of the misfolded proteins ensuring their 

clearance319. As such, the dissection of these mechanisms results crucial and constitutes the 

unique weapon to contrast the diseases caused by perturbations in cell proteostasis. 

During my PhD, I designed and developed protein-based tools for the characterization of 

the PQC pathways. To this aim, the HaloTag2® system was exploited: this domain was 

generated by mutating a bacterial enzyme to covalently bind chloroalkane reactive 

ligands320. According to the nature of the ligands, HaloTag2® can be used for different 

purposes, such as cell imaging and protein purification320. In this work, I took advantage 

from the capacity of the HaloTag2® to become misfolded upon the covalent binding of an 

hydrophobic chloroalkane reactive ligand (i.e. HyT36)321. Using the HaloTag2® as a 

scaffold, I build a palette of membrane-tethered protein substrates able to elicit PQC 

systems response. 

5.3.2.1 Rational of the HaloTag2®-based protein chimeras and the effects of the HyT36-

mediated misfolding 

From the less to the most complex organism, the nature evolved proteins displaying a large 

variety of different features. Indeed, proteins are the results of complex structural 3D 

arrangements, whose formation is driven by the information contained within its primary 

sequence. As such, these molecules can be either soluble or anchored to cells membrane 

through a transmembrane anchor, build around one or more domains of different length, 

present post-translational modifications such as N-glycosylation, and either be localized in 

a specific cellular compartment or spread in different sub-regions. This great variability is 

crucial for cells functionality: in fact, it allows the construction of a complete army of 

soldiers able to ensure the plasticity needed from the cells to carry out all the different 

processes indispensable for the survival. Given proteins diversification, the cells developed 

systems of quality control in order to efficiently recognize misfolded structures displayed 

by proteins with different characteristics. 
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Relying on studies showing that transmembrane domains of 17 residues retain membrane 

proteins within the ER while their elongation by 5 residues promotes secretion322, the 

HaloTag2® domain was modified by introducing two different transmembrane anchors of 

17 (TM17) and 22 residues (TM22). Trying to emulate the nature variability, the 

HaloTag2® was alternatively placed either at the cytosolic or at the ER luminal side of the 

two transmembrane anchors, allowing the induction of protein misfolding in different 

cellular compartments. Moreover, N-glycosylated variants of the chimeras were also 

prepared. 

To assess if these HaloTag2® protein chimeras could be exploited as tools for the 

dissection of the cellular PQC systems, biochemical, immunofluorescence and 

transcriptional analyses were performed. Biochemical analyses of the HaloTag2® protein 

chimeras expressed in mammalian cells revealed that the binding of the HyT36-

destabilizing ligand induces different outcomes according the HaloTag2® orientation: 

indeed, the proteins displaying the HaloTag2® within the ER lumen showed a decreased 

level at steady state, upon treatment with HyT36; the same treatment did not induce any 

change for the chimeras harboring the same misfolded domain towards the cytosol. These 

data suggest that the luminal quality control efficiently recognizes misfolded moieties 

independently from their glycosylation state or transmembrane anchor. In addition, 

immunoprecipitation analyses showed that the recognition of the luminal misfolded 

moieties is due to the action of the ER chaperone BiP: in fact, upon HyT36 treatment, BiP 

co-precipitation increased in the case of the luminal HaloTag2® protein chimeras, while 

being unaffected in the case of the chimeras exposing the same misfolded domain towards 

the cytosol.  

The differences between luminal and cytosolic HaloTag2® protein chimeras were also 

confirmed by the immunofluorescence analyses. Consistently with the characteristics of 

the TM17, all the GFP-HaloTag2®-TM17 proteins were localized in the ER and the 

treatment with HyT36 did not change this pattern. Conversely, the GFP-HaloTag2®-TM22 

chimeras were localized in the ER, in the Golgi apparatus and at the plasma membrane: the 

treatment with HyT36 did not induce any change when the misfolded HaloTag2® domain 

was displayed on the cytosolic side; differently, both the N-glycosylated and the non-

glycosylated luminal TM22 HaloTag2® chimeras lost the plasma membrane staining upon 

the HyT36-mediated destabilization. Notably, incubation of the same cells with a 
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fluorescent HaloTag-ligand (i.e. PBI5030) confirmed that this phenotype was due to the 

specific effect of the HyT36 binding. 

It should be taken into consideration that the differential responses between luminal and 

cytosolic HaloTag2® chimeras could be also a matter of timing: indeed, it could be possible 

that extending HyT36 treatment, also the levels of the cytosolic HaloTag2® chimeras 

would change as well as their intracellular localization; as such, this would indicate that the 

luminal and the cytosolic quality controls have different kinetics of recognition, with the 

first one being faster and with a lower activation threshold. 

Finally, since sensing of the misfolded proteins by the ER quality control could be 

associated with an ER stress induction and consequently to the UPR activation, 

transcriptional up-regulation of the stress inducible ER chaperone BiP was checked for all 

HaloTag2® protein chimeras. This experiment showed a mild but significant UPR 

induction for GFP-HaloTag2®-TM17 chimeras displaying the misfolded moiety within the 

ER lumen upon HyT36 treatment, while no differences were detected for their counterpart 

harboring the HaloTag2® within the cytosol. On the other hand, for the HaloTag2®-TM22 

chimeras, a strong and significant BiP induction upon the HyT36 induced misfolding was 

detected when the HaloTag2® moiety faced the ER lumen. Interestingly, a slight but 

significant BiP up-regulation was also detected for the cytosolic GFP-HaloTag2®-TM22 

chimera. These data indicate that the misfolding within the ER luminal domain is sensed 

by the ER quality control and triggers an ER stress. Moreover, compatibly with differences 

in protein features, BiP transcripts were induced at different extents. Indeed, for both the 

two couples of protein chimeras with luminal HaloTag2®, the non-glycosylated versions 

induced a higher response compared to their N-glycosylated counterparts. This could hint 

that the oligosaccharide tree could disfavor through steric hindrance the recognition of the 

misfolded moiety, thus resulting in a small elicited UPR. Of note, the HyT36-mediated 

misfolding of any of the HaloTag2® protein chimeras failed to reproduce the strong BiP 

up-regulation observed upon cells treatment with the chemical ER stress inducer 

tunicamycin: this evidence interestingly highlights as the HaloTag2® system could 

reproduce a condition of physiological ER stress; indeed, the usage of chemical compounds 

to induce ER stress elicits an exacerbate UPR activation, that it is not comparable to the 

one induced by protein misfolding325. 
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All in all, the data collected in this thesis demonstrated that the developed HaloTag2® 

protein chimeras represent an optimal tool to dissect the PQC systems. The analyses of the 

transcripts and proteins fluctuations induced by the misfolding of the different HaloTag2® 

chimeras would allow the dissection of the unique cellular responses characteristics of each 

misfolded proteins. Moreover, these tools would be also instrumental for the 

characterization of the machineries required for the degradation of different protein 

substrates. Indeed, given the great variety of proteins involved in ERAD and the current 

evidences reported in the literature, it has been postulated that different dislocon complexes 

take care of different protein substrates. Even though, ERAD is a hot topic since many 

years, the mechanisms as well as the effectors required for the degradation of non-

glycosylated proteins still remain to be assessed. In this context, the comparison of the 

interacting partners of the misfolded N-glycosylated and non-glycosylated HaloTag2® 

substrates would be useful. Finally, considering the great plasticity of this HaloTag2® 

system, it could be also exploited for the targeting of misfoldable protein substrates to the 

mitochondria or the nuclear envelope in order to widely characterize the cells’ responses 

to protein misfolding in different cellular compartment. As such, the future exploitation of 

the designed HaloTag2® protein chimeras will lead to the dissection of different crucial 

aspects of cells functionality and homeostasis. 

