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Abstract

The eukaryotic endoplasmic reticulum (ER) is a multifunctional organelle, primarily
responsible for the folding and maturation of secretory proteins, as well as lipid
metabolism, calcium homeostasis, ubiquitin-dependent signalling and cell fate
decisions. ER-associated degradation (ERAD) oversees protein folding and delivers
misfolded proteins for degradation by the proteasome via ubiquitin conjugation
mediated by RING-type E3 ubiquitin ligases. An intact ERAD is crucial to cellular
homeostasis, as unresolved protein imbalances cause ER stress that ultimately lead
to apoptosis. The human ER accommodates at least 25 E3s, however our
understanding is mostly limited to Hrd1 and AMFR/gp78, both of which have a
defined function in ERAD. To understand the contribution of ER E3s to cellular and
organelle homeostasis, this study used mass spectrometry of purified E3 complexes
to identify cofactors and build interaction networks of ER-resident E3s. These
findings will form the foundation for investigating the biological roles of these
ubiquitin ligases. Transcriptional analysis highlighted the centrality of Hrd1 among
all ER-resident E3s in response to protein misfolding in the ER. Additionally, the
contribution of individual Hrd1 complex components to resolving proteotoxic stress
was assessed using a misfolded antibody subunit (IgM heavy chain), rather than
conventional pharmacological treatments. The ERAD components essential for
substrate degradation and survival under proteotoxic stress were identified,
highlighting the pivotal role of Hrd1, its cofactor SEL1L and the Derlin family
members. Finally, it was demonstrated that autophagy induction in response to
proteasome inhibition is key to relieve the burden of protein misfolding in the ER, as
it sustained the survival of cells defective for ERAD. Importantly, this study proposes
a potential involvement of Hrd1 in signalling from the ER to autophagy, suggesting
potential crosstalk between the ERAD and autophagic pathways.
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1.1 The secretory pathway

The secretory pathway of eukaryotic cells consists of an endomembrane system
organised into distinct compartments, each with specialised functions. These
include the endoplasmic reticulum (ER), the Golgi apparatus and the vesicles that
travel in between them, as well as the plasma membrane and lysosomes. One third
of the eukaryotic genome encodes for proteins destined for this pathway
(Ghaemmaghami et al., 2003). These include secretory proteins that are delivered
to the extracellular space, and resident proteins that can be either soluble or
integrated into membranes via hydrophobic domains or glycophosphatidylinositol
(GPI)-anchors. The ER is the port of entry to the secretory pathway, and is
organised in an extensive network of flat layered cisternae, from which transport
vesicles bud off for anterograde trafficking of their content to downstream
compartments, namely the ER-Golgi intermediate compartment (ERGIC) and the
Golgi apparatus. The Golgi apparatus is a polarised organelle consisting of three
functionally distinct compartments: cis, medial and trans cisternae. From the frans-
Golgi, vesicles shuttle proteins and fuse with the plasma membrane for insertion or
secretion of their cargo, while from the cis-Golgi, immature or ER-resident proteins
are returned to the ER via retrograde transport vesicles. This ensures that only
mature proteins can proceed along the secretory pathway to reach their final
destination [reviewed in (Pelham and Munro, 1993)].

Many proteins that enter the secretory pathway contain a characteristic ER signal
sequence at their N-terminus. This hydrophobic sequence of 16—-30 amino acids
(aa) (Kapp et al., 2009) is recognised by a signal recognition particle (SRP) that
directs ribosomes that are synthesising the polypeptide to the translocon apparatus
located in the ER membrane. The nascent polypeptide is co-translationally or post-
translationally (Johnson et al., 2013) inserted into the ER lumen or membrane via

the Sec61 complex (Gorlich and Rapoport, 1993). During insertion, nascent chains
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are modified by disulphide bonds and N-liked glycans that help promote folding and
oligomerisation. Maturation of nascent chains is overseen by tight quality control
mechanisms, which ensure that only properly folded and assembled proteins are
exported from the organelle (Sitia and Braakman, 2003). In addition to protein
folding, the ER plays key roles in other metabolic pathways by acting as the main
intracellular site for calcium storage and lipid biosynthesis. All together, these

functions are key to the preservation of cellular homeostasis.

1.2 Protein folding in the ER

As the nascent chain enters the ER lumen, it is recognised directly by resident
molecular chaperones that assist its folding, maturation and oligomeric assembly.
Chaperones bind to hydrophobic regions of unfolded polypeptides, avoiding rapid
collapse into inactive, aggregation-prone conformations. The ER harbours several
classes of molecular chaperones and folding enzymes that include: (i) members of
the heat shock protein (HSP)70 family, such as binding immunoglobulin protein
(BiP) and its HSP40 family co-chaperones like ER-resident DNAJ (ERdj)1-5
(Hendershot, 2004), and the HSP90 family member GRP94 (94 kDa glucose-
regulated protein) (Argon and Simen, 1999); (ii) the lectins calnexin (CNX) and
calreticulin (CRT) (Helenius and Aebi, 2004); and (iii) the thiol-oxidoreductases of
the PDI (protein disulphide isomerase) family (Ellgaard and Ruddock, 2005). The
process of protein folding and associated post-translational modifications is

illustrated in Figure 1.1 [adapted from (M. Wang and Kaufman, 2016)].
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Figure 1.1 Folding cycles in the ER

Nascent polypeptides are inserted in the ER across the Sec61 translocon complex. ER-
resident oligosaccharyltransferase (OST) transfers glycan moieties to the emerging
polypeptides. Protein folding is assisted by chaperones (like BiP), oxidoreductases [like PDI,
ERp57 and ER oxidoreductin 1 (ERO1)] and peptidylprolyl isomerases (PPlases). In the
CNX/CRT cycle, addition and trimming of N-linked oligosaccharides, together with re-
glucosylation by UGGT1 (UDP-glucose:glycoprotein glucosyltransferase), facilitate protein
folding. Correctly folded proteins are trafficked to the Golgi apparatus by binding to shuttling
factors such as ERGIC-53. Terminally misfolded proteins are retrotranslocated to the cytosol
for ubiquitination and degradation by the 26S proteasome through ER-associated protein

degradation (ERAD). Adapted from (M. Wang and Kaufman, 2016).
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The major ER luminal chaperone is represented by BiP, also known as 78 kDa
glucose-regulated protein (GRP78). It was originally discovered in non-covalent
association with immunoglobulin heavy chains in myeloma cells defective for the
synthesis of light chains (Haas and Wabl, 1983). BiP bears an N-terminal ATPase
domain and a C-terminal domain with affinity for hydrophobic patches (Flynn et al.,
1991). ATP (adenosine triphosphate) hydrolysis triggers a conformational change
that favours the interaction of BiP with unfolded proteins. Upon several cycles of
release and rebinding mediated by ATP hydrolysis, the protein likely attains its
native conformation, in which hydrophobic regions are no longer exposed, allowing
definitive release from BiP. In addition to its foldase activity, BiP plays a pivotal role
in regulating ER homeostasis through the unfolded protein response (UPR)
(Bertolotti et al., 2000; Pincus et al., 2010). Hydrophobic patches on unfolded
polypeptides can also be recognised by the more selective chaperone Grp94

(Marzec et al., 2012).

Unlike cytosolic proteins, most secretory proteins are modified by N-linked
oligosaccharides. N-linked glycosylation begins with the transfer of a core
oligosaccharide (GlcsMangGlcNac;) from a membrane-bound dolichol phosphate
anchor to an Asn-X-Ser/Thr (where X is any amino acid except Pro) consensus
sequence within the polypeptide chain (Hubbard and Ivatt, 1981). Then, a-
glucosidase | and a-glucosidase Il sequentially remove the glucose moieties until
only one glucose remains, enabling the glycoprotein to be recognised by the lectin-
like chaperones CNX/CRT, which assist folding and maturation. The CNX/CRT
system associates with the thiol-disulphide oxidoreductase ERp57, which catalyses
disulphide bond formation on the bound glycoprotein (Frickel et al., 2004). The
monoglycosylated substrate shuttles through several cycles of de- and
reglucosylation by a-glucosidase Il and uridine diphosphate (UDP)-

glucose:glycoprotein glucosyl transferase (UGGT) (Ellgaard et al., 1999). If, after
21



removal of the terminal glucose by a-glucosidase I, the polypeptide attains its native
conformation, it can exit the CNX/CRT cycle to be exported to the Golgi
compartment via ERGIC-53 (Appenzeller et al., 1999) or other systems. If
improperly folded, reglucosylation by UGGT favours interaction with CNX for other
folding attempts. a-(1,2)-mannosidase | and EDEM (ER degradation-enhancing a-
mannosidase-like protein) family proteins participate in the multi-step removal of the
mannose moieties from the terminally misfolded polypeptide (Ninagawa et al.,
2014), which is then recognised by the lectin OS-9 and delivered to cytosolic
proteasomes for degradation (Hosokawa et al., 2001). The position of the N-glycans
determines which chaperone machinery will be preferentially employed: the closer
they are to the N-terminus of the polypeptide, the more likely the CNX/CRT
machinery is engaged over the BiP folding system (Molinari and Helenius, 2000).
However, if the unfolded protein fails to engage one chaperone system, another can
take over, highlighting the strong redundancy in the ER folding machinery (van

Anken and Braakman, 2005).

The majority of the ER client proteins require disulphide bond formation to acquire a
native conformation (Sitia and Braakman, 2003). PDI and family members catalyse
this reaction. Structurally, PDI has four thioredoxin domains: two with
oxidoreductase activity and two with hydrophobic features for binding of the
substrates (Ellgaard and Ruddock, 2005). The oxidation occurs between thiol
groups of two cysteine residues, and they can be either intra- or inter-molecular, in
the latter case to promote oligomerisation. Upon disulphide bond formation, PDI is
re-oxidised by Ero1 family members (Pagani et al., 2000; Pollard et al., 1998) or by
other redox systems like peroxiredoxin-4 (Bulleid and Ellgaard, 2011). In addition to
PDI, several other PDI-like oxidoreductases may be involved in thiol-oxidation,
isomerisation and sometimes reduction (Jansen et al., 2012). Proteins carrying

incomplete disulphide bonds are recognised for retention or degradation (Fra et al.,
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1993). Thiol-mediated retention is key to preventing exposed thiols from exiting the
ER, and was originally described in the quality control of IgM (immunoglobulin M)

(Sitia et al., 1990).

1.3 The unfolded protein response

During the cell’s lifespan, continuous protein misfolding occurs as the result of
inefficient folding, genetic mutations, occasional misincorporation of amino acids,
unassembled subunits of oligomeric complexes or failures in the quality control
machinery (Balch et al., 2008; Voisine et al., 2010). In addition to these
physiological sources of misfolded proteins, a number of pathological conditions,
metabolic and environmental stresses, as well as aging, contribute to the
accumulation of misfolded products (Haigis and Yankner, 2010). Some
environmental stresses include hypoxia, exposure to chemicals, radiation, heavy
metals and pathogen infections, while metabolic stresses are associated with
nutrient imbalance, presence of reactive oxygen species (ROS) as well as
mitochondrial dysfunction. Among different pathological conditions characterised by
protein misfolding, cancer cells exhibit high levels of misfolded proteins due to their
increased rates of cell division and mutation (Whitesell and Lindquist, 2005). In
addition, aging is naturally associated with a decline in protein homeostatic capacity
(Morley and Morimoto, 2004), which in turn catalyses further protein damage and
the potential generation of toxic aggregates (Douglas and Dillin, 2010). Both protein
misfolding and an excessive influx of unfolded proteins can challenge the folding
and degradation capacity of the ER. Under these conditions, the ER undergoes
stress and initiates a counteractive response mechanism, the UPR, which serves to
restore homeostasis and sustain survival.

The UPR is a network of cellular pathways that transduce information about the

protein folding status in the ER lumen to the nucleus to counteract the loss of
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proteostatic capacity (Schréder and Kaufman, 2005). When the stress becomes
unresolvable, the UPR ultimately triggers apoptosis, indicating the existence of
mechanisms that integrate duration and intensity information of the stress stimuli
(Woehlbier and Hetz, 2011). In mammals, three transmembrane proteins transduce
the stress signal from the ER lumen: IRE1 (inositol requiring enzyme 1), ATF6
(activating transcription factor 6) and PERK (double-stranded RNA-activated protein
kinase-like ER kinase). Together, these sensors concomitantly act to sense and
respond to stress in the ER. The UPR branches and their associated pro-survival

and pro-apoptotic outcomes are represented in Figure 1.2 (M. Wang and Kaufman,
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Figure 1.2 The UPR signalling pathway

a) The UPR comprises three parallel signalling branches: ATF6a, IRE1a and PERK. BiP
binds constitutively to the ER-luminal domains of ATF6a, IRE1a and PERK and sequesters
them in an inactive form. Misfolded proteins that accumulate in the ER bind to BiP, causing
its release from the UPR sensors and activation of their signalling pathways. ATF6a is
trafficked to the Golgi for processing by the enzymes S1P and S2P to release a soluble
cytosolic fragment that enters the nucleus to induce the expression of target genes. IRE1a
and PERK oligomerise and trans-autophosphorylate. Direct interaction between
unfolded/misfolded proteins and the UPR sensors might be required. b) Maladaptive UPR is
induced by sustained activation of the PERK pathway, which is the result of prolonged
severe ER stress and leads to apoptosis (solid red lines). The role of IRE1a-induced JNK (c-
Jun N-terminal kinase) and RIDD (regulated IRE1-dependent decay) in ER-stress-induced
apoptosis remains unclear (dashed lines) (M. Wang and Kaufman, 2016).
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1.3.1 IRE1

IRE1 is the only branch conserved in all eukaryotes down to yeast, where the UPR
was first discovered (Cox et al., 1993; Mori et al., 1993). IRE1 is a transmembrane
protein that spans the ER membrane, with the N-terminal domain oriented towards
the lumen and the C-terminal domain in the cytosol. The luminal domain contains
the sensing region for interaction with unfolded proteins (Gardner and Walter, 2011)
and a BiP binding site (Kimata et al., 2004). At the cytosolic side, IRE1 harbours
kinase and endoribonuclease domains that are necessary for the propagation of its
signalling pathway. Under non-stressed conditions, IRE1 is diffuse in the ER
membrane in a monomeric state and associated with BiP, which maintains IRE1 in
an inactive state. Upon binding of misfolded proteins to its luminal domain, an event
that coincides with the dissociation of BiP (Kimata et al., 2004), IRE1 trans-
autophosphorylates in its cytosolic domain and oligomerises into discrete clusters
that confer full enzymatic activity (Aragon et al., 2009; Korennykh et al., 2009). IRE1
clusters recruit XBP1 (X-box binding protein) messenger RNA (mRNA), which is
spliced by IRE1 endoribonuclease activity (H. Li et al., 2010; Walter and Ron, 2011).
Spliced XBP1 is translated into a transcription factor that travels to the nucleus
where it drives the expression of UPR target genes (Travers et al., 2000). These
include ER chaperones, enzymes involved in lipid biosynthesis and components of
ER-associated degradation (ERAD), such as the ubiquitin ligase Hrd1 (Friedlander
et al.,, 2000; Hetz et al.,, 2011; A.-H. Lee et al.,, 2003). Altogether, the genetic
programme initiated by IRE1 is responsible for the reinforcement of folding and
degradation, as well as expansion of the ER membrane to accommodate the
increased load of misfolded proteins. In addition to splicing XBP1 mRNA, IRE1
selectively degrades mRNAs encoding certain ER-located proteins, a process
known as IRE1-dependent decay (RIDD), to reduce the influx of nascent proteins in
the ER (Hollien et al., 2009). In situations of irreversible ER stress, IRE1 forms a
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heterotrimeric complex with TRAF2 (TNFR-associated factor 2) and ASK1
(apoptosis signal-regulating kinase 1), which activates JNK (c-Jun N-terminal
kinase) to promote apoptosis (Urano et al., 2000) IRE1-JNK signalling can also
activate macroautophagy by activating beclin1 (Ogata et al., 2006).

1.3.2 ATF6

The second branch of the UPR is governed by ATF6, a transmembrane stress
sensor that may bind unfolded proteins via its luminal domain or, alternatively, be
activated through dissociation of BiP (Xi Chen et al., 2002). Under ER stress, ATF6
translocates to the Golgi where it is processed by S1P and S2P (site-1 and site-2
protease), which cleave its luminal domain and the transmembrane anchor,
respectively (J. Ye et al., 2000). Hence, the N-terminal fragment is released and
travels to the nucleus where it drives the transcription of target genes encoding
ERAD components and ER chaperones such as BiP, GRP94, PDI as well as XBP1
(Adachi et al., 2008; K. Lee et al., 2002; Yamamoto et al., 2007).

1.3.3 PERK

The third arm of the UPR is governed by PERK. PERK has a core sensing domain
in the ER lumen and a kinase domain at the cytosolic side. Stress sensing triggers
PERK oligomerisation and frans-autophosphorylation of its cytosolic domain.
Activated PERK in turn phosphorylates the a-subunit of eukaryotic translation
initiation factor-2 (elF2a), which results in two main events. First, phosphorylation of
elF2a stalls mRNA translation (Harding et al., 1999), which reduces the amount of
newly synthesised proteins, including those targeted to the ER. Second,
phosphorylated elF2a allows selective translation of the transcription factor ATF4
(Activating transcription factor 4), which controls the expression of pro-survival
genes involved in redox balance, amino acid metabolism, protein folding as well as
autophagy (Ameri and Harris, 2008; Schréder and Kaufman, 2005). Along with the
pro-survival programme, ATF4 also drives the expression of CHOP (transcription
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factor C/EBP homologous protein) and GADD34 (growth arrest and DNA damage-
inducible 34) (Harding et al., 2000). CHOP regulates pro-apoptotic genes, ultimately
leading to cell death when the stress becomes chronic (Ron and Habener, 1992),
while GADD34 encodes a regulatory subunit of protein phosphatase 1C (PP1C) that
dephosphorylates elF2a, hence providing negative feedback on the PERK pathway
(Yanjun Ma and Hendershot, 2003). Besides elF2a, PERK also phosphorylates Nrf2
(nuclear factor (erythroid -derived 2)-like 2), a pro-survival transcription factor
involved in the antioxidant response (Cullinan et al., 2003).

In conclusion, the UPR represents a complex, dynamic signalling network, with both
pro-survival and pro-apoptotic outcomes. On one side, it allows cellular adaptation
to stress by reinforcing the folding and degradation capacity of the ER (adaptive
UPR). On the other side, in conditions of irreversible stress and chronic activation, it

promotes the removal of damaged cells by inducing apoptosis (maladaptive UPR).

1.4 ERAD

ERAD is a vectorial, coordinated process that dispatches terminally misfolded
proteins from the ER to the cytosol to be degraded by the ubiquitin—proteasome
system (UPS). It consists of four sequential steps: (i) substrate recognition, (ii)
substrate retrotranslocation, (iii) ubiquitin conjugation and (iv) degradation by 26S
proteasomes. A schematic of the ERAD process is depicted in Figure 1.3 (Olzmann

etal., 2013).
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Figure 1.3 Key steps in ERAD

Recognition: ER luminal chaperones and lectins interact with unfolded clients and link them
to the dislocation machinery by binding to membrane-embedded adaptors. Dislocation:
substrates are dislocated across the bilayer, presumably through proteinaceous pores in an
ATP-dependent process mediated by VCP/p97. Ubiquitination: on gaining access to the
cytosol, substrates are K48-polyubiquitinated by E3 ligases. Degradation: ubiquitinated
substrates are degraded by cytosolic 26S proteasomes (Olzmann et al., 2013).

1.4.1 Substrate recognition

Glycoproteins that are unable to fold eventually escape the CNX/CRT cycle to be
diverted to ERAD. Persistent retention in the folding cycle times the intervention of
EDEMs to extract the misfolded protein from the CNX/CRT system. Processing of
the terminal mannose residues attached to the glycoprotein results in a
demannosylated form that is incompatible with UGGT-mediated reglucosylation.
The mannosidases involved in the trimming reaction comprise EDEM1, EDEM2,
EDEM3 (Hosokawa et al., 2010b; 2007) and ERManl (Gonzalez et al., 1999). The
luminal lectins osteosarcoma 9 (0OS-9) and transactivated protein B (XTP3-
B)/Erlectin selectively recognise the trimmed oligosaccharides via mannose-6-
phosphate receptor homology (MRH) domains (Hosokawa et al., 2009; 2010a). The

two lectins appear to be functionally redundant, since only combined knockdown

28



has been shown to significantly affect luminal substrate degradation (Bernasconi et

al., 2010).

Although glycoproteins represent the majority of the secretory proteome, folding-
defective non-glycosylated proteins also need to be targeted for degradation.
Association of BiP in complexes with XTP3-B/OS-9 may confer these lectins the
capability to recognise unfolded proteins independent of N-glycan signatures
(Christianson et al., 2008). Once the substrate is bound by OS-9/XTP3-B, it is
shuttled to retrotranslocation sites at the ER membrane. Different recognition
pathways coexist in the ER to target misfolded proteins for degradation. Some non-
glycosylated, soluble BiP substrates are targeted to a Herp-Hrd1-Derlin-1 complex
prior to retrotranslocation (Okuda-Shimizu and Hendershot, 2007). In one study, a
mutant variant of the non-glycosylated protein transthyretin (TTRpisg) was post-
translationally glycosylated to be recognised by EDEM3 for degradation (T. Sato et
al., 2012). EDEM1 also binds unfolded, non-glycosylated proteins and delivers them
to the adaptor molecule SEL1L (Suppressor of lin-12-like protein 1) for subsequent
ubiquitination by Hrd1 (Cormier et al., 2009). In addition, interaction of ERdj5 with
EDEM1-bound substrates mediates disulphide bond reduction to facilitate
retrotranslocation (Hagiwara et al., 2011). EDEM2 has been found to interact with
0S-9 for the recognition of non-glycosylated sonic hedgehog protein (H.-Y. Tang et
al., 2014). It has recently been shown that exposure of hydrophobic patches is an
important determinant for recognition of non-glycosylated substrates by EDEM1 and
EDEM2 (Sokotowska et al., 2015). In conclusion, different mechanisms relying on
N-glycan signatures as well as exposed hydrophobic regions ensure that all classes

of misfolded substrates can be efficiently recognised and targeted for degradation.
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1.4.2 Dislocation to the cytosol

Both luminal and membrane-integrated substrates need to reach the cytosol for
proteasomal degradation. Although several mechanisms of dislocation (integral
membrane proteins) or retrotranslocation (soluble proteins) have been proposed,
conclusive mechanistic evidence in vivo is still missing. A unifying feature of
retrotranslocation is the requirement for the AAA (ATPase associated with diverse
cellular activities) ATPase valosin-containing protein (VCP)/p97, which provides
energy for the extraction (discussed below). In order to initiate ubiquitination and
retrotranslocation, substrates must approach the ubiquitin ligase complexes at the
ER membrane. SEL1L has been shown to bridge luminal recognition lectins to Hrd1,
the main E3 ubiquitin ligase in the ER and a candidate component of the dislocon
(lida et al., 2011). It is not clear whether complete unfolding of the substrate is
required for dislocation (Tirosh et al., 2003). Several lines of evidence support the
need for disulphide bond reduction prior to dislocation. The PDI family member
ERp90, as well as ERFAD (ER flavoprotein associated with degradation), has been
found in association with Hrd1, OS-9 and SEL1L (Riemer et al., 2009; 2011). Other
oxidoreductases like ERdj5 (Ushioda et al., 2008), PDI family members (Spooner et
al., 2004; B. Tsai et al., 2001) and ERO1 (Moore et al., 2010) participate in
disulphide bond reduction for ERAD. Specifically, reduced PDI has been shown to
bind unfolded substrates, while oxidised PDI, via the action of the oxidase ERO1,
allows substrate release for subsequent retrotranslocation and degradation in the
proteasomes (B. Tsai and Rapoport, 2002). For example, reduction of interchain
disulphide bonds of IgM heavy chains is an essential prerequisite for
retrotranslocation (Fagioli et al., 2001). Additionally, the ER transmembrane protein
VIMP (VCP-interacting membrane protein) is implicated in the reduction of stable
disulphide bonds that were not reduced prior to retrotranslocation (Christensen et
al., 2012).
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Several candidates have been proposed to function as dislocation/retrotranslocation
systems. Sec61a has been found in association with ERAD substrates (Wiertz et al.,
1996), the Hrd1 ligase complex (Plemper et al., 1999; Schafer and Wolf, 2009) and
proteasomes (Ng et al., 2007), suggesting that it may act as a translocation channel.
However, only small peptides can exit the ER by this route (Gillece et al., 2000), and
several studies did not confirm its role in retrotranslocation (Garza et al., 2009;

Wahlman et al., 2007).

Derlins have also been implicated in the retrotranslocation of misfolded proteins. In
mammals, Derlin-1 has been shown to mediate degradation of MHC-I (major
histocompatibility complex class |) heavy chains upon binding to the viral protein
US11 via interaction with VIMP, a membrane protein that recruits VCP/p97 to the
ER for substrate extraction (Lilley and Ploegh, 2004; Y. Ye et al., 2004). In a later
study, Derlin-2, but not Derlin-1 or -3, was reported to interact with Hrd1 for
retrotranslocation of glycosylated and non-glycosylated substrates, namely sonic
hedgehog protein and NHK (null Hong Kong), a variant of a-1-antitrypsin (Huang et
al., 2013), in contrast to a previous study that reported the involvement of both

Derlin-2 and -3 in the degradation of NHK (Oda et al., 2006).

Some studies have demonstrated the involvement of the Hrd1 complex in the
retrotranslocation of misfolded substrates in yeast (Carvalho et al., 2010; B. K. Sato
et al., 2009). Composed of six multi-spanning domains containing a high proportion
of hydrophilic residues, Hrd1’s structure may serve as a channel for misfolded
peptides (B. K. Sato et al., 2009). In vitro reconstitution of the yeast Hrd1 complex
components has revealed a requirement of Hrd1 for the retrotranslocation of luminal
substrates (Stein et al., 2014), a process dependent on Hrd1 autoubiquitination
(Baldridge and Rapoport, 2016). In mammals, retrotranslocation of the catalytic

CTA1 subunit of cholera toxin is mediated by Hrd1 and the ER resident ubiquitin
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ligase autocrine motility factor receptor (AMFR)/gp78 (glycoprotein 78) (Bernardi et

al., 2010).

As an alternative mechanism, membrane-anchored substrates could instead be
cleaved by rhomboid and rhomboid-like proteases that reside within the lipid bilayer
(Urban and Dickey, 2011). In support of this hypothesis, the rhomboid protease
RHBDL4, in addition to specifically binding the ATPase VCP/p97, has been reported
to cleave both single- and multi-spanning membrane proteins, allowing their
degradation through ERAD (Fleig et al., 2012). A striking feature that distinguishes
RHBDL4 from other intramembrane proteases resides in its ubiquitin-interacting
motif, reported to be required for its function in ERAD. Intramembrane proteolysis
can be executed by a number of enzymatic complexes that reside in the ER
membrane, including rhomboid and rhomboid-like proteases and y-secretase
[reviewed in (Lemberg, 2011)]. Despite the limited evidence in support of a role or
intramembrane proteolysis in proteasome-dependent degradation, it represents one

possibility by which membrane-embedded ERAD substrates are extracted.