 

5.3.3 Contributions 

I was involved in the conceptualization and development of this research project and I 

realized all the figures contained in this section. 
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5.4 Analysis of the transcriptional response underlying Recov-ER-Phagy 

5.4.1 Results  

5.4.1.1 Concept and design of the “Recov-ER-Phagy” transcriptomic analysis 

Upon cessation of an ER stress, mammalian cells activate ill-defined recovery programs to 

clear damaged and/or excess ER produced during the stress and thus restore the ER 

homeostasis. These catabolic pathways have been recently named as “Recov-ER-Phagy” 

and rely on the intervention of the translocon subunit SEC62297. In details, SEC62 acts as 

the ER-phagy receptor that, on resolution of an ER stress, exposes its LC3-interacting 

region (LIR) to engage some components of the autophagic machinery and eventually 

ensure the degradation of select ER sub-domains via piecemeal micro-ER-phagy 

process298. Even though, the components of the machinery required for Recov-ER-Phagy 

are current object of individual dissection with the help of genetic tools (e.g., KO and 

CRISPR cell lines), this process is still missing many information, since it is relatively of 

recent discovery. As such, we decided to study the transcriptional profile of Recov-ER-

Phagy to enlarge the knowledge on the overall process, and dissect any possible 

transcriptional regulation underlying this pathway. 

To this extent, we took advantage of the previously established protocol for stress/recovery 

induction297 and performed an RNA-seq analysis in Mouse Embryonic Fibroblast (MEF) 

cells to monitor transcripts variations during Recov-ER-Phagy process (in collaboration 

with Andrea Rinaldi, IOR genomic facility, Bellinzona, Switzerland). In details, MEF cells 

were exposed to cyclopiazonic acid (CPA), a reversible inhibitor of the SERCA Ca2+ pump, 

to induce the UPR. After 12h of treatment, the CPA was withdrawn to initiate the recovery 

phase. To follow the transcripts variations among time, the RNA was collected from 

untreated cells, or stressed cells after 12h of CPA treatment, and from cells at three different 

timepoints during the recovery phase, respectively 2h, 6h and 12h after CPA wash out. The 

RNA from 3 independent experiments was then processed and subjected to RNA-seq. 
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Figure 26: Schematics of the experimental set-up of stress/recovery induction. MEF cells were treated with CPA for 

12h, then the compound is washed out and cells are grown in normal culture media. For transcriptomic analysis, the RNA 

was collected from untreated cells, or cells treated with CPA for 12h, and at 2h, 6h and 12h after CPA washout. Modified 

from Fumagalli et al 2016. 

 

5.4.1.2 RNA-seq data processing and analysis 

Raw counts obtained by RNA-seq analysis were transformed using regularized log-

transformation and then filtered using the DESeq2 pipeline, excluding genes expressed at 

very low level, which can lead to non-reliable results when performing differential-

expression analysis. As such, 17029 genes were found as highly reliable. On these genes, 

differential-expression analyses were performed to define the groups of genes whose 

expression was significantly (FDR ≤ 0.05) modified during each of the established 

timepoints. In details, comparison of untreated cells with stressed cells (12h CPA 

treatment) and cells during 2h, 6h and 12h of recovery, revealed that CPA treatment 

induced the biggest changes in the pattern of the differentially expressed genes both as 

number level (1614, of which 702 up-regulated and 912 down-regulated) and as the largest 

fold changes (Figure 27, first column). Instead, during the recovery phase, the differences 

in transcripts expression shrank indicating that cells are returning to steady state conditions 

(Figure 27).  

Interestingly, Recov-ER-Phagy receptor Sec62 did not result significantly differentially 

expressed in all the analyzed conditions. Any significant transcriptional regulation was also 

not detected for the other required genes (Atg4b, Atg5, Atg7, Atg16L1, Chmp4b, Gabarap, 

Gabarapl2 and Vps4a)297,298, with the exception of the ATG8 ubiquitin like-proteins 

Gabarapl1, Map1lc3a and Map1lc3b, which were slightly but significantly up-regulated 

after 12h of CPA treatment. These data would suggest that the expression of the 

components of the Recov-ER-Phagy machinery could be mainly post-transcriptionally 

regulated, or that alternatively this pathway could be regulated by changes in protein-

protein interactions.   
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Figure 27: Distribution of fold changes from RNA-

seq. Numbers on top and bottom show the number of 

the significantly up- and down-regulated transcripts 

(FDR ≤ 0.05) in each condition, dashed lines show the 

± 0.5 log2 fold change.  

 

 

 

 

5.4.1.2.1 Gene enrichment analysis of differentially expressed genes 

To define the transcriptional landscape of Recov-ER-Phagy, differentially expressed genes 

filtered for each timepoint were subjected to pathways and gene ontology enrichment 

analyses. Before the analyses, four main groups of differentially expressed genes were 

defined. The first group was obtained from the comparison between stressed and untreated 

cells. The other three groups originated from the individual comparison of each of the 

recovery timepoints (2h, 6h and 12h respectively) with the transcripts data obtained in 

stressed cells. The selected gene lists were then filtered for FDR values ≤ 0.05. Moreover, 

for each group, significantly up-regulated genes were filtered using as parameter a log2 fold 

change value greater than or equal to 0.5, whereas the significantly down-regulated were 

obtained filtering for a log2 fold change value less than or equal to -0.5. The selected groups 

of genes were finally subjected to pathways and gene ontology enrichment analyses 

exploiting Enrichr online tool. The results were filtered for a p-value ≤ 0.05 and represented 

using GraphPad software. 
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Figure 28: Gene set enrichment analysis of differentially expressed genes after 12h of CPA treatment. A, Box plot 

representation of the top significant (p-value ≤ 0.05) Reactome terms associated to the up-regulated transcripts. Results 

are represented from the top to the bottom according increasing p-values. Bottom axis shows the number of the genes 

found for each term. B, Same as A, but displaying the GO Biological Processes. C, Same as A, but displaying the GO 

Cellular Components. D, Box plot representation of the top significant (p-value ≤ 0.05) Reactome terms associated to the 

down-regulated transcripts. Results are represented from the top to the bottom according increasing p-values. Bottom 

axis shows the number of the genes found for each term. E, Same as D, but displaying the GO Biological Processes. F, 

Same as D, but displaying the GO Cellular Components. 