In conclusion, a definitive retrotranslocation/dislocation mechanism remains elusive
in mammals. To date, evidence points towards the engagement of diverse
machineries depending on the nature of the substrate.

1.4.3 Ubiquitin conjugation

Ubiquitin (Ub), a highly conserved protein of 76 aa, is conjugated to the substrate
during its extraction from the ER and serves as targeting signal for proteasomal
degradation. Ubiquitination occurs through the sequential action of three classes of
proteins: E1 ubiquitin activating enzymes, E2 conjugating enzymes and E3 ubiquitin
ligases [reviewed in (Komander, 2009)]. First, the C-terminal carboxyl group of Ub is
activated via ATP hydrolysis and forms a high-energy thioester linkage with the

active site cysteine in the E1. Second, Ub is trans-thiolated from the E1 to the active
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site cysteine of the E2. Finally, Ub is transferred from the E2 to the e-amino group of
a substrate lysine in an E3-dependent manner. Less commonly, Ub can be
conjugated to Ser or Thr residues on the target protein (X. Wang et al., 2007).The
E3s involved in ERAD belong to the group of RING (really interesting new gene)
ligases, which are encoded by over 600 genes in mammals (W. Li et al., 2008). By
simultaneously accommodating the substrate and the E2 enzyme to allow the direct
transfer of Ub, RING E3s dictate the specificity of the ubiquitination reaction.
Additional Ub moieties can be attached to the first Ub to form poly-Ub chains via
lysine (K) residues. There are seven lysines on Ub, allowing the formation of diverse
structures. Typically, poly-Ub chains of at least four molecules attached via K48,
and less commonly K11 (M. Xu et al., 2009), target the substrate for proteasomal
degradation (Chau et al., 1989; Thrower et al., 2000). Further processing by
deubiquitinating enzymes (DUBs) has been suggested to regulate retrotranslocation
(Bernardi et al., 2013; Ernst et al., 2009) and targeting to the 26S proteasome (J. Liu
et al., 2014).

1.4.4 Extraction and degradation via the 26S proteasome
Polyubiquitinated substrates are extracted from the ER membrane by the action of
the cytosolic AAA-ATPase VCP/p97 (Y. Ye et al., 2001). VCP/p97 contains two
ATPase domains, which assemble into a barrel-like hexamer with a central pore
(DeLaBarre et al., 2006; Q. Wang et al., 2004). Despite its cylindrical structure,
passage of the substrate through the entire pore has not been demonstrated. The
correct recognition of poly-Ub chains is facilitated by interaction with the cofactors
Ufd1 and Npl4 (Meyer et al., 2000), which is crucial for VCP/p97 function (Y. Ye et
al., 2003). VCP/p97 is recruited to the cytosolic side of the ER via interaction with
ER proteins such as VIMP (Y. Ye et al., 2004), Ub-like (UBX)-domain-containing
(UbxD8) (Suzuki et al.,, 2012) and Derlin-1 and -2 (Greenblatt et al., 2011). ATP
hydrolysis promotes a conformational change in VCP/p97 (X. Zhang et al., 2000)
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that provides the mechanical force to extract substrates from the ER (Y. Ye et al.,
2001). In addition, VCP/p97 binds the cytoplasmic deglycosylating enzyme NGly1
(N-glycanase 1) that removes N-glycans from dislocating substrates to facilitate
proteasomal degradation (Kim et al., 2006; G. Li et al., 2006). VCP/p97 also
associates with various cytosolic DUBs, such as YOD1 and Ataxin-3, which regulate
its activity (Y. Liu and Y. Ye, 2012). YOD1 is able to cleave multiple types of
ubiquitin linkages, and dominant negative mutant YOD1 has been shown to prevent
the dislocation of substrates through the VCP/p97 pore (Ernst et al., 2009). Ataxin-3,
in complex with Derlin-1, VIMP and VCP/p97, promotes proteasomal degradation by
deubiquitinating luminal and membrane substrates bound to the ATPase (Q. Wang
et al., 2006).

The final step of ERAD is the delivery of the ubiquitinated substrate to the 26S
proteasome. The proteasome is composed of a 20S catalytic core and two 19S
regulatory caps. The 19S regulatory cap binds the poly-Ub chain via the subunits
RNP10 and RNP13 (Deveraux et al., 1994; Husnjak et al., 2008), denatures the
protein by ATP hydrolysis and feeds the protein into the proteasome's proteolytic
core. The proteolytic core is a barrel-shaped structure composed of two inner
rings and two outer a rings. The two B rings each contain three proteolytic sites with
trypsin-like, caspase-like or chymotrypsin-like activity. Upon proteasomal

degradation, peptides of 8—10 aa are released into the cytosol to be recycled.

1.5 The Hrd1 complex

The E3 ubiquitin ligases play a central role in ERAD, by providing organisation and
functional activity to the ubiquitination machinery (Kostova et al., 2007). The best
characterised complex involved in ERAD is the Hrd1 ubiquitin ligase complex
(Figure 1.4). Hrd1 and MARCH6 (membrane-associated RING-CH-type finger 6,

Doa10 in yeast) are the only two evolutionarily conserved ER-localised E3s present
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in yeast, where Hrd1 was originally discovered as the E3 responsible for the
degradation of the cholesterol biosynthetic enzyme HMG-CoA reductase (HMGR)

(Hampton et al., 1996).
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Figure 1.4 The Hrd1 complex

Misfolded proteins are recognised by the lectins OS-9 and XTP3-B, which deliver the
substrate to Hrd1 via the adaptor protein SEL1L. Retrotranslocation may occur via Hrd1,
Derlins or other candidate systems. Hrd1 ubiquitinates the substrate by interacting with the
E2 Ube2j1. Less commonly, Hrd1 interacts with the E2 Ube2g2, which is recruited to the
complex via AUP1 (ancient ubiquitous protein 1). Herp associates with the complex to
facilitate ubiquitination. The substrate is extracted from the membrane via the ATPase
VCP/p97 and its cofactors NIp4 and Ufd1. VCP/p97 is recruited to the membrane by VIMP,
UBXDS8 and Derlin-1.

Structurally, Hrd1 is a polytopic protein containing six transmembrane domains with
a C-terminal RING domain orientated towards the cytosol. It is not glycosylated and
is capable of auto-ubiquitination in vitro (Nadav et al., 2003). Within the core
complex, Hrd1 binds directly to SEL1L, which acts as an adaptor protein to mediate
the interaction with the lectins OS-9 and XTP3-B (Bernasconi et al., 2008;
Christianson et al., 2008; Hosokawa et al., 2008). This allows delivery of misfolded
substrates from the OS-9/XTP3-B recognition machinery to the Hrd1 ubiquitination
complex. FAM8A1 (family with sequence similarity 8 member A1) is a recently

discovered Hrd1 exclusive accessory factor (Christianson et al., 2012) that may
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facilitate substrate degradation by increasing the affinity of Hrd1 for the cofactor

Herp (unpublished data).

ERAD substrates have been shown to accumulate in the ER quality control
compartment (ERQC) (Leitman et al.,, 2013a) before delivery to the proteasome.
While OS-9 and Herp are constitutively localised in this compartment [Leitman et al.,
2014], Hrd1 is recruited to this compartment by Herp only upon accumulation of
misfolded proteins (Leitman et al., 2014). In this region, the ERAD components
Derlin-1 and VCP/p97 are also concentrated under stress (Kondratyev et al., 2007),
suggesting that it may function as a specialised site for retrotranslocation. While
Herp interacts with Hrd1 directly (Schulze et al., 2005), Derlin-1 and Derlin-2
associate with the Hrd1 complex indirectly, possibly to facilitate substrate dislocation
(Lilley and Ploegh, 2005; Y. Ye et al., 2005). The ATPase VCP/p97 is bound to Hrd1
via Derlin-1, Derlin-2 and VIMP. It has been shown that, during retrotranslocation,
the substrate first interacts with Derlin-1 before VCP/p97 and other factors join the
complex (Y. Ye et al., 2004). In addition, Hrd1 interacts with the E2 enzyme Ube2g2
through AUP1 to facilitate the degradation of some soluble misfolded proteins
(Klemm et al.,, 2011), whereas interaction with Ube2j1 is required for the
degradation of MHC-I heavy chains and a number of other substrates (Burr et al.,

2011; Christianson et al., 2012).

SEL1L nucleates a protein complex in which AUP1, UbxD8, Ube2j1 and OS-9 are
functionally important to degrade MHC-I heavy chains (Mueller et al., 2008). SEL1L
plays a major role in ERAD, both by acting as an adaptor between ER lectins and
Hrd1 and by preserving Hrd1 stability and activity (Christianson et al., 2008; Sun et
al., 2014). A comprehensive proteomics study on the ERAD network has revealed a
consistent degree of heterogeneity with the ERAD complexes required for the

degradation of specific substrates (Christianson et al., 2012). It appears that
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different substrates rely on a unique set of Hrd1-associated cofactors, where the

only common interactors are VCP/p97 and the proteasome.

Hrd1 recognises a broad range of luminal, membrane and cytoplasmic substrates.
In cells depleted for B2-microglobulin (82m), MHC-I heavy chains are targeted for
degradation via Hrd1 (Burr et al., 2011). Hrd1 also mediates the retrotranslocation
and degradation of the catalytic CTA1 subunit of cholera toxin (Bernardi et al.,
2010). CD147 (cluster of differentiation 147) and the sonic hedgehog protein are
constitutive Hrd1-dependent substrates (Xin Chen et al., 2011; Tyler et al., 2012).
Other substrates include a1-antitrypsin (A1AT), T-cell receptor a (TCR-a) and CD3-
0 (Kikkert et al., 2004; Nadav et al., 2003; H. Wang et al., 2011). Hrd1 is also
involved in immunomodulation by regulating the amounts of CD44 and the recently
identified cyclin-dependent kinase inhibitor p27Kip1 in T-cells (K. A. Lee et al., 2011;
Y. Xu et al., 2016). Secretory IgM heavy chains (uS) have been reported as Hrd1
and SEL1L substrates, although their stabilisation upon Hrd1 depletion was
incomplete, suggesting the involvement of other ubiquitin ligases (Cattaneo et al.,
2008). A recent study showed the engagement of Hrd1 and SEL1L in the turnover of
the UPR sensor IRE1a, highlighting the important regulation of UPR signalling by
ERAD (Sun et al., 2015). In the brain, Hrd1 has been shown to degrade amyloid
precursor protein (APP), preventing the formation of amyloid-B peptides (AB) that
are found in plaque deposits in Alzheimer’s disease patients (Kaneko et al., 2010).
Hrd1 can also ubiquitinate cytosolic clients. Among these are the serum- and
glucocorticoid-induced kinase 1 (Sgk1), a regulatory protein of ion channels and
transporters in epithelial cells (Arteaga et al., 2006), and the tumour suppressor p53
(Yamasaki et al., 2007). Another Hrd1 cytosolic client is the transcription factor Nrf1
(nuclear respiratory factor 1). Nrf1 translocates to the nucleus in response to stimuli
to maintain cellular homeostasis, but is normally degraded by ERAD under basal

conditions (Tsuchiya et al., 2011).
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1.6 The Hrd1 complex in disease

The broad nature of the Hrd1 substrates indicates a pivotal role of the Hrd1 complex
in cellular homeostasis. Hrd1 is ubiquitously expressed but its levels are particularly
high in the pancreas (Kaneko et al., 2002), where expression of SEL1L (Biunno et
al., 1997) and IRE1a (Tirasophon et al., 1998) is also elevated. In the initial
characterisation of human Hrd1, it was found that IRE1a-dependent upregulation of
Hrd1 exerted a protective role against ER stress-induced apoptosis (Kaneko et al.,
2002). However, it must be noted that in this study, ER stress was induced with high
doses of pharmacological agents (1 uM Thapsigargin and 10 pg/ml Tunicamycin) for
a long duration (48 hours), a condition far from any physiological situation. In a later
study, Hrd1 (renamed synoviolin after this work) was found to be highly expressed
in synovial cells from patients with rheumatoid arthritis (RA) (Amano et al., 2003).
RA is a common articular disease affecting about 1% of the world’s population
(Feldmann et al., 1996). Clinically, RA features chronic inflammation of systemic
joints associated with an overgrowth of synovial cells, which eventually cause
cartilage and bone destruction leading to severe locomotive disability (Aarvak and
Natvig, 2001; Schett et al., 2001). In RA, Hrd1 acts as a causative factor by
preventing the apoptosis of synovial cells, which leads to hyperplasia and
consequent arthritis (Amano et al., 2003). Homozygous deletion of Hrd1 results in
mouse embryonic lethality, whereas heterozygous ablation increases the apoptosis
of synovial cells and protects from collagen-induced arthritis in mice (Amano et al.,
2003; Yagishita et al., 2005). More recently, the pivotal role of Hrd1 in cellular
homeostasis has been confirmed by conditional deletion of Hrd1 in dendritic cells
(DC). DC-specific Hrd1 knockout mice exhibit splenomegaly with accumulation of B-
cells and defects in the autoimmune inflammatory response (Heeyoung Yang et al.,
2014). Like Hrd1, homozygous mutation of its essential cofactor SEL1L is also

embryonically lethal (Francisco et al., 2010). Acute loss of SEL1L in adult mice
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causes striking abnormalities of the ER leading to severe pathologies of secretory
tissues and premature lethality, highlighting the importance of SEL1L-dependent
degradation, especially in highly secretory organs (Sun et al., 2014). In addition to
RA (Amano et al., 2003), Hrd1-dependent degradation has been directly linked to
neurodegeneration, autoimmune diseases (Y. Xu et al., 2016), diabetes (Hartley et
al., 2010) and cancer (Y.-M. Xu et al., 2015).

Diabetes mellitus arises either from the insufficient production of insulin or from a
defective response to insulin, resulting in hyperglycaemia. The hormone insulin is
produced by pancreatic B-cells and stimulates the clearance of circulating glucose
by muscle, fat and liver cells (O'Rahilly, 2009). Insulin matures across the secretory
pathway, and its production is associated to high levels of ER stress in pancreatic B-
cells (Volchuk and Ron, 2010). Unresolved ER stress leads to apoptosis,
contributing to B-cell death in diabetes type | and Il (Butler et al., 2003; Fonseca et
al., 2010). Moreover, mutant insulin is found in familial forms of diabetes. Hrd1 is
implicated in the degradation of mutant insulin (C96Y), suggesting that the ERAD
pathway is involved in the pathogenesis of genetically-linked diabetes (Allen et al.,
2004). In agreement, depletion of Hrd1 complex components has been shown to
enhance the apoptosis of B-cells in a mouse model with inducible expression of

mutant insulin (Hartley et al., 2010).

A number of Hrd1 substrates are associated with neurodegenerative diseases.
Among these are the mutant polyQ-Htt protein (Hui Yang et al., 2007), the prion
protein (PrP) (Apodaca et al., 2006) and the Parkin-associated endothelin receptor-
like receptor (PaelR), which is a pathogenic factor in Parkinson’s disease (PD)
(Omura et al., 2006). For example, Huntington’s disease (HD) is associated with an
increased number of polyglutamine (polyQ) repeats in the mutant protein Huntingtin
(Htt), which propends to aggregate in the cytosol and nucleus where it causes

cytotoxicity and neuronal cell death (Duennwald and Lindquist, 2008). Despite the
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cytosolic and nuclear localisation of the polyQ-Htt aggregates, forced expression of
the ER-resident ubiquitin ligase Hrd1 has been shown to enhance the ubiquitination
and clearance of the pathogenic protein, correlating with reduced neuronal cell
death (Hui Yang et al., 2007). This finding expands the role of ERAD from quality

control restricted to ER clients to a broader cellular quality control mechanism.

Alzheimer’s disease (AD) is characterised by extracellular deposition of AR peptides
and hyperphosphorylated, cleaved microtubule-associated protein tau in the brain
(O'Brien and Wong, 2011). Generation of neurotoxic AR derives from inefficient
degradation of the ER-localised APP, which is cleaved by - and y-secretases to
generate AB peptides that ultimately deposit in AR plaques, typically found in the
brain of AD patients (Gandy, 2005). The pivotal role of ERAD in the development of
AD is demonstrated by the observation of decreased levels of Hrd1 in the cerebral
cortex of AD patients. In this study, forced expression of Hrd1 was able to increase
the degradation of APP resulting in decreased A3 deposition and lower neurotoxicity
(Kaneko et al., 2010). In addition, gene polymorphisms in the SEL1L intron have

been identified as susceptibility factors in AD (Saltini et al., 2006).

A definitive role for Hrd1 in cancer is not clear. In a recent study, it emerged that
Hrd1 was significantly downregulated in breast cancer tissues from 170 patients (Y .-
M. Xu et al.,, 2015). Hrd1 overexpression had an inhibitory effect on the growth,
migration and invasion of breast cancer cells in vitro and in vivo, demonstrating a
direct role of Hrd1 in breast cancer progression. On the other hand, evidence that
the tumour suppressor p53 is degraded by Hrd1 supports a pro-proliferative role of
Hrd1 (Yamasaki et al., 2007), although studies on Hrd1-p53 regulation in cancer are
missing. A polymorphism in the SEL1L gene has been involved in the pathogenesis

of pancreatic ductal adenocarcinoma (Q. Liu et al., 2012), and aberrant expression
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levels of SEL1L have been found in breast and oesophageal cancer, correlating with

poor prognosis (Granelli et al., 2004; Orlandi et al., 2002).

Overall, the implication of Hrd1-dependent ERAD in a growing number of
pathologies, ranging from loss-of-function to gain-of-function diseases, emphasizes

the essential requirement for an intact degradation machinery in physiology.

1.7 Protein quality control via autophagy

Macroautophagy (hereafter called autophagy) is a quality control mechanism that
delivers intracellular material to the lysosome for degradation. It constitutes the
other facet of cellular catabolism, with a much wider spectrum of substrates than the
UPS, being able to degrade soluble proteins, protein complexes, aggregates and
even whole cellular organelles (Feng et al., 2014). By exerting this function,
autophagy is key to the preservation of cellular homeostasis, allowing the recycling
of intracellular material and energy to sustain survival, particularly in conditions of
metabolic stress and starvation. During periods of starvation, autophagy is thought
to be a non-specific process that engulfs cytoplasmic proteins and organelles in bulk
to provide quick energy turnover (Ciechanover, 2005). However, increasing
evidence has revealed the existence of selective mechanisms by which intracellular
material and organelles are specifically delivered to the lysosome (Klionsky, 2007).
Selectivity can be achieved either by Ub signals on the target cargoes recognised
by autophagy receptors, or by Ub-independent mechanisms employing protein—
protein interactions or sugar- or lipid-based signals (Khaminets et al., 2016). In both
cases, the autophagy receptors interact simultaneously with the cargo and
LC3/GABARAP-like proteins on autophagosome membranes (Rogov et al., 2014;
Stolz et al., 2014). The canonical autophagic pathway is illustrated in Figure 1.5

(Cicchini et al., 2015).
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Figure 1.5 Overview of the autophagic pathway

Several signals sensing cellular nutrient and energy status lead to activation of the ULK
complex. Phosphorylated components of the ULK complex in turn phosphorylate Beclin-1,
triggering VPS34 activation and phagophore formation. Phagophore elongation is catalyzed
by the ATG proteins, which possess E1-, E2- and E3-like activity. ATG5 and ATG7 catalyse
conjugation of LC3-l to phosphatidylethanolamine (PE) to generate PE-LC3-Il, which is
bound to the phagophore membrane to serve as a docking site for adaptor proteins and
cargos. Final maturation of the elongated phagophore results in autophagosome formation.
In the final step, lysosomes fuse with autophagosomes, releasing their hydrolases for cargo
degradation and the recycling of nutrients and metabolites. Modified from (Cicchini et al.,
2015).

Canonical autophagy is initiated by the formation of a double-layered membrane,
called the phagophore, which is proposed to originate from various organelles
including the ER and the plasma membrane (Mizushima et al., 2011). The
phagophore enwraps cytoplasmic portions containing the autophagic substrates to
form the autophagosome, whose formation is regulated by a number of autophagy-
related genes (ATG). In most cases, the induction of autophagy requires the
repression of the mTOR (mechanistic target of rapamycin) kinase, which induces a
change in the phosphorylation of the ULK (unc-51-like kinase) complex
components, including ULK-1 and Atg13 (Russell et al., 2013). Activated ULK-1

phosphorylates Beclin-1, stimulating the recruitment of VSP34 (vacuolar sorting
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protein 34) to form an initiation complex. Additional factors associate to the complex:
VPS15, activating molecule in BECN1-regulated autophagy protein 1 (AMBRA1),
ATG14 or ultraviolet irradiation resistance-associated gene (UVRAG) and Bax-
interacting factor 1 (BIF1) (Funderburk et al., 2010). The activity of the complex is
regulated by stimulatory and inhibitory signals. For instance, Bcl-2 (B-cell ymphoma
2) prevents the induction of autophagy by inhibitory binding of Beclin-1 and
AMBRA1. Displacement of Bcl-2 by Bcl-2 homology 3 (BH3)-only proteins activates
the Beclin-1-VPS34 complex (Pattingre et al., 2005). Two ubiquitin-like conjugation
systems participate in vesicle elongation. One system involves the conjugation of
Atg12 to Atg5, catalysed by the E1 enzyme Atg7 and the E2 enzyme Atg10. The
resulting Atg12—Atg5 conjugate then forms a complex with Atg16. Cytosolic LC3 is
cleaved at the C-terminus by the protease Atg4 to generate LC3-I. The second
ubiquitin-like system involves the conjugation of phosphatidylethanolamine (PE) to
cytosolic LC3-I by the E1-like protein Atg7 and the E2-like enzyme Atg3. Lipid
conjugation converts soluble LC3-l to LC3-Il, which is inserted in the phagophore
membrane where it mediates phagophore expansion and cargo recognition
(Nakatogawa, 2013). Several autophagy receptors interact directly with LC3-Il on
the phagophore to bring the cargo into the vesicle. Once the autophagosome is
completed, the Atg proteins that were associated with the growing phagophore are
released into the cytoplasm and are reused for the biogenesis of new vesicles, while
LC3-ll remains attached. For this reason, LC3 is used as a reliable maker for
autophagosome formation and degradation (Tanida et al., 2008). Mature
autophagosomes finally fuse with lysosomes to create autolysosomes, where

cargoes are degraded by lysosomal hydrolases (Fullgrabe et al., 2014).
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1.7.1 ER-selective autophagy: ER-phagy

Selective autophagy is mediated by autophagy receptors that simultaneously
interact with cargo and LC3-ll on autophagosomes via LC3-interacting regions
(LIR). In Ub-dependent selective autophagy, autophagy receptors recognise Ub
chains conjugated to the cargo via Ub-binding domains (UBDs). For instance,
ubiquitinated protein aggregates are recognised by p62, NBR1 (next to BRCA1
gene 1 protein) and OPTN (optineurin) (Kirkin et al., 2009b; Korac et al., 2013;
Pankiv et al., 2007). Other specific receptors mediate the Ub-dependent autophagy
of intracellular organelles, such as mitochondria and peroxisomes [reviewed by
(Khaminets et al., 2016)]. In addition to Ub-dependent autophagy, cellular cargo can
be delivered to autophagosomes independently of Ub. An example is represented
by the recently discovered FAM134 family, which mediates autophagy of the ER, a
process known as ER-phagy (Khaminets et al., 2015). In this mechanism, the ER-
associated protein FAM134B executes remodelling of the ER membrane and
simultaneously binds to LC3 protein on the autophagosome membrane, promoting
ER fragmentation and delivery into the autophagic pathway. By controlling the size
of the ER, FAM134B is crucial for maintaining cellular homeostasis. In vivo,
FAM134B knockout mice display ER abnormalities in sensory neurons resulting in
neuronal loss and defective nociception (Khaminets et al., 2015). A parallel study
identified the yeast orthologue of FAM134B, named Atg40, responsible for the

degradation of cytoplasmic and cortical ER in yeast (Mochida et al., 2015).
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1.8 Autophagy-proteasome crosstalk

The degradation of soluble misfolded proteins represents a functional overlap
between the proteasomal and autophagic pathways (Ding and Yin, 2008). It has
been observed that impairment of the UPS leads to increased autophagic flux as a
compensatory mechanism (Ding et al, 2007; Iwata et al.,, 2005). Indeed,
proteasome inhibition causes the accumulation of ubiquitinated proteins and
aggregates that are cleared by autophagy (Kirkin et al., 2009a) to alleviate the
burden of misfolded substrates. In addition, experimental induction of autophagy by
rapamycin has been shown to protect against cell death caused by proteasome
inhibition (Pan et al., 2008). Despite the general consensus on the compensatory
role of autophagy following proteasome inhibition, little is known about the exact
mechanism. Autophagy activation in response to the UPR (Hgyer-Hansen and
Jaatteld, 2007) has been linked to ATF4 stabilisation (Milani et al., 2009; Rzymski et
al., 2009), but with controversial results, and to the downstream effector of IRE1,
JNK-1, which may induce autophagy by phosphorylating Bcl-2 (Wei et al., 2008).
Compensatory regulation in proteasome-inhibited cells has also been suggested to
depend on histone deacetylase 6 (HDACG6), which mediates the delivery of inclusion
bodies containing misfolded proteins (called aggresomes) into autophagosomes
(lwata et al., 2005). Autophagy also contributes to the clearance of toxic polymers of
neuroserpin and A1AT when ERAD is inhibited (Kroeger et al., 2009). In the case of
muscular dystrophy, native dysferlin is degraded by ERAD while the mutant form
aggregates in the ER from where it is targeted to autophagy (Fuijita et al., 2007). In
addition, concerted activation of the ERAD and autophagic pathways allows the
elimination of misfolded procollagen (Ishida and Nagata, 2009) and mutant
fibrinogen (Kruse et al., 2006), highlighting the importance of the coordination

between these two catabolic processes for the maintenance of protein homeostasis.
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1.9 Proteostatic failure in aging and disease

Proteostasis surveillance is ensured by the coordinated action of chaperones and
proteolytic systems. Cells have developed the ability to respond to cellular and
environmental challenges, such as hypoxia or starvation, by mounting adaptive
signalling pathways that increase cellular fitness and support viability in new
conditions. However, if the stressors become chronic, homeostasis can be
compromised and proteotoxicity develops [reviewd by (Morimoto and Cuervo,
2014)]. Loss of proteostasis is a feature of many pathological conditions, including
neurodegenerative diseases like AD and PD (Morimoto and Cuervo, 2014),
metabolic diseases such as diabetes mellitus type 2 (U. Ozcan et al., 2004),
atherosclerosis (Tabas, 2010) and cancer (Moenner et al.,, 2007). It is not a
coincidence that most of these diseases are age-related; indeed, increasing
evidence demonstrates the physiological deterioration of the proteostasis machinery
with age (Labbadia and Morimoto, 2015; Vilchez et al., 2014). On one side, poor
cellular energetics associated with aging result in reduced levels of available ATP,
which can change the chaperones landscape and reduce their function (Brehme et
al., 2014; Yina Ma and J. Li, 2015). On the other side, both autophagy and
proteasome activity decrease with aging (Rubinsztein et al., 2011). Another
important feature associated with aging is the increase in protein abundance,
leading to proteome imbalance, perturbed stoichiometry and aggregation (Walther
et al., 2015). In addition, despite the ability of the autophagic pathway to
compensate for impaired proteasomal activity (Korolchuk et al., 2010), this crosstalk
is lost in aged organisms (Gavilan et al., 2015; Schneider et al., 2015). In general,
disturbance of proteostasis can lead to protein aggregation, which in turn triggers a
cascade of pathological processes that could mark the progression of chronic
degenerative diseases (J.-H. Lee et al., 2014). To date, more than 60 pathologies

have been associated with failures of ERAD (Guerriero and Brodsky, 2012), many
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of which are associated with aging, particularly those affecting the nervous system.
Indeed, neuronal cells have a relatively low regenerative capacity and an age-
dependent decay in their ability to sustain homeostasis, rendering them particularly
sensitive to toxic aggregates that result in apoptosis (Bernhardi et al., 2010).

In line with a loss of proteostasis, activation of the UPR is found in a number of
neurodegenerative diseases including amyotrophic lateral sclerosis (ALS), PD, HD
and AD, as well as in demyelinating neurodegenerative autoimmune diseases such
as multiple sclerosis (Doyle et al., 2011; Matus et al., 2011). Interestingly, in
neurodegeneration, the pathogenic contribution of the UPR appears to be disease
specific. For instance, the deletion of XBP1 delayed ALS disease onset and
increased survival rate following autophagy induction (Hetz et al., 2009), whereas it
did not affect neuronal loss or survival in a prion-related disease model (Hetz and

Soto, 2006).

One example of a disease associated with toxic aggregate formation is AD, where
the AB peptide and tau protein undergo conformational changes and form toxic
amyloid fibrils. These, in turn, trigger ER stress, which elicits both the IRE1 and
PERK pathways, culminating in the activation of CHOP and consequent neuronal
death (L. Ozcan and Tabas, 2012). In familial ALS, several mutated genes lead to
the formation of aberrantly folded proteins, which aggregate and form inclusion
bodies, actively impairing proteostasis (Soo et al., 2015). Additionally, dominant
mutations affecting components of the protein quality control machinery, including
protein trafficking, autophagy and the UPS, directly perturb components of the
proteolytic systems: ubiquilin-2, a protein that recruits proteasome complexes to
ubiquitinated proteins; sequestosome-1 (p62), a ubiquitin-binding protein required
for autophagy of aggregates; and VCP/p97, the ATPase that functions in ERAD

(Robberecht and Philips, 2013).
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Proteasomal degradation has been involved in the progression of HD, an autosomal
dominant disease that affects muscle coordination and leads to progressive
cognitive decline. HD results from abnormally high numbers of polyQ repeats in the
Htt protein, which ultimately promote the formation of Htt aggregates. It has
emerged that the generation of Htt polyQ aggregates decreases UPS activity,
leading to further accumulation of unprocessed UPS substrates and amplification of
aggregate toxicity (Bence et al., 2001). In addition to aggregate formation, mutant
Htt can also oligomerise into toxic oligomers that sequester components of the
ERAD machinery, such as VCP/p97, therefore generating ER stress and ultimately

leading to apoptosis (Leitman et al., 2013b).

PD results from the loss of dopaminergic neurons. The endothelin receptor-like
receptor PaelR (Parkin-associated endothelin receptor-like receptor) is a putative G
protein-coupled receptor that is highly expressed in the central nervous system
(CNS) (Leng et al., 1999). The connection between PaelR and PD is supported by
the observation that PaelR accumulates in Lewy bodies, electrondense inclusions
that serve as a histological indicator of PD. Both the cytosolic ubiquitin ligase Parkin
and Hrd1 contribute to PaelR degradation (Imai et al., 2001; Omura et al., 2006),
conferring protection against PaelR-induced cell death. Additionally, loss-of-function
mutations in the ubiquitin ligase PARKIN and the PARKIN-related kinase PINK1
lead to early-onset PD (Kitada et al., 1998; Leroy et al., 1998). Since PARKIN
cooperates with PINK1 in the selective autophagy of mitochondria (mitophagy),
deficiencies in this pathway result in the accumulation of damaged mitochondria,

aberrant calcium release and oxidative stress [reviewed in (Winklhofer, 2014)].

In solid cancers, the hypoxic microenvironment is responsible for chronic activation
of the UPR (Rouschop et al.,, 2010), which promotes tumour progression and

survival. Both PERK and IRE1 pathways are implicated in pro-survival mechanisms,
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by protecting from hypoxia and sustaining angiogenesis (Ghosh et al., 2010).
Selective inhibitors of IRE1’s RNAse activity (Mimura et al., 2012; Papandreou et
al., 2011), as well as proteasome inhibitors (Dimopoulos et al., 2011), have been
shown to strongly suppress multiple myeloma cell growth, supporting the idea that
targeting of proteostasis may be therapeutic in a number of cancers associated with
excessive expression of secretory proteins. However, in some cases, activation of
autophagy as a consequence of sustained ER stress has been reported to confer
tumour resistance to therapy (Luo and A. S. Lee, 2013). One example of
proliferative disease in which the UPS plays an important role is multiple myeloma.
Current treatment includes the use of immunomodulatory agents as well as
proteasome inhibitors (Moreau et al., 2012) that target the degradative capacity of
these highly secretory cells. However, proteasome inhibitor treatment is associated
with a number of primary and secondary resistance mechanisms (Orlowski, 2013).
For example, lower levels of ER stress, decreased plasma cell markers, lower Ig
production and consequent lower proteasome load correlate with resistance to
treatment (Leung-Hagesteijn et al., 2013). In another study, malignant plasma cells
featuring decreased proteasome expression or workload negatively correlated with
response to therapy (Bianchi et al., 2009), highlighting the need for the degradative

capacity to be targeted in alternative ways.
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2.1 Cell biology techniques

Mammalian cell culture

HelLa cells were cultured in Dulbecco’s modified eagle medium (DMEM, Lonza)
supplemented with 5% foetal bovine serum (FBS) (Sigma Aldrich) and 2 mM L-
Glutamine (Gibco® by Life Technologies) and maintained into a ventilated incubator
at 37°C, 5% v/v CO,. Flpln™ T-Rex™ HEK293 cells were cultured in the same
medium but supplemented with 10% FBS. Cells were regularly subcultured every 3
days (on average) by washing with sterile phosphate-buffered saline (PBS) followed
by incubation with trypsin-EDTA (ethylenediaminetetraacetic acid) (Gibco® by Life
Technologies) until detached. Cells were resuspended in fresh medium, counted
and seeded at the desired density. For long-term storage, cell pellets were
resuspended in FBS containing 10% dimethyl sulfoxide (DMSO) and kept at -80°C
for 1—-2 days before being transferred to liquid nitrogen for long-term maintenance.
For cell revival, the cryovials were thawed at 37°C, cells were resuspended in
medium and spun down at 1,200 rpm for 3 min to wash off the DMSO. The
supernatant was discarded and cells were seeded in fresh medium.

Mammalian cell transfection

Cells were transiently transfected with plasmid DNA using Lipofectamine® 2000
(Thermo Fisher Scientific) according to the manufacturer’s instructions: 1x10° cells
were seeded into a 6 cm dish the day prior to transfection. Confluency was about
80% on the day of transfection. 4 yg of DNA was diluted in 250 ul of OptiMEM
(Gibco® by Life Technologies) and mixed with 250 ul OptiMEM containing 10 pl of
Lipofectamine® 2000. The mix was incubated for 5 min at room temperature (RT)
and then added to the cells for a final volume of 5 ml. Cells were incubated with the

transfection mix for 24 hours before subculture or expansion.
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Flow cytometry

Cell supernatant was collected in FACS (fluorescence-activated cell sorting) tubes
(BD Falcon) to retain floating dead cells. Adherent cells were detached with 10 mM
EDTA in PBS by scraping and pooled in the corresponding FACS tubes. Cells were
centrifuged at 1,500 rpm at 4°C for 3 min and the supernatant was discarded. Cell
pellets were resuspended by vortexing in 300 pl of PBS/EDTA. 3 pul of Propidium
lodide (PI) (Sigma-Aldrich) solution was added to the cell suspension, vortexed and
measured by FACS (BD FACSCanto™). 10,000 cells per sample were recorded and
the percentage of Pl-positive cells was calculated using FlowJo software.

siRNA transfection

150,000 cells were seeded into a 12-well plate the day prior to transfection.
Transfection was performed according to the manufacturer’s instructions: 4 pl of
Dharmafect1 was diluted in 96 ul of HBSS (Hanks’ balanced salt solution, Gibco® by
Life Technologies) and incubated at RT for 10 min. 10ul of 10 yM siRNA (small
interfering RNA) was diluted in 90 pl of HBSS. The transfection mix was added to
the siRNA mix and incubated at RT for 20 min. 200 pl of transfection mixture were
added to 800 pl of freshly changed medium on the cells. 24 hours after transfection,
cells were expanded according to experimental conditions. Knockdown efficiency
was analysed 48—72 hours after transfection.

Cell treatments

Table 1 summarises the drugs and doses (when a range is indicated, it depends on
the experimental setting) that were used. Drug dilutions were prepared in a master
mix using fresh medium and the master mix was applied to the cells to allow

homogenous treatment.
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Drug Abbreviation | Dose Source

Cycloheximide CHX 100 pg/ml Abcam
Doxycycline DOX 1 ng/ml-1 pg/ml | Sigma-Aldrich
Mifepristone Mif 0.5 nM Invitrogen
Kifunensine Kif 20 uM Sigma-Aldrich
MG132 - 1-10 pg/mi Merck Millipore
Dithiothreitol DTT 5 mM Sigma-Aldrich
Tunicamycin ™ 100-500 ng/ml | Sigma-Aldrich
Dimethyl sulfoxide DMSO <0.1% Sigma-Aldrich
SubtilaseAB5 SubABs 10 ng/mi J. Paton
Bortezomib BTZ 50 nM Cell Signalling
Torin1 - 1 uM Tocris Bioscience
NMS-873 - 5 uM Sigma-Adrich
CB-5083 - 5 uM Cleave Biosciences

Table 1 List of drugs and doses used for cell treatments

Clonogenic assay and crystal violet staining

HelLa cells were seeded in a 24-well plate at the following dilutions: 5,000, 1,000,
200 or 40 cells in 500 pl of medium. Cells were allowed to adhere for at least 6
hours before medium was replaced with drug-free or drug-containing medium.
Medium was changed after 3 days, and cells were incubated for a further 4 days (7
days in total) prior to fixation and staining. For crystal violet staining, cells were fixed
with methanol:acetone (1:1) for 10 min and then stained with crystal violet solution
(0.1% crystal violet in 10% ethanol) for 20 min at RT. Cells were carefully washed
with ultrapure water and allowed to dry. Images were acquired using a Typhoon™
FLA 9000 laser scanner (GE Healthcare Life Sciences) using 647 nm wavelength
excitation and 50 pym resolution. Images were processed with ImagedJ software.
Colony counting

Colonies from the third dilution of the clonogenic assay (from approximately 200
cells) were quantified using an Imaged macro to allow automatic analysis. In
summary, the colonies-containing well was cropped from the original image and the
plate background was subtracted. Automated thresholding was used to identify
colonies. The acquired measurements were: number of colonies, area, perimeter,
solidity, roundness, integrated density and raw integrated density (the sum of the

values of the pixels in the image or selection). Colours were defined to distinguish
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colonies from the background and an overlay image was produced to confirm that
the identified colonies correlated with actual colonies.

Immunofluorescence

Cells were grown on coverslips during exposure to treatment for the time required
and then fixed with 4% paraformaldehyde (PFA) in PBS for 20 min at RT. Cells were
then permeabilised in 0.2% TritonX-100 in PBS for 5 min, followed by blocking in
0.2% fish skin gelatin (Sigma-Aldrich) in PBS for 30 min. Primary and secondary
antibodies were diluted in blocking solution and incubated on coverslips for 1 hour.
DAPI staining was performed for 10 min and coverslips were mounted using
Fluoromount (Sigma) or ProLong® Gold Antifade reagent (Thermo Fisher
Scientific). Coverslips were analysed via confocal microscopy using a LSM 710

Zeiss confocal microscope. Table 2 summarises the antibodies and dilutions used in

immunofluorescence.
Antibodies for Immunofluorescence ' Host Source Dilution
Primary
Alexa Fluor® 546 anti-mouse IgM HC Goat Thermo Fisher 1:200
Calnexin Rabbit | EnzoLifeTech 1:200
LC3B Rabbit | Abcam 1:500
PDI Rabbit | Abcam 1:200
KDEL Rabbit | Abcam 1:200
Secondary
Alexa Fluor® 488 anti-rabbit IgG (H+L) Goat Thermo Fisher 1:400
Alexa Fluor® 647 anti-mouse IgG (H+L) Goat Thermo Fisher 1:400

Table 2 Antibodies used for immunofluorescence

Generation of FlpIn T-REx HEK293_FLAG-HA-E3 cell lines

Flp-In™MT-REx™ HEK293 cells (Thermo Fisher Scientific) were transfected via the
Calcium Phosphate method (Sambrook and Russell, 2006) or using Lipofectamine®
2000 transfection reagent (Thermo Fisher Scientific). 48 hours after transfection, the
positive cells were selected with Hygromycin B (100 pg/ml) and maintained in
antibiotic-containing medium. Expression of FLAG-HA-tagged E3s was tested upon
treatment with Doxycycline (DOX) at increasing concentrations (0, 1, 10, 100 and

1,000 ng/ml) for 18 hours. MG132 (10 ug/ml) was added 4 hours prior to harvesting,
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in combination with 1 pg/ml of DOX to rescue the E3s potentially targeted to the
proteasome upon overexpression.

Generation of HeLa_ uS cell lines

HelLa_puS cell lines were previously generated in Dr van Anken Lab (San Raffaele
Scientific Institute, Milan) by lentiviral infection. Briefly, wild-type HelLa cells were
first made TetON by insertion of a rTTA element under a PGK (phosphoglycerate
kinase) promoter, and a single insertion was verified by TagMan PCR (polymerase
chain reaction). Cells were subsequently made MifON by infection with pSwitch
(GeneSwitch™ System, Invitrogen) lentiviral vector (Sirin and Park, 2003). Finally,
the murine IgM heavy chain (uS) coding sequence was cloned into the pGene3 viral
vector and integrated into the genome of HelLa_TetON_MifON under the Mif
promoter using the same method. Single cell clones were selected and tested for uyS
expression.

Generation of Hrd1-reconstituted HeLa_ pS_Hrd1 KO cell lines

Using the protocol described above, the HeLa_ pS_Hrd1 knockout (KO) cell line
was reconstituted with either wild-type HRD1-S or the mutant C294A HRD1-S,
under the TetON promoter. These cell lines also express uS under the Mif promoter.
The reconstituted cell lines were generated by our collaborator Dr. Eelco van Anken.
Generation of CRISPR-Cas9 stable cell lines

HelLa cells were transfected in 6 cm dishes with 3.5 pg of clustered regularly
interspaced short palindromic repeats (CRISPR)-Cas9 constructs and incubated
with the transfection mixture for 24 hours. Cells were expanded to 10 cm dishes with
fresh medium and incubated for an additional 24 hours. Puromycin (2 pg/ml)
selection was applied for 3 days. Significant cell death was observed upon
selection. Cells were allowed to recover in drug-free medium to confluency. The
selected population was tested for expression of the target protein and either used

as a pool or single clones were isolated to generate a clonal population. In the case

55



where a pool population was used, cells were assayed at early passage (up to 5) to
limit propagation of negative clones. When clonal selection was performed, cells
were seeded in a 96-well plate at a concentration of 0.5 cells per well and allowed to
grow until colonies became visible and ready to expand.

Validation of Hrd1 CRISPR-Cas9 knockout cell lines

An average of 30 clones was screened in immunoblots for the expression of the
target protein, and at least 3 clones were tested in phenotypic assays to exclude off-

target effects.
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2.2 Molecular biology techniques

Design and generation of CRISPR-Cas9 constructs

Single guide RNA (sgRNA) target sequences for Hrd1, FAM8A1 and HERP
(homocysteine-induced ER protein) were designed and cloned into the PX459
vector (Addgene) by Dr Andrew Bassett (Dunn School of Pathology, Oxford). PX459
contained the Cas9 cassette and the puromycin resistance gene to allow selection
of the positive cells. For deletion of the other genes, CRISPR-Cas9 constructs were

generated in this study and all target sequences are summarised in Table 3.

Gene sgRNAID  sgRNA Target Sequence ' Source |
Derlin-1 #1 TCCCGGCGATCACGCGCTAT van den Boomen et
42 GGGTCGAAGATGTCGGACAT al., 2014

Sering | 1 GGCTGACCGGTGGGATCTGC Mo of al. 2015
#2 GAGGACGCAGGCAGTGGTGT ’

o 4407 GGCCAGGGCAATGTTCCGCACGG Christianson Lab
#408 CTTGGTCAGGTACACCACAGTGG
#396 TTCGGCCTGGGGGTCGTCGCGGE —

FAMBAT | 4397 CACTTGCCGGGAGTACTCGCGGG Christianson Lab

CERp | #398 CCGCTCTCACCGGACGCTCGGGG Christianson Lab
#399 AAGTCGCGGTGGCGCTGGTTGGG

oso |72 TTACCCGCAAGTCTGACCGG Ron Kopito
#3 CGGTCAGACTTGCGGGTAAC

—# GGTTTCATGGGATACTCTGG

Ube2il | 4o CACCATGGAGGAGTTTATCACGGG | Maetal, 2015
# CCGCAGAGGACCAGTAACAC .

XTP3-B | 4o CCCGGGCGGGCCGGTGTTAC Ron Kopito

Table 3 sgRNA sequences used for CRISPR-Cas9 cloning

Cloning of sgRNAs into the PX459 vector was executed according to the protocol
described in Ran et al.,, 2013. Final CRISPR plasmids were sequenced using the
U6-Fwd primer to validate the correct insertion of the sgRNA.

Protein extraction and quantification

Adherent cells were detached in 10 mM EDTA/PBS using a cell scraper and then
centrifuged at 6,000 rpm at 4°C for 1 min. For Western blot (WB) applications on
whole cell lysate (WCL), cells were extracted in RIPA (radioimmunoprecipitation
assay) buffer [50 mM Tris-HCI pH 7.4, 1% NP-40, 0.5% Na-deoxycholate, 0.1%

SDS (sodium dodecyl sulfate), 150 mM NaCl and 2 mM EDTA] supplemented with
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protease inhibitors (cOmplete tablets, Roche), vortexed and incubated on ice for 30
min. For immunoprecipitation (IP) applications, cells were lysed in IP buffer (50 mM
Tris pH 7.4, 150 mM NaCl and 5 mM EDTA) typically containing 1% lauryl maltose
neopentyl glycol (LMNG, Anatrace) detergent and protease inhibitors and incubated
on ice for 1 hour. Cell lysates were centrifuged at 14,000 rpm for 30 min and the
supernatant was collected in a new tube for protein quantification. Cell lysates were
stored at -80°C. Protein amounts from WCLs were determined with Bradford
reagent (Biorad) according to the manufacturer’s instructions in a 96-well plate. A
standard curve was generated for every experiment using known dilutions of bovine
serum albumin (BSA) (Thermo Fisher Scientific). The plate was read in a
spectrophotometer (Thermo Fisher Scientific) at 595 nM and protein concentration
was extrapolated from the standard curve. The appropriate amount of lysate was
prepared by addition of Laemmli buffer (1 M Tris HCI pH 6.8, 2% SDS, 10% glycerol
and 0.004% bromophenol blue) containing 100 mM, heated at 56°C for 10 min and
stored at -80°C.

Immunoprecipitation

WCL was pre-cleared using Sepharose® CL-4B beads (Pharmacia) on rotation at
4°C for 1 hour. 400 pg of total proteins were used to immunoprecipitate Hrd1
(mouse hybridoma raised against the peptide PAQSPPPPEP) and SEL1L (mouse
hybridoma raised against the peptide EGPPEQQPPQ) from HelLa cells, 1 mg of
total proteins were used to pull-down Hrd1 from Flpin HEK293 cells. The
appropriate amount of pre-cleared lysate was adjusted to 500 ul and incubated with
1 ul of antibody on rotation at 4°C for 1 hour, followed by incubation with protein G
beads (Roche) for 1 additional hour. Beads were washed three times with lysis
buffer without detergent, resuspended in 2x Laemmli buffer containing DTT

(dithiothreitol) and heated at 56°C for 10 min prior to freezing at -80°C.
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SDS-PAGE

Protein samples heated in Laemmli buffer were separated by SDS-PAGE (SDS-
polyacrylamide gel electrophoresis). Homemade gels (acrylamide:bis-acrylamide
29:1) consisted of 4% stacking and 7-15% resolving. Gels were run in 1% running
buffer (National Diagnostics) in a BioRad gel apparatus at 100 V in the stacking
phase and 130 V in the resolving phase. Alternatively, 4-12% NuPAGE® Novex®
Bis-Tris Midi precast gels (Thermo Fisher Scientific) were used with NUPAGE®
MOPS  [3-(N-morpholino)propanesulfonic acid] or MES [2-(N-morpholino)
ethanesulfonic acid] buffer (Thermo Fisher Scientific) and run in an Invitrogen
apparatus at 160 V. All blue pre-stained protein ladder (BioRad) was used as
molecular weight standard.

Silver staining

SDS-PAGE gels were stained with Pierce™ Silver Stain for Mass Spectrometry
(Thermo Fisher Scientific) according to the manufacturer’s instructions.

Western blotting

Gels were transferred onto a Hybond P PVDF (polyvinylidene fluoride) membrane
(GE Healthcare Life Sciences) previously activated in methanol for 2 min, and then
assembled in a BioRad blotting apparatus with Tris-glycine transfer buffer. Transfer
was carried out at 100 V for 90 min at 4°C. Membranes were blocked in 5% milk
PBS-0.1%Tween (PBST) at RT for 1 hour. Primary antibodies were diluted in either
5% milk or 5% BSA in PBST and incubated for 1 hour at RT or overnight at 4°C.
Membranes were washed in PBST for 30 min. Secondary antibodies were diluted in
5% milk PBST, incubated with the membranes for 1 hour at RT, and finally washed
off with PBST for 40 min. Protein signal from horseradish peroxidase (HRP)-
conjugated secondary antibodies was revealed using Clarity™ ECL (enhanced
chemiluminescence) substrate (BioRad) and detected either on X-ray films (Fujifilm)

or using the ChemiDoc™ MP imaging system (BioRad). Protein signal from Alexa
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Fluor®-conjugated secondary antibodies was imaged directly in the ChemiDoc™

system using the appropriate excitation wavelength. Antibodies used for WB are

listed in Table 4.

Antibodies for WB Host Source | Dilution |
Primary (antigen)
a-tubulin o Mouse mAb Sigma-Aldrich 1:10,000
g:\aﬂxagluor 546 anti-mouse Goat pAb Thermo Fisher Scientific | 1:1,000
ATF4 Rabbit pAb Santa Cruz Biotech 1:1,000
Bcl-2 HRP-conjugated Santa Cruz Biotech 1:1,000
CHOP Mouse mAb Cell Signaling 1:1,000

. . Gift from Dr. Ye (NIH .
Derlin-1 Rabbit pAb Bethesda) 1:5,000

. . Gift from Dr. Ye (NIH .
Derlin-2 Rabbit pAb Bethesda) 1:1,000
Derlin-3 Rabbit pAb GeneTex 1:1,000
FAMB8A1 Rabbit pAb Purified serum 1:10,000
FLAG Mouse mAb, M2 Sigma-Aldrich 1:4,000
HA Rabbit pAb, HA-7 | Sigma-Aldrich 1:2,000
HERP Rabbit pAb Abcam 1:10,000
Hrd1 Rabbit pAb Bethyl Laboratories 1:2,000
KDEL Rabbit pAb Enzo Life Sciences 1:1,000
LC3B Rabbit pAb Abcam 1:1,000
Mcl-1 Rabbit pAb Santa Cruz Biotech 1:1,000
Mouse IgM HC Rabbit pAb Thermo Fisher Scientific | 1:1,000
0S-9 Rabbit pAb Purified serum 1:3,000
PERK Rabbit pAb Cell Signaling 1:1,000
Ube2j1 Rabbit pAb Abcam 1:5,000
Ubiquitin Mouse mAb Cell Signaling 1:1,000
S-tag Mouse mAb Thermo Fisher Scientific | 1:10,000
SEL1L Goat pAb Santa Cruz Biotech 1:2,000
XTP3-B Rabbit pAb Purified serum 1:1,000
Secondary o
ﬁ;lgx?HliltJ)or 488 anti-rabbit Goat Thermo Fisher Scientific | 1:1,000

® A
ﬁ;lgx?HTt)or 647 anti-mouse Goat Thermo Fisher Scientific | 1:1,000
® n

QEX?HTE)M 488 anti-mouse Goat Thermo Fisher Scientific | 1:1,000
Anti-rabbit IgG HRP Goat BioRad 1:10,000
Anti-mouse IgG HRP Goat Santa Cruz Biotech 1:10,000
Anti-goat IgG HRP Donkey Santa Cruz Biotech 1:10,000

Table 4 List of antibodies used in western blot (WB) analysis

Membrane stripping

Membranes were incubated in stripping buffer (Thermo Fisher Scientific) for 5 min at

RT and then washed with PBST for 10 min. Membranes were blocked for 30 min

before incubation with primary antibody.
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Purification of ubiquitinated proteins

Cells from one 10 cm dish were lysed in 600 ul of TUBE (Tandem ubiquitin binding
entity) buffer (20 mM sodium phosphate pH 7.4, 1% NP-40 and 2 mM EDTA)
supplemented with 1 mM DTT, 20 mM NEM (N-ethylmaleimide, Fluka Analytical)
and protease inhibitors. Lysates were incubated at 4°C on rotation for 1 hour,
centrifuged at 16,000x g for 20 min and transferred into a new tube. 5% of lysate
was collected to run as WCL. 40 ug of (glutathione S transferase) GST-1x UBA-
His6 (with the UBA being derived from the human protein Ubiquilin-1, isoform 3)
were used for IP at 4°C on rotation overnight. The resin was then washed three
times with TUBE buffer and each sample was split into two tubes for
deubiquitination treatment. Laemmli buffer with DTT was added to the resin,
samples were heated at 56°C for 10 min and stored at -80°C.