 

Consistently with the induction of an ER stress, analysis of the differentially expressed 

genes upon CPA treatment revealed the up-regulation of genes belonging to the UPR, and 

in particular linked to protein folding and ERAD pathways (Figure 28A-C). Interestingly, 

the ER proteins regulated by the UPR branches ATF6 and IRE1 were identified among the 

most significant (Figure 28A and B). On the other hand, down-regulated genes fitted in 

the pathways of extracellular matrix organization, cell adhesion, cholesterol and collagen 

biosynthetic pathways (Figure 28D-F), which are characteristics of the fibroblast cell 

type326. Fibroblasts are the major source of extracellular matrix proteins, that are mainly 

synthetized within the ER327. Down-regulation of the genes linked to these pathways is a 

direct consequence of the ER stress induction, since in these conditions the synthesis of ER 

cargo proteins is strongly suppressed in favor of chaperones, folding and degradative 

factors. 
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Figure 29: Gene set enrichment analysis of the differentially expressed genes after 2h from CPA wash out. A, Box 

plot representation of the top significant (p-value ≤ 0.05) Reactome terms associated to the up-regulated transcripts. 

Results are represented from the top to the bottom according increasing p-values. Bottom axis shows the number of the 

genes found for each term. B, Same as A, but displaying the GO Biological Processes. C, Same as A, but displaying the 

GO Cellular Components. D, Box plot representation of the top significant (p-value ≤ 0.05) Reactome terms associated 

to the down-regulated transcripts. Results are represented from the top to the bottom according increasing p-values. 

Bottom axis shows the number of the genes found for each term. E, Same as D, but displaying the GO Biological 

Processes. F, Same as D, but displaying the GO Cellular Components. 

 

During the first recovery timepoint (2h after CPA wash out), constituents of nucleolus, 

cytoskeleton and focal adhesions resulted up-regulated (Figure 29C). These genes are 

directly correlated to different cellular processes such as DNA transcription, cell 

proliferation and migration (Figure 29A and B). As sign of initiation of the recovery phase, 

components of the UPR were found among the down-regulated genes, as well as factors 

linked to cell cycle arrest and apoptosis signaling (Figure 29D-F). In line with what 

previously reported in literature297, these data indicate that compatibly with the reversible 

nature of the CPA compound, cells start to recover as soon as the stress stimulus is relieved. 
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Figure 30: Gene set enrichment analysis of the differentially expressed genes after 6h from CPA wash out. A, Box 

plot representation of the top significant (p-value ≤ 0.05) Reactome terms associated to the up-regulated transcripts. 

Results are represented from the top to the bottom according increasing p-values. Bottom axis shows the number of the 

genes found for each term. B, Same as A, but displaying the GO Biological Processes. C, Same as A, but displaying the 

GO Cellular Components. D, Box plot representation of the top significant (p-value ≤ 0.05) Reactome terms associated 

to the down-regulated transcripts. Results are represented from the top to the bottom according increasing p-values. 

Bottom axis shows the number of the genes found for each term. E, Same as D, but displaying the GO Biological 

Processes. F, Same as D, but displaying the GO Cellular Components. 

 

After 6h from CPA wash out, constituents of the extracellular matrix, collagen and 

cholesterol biosynthetic pathways were up-regulated as well as genes involved in ribosomal 

RNA processing and modification (Figure 30A-C). As showed for the previous timepoint 

(Figure 29D-F), down-regulated genes after 2h from CPA wash out were mainly belonging 

to the UPR (Figure 30D-F). Finally, the transcriptional signature of the last analyzed 

timepoint (12h from CPA wash out) was similar to the one emerged in the previous (Figure 

31).  
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Figure 31: Gene set enrichment analysis of the differentially expressed genes after 12h from CPA wash out. A, Box 

plot representation of the top significant (p-value ≤ 0.05) Reactome terms associated to the up-regulated transcripts. 

Results are represented from the top to the bottom according increasing p-values. Bottom axis shows the number of the 

genes found for each term. B, Same as A, but displaying the GO Biological Processes. C, Same as A, but displaying the 

GO Cellular Components. D, Box plot representation of the top significant (p-value ≤ 0.05) Reactome terms associated 

to the down-regulated transcripts. Results are represented from the top to the bottom according increasing p-values. 

Bottom axis shows the number of the genes found for each term. E, Same as D, but displaying the GO Biological 

Processes. F, Same as D, but displaying the GO Cellular Components. 

 

Interestingly, the overall pattern of the up- and down-regulated genes of these last two 

timepoints within the recovery process (Figure 30 and 31) constitutes the specular portrait 

of the genes differentially expressed upon CPA treatment (Figure 28). This suggests that 

the ER stress burden has been relieved and thus the organelle can re-start the biosynthetic 

functions previously paused. Moreover, the analysis of the cellular components showed the 

down-regulation of the genes linked to the lysosomal compartment after 12h from CPA 

wash out (Figure 31F). Manual analysis of these genes revealed that most of them were 

slightly up-regulated (under 0.5 log2 fold change threshold) after 12h of CPA treatment, 

confirming the previous evidences reported in literature that ER stress can also regulate the 

expression of the lysosomal genes 328. The downregulation of the lysosomal components 
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after 12h from CPA wash out indicates that the clearance of the excess ER subdomains 

took place, and there is no more need of lysosome spare parts. 

All in all, we obtained a picture of the transcriptional dynamics underlying Recov-ER-

Phagy: in fact, these analyses gave us a step-by-step description of the pathways and 

processes that cells are activating or suppressing to counteract the homeostasis perturbation 

and successfully ride the recovery phase. However, these data failed to reveal a direct 

transcriptional regulation of Recov-ER-Phagy process, rather suggesting the existence of 

post-transcriptional mechanisms of regulation.  

5.4.1.2.2 Kinetics reconstruction of the differentially expressed genes 

After gene enrichment analysis, data were clustered to build a kinetical representation of 

the most differentially expressed genes. In details, all genes displaying a log2 fold change 

≥ 1.5 or ≤ -1.5 with an FDR ≤ 0.05 in at least one of the four conditions analyzed (stress, 

2h, 6h or 12h recovery) were selected. The filtered genes were then manually clustered 

according their log2 fold change variations among time into four kinetics group, which can 

be summarized in genes up-regulated upon CPA treatment (Figure 32A, 12h CPA), up-

regulated at 2h of recovery (Figure 32B, 2h Rec), up-regulated during the recovery phase 

(with the highest peak at 12h of recovery) (Figure 32C, Up Rec), and down-regulated 

during the recovery phase (with the lowest peak at 12h recovery) (Figure 32D, Down Rec). 

The four clusters were then subjected to gene enrichment analysis using Enrichr online 

tool, and the resulting associated GO Biological Processes are shown in Table 2. 

Figure 32: Representation of the 

selected differentially expressed 

genes kinetics. A, Plot of the 

differentially expressed genes with 

a trend of up-regulation after 12h of 

CPA treatment (i.e. ER stress 

induction). B, Plot of the 

differentially expressed genes up-

regulated at 2h after CPA wash out. 