Deubiquitination assay

Immunoprecipitates from the ubiquitin pull-down were resuspended in 20 pl of DUB
buffer (50 mM HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) pH 7.5,
100 mM NaCl, 2 mM DTT, 1 mM MnCl,, and 0.01% (w/v) Brij-35) and incubated with
0.5 uM of Usp21-GST (Ubiquigent) at 30°C for 1 hour. The reaction was inhibited by
addition of Laemmli buffer with DTT and heating at 56°C.

Deglycosylation assay

Protein samples in 1x Laemmli buffer were treated with EndoH (NEB) according to
the manufacturer’s instructions for 1 hour at 37°C. Samples were subsequently
heated at 56°C for 10 min and analysed via SDS-PAGE.

Sucrose gradient sedimentation

Cells were lysed in 1% LMNG in IP lysis buffer as previously described. Sucrose

solutions were prepared as follows:

Stock  5M NaCl ' IM TrispH7.4 | 0.5SMEDTA  Sucrose ddH,0
10% 1.5 ml 2.5ml 0.5ml 59 35 ml
40% 1.5 ml 2.5ml 0.5ml 209 5mi
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Solutions were dissolved by rotation at 4°C and adjusted to 50 ml with ddH,0. 5 ml
of 10% LMNG detergent and PMSF (phenylmethyl sulfonyl fluoride) protease
inhibitor (Boehringer Mannheim) were added to 50 ml of solution. 10—-40% gradients
were obtained using Gradient Master (Biocomp) following the manufacturer’s
instructions. 800 ug of total proteins in 300 pl were loaded onto the gradient, while
10% of WCL was prepared in Laemmli buffer to run as input. Gradients were
positioned in a SW.41 swing bucket rotor (Beckman) and centrifuged at 39,000 rpm
at 4°C for 16 hours. Thirteen fractions of 940 pl each were collected in separate
tubes from the top of the gradient. Proteins were precipitated with 190 pl of 50%
TCA (trichloroacetic acid) and incubated on ice for 1 hour. Samples were
centrifuged at 14,000x g at 4°C for 5 min. The supernatant was discarded and the
protein pellet was washed twice with ice-cold acetone and allowed to dry. Pellets
were resuspended in 100 pl of 2x Laemmli buffer with DTT and the pH was
neutralized with Tris pH 9 if necessary. Samples were vortexed briefly, heated at
56°C for 10 min and then frozen at -80°C. 20 ul from each fraction were run in SDS-
PAGE along with 25 g of proteins from WCL as input.

RNA extraction and reverse transcription

RNA was extracted using the QlAgen RNeasy mini kit (QIAGEN) according to the
manufacturer’s instructions. 500 ng of RNA was used in most applications for
transcription into cDNA (complementary DNA) using the QuantiTect® Reverse
transcription kit (QIAGEN) according to the manufacturer’s instructions.
Nanostring assay

RNA was extracted using a QlIAgen RNeasy mini kit according to the manufacturer’s
instructions, including digestion of genomic DNA with DNase | (Qiagen). The
Nanostring system is based on a hybridisation reaction between the input mRNA

and colour-coded probes bound to the surface of a chip, followed by imaging for

62



quantitation of the hybridized transcripts. The hybridization reaction was composed
of: 10 yl Reporter CodeSet, 10 yl hybridisation buffer, 5 pl of sample RNA (150 ng)
and 5 pl Capture ProbeSet. The Reporter Probe carried the colour-coded barcode,
while the Capture Probe allowed the complex to be immobilised for data collection.
The reaction was incubated in a thermocycler at 65°C for 18 hours, after which
samples were loaded in the Prep Station following the manufacturer’s instructions
(Nanostring Technologies). Here, the excess probes were removed and the
probe/target complexes aligned and immobilised in the nCounter Cartridge. Sample
Cartridges were finally imaged in the Digital Analyser for data collection. Colour
codes on the surface of the cartridge were counted and tabulated for each target
molecule. Data were analysed following the user guide (nCounter® Nanostring

Technology). Target transcripts chosen for the analysis are listed in Table 5.
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Gene Name | Target ID Gene Name Target ID
AMFR NM_001144.4 SEL1L NM_005065.5
MARCH®6 NM_005885.2 FAMB8A1 NM_016255.2
RNF103 NM_005667.3 HERP NM_014685.3
RNF139 NM_007218.3 ERdj5 NM_018981.2
RNF170 NM_001160223.1 GRP94 NM_003299.2
RNF185 NM_152267.3 AUP1 NM_181575.3
RNF5 NM_006913.3 VIMP NM_203472.1
SYVN1 NM_032431.2 VCP/p97 NM_007126.3
TRIM13 NM_001007278 CPVL NM_031311.3
BFAR NM_016561.2 DERLIN1 NM_024295.5
CGRRF1 NM_006568.2 DERLIN2 NM_016041.3
MARCH?2 NM_016496.4 DERLIN3 NM_001135751.1
MARCH3 NM_178450.3 ERLIN1 NM_006459.3
MARCH4 NM_020814.2 ERLIN2 NM_007175.6
MARCHS8 NM_001002265.1 UBAC2 NM_001144072.1
RNF128 NM_194463.1 EDEM1 NM_014674.2
RNF13 NM_007282.4 EDEM2 NM_018217.2
RNF145 NM_001199380.1 EDEM3 NM_025191.3
RNF148 NM_198085.1 UBXD8 NM_014613.2
RNF150 NM_020724.1 ERFAD NM_024955.5
RNF26 NM_032015.4 TXD16/ERp90 | NM_020784.2
RNFT1 NM_016125.3 PDIAG NM_005742.2
TRIM59 NM_173084.2 UBE2J1 NM_016021.2
ZNRF4 NM_181710.3 UBE2G2 NM_003343.5
KIAA0090 NM_015047.2 ATF6 NM_007348.3
C150RF24 NM_020154.2 PERK NM_004836.5
MMGT1 NM_173470.1 IRE1 NM_001433.3
TMEMB85 NM_016454.2 ATF4 NM_001675.2
TMEM93 NM_001014764.1 CHOP NM_001195053.1
C140RF122 NM_016049.3 XBP1 NM_005080.3
COX4NB NM_006067.4 0S9 exon11 NM_006812.3
TTC35 NM_014673.3 0S9 exon13 NM_006812.3
C190RF63 NM_206538.2 MT1X NM_005952.3
TMEM111 NM_018447.2 MT1H NM_005951.2
CANX NM_001746.3 ACTB NM_001101.2
BiP/HSP5A NM_005347.4 GAPDH NM_002046.3
0S9 NM_006812.3 TUBB NM_178014.2
XTP3B NM_015701.4

Table 5 nCounter™ CodeSet

XBP1 splicing assay

PCR for XBP1 mRNA was performed as described previously (J. H. Lin et al,,
2007). Primer sequences for human XBP1 were derived from the same paper. The
PCR product was run on a 2.5% agarose gel and imaged via ChemiDoc™ (BioRad)

using UV excitation.
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Real-time quantitative PCR (qRT-PCR)

cDNA obtained from reverse transcription was diluted 1:10 and used as a template
for qRT-PCR. Reactions were performed using GoTaq® gqPCR Master Mix
(Promega) according to the manufacturer’s instructions. Annealing and elongation
temperature was set at 60°C for all reactions. Oligos used for qRT-PCR were

validated for amplification efficiency and sequences are listed in Table 6.

Target Forward Oligo ' Reverse Oligo |
ACTIN GAGGCACTCTTCCAGCCTT AAGGTAGTTTCGTGGATGCC
ATF6 GGATTTGATGCCTTGGGAGTCAGAC ATTTTTTTCTTTGGAGTCAGTCCAT
AMFR AGCTGACACGCTCAGTTGAA GCTCGGTCTGAGCAGAAGTT
BFAR CTCCTCAGGGATGCCATTGAAA TCCCTGCTGCTCCAGTGATA
CGRRF1 GGCCTGGTATTGGGATGGTTT TTTTTGAACACTGCACCCCC
DERLIN3 | GTGGACCTGCTGGGGATT CTCTGCTGTGTCCAGATGGT
HRD1 CGTGTGGACTTTATGGAACGC AGGGGTTCTCACTCTGGAGG
MARCH2 | ACACCGAGTGATGGTCCTTTCTG GCACAGTGTCCGCTTCTCCG
MARCH3 | TGCTGTCAACAGTAGTGCGG TCAGCCACTCCACTAACGG
MARCH4 | CCGAGGATCGCTACTCACTG CCTGCCACTGCAGAGGATTTT
MARCH6 | TCAATGGCTGAAACACAGTCG AGATGCGGCATGCTGTAAGA
MARCH8 | TAGCTTGAAATCCATGGCCCAA CGGAGGACTCCCAGCCTTAG
RNF5 GTTTGGAGACTGCTCGGGAA TGGAATCCCCCTCTGCTCTC
RNF13 GGCCGGACTTCAAGAGAGAA GGAGAGCAGCATCTCGTTGT
RNF26 GAATCCCCTCCTACCCCTGT GAGGAGAGCCCACAGCAAAT
RNF103 CGAGAAGAAGGATGTCCGGG GCTATGACCTGAACCAGCCA
RNF128 CTGCTCGAAGGCTACGGAAT GGGCCAATTTCCTTGTCTCCT
RNF139 AGCAGCAGGTGCGGATG AATACACCAAAGAGCCGGAGG
RNF145 CCATGAATCGGGGCATGACA AGCACGGAAGTGTTTCCACA
RNF148 AGCAACCTGAAAGGCATGGA CAATTGTGGCAGCCAGGAAG
RNF150 AGGGTGACAAGGAAACAGAGT AGAGAGCCCTCGAAGTCAGT
RNF170 GGCTCTAGACCTGGAATGGC GCTCCTGGTTTTCTGGGTGA
RNF 185 GTTAACTGTGCGGAGGC CGGCCAACAGAAGAGGTG
RNFT1 TCTAAGAGAAAGGTCCTCAAAGATT | TCCCAGAAGCTCAAATGGTCC
TMEM129 | CTATCTGGTGTTCGCCGTGT ATGCCCACATAGTAGCCGAG
TRIM13 CTGTCTGACTTTGAGACCAT TTTGAAAGCCTCAGCAATGT
TRIM59 AGACCACTTCCTGAGGTCCA ATCAGACCAGGAACATGGCG
ZNRF4 GAGGGCGACCAACTCAAGAT CAAAGCTGTCTTCTGTGGCG

Table 6 Oligo sequences for RT-qPCR

Molecular cloning of FLAG-HA-E3s

pcDNA™5/FRT/TO (Invitrogen) was modified to carry a FLAG-HA sequence in the
multiple cloning site to allow subsequent fusion of the tag either at the N- or C-
terminal of the gene of interest. To this aim, a DNA duplex containing the FLAG-HA
sequence flanked by specific restriction sites (RSs) was generated as follow.

Forward and Reverse oligos (100 uM) were diluted 1:10 in annealing buffer (10 mM
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TrisCl pH 7.4, 1 mM EDTA and 50 mM NaCl) in a 1:1 ratio. The PCR programme for
the annealing was: 94°C for 5 min, reduction of 1°C/min x 70 cycles starting at 94°C
to a final temperature of 24°C. The duplex was then phosphorylated using T4 PNK
(polynucleotide kinase) enzyme (Invitrogen) following the manufacturer’s
instructions. The reaction was inhibited at 65°C for 10 min. The duplex was cloned
into pcDNA™5/FRT/TO using Notl and Hindlll RSs to generate the constructs
pFLO01 (N-terminal tag) and pFL0O02 (C-terminal tag). The sequence of the duplex

and position of the tag relative to the ORF (open reading frame) are summarised in

Table 7.
FLAG-HA Duplex Sequence E3 ORFs |
AGCTTGCCACCATGGACTACAAGGAT
N-term GACGATGACAAGCTCGATGGAGGATA | MARCH6, RNF5, RNF185,
CCCATACGATGTTCCAGATTACGCTGG | BFAR, RNFT1
TGGAACCGGTGGATCCGCTAGCGC
HRD1, TRIM59, RNF128,
AGCTTGCTAGCACCGGTGGATCCGGT | RNF13, RNF103, AMFR,
Coterm ACCGACTACAAGGATGACGATGACAA | CGRRF1, MARCH2, MARCHS3,
GCTCGATGGAGGATACCCATACGATG | MARCH4, MARCHS, ZNRF4,
TTCCAGATTACGCTTGAGC RNF139, RNF148, RNF170,
RNF26, TRIM13, TMEM129

Table 7 Cloning strategy for FLAG-HA-tagged E3s

ORF sequences for each E3 were obtained from the IMAGE collection (I.M.A.G.E

Consortium) and the sources of the cDNAs are listed in Table 8.
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E3 Name | Accession # | Uniprot ID | Clone Source |

AMFR NM_001144 Q9UKV5 Thermo Fisher Scientific

BEAR NM_016561 QINZS9 SGC (St.ructural Genomics
Consortium)

CGRRF1 NM_006568 Q99675 SGC

HRD1 NM_032431 Q86TM6 Lab collection

MARCH2 NM_016496 Q9PON8 Paul Lenher

MARCH3 NM_178450 Q86UD3 Paul Lenher

MARCH4 NM_020814 Q9P2E8 Paul Lenher

MARCH®6 NM_005885 060337 Wiertz Emmanuel

MARCHS8 NM_145021 Q5TO0TO Lenher Paul

RNF5 NM_006913 Q99942 Lenher Paul

RNF13 NM_007282 043567 SGC

RNF26 NM_032015 Q9BY78 SGC

RNF103 NM_005667 000237 SGC

RNF128 NM_194463 Q8TEB7 SGC

RNF 139 NM_007218 Q8wu17 Paul Lenher

RNF145 NM_001199380 | Q96MT1 SGC

RNF148 NM_198085 Q8N7C7 SGC

RNF150 NM_020724 Q9ULK6 Neuroblastoma CHP-212
PlasmID Repository at

RNF170 NM_001160223 | Q96K19 Harvard Medical School

RNF185 NM_152267 Q96GF1 SGC

RNFT1 NM_016125 Q5M720 SGC

TMEM129 NM_001127266 | AOAVI4 Lenher Paul

TRIM13 NM_005798 060858 SGC

TRIM59 NM_025863 Q8IWR1 SGC

ZNRF4 NM_181710 Q8WWEF5 SGC

Table 8 List of the ORFs and plasmid sources used for cloning FLAG-HA-E3s

The ORFs were amplified with primers containing RSs at their 5’-end to enable
subsequent cloning into pFL001/2. For the PCR reactions, the following mix was
prepared: 10 pl 5x Phusion HF Buffer, 0.5 pl Phusion® High-Fidelity DNA
Polymerase (Invitrogen), 1 ul 100 mM dNTPs (deoxynucleotides, Invitrogen), 2.5 pl
10uM forward oligo, 2.5 yl 10uM reverse oligo, 1 pl DNA (diluted 1:10), 1.5 yl DMSO
and 31 pl H;O. In some cases, 12.5 pl of 4 M Betaine was used instead of DMSO.
The PCR programme was as follow: 98°C for 2 min, (98°C for 10 seconds,
calculated annealing T° for 30 seconds and 72°C for 75 seconds) x 30 cycles, 72°C
for 5 min. After ligation of the digested PCR products with the vector, DH5a
competent bacteria were transformed and plated on ampicillin Luria Broth (LB)-agar
plates. Final constructs were analysed by restriction digest and sequencing.
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Sequences were analysed using Sequence Scanner Software 2.0 (Applied

Biosystems) and Serial Cloner 2.6.1 Software. Where the E3 was not expressed or

did not localise correctly in the final cell line, the ORF was re-cloned with the tag at

the opposite end. Table 9 summarises the oligos used for sequencing and cloning.

Name Oligo Sequence Target |
oFL001 GAAACAGCTATGACCATGTTC pDNR-LIB 362-383R
oFL002 TATAGGGAGACCGGCAGATCT pOTB7 278-299R
oFL003 TCTACCTGTACCTGTTTGAC BFAR 850-870F
oFL004 ATCTGCCTTTAATTGCCTCT RNF128 730-750R
oFL005 AAGTAGGGAAAAAACATGGC RNF128 580-600F
oFL006 TTCATGATCACAAAATTTGT RNF13 600-620F
oFL007 ATCCCCCAGTCGGCGCTGGT RNF150 730-750R
oFL008 CAGAAATATGTGAGCCGCAC RNF150 600-620F
oFL009 TGGGGTGTCCCAGGGACAGC RNF185 480-500R
oFL010 GACCCCAGAGAGAAGACCCcC RNF185 300-320F
oFL011 CTGGTCAACATCTGCCTCAT RNF26 450-470F
oFL012 TTTGAAAGCCTCAGCAATGT TRIM13 700-720R
oFL013 CTGTCTGACTTTGAGACCAT TRIM13 600-620F
oFL014 CACAGGAAGCCTCCACTTCG MARCHS8 1140-1159F
oFL015 TTTGAACATAGATCACTCTA MARCHS8 1542-1561R
oFL016 CCCTTGAACCTCCTCGTTCGACC pLXSN5S' F
oFL021 AATATACCGGTGACACCGCGGAGGAAGACAT MARCH6_Agel F
oFL022 CTTGCGGCCGCTTATTCTTGGGATGACTGTG MARCHS6 Notl R
oFL023 AATATACCGGTCACAATTTTGAGGAAGAGTT TRIM59 Agel F
oFL024 CTTGCGGCCGCTCAATGGGAAACTATTTTCC TRIM59 Notl R
oFL025 AATATACCGGTGGGCCGCCGCCTGGGGCCGG RNF128 Agel F
oFL026 CTTGCGGCCGCTTAAGATTTAATTTCTCGAA RNF128 Notl R
oFL027 AATATACCGGTCTGCTCTCCATAGGGATGCT RNF13 Agel F
oFL028 CTTGCGGCCGCTCAAACAGTATTTGCTATGT RNF13 Notl R
oFL029 AATATACCGGTGCAATGTCTCTCATCCAAGC RNF150 Agel F
oFL030 CTTGCGGCCGCTCAAGATTTCACTTCTTCAC RNF150 Notl R
oFL031 AATATACCGGTGCAGCAGCGGAGGAGGAGGA RNF5 Agel F
oFL032 CTTGCGGCCGCTCAAATACTGAGCAGCCAAA RNF5 Notl R
oFL033 AATATACCGGTGCTGCAAAGGAGAAACTGGA RNF145 Agel F
oFL034 CTTGCGGCCGCCTAGGCTGATTCAACAGGAT RNF145 Notl R
oFL035 AATAAGCTTGCCACCATGCCGCTGCTCTTCCTCGA AMFR Hindlll F
oFL036 TTGAATATTACCGGTGGAGGTCTGCTGCTTCTGAA AMFR Agel R
oFL037 AATAAGCTTGCCACCATGGCTGCGGTGTTTCTGGT CGRRF1 Hindlll F
oFL038 TTGAATATTACCGGTAAGAGTCTTCGGTTTGTCTT CGRRF1 Agel R
oFL039 AATAAGCTTGCCACCATGAGCATGCCACTGCATCA MARCHS8 Hindlll F
oFL040 TTGAATATTACCGGTGACGTGAATGATTTCTGCTC MARCHS8 Agel R
oFL041 AATAAGCTTGCCACCATGCCGCTCTGCCGTCCGGA ZNRF4 Hindlll F
oFL042 TTGAATATTACCGGTCTGACCAGGGGCCTCAGGAG ZNRF4 Agel R
oFL043 AATGCTAGCGCCACCATGGCGGCCGTGGGGCCCcC RNF139 Nhe1 F
oFL044 TTGAATATTGGATCCGTCAGTATCATCATTAAATT RNF139 BamHI R
oFL045 AATAAGCTTGCCACCATGAGCTTCCTTAGAATTAC RNF148 Hindlll F
oFL046 TTGAATATTACCGGTAGTTTTCAGGATGTCACACT RNF148 Agel R
oFL047 AATAAGCTTGCCACCATGGCCAAATATCAAGGTGA RNF170 Hindlll F
oFL048 TTGAATATTACCGGTACCTGAGAACCAAAGGATGG RNF170 Agel R
oFL049 AATAAGCTTGCCACCATGACGACGGGTGACTGCTG MARCH2 Hindlll F
oFL050 TTGAATATTACCGGTTACTGGTGTCTCCTCTGCCA MARCH2 Agel R
oFL051 AATAAGCTTGCCACCATGACAACCAGCCGCTGCAG MARCH3 Hindlll F
oFL052 TTGAATATTACCGGTAACAACTGTCTCCTTTGAGT MARCH3 Agel R
oFL053 AATAAGCTTGCCACCATGCTGATGCCCCTGTGTGG MARCH4 Hindlll F
oFL054 TTGAATATTACCGGTCACTGTCGTGACTCTCATGA MARCH4 Agel R
oFL055 AATAAGCTTGCCACCATGGCAAGCAAGGGGCCCTC RNF185 Hindlll F
oFL056 TTGAATATTACCGGTGGCAATCAGGAGCCAGAACA RNF185 Agel R
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oFL057 AATAAGCTTGCCACCATGGAGGCAGTGTACCTGGT RNF26 HindlIl F
oFL058 TTGAATATTACCGGTGAGGTAGACATTGAGGGTCT RNF26 Agel R
oFL059 AATGCTAGCGCCACCATGGAGGAACCTCAGAAAAG BFAR Nhel F
oFL060 TTGAATATTGGATCCCAACACCTGGGTTTCCAGCC BFAR BamHI R
oFL061 AATAAGCTTGCCACCATGGAGCTGCTTGAAGAAGA TRIM13 Hindlll F
oFL062 TTGAATATTACCGGTTAATAGTTTATATTTGCACA TRIM13 Agel R
oFL063 AATAAGCTTGCCACCATGTTCCGCACGGCAGTGAT SYVN1 Hindlll F
oFL064 TTGAATATTACCGGTGTGGGCAACAGGAGACTCCA SYVN1 Agel R
oFL065 AATAAGCTTGCCACCATGCCGCTGTTCTTGCTGTC RNFT1 Hindlll F
oFL066 TTGAATATTACCGGTATATATTTGAAGGTGTGATG RNFT1_Agel_R
oFL067 AATATACCGGTTGGCTGAAGCTTTTTTTCTT RNF103 Agel F
oFL068 CTTGCGGCCGCTTAAGATGGGACATCATTTG RNF103 Notl R
oFL069 GTTGCTGCTGATCAGCCTGC MARCH6 607-627F
oFL070 ACATAGAGACCACAAGCAGC MARCH6 2032-2051R
oFL071 GAATTTATGGATTACAGTTA RNF139 650-669F
oFL072 GCCTCTCAACATTTTCTGCC TRIM13 300-319F
oFL073 TAAATGGATAACTGCTCATG RNF103 1600-1620F
oFL074 CCACGGAATGCACACCTTGG AMFR 630-650F
oFL075 AAGTTCTCTATTTTCTTGGG RNF145 544-564F
oFL076 TGGCTTATATGATTTGCCAG RNF145 1186-1206F
oFLO077 TCTCGTTGGTGTTGGAGCCC RNF150 444-464R
oFL078 GTGAATGAAAGTTCAGTCAC RNF150 1084-1103F
oFL079 GCCTCCTTCCCGGTGGAGAC RNF170 280-299F
oFL080 AATAAGCTTGCCACCATGGCCAAATATCAAGGTGA RNF170 Harv Hindlll F
oFL081 TTGAATATTACCGGTTCTAGTTAGCCTTTGGGTTA RNF170 Harv Agel R
oFL082 AATGCTAGCGCCACCATGGGGCCGCCGCCTGGGGC RNF128 Nhel F
oFL083 TTGAATATTGGATCCAGATTTAATTTCTCGAACAG RNF128 BamHI R
oFL084 AATATACCGGTGCAAGCAAGGGGCCCTCGGC RNF185 Agel F
oFL085 CTTGCGGCCGCTTAGGCAATCAGGAGCCAGA RNF185 Notl R
oFL086 AATAAGCTTGCCACCATGCACAATTTTGAGGAAGA TRIMS9 Hindlll F
oFL087 TTGAATATTACCGGTATGGGAAACTATTTTCCACA TRIM59 Agel R
oFL088 AATATACCGGTCCGCTGTTCTTGCTGTCGCT RNFT1 Agel F
oFL089 CTTGCGGCCGCTTAATATATTTGAAGGTGTG RNFT1 Notl R
oFL090 AATAAGCTTGCCACCATGGACACCGCGGAGGAAGA MARCHG6 Hindlll F
oFL091 TTGAATATTACCGGTTTCTTGGGATGACTGTGGAG MARCH6 Agel R
oFL092 AATAAGCTTGCCACCATGGACAGCCCCGAGGTGAC TMEM129 Hindlll F
oFL093 TTGAATATTGGATCCGCGCACGGTGCACACATCCA TMEM129 BamHI R
oFL094 AATAAGCTTGCCACCATGCTGCTCTCCATAGGGAT RNF13 HindlIl F
oFL095 TTGAATATTACCGGTAACAGTATTTGCTATGTTGT RNF13 Agel R
oFL096 AATGCTAGCGCCACCATGTGGCTGAAGCTTTTTTT RNF103 Nhel F
oFL097 TTGAATATTGGTACCAGATGGGACATCATTTGACA RNF103 Kpnl R
oFL098 GCGATTTGTGGTTCTCATAA RNF103 1053-1073F
oFL099 CTCTGCGAGAAGCTCCGGGC TMEM129 706-726F
oFL100 CCAACGACATTGAGGTAC RNF13 1390-1407F
oFL101 AATATACCGGTGAGGAACCTCAGAAAAGCTA BFAR Agel F
oFL102 CTTGCGGCCGCTCACAACACCTGGGTTTCCA BFAR Notl R
oFL103 AATAAGCTTGCCACCATGGCTGCAAAGGAGAAACT RNF145 Hindlll F
oFL104 TTGAATATTACCGGTGGCTGATTCAACAGGATGTA RNF145 Agel R
oFL105 AATATACCGGTGAGCTGCTTGAAGAAGATCT TRIM13 Agel F
oFL106 CTTGCGGCCGCTTATAATAGTTTATATTTGC TRIM13 Notl R
oFL107 GGTTCAGGTAGTGGAGGT R145 615-632
oFL108 CTGGGAGCATCTAGAGAC R145 1102-1119
oFL109 AATATACCGGTGAGGCAGTGTACCTGGTAGT RNF26 Agel F
oFL110 CTTGCGGCCGCTCAGAGGTAGACATTGAGGG RNF26 Notl R
oFL111 CTTGCGGCCGCTCAGAGTGCGACATTGAGGG R26_FH_V-A _mut

Table 9 Primers used for cloning and sequencing
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Polymerase chain reaction (PCR)

DNA target sequences were amplified using Phusion® High-Fidelity DNA
Polymerase (Invitrogen) according to the manufacturer’s instructions. Either DMSO
or Betaine was used to increase the performance of the reaction. The annealing
temperature for the primers to the DNA template was calculated using Serial Cloner
2.6 Software and the reaction was carried out in a thermocycler (BioRad).
Restriction endonuclease digest

30 pl of PCR product were digested with 1 pl (20,000 U/ml) of restriction enzyme
(NEB) in a total volume of 50 pl. The reaction was set up following the
manufacturer’s instructions and incubated at 37°C for 1 hour. Digested products
were purified using a QIAquick PCR purification Kit (QIAGEN) following the
manufacturer’s instructions. For preparative applications, approximately 1 ug of
plasmid DNA was digested with 1 pl (20,000 U/ml) of restriction enzyme in a final
volume of 20 yl and incubated at 37°C for 3 hours. For analytical applications, 1 pl
of plasmid DNA was digested with 0.5 pl (20,000 U/ml) of restriction enzyme in a
final volume of 10 pl and incubated at 37°C for 1 hour. The digested products were
analysed by electrophoresis on an agarose gel.