C, Plot of differentially expressed 

genes gradually up-regulated during 

the recovery phase. D, Plot of the 

differentially expressed genes 

progressively down-regulated 

during the recovery phase.  
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As expected, the genes clustered in the first group (Figure 32A) belonged to the UPR 

(Table 2), while the genes with a peak of up-regulation at 2h of recovery (Figure 32B) 

were mainly associated to cell growth and motility, but also to the WNT signaling pathway 

(Table 2). Indeed, two main components of the canonical WNT pathway, Wnt11 and Lef1, 

were found strongly up-regulated at 2h of recovery. Even though WNT signaling has been 

classically associated to cell growth, differentiation and embryogenesis, recent reports in 

the literature suggest a role in the activation of endocytosis, pinocytosis and lysosomal 

degradation through the modulation of the ESCRT machinery329. Strikingly, Recov-ER-

phagy degrades select ER sub-domains via piecemeal micro-ER-phagy process that relies 

on the intervention of CHMP4B, an ESCRT-III component, and the accessory AAA+ 

ATPase VPS4A in its final steps. These data could be a hint that the transcriptional 

regulation of the WNT pathway would be functional to Recov-ER-Phagy process through 

the modulation of the function of the ESCRT machinery. Similarly to the previous group, 

the association to cell motility and growth signatures was also found for the genes with an 

up-regulation peak at 12h of recovery (Figure 32C and Table 2), whereas genes down-

regulated during the recovery phase (Figure 32D) were linked to the amino acid 

biosynthetic process (Table 2).  

 

 

 

Table 2: Gene enrichment analysis of the selected differentially expressed genes. The differentially expressed genes 

were clustered according their kinetics and then subjected to gene enrichment analysis. For each group (12h CPA, 2h 

Rec, Up Rec, and Down Rec) the resulting associated GO Biological Process terms are shown together with their p-

values. 

All in all, these kinetical analyses portraited the most important cellular processes taking 

place during Recov-ER-Phagy. Moreover, these data suggested a possible role of the WNT 

pathway in the regulation of the endolysosomal engulfment of ER portions through ESCRT 

machinery during the last steps of Recov-ER-Phagy.  
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5.4.2 Discussion 

An unbalanced ER homeostasis caused by the accumulation of misfolded proteins can lead 

to the induction of an ER stress, which activates the UPR224. UPR can be defined as a series 

of transcriptional and translational measures that the cells put in place to resolve the ER 

stress situation330. Among these events, the up-regulation of ER chaperones and folding 

enzymes, ERAD factors and components of the protein export machinery, together with a 

general repression of the translation of cargo proteins are the most known330. Upon relief 

of the stimuli inducing the ER stress, the return to pre-stress homeostatic conditions is 

allowed by the activation of a catabolic pathway ensuring the clearance of excess and/or 

damaged ER portions. This recently identified process goes under the name of Recov-ER-

Phagy297. Mechanistically, upon the cessation of an ER stress stimulus, the translocon 

component SEC62 performs its alternative activity as ER-phagy receptor: indeed, SEC62 

shows its LIR, allowing the recruitment of some components of the autophagic machinery 

to promote the delivery of select ER sub-regions to the endolysosomes for clearance297. In 

details, the genetic dissection of Recov-ER-Phagy pathway showed that this process occurs 

via a piecemeal micro-ER-Phagy process during which, specific ER portions are directly 

engulfed by the endolysosomes298. The engulfment step requires the activity of CHMP4B 

and VPS4A, which are an ESCRT-III component and an accessory AAA+ ATPase, 

respectively298. 

During my PhD, I realized a transcriptomic analysis of Recov-ER-Phagy process in order 

to dissect changes among time of the transcriptional landscape underlying this pathway. As 

such, RNA-seq analyses of stressed cells and cells at different timepoints during the 

recovery phase were performed. Gene enrichment analyses of the differentially expressed 

genes allowed then to characterize the dynamics of the biological processes driving the 

cells out from the stress burden.  

 

5.4.2.1 Gene enrichment analysis of the differentially expressed genes to unhide the 

biological processes underlying Recov-ER-Phagy  

From over 17000 genes emerged from the RNA-seq, the significantly differentially 

expressed genes for each of the analyzed conditions were subjected to gene enrichment 

analyses. This analysis clearly pointed out that the genes up-regulated after 12h of CPA 

treatment belonged to the classical ER stress signature (e.g. ER chaperone and folding 
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enzymes, ERAD pathway...). Notably, these hits mainly clustered into the genes regulated 

by the UPR branches ATF6 and IRE1: this could be explained with the fact that CPA is a 

mild stressor compared to tunicamycin or other chemical compounds, which are able to 

elicit stronger responses and in turn to activate PERK, an ER stress transducer commonly 

linked to the activation of cell death pathways331. On the other hand, the down-regulated 

genes mainly belonged to pathways of extracellular matrix organization, cell adhesion, 

cholesterol and collagen production. 2h after CPA wash-out (2h recovery) genes linked to 

cell proliferation and growth, transcription and RNA processing were up-regulated, 

whereas ER stress players, cycle arrest and apoptotic factors resulted down-regulated. 

Compatibly with the reversible nature of the CPA as SERCA inhibitor, the overall picture 

of this timepoint indicates that the recovery phase is starting quite rapidly after the drug 

wash out. Both the last two recovery timepoints of 6h and 12h were characterized by the 

up-regulation of constituents of the extracellular matrix, collagen and cholesterol 

biosynthetic pathways, genes involved in ribosomal RNA processing and modification, and 

by a massive down-regulation of the UPR players and of the apoptotic signaling pathway. 

The transcriptional signature of these last two timepoints reminds the one belonging to cells 

treated with CPA for 12h but in a reversed manner. Interestingly, after 12h of incubation 

with CPA, cells paused biosynthetic activities as collagen and cholesterol production, 

which represents the major pathways within fibroblasts326. At the same time, the ER stress 

players expression is heavily pushed. These evidences would suggest that in order to strong 

counteract the unbalance of the ER homeostasis, this organelle suppresses the other parallel 

activities to alleviate the overall burden. On the same line, the following up-regulation of 

the previous suspended biosynthetic pathways after 6h and 12h from CPA wash out would 

be the sign of a successful recovery. In the same direction, after being slightly up-regulated 

upon CPA treatment, different lysosomal components were found down-regulated after 12h 

from CPA wash out: indeed, this kind of response at this timepoint could suggest that 

Recov-ER-Phagy process efficiently took place, and lysosome spare proteins are no more 

needed. 

To maturate a different perspective of the RNA-seq data, the statistically significant 

differentially expressed genes were clustered into four groups according to their trends 

across the various timepoints. These four groups were constituted by genes up-regulated 

after 12h of CPA treatment, genes with an up-regulation peak at 2h of recovery, genes up-

regulated and down-regulated during the recovery phase, respectively. Gene enrichment 
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analysis showed that genes clustered in the first group belonged to the UPR. Instead, genes 

up-regulated after 2h from CPA washout were linked to cell growth and motility similarly 

to the genes showing an up-regulation peak at 12h of recovery. Finally, genes down-

regulated during the recovery phase mainly belonged to the amino acid biosynthetic 

process: interestingly, the down-regulation of such genes would be a direct consequence of 

the shutdown of the UPR. Indeed, during the stress phase, the synthesis of ER chaperones 

and folding enzymes would require a supply of brick units to sustain their production, 

which are no more needed when the emergency is faded (aka recovery accomplishment). 

Notably, components of the WNT pathway were found among the genes linked to cell 

growth and proliferation that were up-regulated at 2h after CPA wash out. This finding 

results quite interesting since different players of the canonical WNT pathway were 

recently found to be implicated in the activation of events of endocytosis, pinocytosis and 

lysosomal degradation329. In particular, they were described to regulate the function of 

some components of the ESCRT machinery329. Considering the prior knowledge indicating 

that Recov-ER-Phagy process relies on CHMP4B and VPS4A for the final step of 

lysosomal engulfment298, a role of the WNT pathway in this context could be easily 

envisioned. Thus, it could be important in the future to determine if members of the WNT 

pathway would have a role in the regulation of the final steps of Recov-ER-Phagy process. 

Recently the genetic dissection of Recov-ER-Phagy allowed to describe some components 

of its machinery. Indeed, this process requires the translocon component and ER-phagy 

receptor SEC62, the ATG8 ubiquitin like-proteins, different components of the LC3 

lipidation machinery (ATG4B, ATG5, ATG7, ATG16L1), the ESCRT-III CHMP4B, and 

the accessory AAA+ ATPase VPS4A297,298. Interestingly, none of these components were 

significantly differentially expressed in any of the examined conditions, with the exception 

of the ATG8 ubiquitin like-proteins Gabarapl1, Map1lc3a and Map1lc3b, that resulted 

slightly up-regulated after 12h of CPA treatment. On this basis, future studies will be 

important to determine if the expression of any of the required components would rather 

be post-transcriptionally regulated. An alternative hypothesis for the regulation of Recov-

ER-Phagy pathway would be linked to protein-protein interactions: indeed, rather than 

changes in expression levels, Recov-ER-Phagy players function could be regulated 

according to the engaged partners. This hypothesis results probable since for the cells 

would be quite convenient to have proteins already in place to readily support the initiation 

of Recov-ER-Phagy process. 
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All in all, these analyses described the transcriptional landscape of the biological processes 

characterizing the Recov-ER-Phagy background. Moreover, these data offered new 

perspectives and points of future analysis, as for example the possible contribution of WNT 

pathway, to enlarge the mechanistic dissection of the Recov-ER-Phagy process. 

5.4.3 Contributions 

I was involved in the conceptualization and realization of this research project. I prepared 

the samples for RNA-seq, analyzed the data and realized all the figures contained in this 

section, except Figure 32. 
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6 CONCLUSIVE REMARKS 
The ER is a complex organelle that, thanks to its structural organization, is able to 

accomplish many tasks1. Among them, one of the major is represented by the production 

of membrane and secretory proteins1, which can be defined as a stepwise process requiring 

the intervention of different machineries for its successful accomplishment. Once 

synthetized and imported within the ER, the polypeptide chains undergo folding process 

assisted by different ER chaperones and folding enzymes332. Quality control systems 

monitor the folding state of the newly synthetized polypeptides to allow only correctly 

folded proteins to exit from the ER333. Proteins that fail to achieve their native conformation 

are recognized as misfolded and targeted to degradation304. Efficient clearance of misfolded 

proteins is crucial for the maintenance of the ER homeostasis and in turn for cell health318. 

In the case of genetic mutations or environmental stresses the amount of misfolded proteins 

can drastically increase outperforming the degradative capacity108. This can lead to an 

accumulation of misfolded proteins within the ER, that causes a perturbation of the ER 

homeostasis and triggers the induction of ER stress conditions224. As backup plan, nature 

evolved the UPR, during which ER chaperones, folding and degradative factors are 

drastically up-regulated to empower both folding and degradation processes with the aim 

to restore the ER homeostasis224. Once stress burden is relieved, the activation of catabolic 

programs (aka Recov-ER-Phagy) mediates the lysosomal removal of excess ER previously 

generated allowing the return to pre-stress conditions297,298. 

During my PhD studies, I had the opportunity to work on different research projects, that 

even so diverse, all focused on the dissection of crucial aspects of the ER functionality and 

homeostasis from different perspectives.  

 

6.1 TMX1 and TMX5, two membrane-tethered PDI family member 
In the first two sections of this thesis, I focused on the characterization of TMX1 and 

TMX5, two membrane-tethered members of the PDI family. PDIs are enzymes that 

catalyze the oxidation, the reduction and the isomerization of the disulfide bonds to ensure 

both efficient protein folding of newly synthetized polypeptides and ERAD of misfolded 

proteins186. This family comprises more than 20 members, which show different tissue 

distribution, topology and structural organization334. Although, this represent a hint of 

different client specificity and individual roles in both protein folding and degradation196, 
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experimental evidences for many PDIs are still missing. TMX1 is the first identified 

member of the TMX protein family197, which comprises other four transmembrane proteins 

(TMX2, TMX3, TMX4 and TMX5). TMX1 is a single-pass type I protein displaying one 

type-a TRX-like domain within its luminal region, which contains a non-canonical CPAC 

active site197. The peculiar composition of its active site together with the published data 

proposed TMX1 as an ER reductase197,201,202,335. Recently, a role of TMX1 in protein 

folding has been reported: in this context, TMX1 forms functional complexes with the ER 

lectin CNX preferentially intervening during the productive folding of membrane-tethered 

proteins206. These findings made TMX1 the first example among the PDI family members 

to act as topology-specific redox-catalyst206. The data collected in this thesis expanded the 

knowledge about TMX1 role demonstrating its selective intervention during ERAD of 

membrane-tethered misfolded-proteins. Indeed, the exploitation of TMX1 trapping mutant 

version (TMX1C/A) allowed to show that TMX1 preferentially engages mixed disulfides 

with folding-defective membrane-anchored proteins, confirming its topology specificity 

previously shown for its role in protein folding206. Consequently to mixed disulfides 

establishment, TMX1C/A selective delayed ERAD of membrane-bound folding-defective 

substrates. As such, TMX1 represents the first example of topology-specific redox catalyst 

acting in both folding process and ERAD of membrane-anchored substrates. What still 

remain to be assessed is if TMX1 can also engage membrane substrates showing different 

characteristics, as non-glycosylated proteins. Moreover, the mechanisms regulating TMX1 

intervention either in protein folding or in ERAD are still poorly understood (for detailed 

discussion see section 5.1.2). 

Among the TMX family members, TMX5 represents the youngest and the less 

characterized. It is a single-pass type I protein, which harbors one type-a TRX-like domain 

within its luminal portion showing a peculiar CRFS active site. This sequence characterizes 

TMX5 as natural trapping mutant protein, hinting a possible role in thiol-mediated protein 

quality control. In this thesis, we realized a preliminary characterization of TMX5 showing 

that it is a N-glycosylated and ER stress unresponsive PDI. Moreover, in contrast with the 

other members of the TMX family that are all localized within the ER197,199,212,216, TMX5 

is a secreted protein that selectively engages a mixed disulfide with ERp44, a soluble 

member of the PDI family312. Interestingly, the formation of a TMX5:ERp44 disulfide 

bonded complex relies on a functional ERp44 active site. In contrast, the active site of 

TMX5 is dispensable to engage ERp44, but it required to establish mixed disulfides with 
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endogenous client proteins. Finally, the analysis of TMX5 intracellular localization 

revealed that the interaction with ERp44 determines the retention of TMX5 within the ER. 