Agarose gel electrophoresis

Agarose (at the appropriate concentration) was heated in TAE (Tris-acetate-EDTA)
buffer until dissolved and DNA/RNA dye peqGREEN (VWR) was subsequently
added 1:20,000 to the gel. DNA samples containing loading buffer (Invitrogen) were
loaded onto the gel and run in TAE buffer at 135 V. A 1 kb DNA ladder (Invitrogen)
was run next to the samples as a size marker. Bands were visualized in a UV

imaging system (UVP Bio Imaging Systems).
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DNA purification from agarose gel

DNA fragments separated by electrophoresis were visualized with UV light. Bands
of interest were cut out of the gel to be purified using the QIAquick PCR purification
Kit (QIAGEN) according to the manufacturer’s instructions.

Ligation of DNA fragments

Digested vector and insert DNA were mixed in a 3:1 molar ratio and ligated using T4
DNA ligase (Invitrogen) at RT for 1 hour.

Transformation of competent bacteria

DH5a competent bacteria were thawed on ice for 10 min. 10 ul of ligation reaction or
1 pl of plasmid DNA were added to 100 pl of bacteria and incubated on ice for 15
min, followed by heat shock at 42°C for 45 seconds. The transformation mix was
incubated on ice for 2 min and then plated on LB agar containing the appropriate
antibiotic. Plates were incubated at 37°C overnight to allow colony formation.
Purification of plasmid DNA from bacteria

Single bacterial colonies were inoculated in 5 ml of antibiotic-containing LB medium
and grown at 37°C under agitation overnight. Bacteria were collected by
centrifugation at 14,000 rpm for 1 min. DNA was extracted using a QlAprep® Spin
Miniprep Kit (QIAGEN) following the manufacturer’s instructions.

Determination of nucleic acid concentration

Concentration and purity of DNA or RNA was determined by measuring their
absorbance at 260 nm and 280 nm with a Nanodrop spectrophotometer (Thermo
Fisher Scientific).

Validation of DNA constructs

DNA constructs were validated by restriction digest and by sequencing. DNA
sequences were analysed using Sequence Scanner Software 2.0 and aligned

against the predicted sequence using Serial Cloner 2.6 Software.
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2.3 Sample preparation for mass spectrometry

FLAG immunoprecipitation

FLAGHA _ Flp-In™293 cell lines were seeded in 3 x 15 cm dishes and treated with
the appropriate dose of DOX (Table 3) for 18 hours. For harvesting, cells were
washed with PBS and detached by scraping with PBS containing 10 mM EDTA. Cell
pellets were snap frozen in dry ice/EtOH and stored at -80°C. For protein extraction,
pellets were resuspended in 2 ml of LMNG lysis buffer [50 mM Tris pH 7.4, 150 mM
NaCl, 5 mM EDTA and 1% (w/v) LMNG] supplemented with protease inhibitors
(Roche) and incubated at 4°C for 1 hour. Cell lysates were centrifuged at 17,000% g
at 4°C for 30 min and supernatants were re-centrifuged for 15 min. Clear
supernatants were pre-cleared using 100 ul sepharose CL-4B beads (Pharmacia)
and incubated at 4°C overnight. Beads were sedimented by centrifugation at 3,000x
g for 2 min and proteins were quantified using Bradford reagent (BioRad). 10 mg of
total proteins were prepared in 1.8 ml of LMNG lysis buffer and immunoprecipited
using 75 pl of anti-FLAG M2 affinity gel (Sigma-Aldrich) while rotating at 4°C for 2
hours. The remaining proteins were prepared in Laemmli buffer/DTT, heated at
56°C for 10 min and stored at -80°C to be subsequently run as inputs in SDS-
PAGE. FLAG resin was collected by centrifugation at 5,000x g at 4°C for 30
seconds and washed twice in lysis buffer without detergent, and then twice in TBS
(Tris-buffered saline) for buffer exchange.

SDS protein elution

Immunoprecipitated protein complexes were eluted with 100 pl 2x SDS with 10%
BME (B-mercaptoethanol) at 95°C for 10 min. The eluate was collected upon

centrifugation at 5,000x g for 30 seconds.
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Protein reduction and alkylation

Eluates were adjusted with ddH,O to 175 pl. 5 pl of 200 mM DTT were added to the
samples and incubated at RT for 30 min. Alkylation was performed by addition of 20
pl 200 mM |AA (iodoacetamide) and incubation at RT for 30 min.

Double methanol/chloroform precipitation

Proteins were precipitated by addition of 600 yl methanol, 150 pl chloroform and
450 pl ddH20, then vortexed and centrifuged at 17,000%x g at RT for 2 min. The
aqueous phase was removed, 450 yl methanol were added to the samples, then
they were vortexed and centrifuged for 5 min. Supernatant was removed and the
protein pellet was resuspended in 200 pl ddH,O for a second precipitation as
before.

Tryptic digestion

Protein pellets were resuspended by vortexing in 50 yl 6 M Urea and 0.1 M Tris HCI
pH7.8 and sonicated for 2 min. 250 pyl ddH,O were added to reduce urea
concentration and ice-cold trypsin was added at a 1:50 ratio for digestion at 37°C
overnight while shaking at 300 rpm. Trypsin was inactivated by addition of 3 pl of
100% TFA (trifluoroacetic acid) to a 1% final concentration.

C18 column purification

Trypsinised peptides were purified through C18 Sep-Pak cartridges (Waters).
Solution B (65% acetonitrile and 0.1% TFA in ultrapure water) was used for
cartridge conditioning and 10 ml of solution A (2% acetonitrile and 0.1% TFA in
ultrapure water) were used for the equilibration step. The acidified tryptic peptides
were bound to the cartridge prior to a wash with 10 ml solution A. The peptide
elution was performed by adding 2 x 600 pl of Solution B to the cartridge. The
samples were speed-vac dried and resuspended in 20 pl of solution A, vortexed,
sonicated and centrifuged at 17,000x g for 20 min. The clear suspension was

transferred in a glass tube and stored at -20°C.
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LC-MS/MS settings

2 ul of peptides were analysed by tandem mass spectrometry (Q Exactive-HF,
Thermo Fisher Scientific, Bremen, Germany) coupled with ultra-high performance
liquid chromatography (UHPLC, Dionex Ultimate 3000, Thermo Fisher Scientific)
using a PepMap RSLC column (C18, 2um, 100 A and 75um x 50 cm). The samples
were loaded in 0.1% TFA (Trifluoroacetic acid) buffer and analysed using a 1 hour
linear gradient at a flow rate of 250 nl/min. The gradient used to elute the peptides
started at 3 min with 2% buffer B (0.1% FA and 5% DMSO in acetonitrile),
increasing to 5% buffer B by 6 min followed by an increase of up to 35% by 63 min.
The column was washed twice for 5 and 6 min respectively, with 99% buffer B. The
total length of the analysis was 100 min to allow column re-equilibration. The data
were acquired with a resolution of 70,000 full-width half maximum at mass/charge
400 with lockmass enabled (445.120025 m/z), top 15 precursor ion selection,
dynamic exclusion of 27 seconds and fragmentation performed in higher-energy C-

trap dissociation (HCD) mode with normalized collision energy of 28.
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Chapter llI:

Interaction Networks of ER-Resident
Ubiquitin Ligases and their
Participation in ER Homeostasis
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3.1 Background

The human ER contains at least 25 E3 ubiquitin ligases, including Hrd1 (Maruyama
et al., 2008; Neutzner et al., 2011; van den Boomen and Lehner, 2015). They are
single pass or multispanning membrane proteins with varying topology, bearing a

RING finger domain oriented towards the cytosol (Figure 3.1).

RNF13

RNF128 MARCH2
RNF148 MARCH3
RNF150 TRIM13 MARCH4 RNF5

ZNRF4 TRIM59 CGRRF1 MARCH8 RNF185 TMEM129 BFAR RNF170 RNF103 RNF26

@ RING domain

Figure 3.1 Topology of the ER-resident E3 ubiquitin ligases

About half of the ER-embedded E3s have been reported to play role in ERAD by
regulating turnover of different substrates, including: AMFR (Fang et al., 2001),
BFAR (Rong et al.,, 2011), MARCHG6 (Kreft et al., 2006), RNF5 (Younger et al.,
2006), TRIM13 (Lerner et al.,, 2007), TMEM129 (van den Boomen et al., 2014),
MARCHS8 (Rui Chen et al.,, 2012), ZNRF4 (Neutzner et al., 2011), RNF103
(Maruyama et al., 2008), RNF128 (Ichikawa et al., 2011), RNF139 (Stagg et al.,
2009), RNF170 (Lu et al., 2011) and RNF185 (Khouri et al., 2013). The MARCH
family proteins MARCH2 (Nakamura et al., 2005) and MARCH4 (Bartee et al.,
2004), as well as RNF13 (Arshad et al., 2013) and RNF26 (Qin et al., 2014), have
reported roles in Ub-dependent regulation of different cellular processes
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independent of ERAD. In particular, MARCH2 and MARCH4 control lysosomal
trafficking of transmembrane receptors such as CFTR (cystic fibrosis
transmembrane conductance regulator) and MHC-I, respectively (Bartee et al.,
2004; Cheng and Guggino, 2013). RNF13 regulates JNK activation and downstream
apoptotic signalling in response to ER stress (Arshad et al., 2013). Finally, RNF26
participates in the antiviral response by regulating type | interferon induction, and
most recently has been reported to be involved in orchestration of the endosomal
system for cargo trafficking (Jongsma et al., 2016). The remaining ER-localised E3s
(CGRRF1, RNFT1, TRIM59, RNF148, RNF150, MARCH3 and RNF145) are still
uncharacterised in terms of their catalytic activity and potential function. Table 11
(Appendix) summarises the currently known interactors and substrates of the ER-

resident E3s.

MARCHG6/TEB4 is the human orthologue of yeast Doa10 and, together with Hrd1,
they represent the most evolutionarily conserved E3s in the ER of metazoans (Kreft
et al., 2006). MARCHG6 contains an estimated 14 transmembrane domains (TMDs)
and it is capable of autoubiquitination, promoting its own proteasomal degradation
(Hassink et al., 2005). Only two substrates have been identified for MARCHSG: the
thyroid hormone-activating type 2 deiodinase (DIO2) (Zavacki et al., 2009) and the
more recently discovered squalene monooxygenase (SQLE) (Foresti et al., 2013).
By mediating SQLE degradation, MARCHG6 participates in the regulation of sterol

homeostasis, alongside Hrd1 and AMFR (Bays et al., 2001; Song et al., 2005).

AMFR/gp78 is the first ubiquitin ligase integral to the ER membrane to be shown to
participate in ERAD in mammalian cells (Fang et al.,, 2001). Topologically, it
contains seven TMDs and shares a high degree of homology with Hrd1’s N-terminal

region (28% similarity and 18% identity) and RING finger domain (69% similarity
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and 54% identity) (Kikkert et al., 2004). It is involved in the degradation of a number
of substrates, among which are the TCR subunits CD3-6 and TCR-a, and the Z
variant of A1AT (Fang et al., 2001; Shen et al., 2006). It is implicated in the
degradation of Apoliprotein B-100 (APOB), Insig-1 and HMG-CoA reductase (J. N.
Lee et al., 2006; Song et al., 2005), highlighting its role in cholesterol metabolism.
AMFR mediates substrate ubiquitination via binding to the E2 enzyme Ube2g2 (Das
et al.,, 2009), the ATPase VCP/p97 and Derlin-1 (Y. Ye et al.,, 2005). Disease-
associated substrates of AMFR include mutant CFTRars0s, Whose degradation
occurs in cooperation with the E3 ligase RNF5 (Morito et al., 2008), as well as
SOD1ggsa (superoxide dismutase-1) and Ataxin-3, which are associated with ALS
and Machado-Joseph disease, respectively (Ying et al., 2009). AMFR has been
reported to promote sarcoma metastasis by targeting the metastasis suppressor
KAI1/CD82 for degradation (Y. C. Tsai et al., 2007). Consistent with this finding,
depletion of AMFR in cancer cells promotes apoptosis. The pathological relevance
of AMFR in cancer is supported by the observation that AMFR expression inversely
correlates with the levels of KAI1 in human sarcoma samples (Y. C. Tsai et al.,

2007).

RNF139 (RING finger protein 139)/TRC8 (translocation in renal carcinoma on
chromosome 8 protein) was originally identified as a tumour suppressor gene
associated with hereditary renal cell carcinoma (Gemmill et al., 1998). RNF139 is a
polytopic protein consisting of 12 TMDs and a sterol-sensing domain (SSD). In the
presence of sterols, RNF139 promotes its own ubiquitination and degradation,
whereas it is stabilised under conditions of sterol depletion. It binds SREBP-2 (sterol
response element binding protein 2) and SCAP (SREBP cleavage-activated protein)
to inhibit the translocation of the SREBP-1/SCAP complex from the ER to the Golgi

for proteolytic processing, thereby reducing SREBP-2 target gene expression
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(Irisawa et al., 2009). RNF139 can also destabilise SREBP-1 and SREBP-2 by
promoting their ubiquitination and degradation (J. P. Lee et al., 2010). Due to these
activities, this ligase regulates lipid biosynthesis during periods of cholesterol
limitation. Other substrates of RNF139 include MHC-I through US2 binding (Stagg
et al., 2009) and heme oxygenase-1 (HO-1) (P.-H. Lin et al., 2013). Degradation of
OH-1 in renal carcinoma induces mitotic arrest, highlighting the role of RNF139 in
the control of cancer growth (P.-H. Lin et al., 2013). Additionally, RNF139 has been
reported to inhibit kidney tumour growth in a RING-dependent manner via cell cycle

arrest and the induction of apoptosis (Brauweiler et al., 2007).

RNF5/RMA1 is an ER ubiquitin ligase containing two TMDs, originally found in
association with paxillin (Didier et al., 2003), a focal adhesion protein involved in
several signalling pathways (Schaller, 2001). RNF5 catalyses K63-linked
ubiquitination of paxillin, reducing its concentration at focal adhesions. By regulating
paxillin’s localisation, RNF5 regulates cancer cell motility. In addition, RNF5
mediates the degradation of mutant CFTR in cooperation with AMFR or CHIP
(Morito et al., 2008; Younger et al., 2006). Interestingly, it has been shown to have
an inhibitory effect on ERAD prior to and after ER stress. At the ER membrane,
RNF5 binds to and ubiquitinates JAMP (JNK-associated membrane protein). Non-
canonical ubiquitination of JAMP prevents its interaction with VCP/p97 and the
proteasome, resulting in impaired recruitment of the degradation machinery at the
ER (Tcherpakov et al., 2009). It has been reported that RNF5 also has roles in
immunity and during pathogen infection. In particular, it is required by Salmonella to
escape to the cytosol via ubiquitination of the Salmonella effector SopA (Salmonella
outer protein A), therefore contributing to bacterial proliferation and
enteropathogenicity (Y. Zhang et al., 2005). It has been shown that, during viral

infection, RNF5 relocalises from the ER to the mitochondria, where it targets the
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immune modulator MITA/STING (Stimulator of interferon genes protein) to
degradation via ubiquitination at K150, resulting in a reduced antiviral response (B.
Zhong et al., 2009). High levels of this ligase are associated with poor prognosis
and metastasis in breast cancer, melanoma and other cancers, while RNF5
depletion inhibits cell proliferation (Bromberg et al., 2007). Finally, by mediating
ubiquitination and the degradation of the glutamine transporter SLC1A5 (Sodium-
dependent neutral amino acid transporter type 2), RNF5 predicts the response to

ER stress-inducing chemotherapies in breast cancer (Jeon et al., 2015).

In summary, E3-mediated ubiquitination at the ER is responsible for governing both
protein turnover and degradation of misfolded substrates, as well as proteasome-
independent pathways such as lysosomal trafficking and immune signalling. The
majority of substrates and biological processes regulated by the ER-resident E3s
remain unknown. The characterisation of E3 substrates and cofactors may help to
elucidate the contribution of this class of enzymes to ERAD and cellular

homeostasis.

80



3.2 Aim

Almost one third of the human proteome (approximately 7,000 proteins) matures in
the ER, where the ERAD machinery is responsible for overseeing protein folding
and targeting misfolded variants for degradation. In this process, ER-resident E3
ubiquitin ligases play a central role in mediating ubiquitination and the subsequent
disposal of misfolded substrates by cytoplasmic proteasomes. While yeast only
expresses two E3s in the ER (Hrd1 and Doa10), the human ER contains at least 25
E3 ubiquitin ligases. This evolutionary diversification may have been required to
respond to the more sophisticated nature of secretory proteins in metazoans. In
addition to a role in degradation, Ub signalling from the ER has the potential to
control a number of cellular functions, including the immune response signalling,
lipid and calcium homeostasis, as well as cell fate decisions. Our understanding of
the biological functions of the ER-resident E3s is still limited, with Hrd1 and AMFR
having received most attention over the last years. Identifying the interactors and
substrates of these ER E3s would be a first step in determining their physiological
roles within the cell. This project aims to elucidate the participation of the ER-
localised E3s in ERAD and other physiological processes by analysing the
organisation of the E3 complexes with components of the degradation machinery,
as well as by identifying novel cofactors and potential substrates. An affinity
purification LC-MS/MS strategy is used to identify high confidence interactors and
candidate substrates of each E3. Participation of these ligases in maintaining ER
homeostasis is assessed by measuring UPR induction upon siRNA-mediated
depletion of individual E3s. Finally, transcriptional regulation in response to ER
stress-inducing drugs is also addressed to highlight the engagement of ER-resident

E3s in the resolution of ER stress.
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3.3 Results

3.3.1 Generation of Flpln T-REx HEK293_FLAG-HA-E3 cell lines

In order to determine the composition of the ER-resident E3 complexes, each
ubiquitin ligase was affinity purified and analysed by mass spectrometry. To do so,
cell lines were generated encoding FLAG-HA tagged versions of the E3s under a
doxycycline (DOX) inducible promoter. This strategy allowed controllable expression
levels while circumventing the lack of available antibodies for robust IP of most of
these E3s. To limit the risk of aberrant integration of the constructs of interest, Fipin
T-REx HEK293 cell lines were chosen as the expression system. These cells
already contain a single Flp Recombination Target (FRT) site integrated in the
genome to allow recombination with the expression vector carrying the cDNA of the
individual E3s. Two versions of the expression vector pcDNA5/FRT/TO were
created to encode a FLAG-HA sequence in-frame with the multiple cloning site, so
that each E3 ORF could be subsequently cloned upstream or downstream of the
FLAG-HA, to generate either N- or C-terminally-tagged versions. The position of the
tag was chosen for each E3 based on previous studies (Maruyama et al., 2008;
Neutzner et al., 2011; van den Boomen et al., 2014), predicted topology and/or the
presence of a signal sequence. The final constructs containing FLAG-HA-tagged
E3s were transfected into Flpln T-REx HEK293 cells, with the clones containing the
cassette properly integrated into the FRT site selected using Hygromycin B. The
final selected population was an isogenic pool, which has the advantage of avoiding
potential clone-specific off-target effects. A schematic of the cloning strategy and

process used to generate the stable cell lines is depicted in Figure 3.2.
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Figure 3.2 Generation of Filpln T-Rex HEK293_FLAG-HA-tagged E3 cell lines
Schematic of the cloning strategy and generation of Fipln T-REx HEK293 cell lines with N-
terminal (A) or C-terminal (B) FLAG-HA-tagged E3s stably integrated.

3.3.2 Determination of FLAG-HA-E3 expression and localisation

A DOKX titration was performed on HEK293 FLAG-HA_E3 cell lines to determine the
inducibility of the different E3s and choose the concentration that allowed sufficient
detectable expression. Cells were stimulated with four doses of DOX (1, 10, 100 or
1,000 ng/ml) for 18 hours. In addition, 4 hours before harvesting, the proteasome
inhibitor MG132 (10 pg/ml) was added to the highest dose of DOX to rescue the E3s
that may have been intrinsically unstable and targeted to degradation, possibly as a
consequence of overexpression. Total proteins were extracted and expression of
the individual tagged E3s was analysed by Western blot (WB) using antibodies

against the FLAG or HA tag (Figure 3.3).
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Figure 3.3 DOX titration of FLAG-HA-E3s

WB for FLAG (or HA in the case of MARCH3) from WCL of HEK293_FLAG-HA_E3 cell lines
induced with DOX. DOX was used at 1, 10, 100 or 1,000 ng/ml for 18 hours. MG132 (10
pg/ml) was added to the highest dose of DOX for 4 hours.

The expected molecular weight of each expressed E3 was confirmed by comparison
to molecular size markers as a reference. In cases where no expression was
detected, the tag was repositioned at the opposite terminus of the ORF and the new
cell line was tested for E3 expression and ER localisation. All FLAG-HA-tagged E3s
were detectable from WCL, with the exception of RNF103 and TRIM59, which could
only be resolved by mass spectrometry. Despite several attempts, RNF145 and
RNF150 could not be expressed nor detected, and we therefore decided to exclude
these two ligases from the analysis. Table 10 summarises the DOX concentrations
that were chosen to induce each E3 prior to immunoprecipitation for mass

spectrometry.
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E3 name DOX (ng/ml) E3 name DOX (ng/ml) E3 name DOX (ng/ml) E3 name DOX (ng/ml)
AMFR-FH 1 MARCH4-FH 10 RNF103-FH 100 FH-RNFT1 10
FH-BFAR 1 FH-MARCH6 1000 RNF128-FH 10 TMEM129-FH 1
CGRRF1-FH 1 MARCHS8-FH 1 RNF139-FH 10 TRIM13-FH 1
HRD1-FH 1 FH-RNF5 10 RNF148-FH 1 TRIM59-FH 10
MARCH2-FH 10 RNF13-FH 1 RNF170-FH 1 ZNRF4-FH 1
MARCH3-FH 1 RNF26-FH 1000 RNF185-FH 1

Table 10 Dose of DOX used to induce FLAG-HA-E3s for affinity purification

To confirm localisation of the overexpressed E3s to the ER, immunofluorescence
analysis was performed after 18 hours of DOX induction. Co-localisation with the ER

marker CNX or KDEL was monitored by confocal microscopy (Figure 3.4).
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Figure 3.4 Inmunofluorescence for FLAG-HA-E3s
FLAG-HA-E3 expression was obtained by DOX treatment for 18 hours. Nuclei were stained
with DAPI, a-calnexin or a-KDEL were used as ER markers and a-FLAG was used against
the E3s. Secondary Alexa-conjugated antibodies were used to detect localisation. Images
were acquired by confocal microscopy, objective 63x.

It was established that all FLAG-HA-E3s were in the ER based on significant
colocalisation with ER markers. Only RNF103 and TRIM59 could not be detected

due to low expression levels. Importantly, all ligases displayed a diffuse, soluble
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pattern and no punctae that could reflect aggregation, an important consideration
when the aim is to analyse native complexes.

3.3.3 Affinity purification of E3 protein complexes

Each step in the sample preparation process for mass spectrometry was optimised
for efficient pull-down and the preservation of native complexes. Upon inducing
each individual E3 with the selected DOX concentration for 18 hours, all samples
were prepared simultaneously for mass spectrometry to reduce potential variations
arising from sample processing. Selected ionic and non-ionic detergents were used
for solubilisation followed by immunoprecipitation of Hrd1, and were thereafter
tested for their capability to preserve weak interactors of the Hrd1 complex (data not
shown). LMNG was chosen as the mildest detergent in which the weakest Hrd1
interactors OS-9 and Herp were retained. Therefore, all E3 complexes were
extracted from the generated cell lines in 1% LMNG detergent. WB analysis of the

E3s from WCL revealed a significant heterogeneity in the expression levels (Figure
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Figure 3.5 Expression levels of FLAG-HA-E3s
WB for HA on WCL from HEK293 FLAG-HA-E3 cell lines induced with the chosen DOX
concentration (see Table 10) for 18 hours.
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A range of steady-state levels of the E3s was observed: high (AMFR, Hrd1, RNF26,
RNF128, RNF139 and ZNRF4), medium (CGRRF4, MARCH2, MARCHS8, RNF5,
RNF185, TMEM129 and TRIM13) and low (BFAR, MARCH3, MARCH4, MARCHS,
RNF13, RNF103, RNF148, RNF170, RNFT1 and TRIM59), which could reflect
differences in intrinsic stability between E3s. Most E3s expressed as a single band
and exhibited a molecular weight close to what was expected, while additional
bands were detected in several instances (e.g. RNF128, MARCH4, RNF13, TRIM13
and ZNRF4). Double bands appearing for RNF13 and RNF 148 most likely represent
different glycosylated forms, as previously reported for RNF13 (Q. Zhang et al.,
2009) and predicted for RNF148 (UniProt source). RNF26, TRIM13 and ZNRF4
displayed a major band at the correct molecular weight and a minor band of
approximately double size, possibly reflecting the formation of DTT- or SDS-
resistant dimers. The same was observed for RNF128, although in this case the
dimeric form was more prominent than the monomeric protein. RNF170 was
resolved at a significantly lower molecular weight than expected (approximately 22
kDa instead of 32 kDa); however, this observation is in agreement with previously
published data (Wright et al.,, 2015). As mentioned above, the expression of
RNF103 and TRIMS9 could not be detected in WCL. Overall, 21 out of 23 FLAG-

HA-tagged E3s were successfully detected by WB.