Given the role of ERp44 in the retention of the ER oxidoreductase ERO1Lα314, the findings 

reported in this thesis hint at a possible role of ERp44 in the regulation of TMX5 function, 

through the modulation of its intracellular localization (for detailed discussion see section 

5.2.2). 

 

6.2 HaloTag2® protein chimeras as tools for the characterization of the PQC 

systems 
In the third section of this thesis, I reported the design and development of HaloTag2® 

protein chimeras as tools for the dissection of the PQC systems. PQC can be defined as the 

ensemble of the mechanisms that surveil on protein folding status ensuring the recognition 

and the degradation of misfolded proteins333. The failure of these mechanisms can lead to 

an unbalanced ER homeostasis also leading to severe human diseases318. Thus, the 

dissection of the PQC dynamics would be fundamental for the understanding of many 

conformational diseases.  

HaloTag2® is a mutated version of a bacterial chloroalkane dehalogenase, which is able to 

covalently bind chloroalkane reactive ligands320. According to the molecular properties of 

these ligands, HaloTag2® can be exploited for different aims, such as imaging analysis and 

protein purification320. Interestingly, the binding of an adamantane-based hydrophobic 

ligand (i.e. HyT36) is able to induce the misfolding of the HaloTag2®323,336. I exploited 

this property to generate a palette of membrane-tethered misfoldable GFP-HaloTag2® 

substrates suitable for the study of cells PQC systems. To this aim, based on the evidences 

showing that short transmembrane domains of 17 residues retain membrane proteins within 

the ER while longer anchors of 22 residues promote proteins secretion322, the HaloTag2® 

domain was attached to a transmembrane of 17 (TM17) or 22 residues (TM22). Moreover, 

to allow protein misfolding in different cellular compartments, the HaloTag2® was placed 

either within the ER lumen or towards the cytosol. Finally, to emulate the diversification 

of the cellular proteome, N-glycosylated versions of the HaloTag2® protein chimeras were 

also prepared.      
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Biochemical characterization upon HyT36-induced misfolding showed that the 

HaloTag2® protein chimeras displaying the misfolded domain within the ER lumen are 

recognized by the ER quality control through BiP binding. This explained the decrease in 

protein levels of the luminal HaloTag2® chimeras. On the contrary, the misfolding of the 

HaloTag2® mediated by HyT36 did not affect both BiP binding and protein levels of the 

chimeras displaying the misfolded domain within the cytosol. Additionally, HyT36 

treatment affected the intracellular localization of the secreted TM22 luminal HaloTag2® 

chimeras inducing the loss of the plasma membrane staining, whereas no effects were 

revealed, upon the same treatment with HyT36, for the TM22 HaloTag2® chimera 

displaying the misfolded domain within the cytosol. Finally, the misfolding of the luminal 

HaloTag2® chimeras induced by HyT36 binding triggered an ER stress induction, which 

was revealed upon analysis of BiP transcript levels. Notably, the entity of the induced 

responses varied among the different chimeras but was not comparable to the strong UPR 

induction triggered by cells treatment with the chemical ER stress inducer tunicamycin. All 

in all, the diversity of the elicited responses indicates that the generated HaloTag2® protein 

chimeras constitute the reliable tools for the dissection of the PQC pathways. (for detailed 

discussion see 5.3.2) 

 

6.3 Analysis of the transcriptional response underlying “RecovER-Phagy” 

process  
In the fourth and last section of this thesis, I focused on how cells recover from an ER 

stress, in particular describing the transcriptional events underlying Recov-ER-Phagy 

pathway. The term Recov-ER-Phagy has been recently coined to describe the catabolic 

process that is activated by the cells upon relief of an ER stress stimulus and mediates the 

lysosomal clearance of excess and/or damaged ER portions to restore organelle pre-stress 

homeostasis297. Recov-ER-Phagy process relies on the translocon component SEC62 that 

upon cessation of an ER stress acts as an ER-phagy receptor: indeed, SEC62 exposes its 

LIR domain, which in turn recruits some components of the autophagic machinery to 

deliver select ER portions to the endolysosomal compartment for clearance297. Recently, 

Recov-ER-Phagy has been mechanistically described as a micro-autophagic like process, 

where the ER sub-domains to be degraded are directly engulfed by the endolysosomes in a 
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process that relies on the intervention of the ESCRTIII component CHMP4B and the 

accessory AAA+ ATPase VPS4A298.  

In this thesis, I report a time-resolved transcriptional analysis of the Recov-ER-Phagy 

pathway. To this aim, RNA-seq analysis was performed to monitor transcripts fluctuations 

during the different phases. In details, I analyzed transcripts from untreated cells, cells 

treated for 12h with CPA to induce an ER stress, and cells during three different timepoints 

after CPA wash-out (i.e., 2h, 6h and 12h during the recovery phase). In particular, gene 

enrichment analysis performed on the differentially expressed genes revealed how cells put 

all the efforts to contrast the ER stress, strongly up-regulating genes linked to the UPR after 

12h of CPA treatment, while down-regulating the main cells biosynthetic pathways to 

alleviate the burden on the ER. As soon, as the stimulus is relieved (CPA wash out), cells 

enter the recovery phase inverting the previous transcriptional tendency and promoting cell 

growth. Among the genes earlier up-regulated during the recovery phase, components of 

the WNT pathway emerged: other than its canonical function in cell growth and 

proliferation, the activation of the WNT signaling has been recently associated to a 

functional regulation of the ESCRT machinery components329. Since some members of the 

ESCRT machinery are required in the final steps of lysosomal engulfment298, this evidence 

could suggest an indirect regulation of Recov-ER-Phagy process through the WNT 

signaling pathway. Additionally, the transcriptional analyses revealed no significant 

variations in the transcript levels of the Recov-ER-Phagy required genes (Atg4b, Atg5, 

Atg7, Atg16L1, Chmp4b, Gabarap, Gabarapl2, Sec62 and Vps4a)297,298, with the unique 

exception of the ATG8 ubiquitin like-proteins Gabarapl1, Map1lc3a and Map1lc3b, which 

were slightly but significantly up-regulated following CPA treatment. This could indicate 

that Recov-ER-Phagy process is not directly regulated at transcriptional levels, rather 

suggests the existence of post-translational systems of regulation (for detailed discussion 

see 5.4.2). 
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7 MATERIALS AND METHODS 
 

Expression plasmids and chemicals 

Plasmid encoding for V5-tagged TMX1C/A is described in206. Plasmids encoding for the 

membrane-bound and soluble HA-tagged BACE457 are described in124. Plasmids encoding 

for HA-tagged NHK and HA-tagged NHKCD3δ are described in94. Gene encoding for 

TMX5-V5 was subcloned in pcDNA3.1(-) plasmid. V5-tagged TMX5C/A was generated by 

site mutagenesis from TMX5-V5. Plasmids encoding for ERp44-HA and ERp44C/S-HA are 

described in315. Plasmids for the expression of HaloTag2® protein chimeras in pcDNA5 