Following lysis of each cell line in 1% LMNG, FLAG-HA-tagged E3s were affinity
purified by FLAG agarose beads. FLAG beads were chosen over the HA beads as
they exhibited higher protein yield in pull-downs. Mild wash conditions using IP
buffer without detergent were used to preserve weak interactions, and therefore the
integrity of the complexes. Bead-bound complexes were eluted using 2x SDS-10%
BME, since it showed a greater efficiency of elution than the FLAG peptide (data not

shown). Although elution by SDS typically produces more complex samples with
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higher non-specific backgrounds in mass spectrometry analysis, these non-specific
binders were used in our data analysis to normalise samples (see below). To
compare the background intensities of the different immunoprecipitated E3
complexes, a fraction corresponding to approximately 8% of each eluate was

analysed by SDS-PAGE followed by silver staining (Figure 3.6).
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Figure 3.6 Total protein intensities from induced HEK293_FLAG-HA-E3 cell lines
Silver staining of 8% eluate from immunoprecipitated FLAG-HA-E3 samples. Eluates were
run in three batches according to the E3 expression levels (high, medium or low). Black
arrows indicate the band corresponding to the E3 in those cases where expression was
detectable. 0.5, 1, 2 and 4 ug of denatured HEK293 WCL was loaded as a reference.

Despite heterogeneous E3 expression levels, similar background intensities were
observed across all samples, an important prerequisite for chromatogram alignment

and downstream comparative data analysis. The eluted protein complexes were
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reduced and alkylated to irreversibly break disulphide bonds between cysteines,
allowing optimal unfolding for subsequent enzymatic cleavage. Double methanol-
chloroform precipitation was carried out to remove excess SDS prior to tryptic
digestion and final purification on C18 Sep pak columns. The 23 samples were run
in two batches that were subsequently merged, and the batch effects were removed
using an algorithm developed for microarray analysis (Limma package, R). For each
sample, the purified peptides were analysed in duplicate in a tandem mass
spectrometer coupled with UHPLC.

3.3.4 MS/MS raw data processing for generation of p-values

LC-MS/MS of all samples identified >1.5x10° spectra. Raw spectral data were
uploaded onto Progenesis QI software for chromatogram alignment, a prerequisite
of comparative expression profiling. Progenesis QI uses raw peptide abundance
values to calculate peptide intensities. Importantly, protein quantification is based on
unique peptides only. Peptide identity was assessed by the SwissProt Human
database, which generated a matrix of 2,274 hits across the 23 baits. Mean
intensities from the two technical replicates were calculated for each protein hit in
every sample and subsequently log, transformed. The standard deviation (SD) of
each protein across all samples was calculated and plotted against the SD rank. A
90% cut-off was applied to this plot to define the background proteome, which
comprised the proteins exhibiting the least variation in intensity across all samples.
The background proteome was used for median normalisation of the logs-
transformed mean intensities of each sample and the Cyclic Loess method was
employed to standardise sample distributions without forcing equal distribution. The
intensity of each protein in each sample was divided by the mean intensity of that
protein in all other samples to generate fold change values for every identified hit.
Fold changes were then converted to p-values using MaxQuant Significance A (Cox
and Mann, 2008), a method used to derive p-values from two replicates instead of
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the classical Student’s f-test, which requires a minimum of three replicate values.
The higher the fold change of a particular protein across the samples, the lower its
corresponding p-value. Final p-values were FDR (false discovery rate)-corrected
(Benjamini—-Hochberg correction).

3.3.5 Identification of high confidence interactors

A series of filtering steps was performed to define the High Confidence Interactor
Proteins (HCIPs) for each bait. Firstly, a threshold of <0.05 was applied to the p-
value scores, resulting in an average of 100 protein hits per E3. Subsequently,
contaminants (defined as nuclear or cytoskeletal proteins, see contaminant list in
the Appendix) and proteins with a negative fold change and only identified by one
peptide were removed. On average, this resulted in the identification of about 20
HCIPs for each E3-bait. The UniProt Retrieve/ID mapping function was used to
annotate the HCIPs. Given the specialised localisation of these E3 protein
complexes, the following features were used to classify the HCIPs: signal peptide,
N-linked glycosylation, disulphide bonds and TMDs. Therefore, the HCIPs were
classified as either cytosolic or transmembrane and/or ER-resident proteins. Due to
the comparative nature of the Progenesis QI analysis (based on peptide intensity),
protein hits could only be assigned a p-value in one sample if they were present in
at least one other sample. For this reason, interactors unique to only one E3 may
risk being disregarded. To this aim, the SINQ tool (Trudgian et al., 2011) was
employed, which uses spectral count index quantitation to score protein hits. Unique
interactors to each E3 were ranked according to their SINQ score and a cut-off of
>1x10® was used to define the most significant HCIPs. These were annotated as
cytosolic, membrane and/or ER proteins as described above.

3.3.6 A comparative method for MS/MS data analysis

One of the main problems in analysing proteomic datasets is the difficulty in
distinguishing between background proteins and true interactors. In the case of
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large datasets, it becomes particularly important to employ a rigorous pipeline for
data normalisation, so that specific interactors are enriched over the non-specific
binders. Building on a previous study (Keilhauer et al., 2015), this comparative
methodology was modified to take advantage of the high number of background
binders to enrich for bait-specific interactors. Instead of employing standard
normalisation techniques based on a control group represented by an untagged
control strain, the large number of samples allowed the definition of a background
proteome to use for median normalisation as a bait-specific control group (BCSG)
(Keilhauer et al., 2015). For this reason, stringent immunoprecipitation conditions
were not required, as the non-specific interactors common to all or many samples
are then identified as background and used for normalisation. Despite the majority
of the identified HCIPs being specific for single baits, this analytical method retained
the capability of distinguishing background interactors from HCIPs shared by up to

eight different E3s (Figure 3.7).
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Figure 3.7 Distribution of the frequency of unique and shared HCIPs

The majority of HCIPs (125/460) were found to be specific interactors of a single E3-bait.
However, HCIPs shared by up to eight baits were still assigned as specific interactors.

Due to the comparative nature of this type of analysis, the SINQ software was

additionally employed to find unique interactors that could have been disregarded in

the Progenesis data processing. The combination of peptide intensity-based
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analysis (by Progenesis) and spectral count-based analysis (by SINQ) allowed the
generation of a complete list of unique and shared HCIPs. Starting from a matrix of
more than 2,000 proteins identified per bait, the list was narrowed down to an
average of 20 HCIPs per E3. Of the 460 HCIPs across all samples, 95% of these
proteins were interactors discovered in this study. Figure 3.8 summarizes the
pipeline used to generate the E3 interaction network, from the construction of the

cell lines to data analysis.
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Figure 3.8 Workflow for sample preparation and MS/MS data analysis
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3.3.7 Interaction networks of E3 ubiquitin ligases

High confidence interactors of 23 ER-resident E3 ubiquitin ligases were mapped

(Figure 3.9 A-D).
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Figure 3.9 Interaction network of ER-resident E3s

Each bait (E3) is represented by an orange circle, connected to its HCIPs. Solid lines
represent HCIPs found by Progenesis, whereas dashed lines represent those found by
SINQ. The line thickness reflects the confidence of the interaction, and the size of the HCIPs
reflects raw abundance normalized to the most abundant interactor in each bait. Coloured
circles are new interactors, grey circles are known interactors. The white dot indicates
cytosolic proteins, whereas the absence of the white dot indicates ER-localised or

transmembrane proteins.
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Each E3-bait is represented as a central node (in orange), connected to the HCIPs
by lines, the thickness of which reflects the confidence of the interaction (the thicker
the line, the lower the p-value). Interactors identified by Progenesis (solid line) and
SINQ (dashed line) are indicated. In several instances, unique interactors found by
SINQ were found to also possess a significant p-value (i.e. RNF5-SOAT1
interaction). This situation can arise due to a discrepancy between the peptide cut-
off number of the two analytical techniques. Specifically, a peptide cut-off of one
was applied to the Progenesis data processing, while two peptides were required for
analysis by SINQ. Therefore, if a HCIP identified by Progenesis only possesses one
peptide in all other samples, it will be identified as a unique interactor by SINQ. The
final list of HCIPs for each bait was ranked according to the raw abundance. The
size of each HCIP circle reflects the relative abundance of that protein normalised to
the most abundant HCIP in that bait, which is depicted as the biggest circle. Based
on the range of normalised abundances, 18 subgroups were defined, each
represented by different circle sizes. For instance, in the case of Hrd1, the
abundances of its HCIPs are normalised to the most abundant interactor, SEL1L.
Newly found and previously reported interactors are coloured in blue and in grey,
respectively. Finally, cytosolic proteins are distinguished from integral
membrane/ER proteins by the presence of a white dot inside the circle.

In general, fewer HCIPs were identified from the lowest expressed E3s (BFAR,
MARCH6, RNF103, RNF148 and TRIM59). Importantly, previously identified
interactors of the well characterised E3s Hrd1 and AMFR were found, supporting
the validity of the experimental and analytical methods used. Despite the extensive
attention that these E3s have received in the past, 18 and 29 additional HCIPs were

identified for Hrd1 and AMFR, respectively.

98



In the case of Hrd1, in addition to the extensively described SEL1L, FAM8A1, OS-9,
ERLEC1, Ube2j1 and Herp, 10 out of the 16 new HCIPs found by Progenesis
possessed a high confidence score with a p-value <0.01 (TMEM9, SLC39A14,
P4HA1, SLC30A6, SPCS2, SLC27A3, CLPTM1, SEC23IP, SLMAP and CLNG6), and
7 of these HCIPs were also found to be highly abundant. Table 12 (Appendix)
summarises the newly found HCIPs for Hrd1, with associated biological processes
(modified from UniProt and GO annotations database). Of interest, enzymes and
transporters responsible for ion homeostasis (ZIP14, ZNT6, ASPH and HMOX2)
and protein trafficking across the secretory pathway (SPCS2 and S23IP) were
found, in addition to mitochondrial proteins (NDUS2, S27A3, CYB5 and RMND1) as
well as proteins regulating the lysosomal proteolytic pathway (AP3B1 and CLNG).
Importantly, two interactors of Hrd1 are implicated in cell differentiation and
development (CLPT1 and DHCRY), supporting the requirement for Hrd1 in
embryogenesis and development, as homozygous deletion of Hrd1 results in
embryonic lethality (Yagishita et al., 2005). Although physiological validation of
these interactions is required to confirm bona fide interactors, they may reveal new
roles for Hrd1 in the regulation of fundamental cellular processes independent from
degradation, possibly involving different Ub linkages.

Among the uncharacterised E3s (CGRRF1, MARCH3, RNF 145, RNF 148, RNF 150,
RNFT1 and TRIM59), many significant interactors were obtained for CGRRF1,
MARCH3 and RNFT1, and only a few interactors for RNF148 and TRIM59, possibly
due to their low expression levels.

In the case of CGRRF1, the 20 newly discovered HCIPs (Table 13, Appendix) were
found in association with five main biological processes: (i) lipid transport and
metabolism (SGMR1, ACOD, HCDH and CLN®), (ii) protein trafficking (COPE, WLS,
TM9S2 and VAMP?7), (iii) redox regulation (NDUS2, CBR1, DJC16 and TMX2), (iv)

immune response signalling (ITCH and CSK) and (v) neuronal development
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(SGMR1, DPYL2, CSK and ATAD1). Interestingly, the association of CGRRF1 with
the ERAD cofactor Herp and the proteasome subunit PSME3 (Proteasome activator
complex subunit 3) may suggest the participation of this ligase in the ERAD
pathway.

MARCH3 co-precipitated 32 HCIPs associated with multiple biological processes
(Table 14, Appendix), including protein trafficking (VAMP7, TM9S2 and SRP09) and
ion transport (TFR1, 4F2, NED4L and S39AA), among others. Interestingly,
MARCH3 was found in association with a number of ubiquitin ligases and ubiquitin-
conjugating enzymes (ITCH, WWP2, NED4L and UBC12), highlighting the potential
involvement of MARCH3 in ubiquitin signalling from the ER. Several noteworthy
interactors include Notch2, whose signalling is involved in proliferation and
development (Bray, 2006), and Nicastrin, a subunit of the y-secretase complex that
mediates intramembrane proteolysis of Notch receptors and BAPPs (Yu et al,
2000). The fact that two functionally related proteins (Notch2 and Nicastrin) were
found to interact with the same E3, increases the confidence that they may
represent bona fide interactors. Upon binding to Delta and Jagged ligands, Notch
receptor is sequentially cleaved by ADAM family metalloproteases and by the y-
secretase complex, leading to the release of the Notch intracellular domain (NICD),
which translocates to the nucleus to promote transcription. This signalling cascade
is key to sustain cellular homeostasis, proliferation and development. Importantly,
deregulated Notch signalling is found in several cancer types, including breast,
colorectal, lung and prostate cancer, T-cell leukaemia, as well as malignancies of
the CNS (reviewed in (Yuan et al., 2015). Since inhibitors of the Notch pathway are
proving effective as anticancer therapies, the potential involvement of MARCH3 in
the regulation of this signalling could be important.

We identified 14 HCIPs for RNFT1 (Table 15, Appendix), of which some are

proteins involved in RNA processing (GEMI4, EXOS3 and SYSC), mitochondrial
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metabolic processes such as fatty acid oxidation (NB5R3 and HCDH) and
carbohydrate metabolism (AL1B1, IDHP). The interaction with ERG1/SQLE
suggests a potential involvement of RNFT1 in cholesterol metabolism. Among the
most interesting RNFT1 interactors, we found BI1 (Bax inhibitor 1), a negative
regulator of autophagosome formation (Castillo et al., 2011), and VPP2, a V-type
proton ATPase subunit that mediates lysosomal acidification, which may indicate an
additional role for RNFT1 in protein catabolism by autophagy.

3.3.8 The E3-ERAD interaction network

The central aim of this study was to identify new interactors of ER-resident E3s that
may highlight a potential role of these ligases in ERAD. The well-studied Hrd1 and
AMFR/gp78 assemble into functional complexes wherein interactions with specific
cofactors (e.g. SEL1L and ERLINs) promote substrate binding and catalytic activity.
Given the enzymatic similarity of the ER-resident E3s to Hrd1 and AMFR, it was
hypothesised that they may likewise share cofactors or ERAD components.
Therefore an interaction network was generated of the E3s found in association with
each other, with ERAD components (including the p97/ATPase for substrate

extraction) or with E2 conjugating enzymes (Figure 3.10).

Hrd1 and AMFR appear to be central hubs for coordination of the known ERAD
machinery, particularly by virtue of their interaction with the E2 conjugating enzymes
Ube2j1 and Ube2g2, respectively. Strikingly, the majority of the ERAD factors do not
interact with other E3s, indicating that they may assemble into distinct functional
complexes. Although no association of E2 enzymes involved in ERAD with other
ER-resident E3s could be found, several E3s were found in association with
VCP/p97 interactors and adaptor proteins, suggesting that they may require

substrate extraction from the ER as part of their activities.
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Among the few E3s interacting with known ERAD components, we found CGRRF1
(Herp), MARCH4 (XTP3-B/ERLEC1; BiP), RNF185 and RNF170 (ERLIN1 and
ERLIN2), and RNF5 (ERLIN1). Additionally, ZNRF4 was found to interact with the
ER chaperone BiP, in agreement with its previously reported role in ER homeostasis
by regulating ubiquitination and degradation of CNX (Neutzner et al., 2011).
However, we cannot exclude the possibility that BiP interaction simply reflects

chaperone-assisted folding of ZNRF4.

Figure 3.10 Interaction network of ER-resident E3 with ERAD components

E3s found to interact with each other or with ERAD components are shown in orange. HCIPs
known to participate in ERAD are shown in green. The E2 ubiquitin-conjugating enzymes are
presented in light blue. The position of each protein reflects its localisation to either the
cytosol, ER membrane or lumen. Thickness of the line reflects confidence of the interaction.
Arrowhead lines indicate the relationship with the bait. Dashed lines indicate that the
interaction with VCP was not found directly but by means of association with VCP adaptors
or VCP-binding proteins.

Interestingly, a subset of E3s cluster with one another by means of direct
interactions or shared interaction partners (e.g. via ERLINS). A major cluster of E3s
represented by RNF185, RNF103, RNF148, RNF170, RNF5, RNF139, ZNRF4 and
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AMFR was identified. However, further experiments on the endogenous E3s are
necessary to validate the existence of such a cluster. Co-sedimentation patterns of
these E3s in a sucrose gradient may prove useful to support their residency in the
same complexes. If validated on the endogenous proteins, the existence of an E3
cluster within the ER membrane could reflect cooperation in the same signalling
pathway. Despite the fact that RNF185 was not the most highly expressed E3
among the others in the cluster, it co-purified with four other E3s, suggesting that it
may constitute the core complex component. Within this network, ERLIN1, and to a
less extent ERLIN2, are shared partners. The ERLIN1/2 complex was first identified
as the complex responsible for degradation of inositol 1,4,5-trisphosphate receptors
(IP3Rs), whose primary role is to control calcium release from the ER (Pearce et al.,
2009). A later study implicated ERLIN1/2 in the regulation of cholesterol
homeostasis by promoting the stability of SREBPs in complex with Scap and Insig-1
(Huber et al., 2013). In addition to ERLIN1 and ERLIN2, which were the most
abundant and significant interactors of RNF185 (together with Ub), a significant
association was also found with ERG1/SQLE, pointing towards a possible role for
this ligase in cholesterol regulation. RNF185 is implicated in the degradation of
CFTR (Khouri et al., 2013) and in the regulation of mitophagy (F. Tang et al., 2011).
The role of RNF185 in ERAD is further supported by the data presented here, which
found it associated with the VCP/p97 adaptors Npl4 and Ufd1. In addition to SQLE,
other components of cholesterol metabolism and fatty acid regulation were also
enriched among RNF185 HCIPs (TMUB1, APMAP, SAC1, S27A3 and ACSL4),
suggesting a potential new role of this ligase in lipid metabolism. In agreement with
a regulatory role of RNF185 in mitophagy, we found the new interactor ATG9A, a
known factor in autophagic degradation. Intriguingly, RNF185 has been reported to
localise both to the ER and the mitochondria. Interestingly, we were able to identify

several interaction partners localised at the mitochondria (BI1, BRI3B, S27A3,
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ACSL4 and IDHP), which may broaden the existing role of RNF 185 in this organelle.
Table 16 (Appendix) summarises the newly found HCIPs for RNF185 with
associated biological processes (modified from UniProt and GO annotations).

3.3.9 E3 transcriptional regulation under ER stress

ER chaperones and ERAD components, including Hrd1, are induced by ER stress
in an attempt to restore homeostasis (Friedlander et al., 2000). Therefore, it was
hypothesised that other ER-resident E3s may also be induced by stress, reflecting a
potential role in protein degradation and regulation of ER homeostasis. To
investigate the transcriptional response of these E3s to ER stress, we stimulated
wild-type Flpln T-REx HEK293 cells with Tunicamycin (TM) and Subtilase ABs
(SubABs). While the former blocks N-linked glycosylation of nascent proteins
undergoing maturation, the latter is an active toxin that inactivates the principal ER
chaperone BiP (Paton et al., 2006), resulting in substantial protein misfolding in the
ER Ilumen. Dose and length of treatment were titrated to achieve maximal
transcriptional induction of known stress markers (BiP, HERP and CHOP) without
causing cell death (data not shown). TM was used at 500 ng/ml for 8 hours, while
SubABs was administered at 10 ng/ml for 8 hours. Following treatment, cells were
harvested and the RNA was extracted for expression analysis. mRNA transcripts of
all ER-resident E3s (except TMEM129, which was included later in the study) and
several other ERAD genes were measured using the Nanostring transcript
quantification platform (Geiss et al.,, 2008). This multiplexed system provides a
highly sensitive method for direct detection of mMRNAs via hybridisation between
transcripts and molecular barcodes (nCounter Reporter Probes), which are then
digitally imaged and quantified. The final output is absolute number of transcript
molecules per sample. At basal levels, a marked heterogeneity in E3 expression
could be observed, where Hrd1 transcript represented only 3% of the total ER-

resident E3s transcriptome (Figure 3.11). The most highly expressed E3s were
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AMFR, BFAR, MARCH6, RNF145 and RNF26, together constituting over 50% of

the total E3 transcriptome analysed.
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Figure 3.11 Transcriptome of ER-resident E3s at basal and stressed conditions
Nanostring analysis on total mRNA extracted from wild-type Flpln T-REx HEK293 cells
either untreated, treated with TM (500 ng/ml) or with SubAB5 (10 ng/ml) for 8 hours. Data are
expressed as % of each transcript relative to the total number of E3 transcripts. Error bars
indicate SD from three biological replicates.

Following treatment with either TM or SubABs, Hrd1 and RNF13 contributed
significantly to the most prominent E3s constituting, together with AMFR, BFAR,
MARCHG6, RNF145 and RNF26, over 70% of the total. The transcript levels of
MARCH3, MARCH4, RNF148 and ZNRF4 were at the threshold of detection in
every condition tested. Therefore quantitative measurements for these ligases could
not be obtained. Importantly, Hrd1 was the most strongly upregulated E3 in
response to stress, undergoing an increase of almost six-fold upon TM treatment

and three-fold under SubABs addition (Figure 3.12).
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Figure 3.12 Fold induction of ER-resident E3s upon TM and SubAB; treatment
Calculation of fold change induction relative to untreated from the same transcripts shown in
Figure 3.11. Error bars indicate SD from three biological replicates.

Since an increased demand for degradation requires reinforcement of ERAD
components, also reflected by transcriptional induction, we can conclude that Hrd1
underlies the principal degradation mechanism for responding to and resolving ER
stress. Consequently, it would appear that the remaining ER-resident E3s are
responsible for functions beyond the resolution of proteotoxic stress.

3.3.10 ER homeostasis in response to E3 depletion

ER-resident E3s may play essential roles in the maintenance of ER homeostasis.
To investigate their potential contribution, we depleted each individual E3 in FlpIn
HEK293 cells and measured ER stress induction at basal levels by monitoring IRE1-
dependent splicing of XBP1 mRNA, an event that occurs early in UPR signalling.
siRNA-mediated knockdown resulted in a 60-90% depletion of the E3s at mRNA
level, measured 48 hours after transfection (Figure 3.13). Surprisingly, individual
depletion of any ER-resident E3s did not appear to disrupt ER homeostasis and

activate the UPR (Figure 3.14).
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Figure 3.13 Knockdown efficiency of the E3s in HEK293 cells
Residual mRNA expression is measured 48 hours after silencing. Error bars indicate SD
from n=2.
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Figure 3.14 XBP1 splicing in cells depleted for individual E3s

PCR for unspliced (black arrow) and spliced (white arrow) XBP1 from cDNA obtained by
retrotranscription of mRNA extracted from wild-type cells 48 hours after silencing of
individual E3s. Non-targeting control (NTC) siRNA is used as negative control. Cells treated
with DTT (5 mM) for 4 hours are used as positive control.

The lack of effect could be the result of functional redundancy or possibly insufficient
depletion. Due to their similar enzymatic nature, and assuming some E3s may not
have stringent substrate specificity, it is possible that when the activity of one E3 is
impaired, others would compensate. Alternatively, residual enzymatic activity (10—
40%) would be sufficient for the E3 function, at least under basal conditions.
Notably, depletion of individual E3s from Hrd1 KO Flpln HEK293 cells was not
sufficient to induce ER stress either (data not shown).

It was reasoned that a stress phenotype might become apparent by depleting
individual E3s in cells sensitised to mild ER stress, a condition that may reveal the
necessity of select E3s. After silencing E3s for 48 hours, a sub-maximal dose of TM

(100 ng/ml), sufficient to trigger partial splicing of XBP1, was applied for 4 hours.
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Under this mild stress paradigm, any perturbation of ER homeostasis due to

depletion of individual E3s would exacerbate XBP1 splicing (Figure 3.15).
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Figure 3.15 XBP1 splicing in cells sensitised to stress and depleted for the E3s
PCR for unspliced (black arrow) and spliced (white arrow) XBP1 from cDNA obtained by
retrotranscription of mRNA extracted from wild-type cells 48 hours after silencing of
individual E3s. 4 hours before harvesting, cells were treated with 100 ng/ml of TM. Non-
targeting control (NTC) siRNA and untransfected (UNTR) cells were used as negative
control. * indicates a hybrid band consisting of half spliced and half unspliced XBP1.

Unexpectedly, there was no change to XBP1 splicing, except in the case of RNF148
knockdown. However, further deconvolution of the siRNA pool for RNF148 could not
confirm this finding (data not shown), leading to the conclusion that this phenotype
was likely the result of an off-target effect. Remarkably, not even depletion of Hrd1
itself was sufficient to sensitise cells to ER stress, probably due to activity of the
residual ligase molecules that escaped silencing. Overall, it was concluded that
attenuating expression of any individual E3 ligase in the ER does not perturb ER
homeostasis, nor does it sensitise cells to ER stress. However, due to the limited
knockdown efficiency achieved in our screening, further investigation may require
employment of knockout technology (i.e. CRISPR-Cas9) to definitively rule out the

potential impact of residual E3 activity.

3.4 Discussion

3.4.1 Exploring ER-resident E3 ubiquitin ligases
The ER accommodates over 7,000 proteins, broadly divided between ER-resident
and client proteins, the latter only travelling across the ER for folding and maturation

before reaching their final destination elsewhere in the secretory pathway or in the
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extracellular space [reviewed in (Braakman and Hebert, 2013)]. A significant
challenge faced by ER quality control mechanisms is the vast heterogeneity of ER
clients that need to be folded and degraded. To initiate their journey to the
proteasome, misfolded proteins or proteins that are simply undergoing turnover are
first recognised by resident lectins such as OS-9 and XTP3-B. Upon recognition,
substrates are brought into the proximity of transmembrane E3 ubiquitin ligases for
ubiquitin chain conjugation. Substrate delivery is facilitated by E3 cofactors, like
SEL1L, that scaffold misfolded proteins to the membrane-embedded ubiquitin ligase
Hrd1. During VCP/p97-mediated dislocation (for transmembrane proteins) or
retrotranslocation (for luminal proteins), the substrate is polyubiquitinated by a RING
finger E3 via K48-linked Ub, the targeting signal for proteasomal degradation. The
E3 ligases act as organisational nexuses by scaffolding luminal, cytosolic and
membrane cofactors required for the delivery, dislocation and ubiquitination of
selected substrates [reviewed in (Christianson and Y. Ye, 2014)]. During the
ubiquitination reaction, the E3 ligase simultaneously accommodates substrate and
E2 conjugating enzyme while the RING domain catalyses ubiquitin transfer from the
active site cysteine of the E2 directly to the substrate, typically on a lysine residue
(Deshaies and Joazeiro, 2009). By directly interacting with the substrate, the E3
retains the intrinsic capacity to deal with a striking variety of proteins, whose number

greatly exceeds the number of ER-resident E3 enzymes.

To meet the high demand for protein degradation, the mammalian ER has evolved
at least 25 E3 ubiquitin ligases spanning the ER membrane with single or polytopic
domains. Despite the largely different topology among these enzymes, they all
share a catalytic RING finger domain towards the cytosol, suggesting that they may
all play a role in Ub-dependent pathways, including ERAD. Whether there is
functional redundancy or stringent substrate specificity among these 25 E3s is

largely unknown. In a few reported cases, multiple E3s can regulate turnover of the
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same substrate, such as for CFTR (AMFR, RNF5 and RNF185) (Khouri et al., 2013;
Morito et al., 2008) and MHC-I (Hrd1, MARCH4, TMEM129 and RNF139) (Bartee et
al., 2004; Burr et al., 2011; Stagg et al., 2009; van den Boomen et al., 2014). On the
other hand, the discovery that different versions of the same protein are selectively
targeted to different E3s raises the idea of a high degree of specificity within each
enzyme. Such is the case in neuroserpin mutants, retained as polymers in the ER of
neurons where they cause a form of familial dementia. Interestingly, the G392E
mutant neuroserpin is degraded by the complex Hrd1-Ube2j1, whereas truncated
neuroserpin, lacking 132 aa, is degraded by AMFR-Ube2g2 (Roussel et al., 2013).
Similarly, same misfolded polypeptides are engaged in different degradation
pathways depending on the presence of a membrane-tethering domain (Bernasconi
et al., 2010). In particular, while disposal of membrane-anchored BACE and CD3-6
requires Hrd1, removal of their TMD targets them to ubiquitination by AMFR/gp78.
Likewise, anchoring soluble NHK A1AT to the ER membrane relieves its
dependency to Hrd1-mediated degradation (Bernasconi et al., 2010). In addition to
substrate specificity, cofactor specificity is also crucial for the E3 catalytic activity.
For instance, substrate degradation via Hrd1 requires a retrotranslocation
machinery involving VCP/97-Ufd1-Npl4, while AMFR-mediated ERAD only requires
VCP/p97-Npl4 (Ballar et al., 2011). The organisation of these 25 E3s into functional
hubs is also largely unknown. It is attractive to speculate that some of these
enzymes may cluster together to enhance degradation capacity, but evidence is still
missing. An example of cooperation between E3s is represented by AMFR and

RNF5, which synergise to ubiquitinate mutant CFTR AF508 (Morito et al., 2008).

Among the 25 ER-resident E3s, only Hrd1 and AMFR/gp78 have been extensively
studied, and a number of substrates and cofactors important for their function in
ERAD have been characterised. A few substrates and interaction partners have

been assigned to the E3s TMEM129 and RNF185, highlighting their participation in
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protein degradation. Of the remaining E3s, about half (BFAR, MARCH2, MARCH4,
MARCH6, MARCHS8, RNF128, RNF139, RNF26, RNF5, TRIM13, TRIM59 and
ZNRF4) have a validated role in protein degradation for at least one known
substrate, but the cofactors necessary for their function are largely unknown. Finally,
CGRRF1, MARCH3, RNF13, RNF103, RNF145, RNF148, RNF150, RNF170 and
RNFT1 remain largely unexplored. Our understanding of ERAD is predominantly
centred on the study of Hrd1. The identification of Hrd1 interaction partners greatly
contributed to defining its function in protein degradation. For example, the
association of Hrd1 with the cofactors SEL1L and the E2 enzyme Ube2j1 is
essential for the stability and functional activity of the whole complex (Burr et al.,
2011; lida et al., 2011; Mueller et al., 2008). Along this line, elucidating the
interaction partners of ER-resident E3s may help define their involvement in ERAD
or participation in other cellular processes.

3.4.2 A comparative strategy to build the E3 interaction network

This study set out to identify novel interaction partners of all ER-resident E3s via
mass spectrometry of the purified E3 complexes. Similar approaches have
previously identified the components of the Hrd1 and AMFR networks (Christianson
et al.,, 2012), as well as the deubiquitinating enzymes and autophagy networks
(Behrends et al., 2010; Sowa et al., 2009). Due to the lack of available antibodies
against the majority of the ER-resident E3s, FLAG-HA-tagged versions of each
protein were generated, cloned under Tet-ON inducible promoter and stably
integrated into a single genomic locus of Flpln T-REx HEK293 cells. An advantage
offered by the use of a tag for immunoprecipitation is represented by the greater
homogeneity between samples, which is key for a comparative analytical method.
Endogenous tagging via CRISPR-Cas9-mediated technology would have offered a
suitable alternative to the ectopic expression approach used here, by recapitulating
native endogenous complexes without disturbing the stoichiometry of the
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components. In addition, it would have avoided potential competition in complex
formation between endogenous and overexpressed E3. However, despite the
technical challenge of tagging 25 genomic loci given the existing technology, it was
reasoned that this approach might have come with at least two caveats. Firstly,
generation of endogenously tagged E3s via CRISPR-Cas9 transfection would have
required clonal selection, with potential off-target associated risks. Secondly, some
E3s may be expressed at very low levels endogenously, as suggested by this
study’s transcriptional analysis, in which about a quarter of the E3s came under the
detection limit. Insufficient protein expression could have hindered the affinity
purification of the E3 complexes. A possible future optimisation step using
overexpressed E3s, could include knockdown of the endogenous counterparts to
maximise complex formation. In essence, the ectopic, inducible expression system
used here allowed successful immunoprecipitation and detection in mass
spectrometry of 22 out of 25 E3 complexes. None of the overexpressed E3s led to
detectable puncta that would reflect aggregation in immunofluorescence, and they

all proved to localise in the ER.

The pipeline for sample preparation prior to mass spectrometry was carefully
optimised in every step using Hrd1 as a positive control. A selection of 10 different
detergents with varying properties was tested for protein extraction (data not shown,
EF), with LMNG chosen as the best at preserving native, weak interactions of the
Hrd1 complex. The interaction profile of exogenously expressed, tagged Hrd1 was
comparable to that of endogenous Hrd1 from IP and WB analysis using an antibody
raised against Hrd1 (data not shown, EF). Additionally, endogenous and exogenous
Hrd1 complexes exhibited comparable sedimentation patterns in sucrose gradient

centrifugation (data not shown, EF). These observations led to the conclusion that
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C-terminally tagged Hrd1 was likely to form (at least partly) complexes resembling
the endogenous forms. Affinity purification of complexes using FLAG beads
demonstrated higher efficiency than the HA resin, as less residual protein was
observed in the post-IP fraction analysed by WB. Elution of the E3 complexes from
the beads was carried out using SDS, showing a higher protein recovery than upon
elution with FLAG peptides. While elution from beads by SDS did produce more
non-specific interactors, we exploited this side-effect by using the background

proteome to normalise between datasets.

Over 2,000 proteins were identified by mass spectrometry from all samples. We
developed a pipeline for data analysis using the Progenesis QI platform and the
SINQ software to assess unique and shared high confidence interactors of each E3.
Thanks to the relatively high number of samples, we were able to perform a
comparative analysis based on the principle that non-specific binders would display
the least variability across the baits, while specific interactors would be preferentially
enriched in individual baits versus all other pull-downs. This strategy enables a more
robust identification of specific interactors than standard normalisation techniques

based on a separate control sample (Keilhauer et al., 2015).

Overall, 460 HCIPs were identified among the 22 E3 complexes, corresponding to
245 protein identities. About half of the identified proteins (125) were unique
interactors of single E3s, while the remaining HCIPs were shared by two to eight
E3s, demonstrating that the comparative analysis was able to preserve HCIPs
common to multiple E3s. Additionally, spectral count index calculation was
employed using SINQ software to identify protein hits only found in one sample by
at least two peptides. Due to the intrinsic nature of this type of analysis, p-values
could not be assigned to the SINQ interactors; however, spectral count index was

used to score the protein hits in order to assess the most confident interactors. The
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combination of peptide-based intensity analysis and spectral count calculation
allowed the generation of a comprehensive list of HCIPs for each E3 complex.

3.4.3 Functional diversification of the E3 complexes

High confidence interactors of all known ER-resident E3s were identified except for
RNF13, RNF145 and RNF150. All E3 complexes were significantly different from
one another, suggesting a functional diversification among the E3s. This contributed
significantly to the discovery of a large number of potential substrates or cofactors,
which, upon validation, may open new avenues of research into this large class of
enzymes. Preliminary GO (gene ontology) annotation analysis (by use of GO Slim)
revealed an enrichment of interactors involved in metabolic pathways, among which
were several enzymes implicated in lipid and cholesterol metabolism (not shown).
Of the identified HCIPs, known interactors and substrates of the well-studied
ubiquitin ligase AMFR/gp78 (UBAC2, FAF2, UBE2G2, ERLIN1, BAG6, AUP1,
NPLOC4, DERLIN-1, UFD1L, GLG1, HMGCOA and MMGT1) were confirmed (Cao
et al., 2007; Christianson et al., 2012; Jo et al., 2011; Pearce et al., 2007; Song et
al., 2005; T. Zhang et al., 2015). Several cofactors of the Hrd1 complex (SEL1L,
FAM8A1, OS-9, ERLEC1, UBE2J1, HERP1 and HERP2) and a few reported
interactors of the ubiquitin ligases RNF170 (ERLIN1, ERLIN2, ITPR3) and RNF185
(ERLIN2, RNF5) were also identified (Khouri et al., 2013; Lu et al., 2011),
supporting the validity of the methodology used. Besides Hrd1 and AMFR, a very
limited interaction network of the remaining E3s with known components of the
ERAD machinery was observed, suggesting that they may participate in other
regulatory functions. Alternatively, they may participate in ERAD by means of
uncharacterised cofactors. Among the few E3s within the ERAD system, CGRRF1
was found to interact with Herp; RNF185 and RNF170 with both ERLIN1 and
ERLIN2; and RNF5 in association with ERLIN1, and MARCH4, with ERLEC1/XTP3-
B. The data suggest that RNF185, RNF103, RNF148, RNF170, RNF5, RNF139 and
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ZNRF4 may be part of the same interaction nexus with AMFR by virtue of the
shared partner ERLIN1. Whether or not this is a bona fide interaction hub will
require validation, however, it is possible that multiple E3s cooperate for ubiquitin
signalling. Alternatively, ERLIN1 may be a shared interactor of several E3s, but
present in distinct complexes. On the other hand, CGRRF1 and MARCH4 were
found to be part of the Hrd1 network via interaction with Herp and XTP3-B,
respectively. These findings suggest that diverse E3s are able to share the same
cofactors for their activity. For instance, MARCH4, as well as Hrd1, may require the
lectin XTP3-B for substrate recognition, while Herp may promote substrate
degradation by assisting both Hrd1 and CGRRF1, although the ubiquitination
capacity of the latter remains to be established. Despite direct interaction with the
ATPase VCP/p97 was not found among the HCIPs, half of the E3s analysed co-
purified with VCP adaptor proteins, suggesting they may participate in proteasomal
degradation. This study represents a powerful discovery platform that lays down the
foundations for functional studies on selected E3s. Biochemical validation on the
endogenous proteins will confirm bona fide interactors and guide the exploration of
new functional activities for these E3s.

3.4.4 Hrd1 role in ERAD and beyond

The data processing pipeline proved successful in the identification of the core Hrd1
complex components SEL1L, FAM8A1, OS-9, ERLEC1/XTP3-B, Ube2j1, Herp and
Herp2. With the exception of Herp, they were among the most abundant interactors
of Hrd1, possibly the reason underlying their identification in previous studies
(Christianson et al., 2012). The validated bona fide interactors of Hrd1 represent a
good proof-of-principle for this analysis, increasing the confidence that the identified
HCIPs of all the other E3s are most likely native interactors. Despite the great
amount of attention that Hrd1 has attracted over the past few years, 18 new Hrd1
interactors were identified. Importantly, their nature suggests that they may
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represent substrates rather than cofactors. Among the top hits, zinc ion transporters
(S39AE and ZNT6) and two proteins localised in the lysosomal membrane (TMEM9
and AP3B1) were found, as well as mitochondrial components (NDUFS2, SLC27A3
and CYB5A), highlighting potential new regulatory functions for Hrd1. Although Hrd1
localisation has been so far restricted to the ER, the possibility that it interacts with
proteins localised in other cellular compartments is supported by the evidence of
ER-mitochondria and -endosome contact sites [reviewed in (Rowland and Voeltz,
2012)], which have been implicated in the regulation of several biological processes,
including autophagy [(Hamasaki et al., 2013) and reviewed in (Phillips and Voeltz,

2016)].

AP3B1 is part of the adaptor protein complex 3 (AP-3), which is involved in sorting
proteins from the Golgi apparatus to the lysosome for degradation (Huttenhower et
al., 2009). Notably, loss of function mutations of the AP3B1 gene cause a rare
autosomal recessive disorder known as Hermansky Pudlak syndrome type 2
(HPS2), characterised by partial albinism, prolonged bleeding occurrence and
immunodeficiency (Jones et al., 2013; Wenham et al., 2010). In addition, the AP-3
complex has been reported to be a key promoter of HIV-1 (human
immunodeficiency virus-1) assembly and release as cells expressing mutant AP-3
fail to propagate mature HIV-1 particles (L. Liu et al., 2012). Given the crucial
involvement of the AP-3 complex in viral infections, the potential regulation of

AP3B1 by Hrd1 may have important implications.

Another interesting HCIP of Hrd1 is Ceroid-lipofuscinosis neuronal protein 6 (CLNG).
Autosomal recessive mutations in one of the nine CLN genes, including CLNG, are
the cause of neuronal ceroid lipofuscinoses (NCLs), a group of progressive,
neurodegenerative lysosomal storage diseases biochemically characterised by the

accumulation of autofluorescent material in the lysosomes that leads to neuronal
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cell death. Clinically, it is characterised by seizures, dementia, visual loss and/or
cerebral atrophy (Weimer et al.,, 2002). CLN6 is an ER transmembrane protein
whose function is not well understood. Some of the mutations in the CLN6 protein
that are found in patient samples (G123D and M241T) are predicted to be in the
CLN®G transmembrane domain, where they cause protein misfolding and subsequent
proteasomal degradation via SEL1L, Derlin-1 and VCP/p97 (Oresic et al., 2009).
However, the E3 ligase for CLN6 has not yet been reported, and this study strongly

points towards Hrd1.

A new noteworthy Hrd1 interactor is Prolyl 4-hydroxylase subunit alpha-1 (P4HA1),
a component of prolyl 4-hydroxylase, a key enzyme for collagen synthesis. Prolyl 4-
hydroxylase catalyses the formation of 4-hydroxyproline, required for correct three-
dimensional folding of newly synthesised procollagen chains. A recent study
showed that hypoxia-induced expression of collagen prolyl hydroxylases promotes
collagen deposition by breast cancer cells, resulting in enhanced invasiveness and
metastasis to lymphonodes and lungs (Gilkes et al., 2013). In the same study, the
use of a prolyl hydroxylase inhibitor reduced breast tumour fibrosis and metastasis
in a mouse model. P4AHA1 expression increases in response to the hypoxic tumour
microenvironment and its levels are elevated in patient samples, correlating with
poor prognosis. An independent study demonstrated downregulation of Hrd1 in
several breast cancer tissues, and highlighted the role of Hrd1 as a tumour
suppressor (Y.-M. Xu et al., 2015). Low expression of Hrd1 and high expression of
P4HA1 in the two independent studies is in line with an E3 substrate relationship.
One of the contributing factors to tumour progression could be the stabilisation of
P4HA1 as a consequence of Hrd1 downregulation. If proven, this would represent
an important mechanistic insight into breast cancer malignancy and could potentially

underlie the progression of other similar solid tumours.
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In conclusion, the nature of several newly found Hrd1 interactors suggests that they
may represent new substrates of this ligase. The involvement of these interactors in
a wide range of cellular processes, ranging from ion transporters, lysosomal and
mitochondrial components, as well as disease-associated factors, largely expands
the existing understanding of Hrd1 functions. Further investigations are required to
validate the dependency of these factors on Hrd1 and its cofactors. If verified, they
may reveal new roles of the Hrd1 complex in the pathogenicity of certain diseases.
3.4.5 Hrd1 is the central player in resolution of ER stress

The UPR regulates the transcription of components important to reinforce folding
and degradation capacities in the ER, with the aim of restoring homeostasis (Ron
and Walter, 2007). To investigate the participation of the ER-resident E3s in the
resolution of ER stress, their transcriptional regulation was analysed under stress.
To gain quantitative transcriptional data on a large number of targets (in total, 72
ERAD/UPR-related genes were included) this study employed the Nanostring
platform for expression analysis. Given the similar nature of this class of enzymes, a
certain extent of uniformity was predicted in the expression levels at basal
conditions and/or under stress. In contrast, quantification of the absolute number of
transcripts for each E3 revealed a wide heterogeneity in the expression patterns. In
particular, those E3s that were found within the same interaction network by MS/MS
displayed expression levels highly divergent. Surprisingly, the Hrd1 transcript was
among the least abundant, while AMFR, BFAR, MARCHG6, RNF145 and RNF26

dominated the expression landscape.

Next, the engagement of these E3s in the resolution of acute ER stress was
addressed. TM and the toxin SubABs were used to induce general protein
misfolding in the ER, and transcriptional activation of the E3s was measured. It was
found that only the ubiquitin ligase Hrd1 was transcriptionally induced at significant

levels, undergoing an average five-fold change from basal conditions. This finding
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confirms previous reports that argue for the pivotal role of Hrd1 in the resolution of
ER stress. Transcriptional upregulation of Hrd1 upon UPR activation following ER
stress is in agreement with the presence of ER-stress elements (ERSE) and UPR
elements (UPRE) in the promoter of the Hrd1 gene (Kaneko et al., 2007; Yamamoto
et al., 2008). It also suggests that the remaining ER-resident E3s are not targets of
the canonical UPR, meaning that they may be engaged in response to different
challenges. What is rather surprising is the lack of induction of E3s with an
established role in ERAD, primarily AMFR/gp78, despite the presence of a
canonical ERSE-II element in its promoter (Kokame et al., 2001). It is possible that,
despite their capacity to ubiquitinate proteins for degradation, they function
predominantly under basal conditions, when the flux of misfolded proteins is
maintained under a certain threshold. It can be speculated that, under physiological
conditions, all E3s contribute to maintaining ER homeostasis by regulating
abundance and turnover of different substrates. However, when global misfolding
occurs, the added ERAD capacity is entirely funnelled towards Hrd1, possibly due to
its broad substrate recognition capability. It is also possible that the ancient Hrd1-
SEL1L nexus evolved as the most efficient degradation platform of the eukaryotic
ER, and therefore represents the preferential route under misfolding emergency.
This finding reinforces the centrality of Hrd1 in resolution of ER stress, and
minimises the contribution of the other ER-resident E3s to the reinforcement of the

ERAD capacity under stress.

Additionally, this study found that the depletion of individual E3s by siRNA-mediated
knockdown is insufficient to perturb ER homeostasis, measured by splicing of XBP1
mMRNA, which occurs under acute UPR induction via IRE1. Depletion of single E3s
also does not exacerbate ER stress when cells are sensitised to stress by mild
doses of TM. The same result was observed upon E3 depletion in cells stably

depleted for Hrd1 by shRNA (short hairpin RNA). The surprising observation that
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depletion of Hrd1 itself did not affect ER homeostasis under any of the tested
conditions may be due to the activity of residual Hrd1 left from incomplete
knockdown. In support of this hypothesis, in other experimental settings (not shown)
it was found that depletion of Hrd1 levels was not sufficient to reveal the phenotype
that was otherwise detected upon complete knockout of the ligase. This could be
true for the other ligases as well, therefore it can only be concluded that depletion of
individual E3 ligases does not affect ER homeostasis. However, the possibility that
deletion of an E3 would impact protein homeostasis in the ER remains open.
Additionally, it should be acknowledged that perturbation of ER homeostasis was
monitored only by canonical activation of IRE1-dependent UPR, which is generally
the first event in the stress response. It could be that XBP1 splicing may have
recovered by the time its induction was measured (48 hours after E3 silencing), and
that the correct window of detection was missed. Another possibility is that depletion
of specific E3s may have perturbed other cellular pathways, while preserving ER
homeostasis. To avoid all these potential caveats in future research, complete
knockout, for instance via CRISPR-Cas9 technology, and employment of multiple
stress readouts would certainly increase the chances of detecting phenotypic

consequences.

In conclusion, of all 25 ER-resident E3 ubiquitin ligases, Hrd1 is the most
significantly induced by canonical ER stress, suggesting its centrality in the
maintenance of ER homeostasis and the resolution of stress. Therefore, this study
suggests that the regulation of the remaining E3s may occur in response to different
stimuli. Additionally, it was found that impairment of individual E3 ligase activity is

insufficient to perturb ER homeostasis or exacerbate ER stress.
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3.5 Appendix

E3 Name Alias TMD ERAD/E3 Substrates
Interactors
oERL porvce,  Membrane NSC, HCOR
AMFR gp78, RNF45 7 Ube2g2, RNF5, Y ’ ’
UBXDS. ERLIN1 Lumlnal_. AAT, APOB
’ ’ Cytosolic: SOD1, ATXN3
Membrane: BCAP31, BCL2,
BFAR BAR, RNF47 4 BCL2L1
Cytosolic: CASP8, HIP1, IFT57
CGR19,
CGRRF1 RNF197 1
ESI)E?R/\%)PDEEﬁL Membrane: MHC-I, CD147, TC3-
’ ’ a, CD3-0, CD44, IRE1a, APP,
HERP, OS-9, PaclR
Hrd1 SYNV1 6 XTP3-B, VIMP, . . .
AUP1, Ube2j1, Ic_:umlnal_. AAT, uS, insulin .
Ube2a2. FAMSA1 ytosolic: p53, HTT, p27Kip1,
9<, ' SGK1, NRF1
UBXNG6 ’
RNF172, Membrane: TFRC, CD86, CFTR
MARCH2  5pcodg 2 SRR (via CAL, STX6)
MARCH3 RNF173 2 MARCH?2 Membrane: STX6
MARCH4 RNF174 Membrane: MHC-I, CD4
MARCH6 TEB4, RNF176 14 Membrane: DIO2, SQLE
MIR. MIR Membrane: CD44, CD86, MHC-II
MARCHS8 RNF,178 ’ 2 (HLA-DR), VSV-G, TRAILR1,
TFRC, IL1RAP
RNF103 KF-1 4 DERL1, p97/VCP
Membrane: CD3, CD151, CD81
shlalt) Elal ! Cytosolic: ARPC5, COR1A
RNF13 RZE 1 Membra_ne: IREja (interaction)
Cytosolic: snapin
Membrane: MHC-I, HM13, INSIG-
RNF139 TRC8 12 DERL1 1, SREBP-2, SCAP
Cytosolic: uXBP1, VHL
RNF145 14
RNF148 1
RNF150 1
RNF170 3 Membrane: ITPR1
Ube2j1, Ube2j2, Membrane: BNIP1, CFTR
RNF185 2 ERLING Cytosolic: DVL2
Membrane: MITA
LIS 9 Cytosolic: p62
Membrane: SLC1A5, JAMP,
RNF5 RMA1, G16 2 ERLIN2 CFTR
’ Luminal: SOPA,
Cytosolic: PXN, ATG4B
RNFT1 6
DERL1, DERL2,
TMEM129 3 ;’gf/@é’g’”ygﬁm Membrane: HLA-I, US11, MHC-]
HRD1
TRIM13 :‘Q%E}RFPZ’ 1 p97/VCP Cytosolic: MDM2, AKT1, NEMO
TRiMss Mol TSBFL Cytosolic: P53
ZNRF4 1 Membrane: CNX

Table 11 E3 interactors and substrates from published literature

121




Gene ontology

Gene ontology

Ent N Protei
nry ame rotein name (cellular component) (biological process)
Q9P0OT7 |TMEMS9 |Transmembrane protein 9 lysosomal membrane transport
) ER; Golgi apparatus; . . )
Q15043 |[S39AE |Zinc transporter ZIP14 zinc Il ion transmembrane import
plasma membrane
ER lumen;
Prolyl 4-hydroxylase subunit mitochondrion; collagen fibril organization; peptidyl-proline
P13674 |P4HA1 . . .
alpha-1 procollagen-proline 4- hydroxylation to 4-hydroxy-L-proline
dioxygenase complex
Q6NXT4 |ZNT6 |Zinc transporter 6 Golgi membrane regulation of sequestering of zinc ion
NADH dehydrogenase mitochondrial respiratory {mitochondrial electron transport, NADH to
075306 |NDUS?2 |[ubiquinone] iron-sulfur protein |chain complex |; ubiquinone ; mitochondrial respiratory chain
2, mitochondrial nucleoplasm complex | assembly; response to oxidative stress
axon cytoplasm; clathrin- [anterograde synaptic vesicle transport; antigen
coated vesicle processing and presentation; blood coagulation;
000203 |AP3B1 |AP-3 complex subunit beta-1 membrane; Golgi intracellular protein transport; melanosome
apparatus; lysosomal organization; NK T cell differentiation; protein
membrane targeting to lysosome
Signal peptidase complex ER membrane; signal . . L . ’
Q15005 |SPCS2 subunit 2 peptidase complex protein targeting to ER; signal peptide processing
Q5K4LE |s27A3 |-ong-chain fatty acid transport |y, 1 rial membrane
protein 3
Cleft lip and palate cell differentiation; multicellular organism
096005 |CLPT1 P P . plasma membrane development; regulation of T cell differentiation in
transmembrane protein 1
thymus
cytoplasm; ER
P00167 |CYB5 |Cytochrome b5 membrane;.extracelll._ilar L-ascqblc_ acid metabolic process; response to
exosome;mitochondrial  [cadmium ion
outer membrane
blood vessel development; cell differentiation;
ER membrane: nuclear cholesterol biosynthetic process; lung
Q9UBM7 |DHCRY |7-dehydrocholesterol reductase ’ development; multicellular organism growth; post-|
outer membrane . .
embryonic development; regulation of cell
proliferation
cytoplasm; ER; ER to
QOY6Y8 |S23IP |SEC23-interacting protein Golgi transport V§S|cle F:OPII vesicle coa.tlng; Golgi organization;
membrane; Golgi intracellular protein transport
membrane
plasma membrane;
Q14BN4 |SLMAP Sarco!emmal mgmbrane- microtubule organizing muscle contraction
associated protein center; sarcolemma;
smooth ER
cellular macromolecule catabolic process;
cholesterol metabolic process; ganglioside
QINWWS |CLNE Cer0|.d-l|pofu50|n03|s neuronal ER lumen:ER membrane metabolic proces.s; glycosaminoglycan metabolic
protein 6 process; locomotion; lysosomal lumen
acidification; positive regulation of proteolysis;
visual perception
activation of endopeptidase activity; calcium ion
transmembrane transport; face and limb
morphogenesis; muscle contraction ; negative
. _|regulation of cell proliferation; palate
calcium channel complex; . e .
Aspartylfasparaginyl beta- ER membrane; plasma development; pattern specification process;
Q12797 |ASPH o . |peptidyl-aspartic acid hydroxylation; protein
hydroxylase membrane; sarcoplasmic . . L
; transport; regulation of: proteolysis; transcription;
reticulum j ) o }
cardiac conduction; cell communication; protein
depolymerization; protein stability; release of
calcium ion into cytosol by sarcoplasmic
reticulum
P30519 HMOX2|Heme oxygenase 2 ER membrane; plasma cellular iron ion homeostass; heme oxidation;
membrane response to hypoxia
QINWSS8 |RMND1 R.egl.med for meIOtIC nuclear mitochondrion positive regulation of mitochondrial translation
division protein 1 homolog
QoBSGO |PADC |Protease-associated domain- |y o iar exosome

containing protein 1

Table 12 New HCIPs for Hrd1 and associated biological processes (GO)
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Gene ontology