FRT/TO vector were generated from ERHT, FP-17 and FP-22 plasmids described 

respectively in322,323.  All HaloTag2® protein chimeras contained the 30 amino acids signal 

sequence from prolactin followed by sfGFP at the N-terminus and an HA-tag at the C-

terminus. For GFP-NH-TM17 generation, HaloTag2® was amplified from ERHT and 

inserted at the N-terminus following the sfGFP. Subsequently TM17 was amplified from 

FP-17 and inserted between the HaloTag2® and the HA-tag. GFP-NH-TM17Q was 

generated by site directed mutagenesis from GFP-NH-TM17. For GFP-CH-TM17 

generation, TM17 was amplified from FP-17 and inserted at the N-terminus following the 

sfGFP. Subsequently, HaloTag2® was amplified from ERHT and inserted between TM17 

and HA-tag. GFP-NH-TM22 was generated by replacing the TM17 of GFP-NH-TM17 

with the TM22 amplified from FP-22. GFP-NH-TM22Q was generated by site directed 

mutagenesis from GFP-NH-TM22. GFP-CH-TM22 was generated replacing the TM17 of 

GFP-CH-TM17 with the TM22 amplified from FP-22. Tunicamycin (Sigma-Aldrich) was 

used at a final concentration of 5 μg/mL. CPA (Sigma-Aldrich) and HyT36 (kindly gifted 

by Crews C.) were used at a final concentration of 10μM. PBI5030 (kindly gifted by Van 

Anken E.) was used at a final concentration of 1µM. 

 

Cell lines and transient transfection 

MEF and HEK293 cell line were cultured in DMEM supplemented with 10% fetal bovine 

serum (FBS). Flp-In NIH-3T3 cell line was cultured in DMEM supplemented with 10% 

fetal calf serum (FCS). All cell lines were grown at 37°C, 5% CO2. HEK293 cells were 

plated on 3.5/6cm poly-Lys coated dishes and transfected with 1.5 µg/2.25 µg of total 
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plasmid DNA using jetPrime® reagent (Polyplus transfection). Experiments were 

performed 17h after transfection. 

 

Generation of stable transfected Flp-In NIH-3T3 cell lines 

Mock FLP-In NIH-3T3 cells (Invitrogen) were plated on 6cm dishes in DMEM 

supplemented with 10% FCS and co-transfected with a ratio 9:1 of the pOG44 plasmid 

(Invitrogen) and the GFP-HaloTag2® protein chimera plasmids in pcDNA-5FRT/TO using 

Lipofectamine® 2000 transfection reagent (Invitrogen). The day after transfection, cells 

were split in 10cm dishes. Two days after transfection, the medium was changed with 

addition of 150µg/mL of hygromycin (Invitrogen). Hygromycin-resistant clones were 

picked after 10 days. Gene expression was verified by western blot. 

 

Cell lysis and western blots 

Cells were washed with ice-cold phosphate-buffered saline (PBS) supplemented with 20 

mM N-ethylmaleimide (NEM) and then lysed with 2% CHAPS (Anatrace) in HEPEP-

buffered saline, pH 6.8, containing 20 mM NEM and protease inhibitors for 20 min on ice. 

Post-nuclear supernatants (PNSs) were collected by centrifugation at 4°C and 10,000g for 

10 min. Samples were denatured and reduced in sample buffer containing 100mM 

dithiothreitol (DTT) for 5 min at 95°C. After denaturation, samples were subjected to SDS-

PAGE. Proteins were transferred to PVDF membranes using the Trans-Blot® Turbo™ 

Transfer System (Bio-Rad). Membranes were blocked with 10% (w/v) non-fat dry milk 

(Bio-Rad) for 10 min and then incubated with primary antibodies (see primary antibody 

list at the end of this chapter) for 2h and HRP-conjugated secondary antibodies or Protein 

A for 45 min. Membranes were developed using the Luminata™ Forte ECL detection 

system (Millipore) or the Western Bright™ Quantum (Advansta), and signals were 

acquired with the ImageQuant LAS 4000 system (GE Healthcare Life Sciences), or with 

the Amersham Imager 680 system (GE Healthcare Life Sciences), or with the Fusion FX 

system (Vilber). Membrane stripping for probing additional antigens was done using Re-

Blot Plus Strong Solution (Millipore) according manufacturer's instructions. 
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Metabolic labelling and immunoprecipitations 

Cells were washed with pre-warmed PBS and then pulse labeled with 0.1mCi of [35S]-

methionine/cysteine in DMEM, 50 mM Hepes, 1% Glutamax for 15 min at 37°C. Labeling 

medium was removed and cells were chased in DMEM containing 5 mM non-labeled 

methionine and cysteine. Cells were lysed and PNSs were collected as described above. 

For immunoprecipitations, PNSs were incubated with protein A beads (Sigma-Aldrich, 

1:10, w/v swollen in PBS) and anti-HA antibody, or with protein G beads (VWR, 1:10, w/v 

swollen in PBS) and anti-GFP antibody, or with Anti-V5 Agarose Affinity Gel conjugated 

beads (Sigma-Aldrich) for 2h at 4°C. After extensive washing with 0.5% CHAPS in 

HEPES-buffered saline, pH 7.4, beads were dried. Dried beads were resuspended in sample 

buffer without (non-reducing) or with 100mM DTT (reducing conditions) and denatured at 

95°C for 5 min. After denaturation, samples were subjected to SDS-PAGE. Gels were dried 

and exposed to autoradiography films (GE Healthcare Life Sciences). Films were scanned 

with the Typhoon™ FLA 9500 and images were analyzed for quantification with 

ImageQuant software (Molecular Dynamics, GE Healthcare Life Sciences). 

 

EndoH and PNGaseF treatments 

PNSs were denaturated following manufacturer’s instructions. After denaturation, PNSs 

were split into three aliquots and incubated in the absence, or in the presence of 5 mU of 

EndoH or PNGaseF for 1h at 37°C. Samples were then separated by reducing SDS-PAGE 

and analyzed by western blot. 

 

Silver staining and Mass Spectrometry 

Confluent HEK293 cells transfected with an empty vector (EV) or with V5-tagged TMX5 

were washed with PBS and 20 mM NEM. Cells were lysed with 2% CHAPS (Anatrace) in 

HEPES-buffered saline, pH 6.8, containing 20 mM NEM and protease inhibitors for 20 

min on ice. After centrifugation at 4°C and 10,000g for 10 min, PNSs were collected and 

immunoprecipitated twice with Anti-V5 Agarose Affinity Gel conjugated beads (Sigma-

Aldrich).  
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For Silver staining, immunoprecipitated samples were separated by SDS-PAGE under 

either non-reducing or reducing conditions. Gel was fixed in a 40% EtOH, 10% Acetic 

Acid solution for 1-4h at room temperature (RT), and then washed in 30% EtOH for 20 

min. After rinsing the gel in H2O for 20 min, it was sensitized with 0.02% Na2S2O3 for 1 

min and then washed three times in H2O. Gel was incubated in 0.2% AgNO3 for 20 min 

and then rinsed three times in H2O. Staining was revealed incubating the gel in a solution 

containing 3% Na2CO3, 0.05% formaldehyde. When the adequate degree of staining was 

achieved, gel was rinsed in H2O and the reaction was stopped washing the gel in 5% Acetic 

Acid. Gel images were acquired with Fusion FX system (Vilber). 

For Mass Spectrometry, immunoisolates were washed three times with lysis buffer and 

then the beads were dried. Dried beads were sent to the Protein Analysis Facility, 

University of Lausanne (Lausanne, Switzerland) for processing and Mass Spectrometry 

analysis.   

 

RNA extraction, qPCR and RNAseq 

Total RNA was extracted using a GenElute™ Mammalian Total RNA Miniprep Kit 

(Sigma-Aldrich) following the manufacturer's instructions.  

For qPCR analyses, cDNA was synthesized using SuperScript II RT (Invitrogen) and 

oligo(dT) (Invitrogen) following the manufacturer's instructions starting with 2 μg of total 

RNA. qPCRs were performed using BioTool™ 2x SYBR Green qPCR master mix 

(BioTool) according the manufacturer's instructions. Briefly, for each reaction, 5 μl of 

cDNA were mixed with 10 μl of SYBR Green master mix, 3.6 μl of H2O, and 0.4 μl of 

reference ROX dye. This mixture was added to the 96-well plate and 1 μl of 10 μM primer 

mixture was pipetted. qPCRs were run on a QuantStudio3 machine (Applied Biosystems) 

and data analysis was performed using the QuantStudio Design and Analysis Software 

(Applied Biosystems). Statistical significance was assessed using Prism (GraphPad 

Software) statistical tests as described in the figure legends. 

For RNAseq, total RNA was treated with On-Column DNase I digestion set (Sigma-

Aldrich) following manufacturer’s instructions. Samples were sent to IOR Genomics 

Facility (Bellinzona, Switzerland) for processing and RNAseq analyses. 
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Indirect immunofluorescence 

HEK293 and FLP-In NIH-3T3 cells were plated respectively on poly-Lys and on alcian 

blue-coated glass coverslips and treated according to the experimental setups. Cells were 

washed twice in PBS and fixed for 20 min at RT with 3.7% formaldehyde in PBS. Cells 

were then incubated for 15 min at RT with a permeabilization solution (PS) containing 

0.05% saponin, 10% goat serum, 10 mM HEPES, 15 mM glycine, pH 7.4. Cells were 

incubated with the primary antibodies in PS for 90 min, washed for 15 min in PS, and then 

incubated with Alexa Fluor-conjugated secondary antibodies in PS for 30 min. Finally, 

cells were rinsed with PS and H2O and mounted with Vectashield® (Vector Laboratories) 

supplemented with DAPI. Confocal pictures were acquired using a Leica TCS SP5 

microscope with a 63.0 x 1.40 Oil UV objective. Images were processed and mounted using 

FIJI, Adobe Photoshop and Illustrator software. 
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 List of the primary antibodies 
 

Antibody Specie Dilution Manufacturer 

HA  
Rabbit WB: 1:3000 Sigma-Aldrich 

(H6908) 

HA Mouse IF: 1:100 Santa Cruz 
(sc-7392) 

V5 Mouse WB: 1:5000 Invitrogen 
(R960-25) 

V5 Rat IF: 1:100 Abcam 
(Ab206571) 

GFP Rabbit WB: 1:1500 Abcam 
(ab290) 

Giantin Rabbit IF: 1:100 BioLegend 
(924302) 

CNX Rabbit IF: 1:100 Gifted by A. 
Helenius 

KDEL (827) Mouse WB: 1:700 Stressgen 
(ADI-SPA-827) 

GAPDH Mouse WB: 1:30000 Merck Millipore 
(MAB374) 

 
 
List of the secondary antibodies 
 

Antibody Specie Dilution Manufacturer 

Mouse Kappa-HRP Goat WB: 1:20000 SouthernBiotech 
(1050-05) 

HRP-proteinA - WB: 1:20000 Abcam 
(101023) 

Rabbit IgG (H+L)-HRP 
conjugate Goat WB: 1:10000 BioRad 

(1706515) 
Rabbit  (Alexa Fluor® 568 

conjugated) Goat IF: 1:300 Thermo Fischer 
(A-11011) 

Rat (Alexa Fluor® 647 
conjugated) Goat IF: 1:300 Thermo Fischer 

(A-21247) 

Mouse (Alexa Fluor® 488 
conjugated) Goat IF: 1:300 

Jackson 
Immunoresearch 
(115-545-166) 
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EDUCATION 

Institute for Research in Biomedicine, Bellinzona (Switzerland) 
Enrolled at ETH Zurich, Department of Biology, Zurich (Switzerland) 
PhD Student 01/2017 - 06/2020  
Supervisor: Dr. Maurizio Molinari 
 
University of Padua, Padua (Italy) 
Master Degree in Pharmaceutical Biotechnologies 10/2014 - 10/2016 
Score: 110/110 cum Laude  
Thesis: Preliminary characterization of thioredoxin-related transmembrane 
protein 5 (Tmx5), a type-I member of the protein disulfide isomerases 
superfamily. 
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Thesis: Muscle fiber-type identification by immunohistochemistry of 
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Supervisor: Prof. Luisa Gorza 
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Scientific Diploma 09/2006 - 07/2011 
Score: 100/100 

 

WORK EXPERIENCE 

University of Padua, Padua (Italy) 
Conference “JOB - Job Opportunities in Biotechnology”          10/2015 
Planner and conference chairman 

University of Padua, Padua (Italy) 
Full-time collaboration at the interactive scientific exhibition “Sperimentando” 04/2015 – 05/2015 
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PUBLICATIONS 
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by preferentially acting on membrane-associated folding-defective polypeptides. Biochem Biophys Res 
Commun. 2018;503(2):938–943 
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Poster presentation: “DISSECTING THE ROLE OF TMX1 IN ER-ASSOCIATED 
DEGRADATION” 

Introductory Course in Microbiology and Immunology 2018, Zurich (CH),  
JANUARY 24th-26th, 2018 
Oral presentation: “‘MISFOLDABLE’ HALOTAG® PROTEIN CHIMERAS TO DISSECT 
MECHANISMS REGULATING CELLULAR PROTEOSTASIS”  

IRB Student Retreat 2018, Einsiedeln (CH),  
MAY 2nd-4th, 2018 
Poster presentation: “INVESTIGATING THE ROLE OF TMX1 IN ER-ASSOCIATED 
DEGRADATION”  

Microbiology and Immunology Retreat (ETH-ZH), Visp (CH),  
AUGUST 23rd-25th 2018 
Poster presentation: “INVESTIGATION OF CELLULAR RESPONSES UPON 
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Research article 

The reductase TMX1 contributes to ERAD by preferentially acting on membrane-

associated folding-defective polypeptides 

Authors: Guerra C, Brambilla Pisoni G, Soldà T, Molinari M. 

Published in Biochemical and Biophysical Research Communications,  

2018;503(2):938‐943. doi:10.1016/j.bbrc.2018.06.099 

Review 

Eat It Right: ER-phagy and recovER-phagy 

Authors: Loi M, Fregno I, Guerra C, Molinari M. 

Published in Biochemical Society Transactions,  

2018;46(3):699‐706. doi:10.1042/BST20170354 
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