Entry Name Protein name (cellular component) Gene ontology(biological process)
Sigma non-opioid cell junction; er membrane; lipid transport; nervous system development; regulation of neuron
Q99720 |SGMRT1|. 9 P plasma membrane; lipid particle; P nsport; 4 P 1 reg
intracellular receptor 1 apoptotic process
nuclear envelope
inflammatory response; innate immune response; negative
. . . regulation of: alpha-beta T cell proliferation, cell growth, apoptotic
N - cytoplasmic vesicle; exosome; N
E3 ubiquitin-protein ligase . : process, defense response to virus; JNK cascade; NF-kappaB
Q96J02 |ITCH membrane; nucleus; plasma - . X )
ltchy homolog ——— transcription factor activity ; type | interferon production; Notch
signaling pathway; K29-, K48-, K63-linked ubiquitination; protein
deubiquitination
NADH dehydrogenase . . . ) mitochondrial electron transport, NADH to ubiquinone;
- . mitochondrial respiratory chain . " . )
075306 [NDUS2 |[ubiquinone] iron-sulfur . mitochondrial respiratory chain complex | assembly; response to
X " . complex |; nucleoplasm L
protein 2, mitochondrial oxidative stress
000767 |ACOD |Acyl-CoA desaturase or membrane Ior?g—clham fattyl—acyI—CoA biosynthetic process; unsaturated fatty
acid biosynthetic process
. o . cytoskeleton organization; endocytosis; nervous system
Dihydropyrimidinase- cytosol; dendrite; exosome; development; positive regulation of glutamate secretion; regulation
Q16555 |DPYL2 yaropy . membrane; mitochondrion; P § p 9 9 )  reg
related protein 2 ) R of axon extension; response to drug; spinal cord development;
myelin sheath; neuronal cell body . )
synaptic vesicle transport
Carbonyl reductase . drug metabolic process; epithelial cell differentiation; oxidation-
PR (R [NADPH] 1 e reduction process; vitamin K metabolic process
adaptive immune response; adherens junction organization; cell
differentiation; cell migration; central nervous system
. ) development; EGFR signaling pathway; innate immune response;
. Lo cell-cell junction; cytoplasm; X ) i . . .
Tyrosine-protein kinase negative regulation of: bone resorption, cell proliferation, ERK1
P41240 |CSK exosome; membrane raft; plasma . X
CSK membrane and ERK2 cascade, Golgi to plasma membrane protein transport,
IL-6 production, phagocytosis; oligodendrocyte differentiation;
positive regulation of MAP kinase activity; TCR signaling pathway;
transmembrane receptor protein tyrosine kinase signaling pathway
COPI vesicle coat; er membrane;
014579 [COPE |Coatomer subunit epsilon [Golgi membrane; nucleoplasm; |ER to Golgi vesicle-mediated transport
transport vesicle
dendrite; early endosome
membrane; endocytic vesicle exocrine pancreas development; protein transport; mesoderm
Q5T9L3  |WLS Protein wntless homolog |membrane; ER membrane; formation; midbrain development; positive regulation of Wnt
exosome; Golgi membrane; signaling pathway, I-KB kinase/NF-KB signaling
plasma membrane; TGN
Q99805 |TM9S2 Transmembrane 9 endosome membrane; exosome; transport
superfamily member 2 plasma membrane
cell junction; cytoplasm; ER calcium ion regulated exocytosis; endocytosis; endosome to
membrane; exosome; late lysosome transport; eosinophil degranulation; ER to Golgi vesicle-
. . endosome membrane; lysosomal [mediated transport; Golgi to plasma membrane protein transport;
Vesicle-associated . i . D . L N
P51809 |VAMP7 . membrane; phagocytic vesicle NK cell degranulation; neutrophil degranulation; phagocytosis;
membrane protein 7 ’ . " . : . o X
membrane; plasma membrane;  |positive regulation of: dendrite morphogenesis, histamine
secretory granule membrane; secretion by mast cell; SNARE complex assembly; triglyceride
SNARE complex; synapse; TGN [transport
Hydroxyacyl-coenzyme A |cytoplasm; mitochondrial inner
Q16836 |HCDH |dehydrogenase, membrane; mitochondrial matrix; |fatty acid beta-oxidation; negative regulation of insulin secretion
mitochondrial nucleoplasm
ATPase family AAA cell junction; mitochondrion; cytoplasmic microtubule organization; learning; memory; negative
Q8NBU5 |ATAD1 |domain-containing protein [nucleus; peroxisomal membrane; yiop N . 9 L ! 9 y: neg
. regulation of synaptic transmission
1 postsynaptic membrane
e cholesterol metabolic process; glycosaminoglycan metabolic
QINWWS5 |CLNG6 P : ER lumen; ER membrane process; locomotion; lysosomal lumen acidification; positive
neuronal protein 6 ¥ .
regulation of proteolysis
Q9Y2G8 [DJC16 DnaJ homolog subfamily membrane cell redox homeostasis
C member 16
QsUCC4 |EMC10 ER membrane Protem ER membrane protem complex;
complex subunit 10 extracellular region
. . ER calcium ion homeostasis; negative regulation of ER stress-
Homocysteine-responsive N e o ! X .
endoplasmic reticulum- calcium channel complex; ER induced intrinsic apoptotic signaling pathway; PERK-mediated
Q15011 |HERP1 . Lo ’ UPR; positive regulation of ER-associated ubiquitin-dependent
resident ubiquitin-like membrane ; ) X ) ; R
domain member 1 protein protein catabolic process; regulation of protein ubiquitination;
response to UPR]; retrograde protein transport, ER to cytosol
Q9Y320 |TMX2 e . membrane cell redox homeostasis
transmembrane protein 2
anaphase-promoting complex-dependent catabolic process;
antigen processing and presentation of exogenous peptide
antigen via MHC class |; MAPK cascade; Wnt signaling pathway;
. cytoplasm; membrane; negative regulation of: extrinsic apoptotic signaling pathway,
P61289 |PSME3 Proteasome activator nucleoplasm; proteasome ubiquitin-protein ligase activity involved in mitotic cell cycle;

complex subunit 3

activator complex

NIK/NF-KB signaling; proteasome-mediated ubiquitin-dependent
protein catabolic process; amino acid metabolic process; G1/S
transition of mitotic cell cycle; regulation of mRNA stability; TCR
signaling pathway; TNF-mediated signaling pathway

Table 13 HCIPs for CGRRF1 and associated biological processes (GO)
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Name Protein names Gene ology (cellular component) Gene ontology (biological process)
095816 |BAG2 BAG family molecular cytosol protein folding; regulation of cellular response to heat
chaperone regulator 2
Interleukin enhancer-binding cytoplasm; ribonucleoprotein complex; |regulation of transcription; negative regulation of: translation, viral genome
Q12906 |ILF3 o 9 P 0 3
factor 3 membrane; mitochondrion; nucleoplasm |replication; protein phosphorylation
plasma membrane; endosome aging; cellular iron ion homeostasis; osteoclast differentiation; regulation
P02786 |TFR1 Transferrin receptor protein 1 membrane; exosome; HFE-transferrin of bone resorption; response to: hypoxia, manganese ion, nutrient,
receptor complex; mitochondrion retinoic acid; transferrin transport
Q5SNT2 |TM201 |Transmembrane protein 201 nuclear membrane fibroblast migration; nuclear migration along microtubule
RING finger and
Q5M7Z0 [RNFT1 |transmembrane domain- membrane
containing protein 1
NAI;)H.dehydrogenase . mltof:hondnal matrlx; T EREE mitochondrial electron transport, NADH to ubiquinone; mitochondrial
075306 |NDUS2 |[ubiquinone] iron-sulfur protein |respiratory chain complex I; N . B S
respiratory chain complex | assembly; response to oxidative stress
2 nucleoplasm
cellular response to mechanical stimulus; immune response; inflammatory
Tumor necrosis factor receptor response; intrinsic apoptotic signaling pathway in response to ER stress;
014763 |TR10B " P plasma membrane multicellular organism development; positive regulation of I-KB kinase/NF-
superfamily member 10B N o . " . .
KB signaling; regulation of cell proliferation; response to ER stress;
response to lipopolysaccharide
defense response to virus; inflammatory response; innate immune
response; negative regulation of alpha-beta T cell proliferation; negative
ES3 ubiquitin-protein ligase ltchy |cytoplasmic vesicle; exosome; nucleus; |regulation of: apoptotic process; JNK cascade, NF-KB transcription factor
Q96J02 |ITCH sl ° b =S '
homolog plasma membrane activity, type | interferon production; Notch signaling pathway; K29-, K48-,
K63-linked ubiquitination; regulation of cell growth; protein
deubiquitination
bone remodeling; cell growth; hemopoiesis; marginal zone B cell
. differentiation; multicellular organism development; negative regulation of:
. ER membrane; extracellular region; . " L )
Neurogenic locus notch A apoptotic process, cell proliferation; nervous system development; Notch
Q04721 |NOTC2 : Golgi membrane; plasma membrane; N M R o N N
homolog protein 2 signaling involved in heart development; positive regulation of Ras signal
nucleoplasm . . PP .
transduction; regulation of transcription; stem cell population
maintenance; tissue regeneration
amyloid precursor protein catabolic process; beta-amyloid metabolic
Q92542 |NICA Nicastrin ER; exosome; Golgi apparatus; plasma proce.ss; eplthella.l cell pro!lferanon; membrgne protem. |ntr§cellular
membrane; lysosomal membrane domain proteolysis; myeloid cell homeostasis; Notch signaling pathway;
positive regulation of apoptotic process; T cell proliferation
. . . amino acid transport; calcium ion transport; carbohydrate metabolic
4F2 cell-surface antigen heavy [plasma membrane; cytoplasm; L . N
P08195 |4F2 N . process; cell growth; leucine import; leukocyte migration; response to
chain exosome; nucleus
exogenous dsRNA,; tryptophan transport
094919 (ENDD1 EndoerfcIease domaln- exosome; membrane
containing 1 protein
Cyclic AMP-dependent ER membrane; Golgi apparatus; ATF6-mediated UPR; positive regulation of transcription from RNA
Q99941 |ATF6B A ! :
transcription factor ATF-6 beta |nucleus; protein-DNA complex polymerase Il promoter in response to ER stress
Receptor-type tyrosine-protein  [exosome; plasma membrane; neuronal |cell adhesion; cell migration; axon regeneration; synaptic transmission;
P10586 |PTPRF . A H "
phosphatase F cell body transmembrane receptor protein tyrosine phosphatase signaling pathway
negative regulation of: gene expression, protein transport, transcription;
1 P . . . . proteasome-mediated ubiquitin-dependent protein catabolic process;
000308 |WWP2 NEDD4 like E3 ubiquitin-protein |cytoplasm; exosome; membrane; protein autoubiquitination; protein K63-linked ubiquitination; regulation of:
ligase WWP2 nucleus; ubiquitin ligase complex . N . L
membrane potential, potassium ion transmembrane transporter activity;
viral entry into host cell
Dihydropyrimidinase-related cytosol; dendrite; exosome; membrane; |cytoskeleton organization; endocytosis; nervous system development;
Q16555 |DPYL2 rotyein gy a mitochondrion; myelin sheath; neuronal |positive regulation of glutamate secretion; regulation of axon extension;
P cell body spinal cord development; synaptic vesicle transport
Signal recognition particle 9 kDa|cytosol; exosome; signal recognition negative regulation of translational elongation; SRP-dependent
P49458 |SRP09 . N N . :
protein particle receptor complex cotranslational protein targeting to membrane
cell junction; ER membrane; exosome; A q o ie
calcium ion regulated exocytosis; endocytosis; endosome to lysosome
late endosome membrane; lysosomal . h - o N N .
q q . B transport; eosinophil degranulation; ER to Golgi vesicle-mediated
Vesicle-associated membrane |membrane ; phagocytic vesicle § " e .
P51809 |VAMP7 . transport; Golgi to plasma membrane protein transport; NK cell
protein 7 membrane; plasma membrane; - . S . o .
degranulation; neutrophil degranulation; phagocytosis; positive regulation
secretory granule membrane; SNARE . N N A
of histamine secretion by mast cell; SNARE complex assembly
complex; synapse; TGN
sodium ion homeostasis; negative regulation of: potassium ion
E3 ubiquitin-protein ligase transmembrane transport, protein localization to cell surface, sodium ion
Q96PU5 |NED4L NEDDA?—Iike P 9 cytoplasm; exosome; nucleoplasm transmembrane transport, transcription from RNA polymerase |l promoter;
positive regulation of caveolin-endocytosis; protein K48-linked
ubiquitination; regulation of membrane potential
Q99805 |TMos2 Transmembrane 9 superfamily [endosome membrane; exosome; plasma transport
member 2 membrane
Q86x29 |LSR Lipolysis-stimulated lipoprotein |[exosome; plasma membrane; tight establishment of blood-brain barrier; liver development; regulation of lipid
receptor junction metabolic process; tight junction assembly
P16152 |CBR1 |Carbonyl reductase [NADPH] 1 |cytosol: exosome cyclooxyggnas.e pathway; epnhehal cell differentiation; oxidation-reduction
process; vitamin K metabolic process
Q06481 |APLP2 |Amyloid-like protein 2 exosome; nucleus; plasma membrane |G-protein coupled receptor signaling pathway
P61081 |UBC12 NEDD8-conjugating enzyme cytoplasm; exosome NIWNF-KB signaling; regulation of neuron apoptotic process; protein
Ubc12 neddylation
QoP2ES5 |CHPF2 |Chondroitin sulfate Golgi membrane chondroitin sulfate biosynthetic process
glucuronyltransferase
negative regulation of B cell apoptotic process; positive regulation of B
QYULF5 |S39AA |Zinc transporter ZIP10 plasma membrane cell proliferation; positive regulation of BCR signaling pathway; zinc Il ion
transmembrane import
aging; cell proliferation; circadian rhythm; developmental growth; DNA
biosynthetic process; immortalization of host cell by virus; intestinal
cytoplasm; mitochondrial inner epithelial cell maturation; organ regeneration; pyrimidine nucleoside
P04818 |TYSY [Thymidylate synthase membrane; mitochondrial matrix; biosynthetic process; regulation of transcription involved in G1/S transition
nucleoplasm of mitotic cell cycle; response to: cytokine, ethanol, folic acid,
glucocorticoid, progesterone, toxic substance, vitamin A; uracil metabolic
process
C-aminoadipate-semialdenyde
QONRN7 [ADPPT g::zg:\?p:nnizzeinyl cytosol; exosome lysine biosynthetic process; pantothenate metabolic process
aging; cholesterol biosynthetic process; coenzyme A metabolic process;
negative regulation of: insulin secretion, MAP kinase activity, striated
P04035 |HMDH 3-hydroxy-3-methylglutaryl- ER membrane; peroxisomal membrane muscle» cell e?popu?llc process, vasodllatlo.n, wound healing; positive
coenzyme A reductase regulation of: cardiac muscle cell apoptotic process, ERK1 and ERK2
cascade, skeletal muscle tissue development, stress-activated MAPK
cascade; response to ethanol, nutrient; ubiquinone metabolic process
Q9Y320 |TMX2 e alated 1 membrane cell redox homeostasis
transmembrane protein 2
QB6UW68 |[TM205 |Transmembrane protein 205 exosome; membrane

Table 14 HCIPs for MARCH3 and associated biological processes (GO)
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Gene ontology

Entry Name Protein name (cellular component) Gene ontology (biological process)
Q7L211 |ABHDD |Protein ABHD13 membrane
cytoplasm; ER membrane; . Lo . . i
P00387 |NB5R3 |NADH-cytochrome b5 reductase 3 eios‘;me; hemoglobin complex; lipid e <':|rculiat|on, chollesterol Risvheticlorocessity
X . . ascorbic acid metabolic process
particle; mitochondrial membrane
cytoplasm; exosome; membrane; . : -
P57678 |GEMI4 |Gem-associated protein 4 nucleoplasm; small nuclear Z;J;I:Ll';npon' rRNA processing; spliceosomal snRNP
ribonucleoprotein complex
cyclooxygenase pathway; drug metabolic process;
P16152 |CBR1 |Carbonyl reductase [NADPH] 1 cytosol; exosome epithelial cell differentiation; oxidation-reduction process ;
vitamin K metabolic process
anaphase-promoting complex-dependent catabolic
process; antigen processing and presentation of
exogenous peptide antigen via MHC class |; MAPK
cytosol; exosome; membrane; cascade; regulation of Wnt signaling pathway; NIK/NF-
P49721 |PSB2 |Proteasome subunit beta type-2 [nucleoplasm; proteasome core kappaB signaling; regulation of ubiquitin-protein ligase
complex activity involved in mitotic cell cycle transition; proteasome-
mediated ubiquitin-dependent protein catabolic process;
cellular amino acid metabolic process; mRNA stability; TCR
signaling pathway; TNF-mediated signaling pathway
cytoplasmic exosome (RNase DNA deamination; isotype switching; nuclear tRNA
QINQT5 [EXOS3 Exosome complex component complex); nuclear exosome (RNase |catabolic process; nuclear retention of pre-mRNA with
RRP40 complex); transcriptionally active aberrant 3'-ends; nuclear-transcribed mRNA catabolic
chromatin process; regulation of mRNA stability; rRNA processing
P30837 |AL1B1 Algehyde dfehydrogenase X, mfembrane—lbounde?d organelle; carbohydrate metabolic process; ethanol oxidation
mitochondrial mitochondrial matrix; nucleoplasm
P49591 |SYSC [Serine-tRNA ligase, cytoplasmic |cytoplasm; exosome seln_enocystel_ne metabollf: [PIEECEEh (et (RN
aminoacylation for protein translation
Q16836 |HCDH Hydroxyacyl—coenzyme A ) g:ﬂj::e’: nr::t(f:hzr:jjrﬂllr%naiix; fatty apid beta-oxidation; negative regulation of insulin
dehydrogenase, mitochondrial secretion
nucleoplasm
autophagy; ER calcium ion homeostasis; lung
development; negative regulation of: apoptotic process, ER
cytoplasm; ER membrane: plasma ztressringuced inAtrinlsiclapoptoticAsig‘naIing pathway,
P55061 |BI1 Bax inhibitor 1 membrane; mitochondrial . ypoma—lnducgd |ntr|n§|c R O ] pa‘hway'
U S p— immunoglobulin secretion, mMRNA endonucleolytic
’ cleavage involved in UPR,transcription from RNA
polymerase Il promoter in response to ER stress; response
to L-glutamate spermatogenesis
Q14534 |ERG1 |Squalene monooxygenase ER membrane cholesterol biosynthetic process
P48735 |IDHP Ispcitrate dghydrogenase [NADP], ;yr:(;?:;e?:g:r:t’nrlri]tlf)?;t;r;iirjl 2—oxog!qtar§te metabolic process; cerbohydrate metabolic
mitochondrial . ) proces; isocitrate metabolic process; TCA cycle
matrix; peroxisome
ATP hydrolysis coupled proton transport; ATP synthesis
cytoplasm; endosome membrane; |coupled proton transport; immune response; insulin
Qov4s? |vPP2 V-type proton ATPase 116 kDa lysosomal membrane; plasma receptor signaling pathway; ion transmembrane transport;

subunit a isoform 2

membrane; vacuolar proton-
transporting V-type ATPase complex

phagosome acidification; regulation of macroautophagy;
transferrin transport; vacuolar proton-transporting V-type
ATPase complex assembly

Table 15 HCIPs for RNFT1 and associated biological processes (GO)
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Entry Name

Protein names

Gene ontology (cellular component)
cytosolic small ribosomal subunit; endocytic

Gene ontology (biological process)

P62979 |RS27A [Ubiquitin-40S ribosomal protein S27a  |vesicle membrane; exosome; nucleoplasm; Ubiquitin-related processes
plasma membrane
ER-associated ubiquitin-dependent protein catabolic
Foyy process; negative regulation of cholesterol biosynthetic
Gty |ERU ([t ER GELEIETD process and fatty acid biosynthetic process; SREBP
signaling pathway
. negative regulation of neuron death; positive regulation
Q4ZIN3 [MBRL [Membralin ER membrane of ERAD pathway; response to ER stress
S cell junction; cytoplasm; membrane; . N . .
Q9BVT8 |TMUB1 Trans_membra_nfe and ubl.qultln—llke microtubule organizing center; nucleoplasm; ER-associated ubiquitin-dependent protein catabolic
domain-containing protein 1 process
endosome
Q7Z4R8 [CF120 |UPF0669 protein C6orf120 extracellular exosome apoptotic process
ATP hydrolysis coupled proton transport; potassium ion
homeostasis; response to mechanical stimulus;
e . . |response to steroid hormone;sodium ion homeostasis;
. . . plasma membrane; ER; endosome; exosome; o . o
Sodium/potassium-transporting ATPase X N X membrane hyperpolarization; cell action potential;
P05023 |AT1A1 N Golgi apparatus; plasma membrane; X . L N
subunit alpha-1 R negative regulation of glucocorticoid biosynthetic
sarcolemma; . 5 . .
process;regulation of heart contraction; potassium ion
import; regulation of blood pressure, cardiac conduction;
sodium ion transport
Q9HDC9 [APMAP Adlpot.:yte plasm.a membrane- cell surface; ER; exosome; membrane biosynthetic process
associated protein
Q71RG4 |TMUB2 Trans_membra_n_e and ubl.qumn-llke TS
domain-containing protein 2
autophagy; ER calcium ion homeostasis; lung
development; negative regulation of: apoptotic process,
ER stress-induced intrinsic apoptotic signaling pathway,
P55061 |BI1 Bax inhibitor 1 c;{toplasm;lER membrane; plasma membrane; hypOX|a-|ndUC§d |ntr|n§|c apoptotic signaling pathway,
mitochondrial membrane; nucleus immunoglobulin secretion, mMRNA endonucleolytic
cleavage involved in UPR transcription from RNA
polymerase Il promoter in response to ER stress;
response to L-glutamate spermatogenesis
Q8WY22|BRI3B [BRI3-binding protein mitochondrial outer membrane
Q96K19 |RN170 |E3 ubiquitin-protein ligase RNF170 ER membrane protein ubiquitination
Q99720 |SGMR1 |Sigma non-opioid intracellular receptor 1 cell jUnCﬁIOI.'\:.E.R mer_nbrfa\ne; plasma lipid transport; nervous system development; regulation
membrane; lipid particle; nuclear membrane  |of neuron apoptotic process
QINTJ5 [SAC1 ggoc:srhatldyllnosmde phosphatase ER membrane; Golgi membrane phosphatidylinositol biosynthetic process
I e cytosol; ER; nuclear outer membrane-ER ER-associated ubiquitin-dependent protein catabolic
Q8TAT6 [NPL4 P P membrane network; VCP-NPL4-UFD1 AAA process; Golgi organization; retrograde protein
homolog
ATPase complex transport, ER to cytosol
I . N . X . ER-associated misfolded protein catabolic process;
Q92890 |UFD1 Ubiquitin fusion degradation protein 1 cytosol; nucleoplasm; VCP-NPL4-UFD1 AAA retrograde protein transport, ER to cytosol; skeletal
homolog ATPase complex
system development
activation of endopeptidase activity; calcium ion
transmembrane transport; face and limb
morphogenesis; muscle contraction ; negative regulation
. . X of cell proliferation; palate development; pattern
CELBINID CHENTEY GEIPIES (3R (EIEGE specification process; peptidyl-aspartic acid
Q12797 |ASPH |Aspartyl/asparaginyl beta-hydroxylase |sarcoplasmic reticulum membrane; plasma P : p - peptiay . P N X
hydroxylation; protein transport; regulation of:
membrane R . A "
proteolysis; transcription; cardiac conduction; cell
communication; protein depolymerization; protein
stability; release of calcium ion into cytosol by
sarcoplasmic reticulum
QINR31 [SAR1A GTP-QIndIng protein SAR1a (COPII- ER; exosome; Golgi vesicle-mediated transport
associated small GTPase)
Signal recognition particle receptor cytoplasm; ER membrane; signal recognition nelpmediatedlURR SmaliCThaseipediatedisional
Q9Y5M8 (SRPRB gna 9 P P yiop ! =g 9 transduction; SRP-dependent cotranslational protein
subunit beta particle receptor complex N
targeting to membrane
Q5K4L6 |S27A3 |Long-chain fatty acid transport protein 3 |mitochondrial membrane
dendritic spine development; fatty acid transport; lipid
cytoplasm; ER membrane; ER-mitochondrion |biosynthetic process; negative regulation of
060488 [ACSL4 |Long-chain-fatty-acid--CoA ligase 4 membrane contact site; exosome; lipid particle; |prostaglandin secretion; positive regulation of cell
peroxisomal membrane growth; response to interleukin-15; response to nutrient;
triglyceride metabolic process
cyclooxygenase pathway; epithelial cell differentiation;
P16152 |CBR1 |Carbonyl reductase [NADPH] 1 cytosol; extracellular exosome oxidation-reduction process; vitamin K metabolic
process
Q9Y2L1 |RRP44 |Exosome complex exonuclease RRP44 GYEERILS GESEIE (RUEED i) mRNA catabolic process; rRNA catabolic process
nuclear exosome (RNase complex)
000237 |RN103 |E3 ubiquitin-protein ligase RNF103 ER membrane central nervous system development; ER-associated
ubiquitin-dependent protein catabolic process
Q14534 [ERG1 |Squalene monooxygenase ER membrane ;?:(I:?Stserol LicsyilheticloccesSEecibiosy Rinte
cytoplasm; exosome (RNase complex); nuclear retention of unspliced pre-mRNA at the site of
Q01780 [EXOSX |Exosome component 10 vtop " plex); transcription; nuclear-transcribed mRNA catabolic
membrane; nuclear exosome (RNase complex) X X N .
process; nonsense-mediated decay; rRNA processing
. 2-oxoglutarate metabolic process; carbohydrate
P48735 |IDHP Isgcnrate dlehydrogenase [NADP, cytosol; exosome; mitochondrion; peroxisome |metabolic process; isocitrate metabolic process;
mitochondrial . ¥ .
tricarboxylic acid cycle
X — autophagosome assembly; late nucleophagy;
Q7Z3C6 |ATGY9A |Autophagy-related protein 9A ER membrane; endosome ; pre mitophagy; protein localization to pre-autophagosomal

autophagosomal structure; trans-Golgi network

structure; protein transport

Table 16 New HCIPs for RNF185 and associated biological processes (GO)
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Entry Entry name Protein names Entry Entry name Protein names

P06753 [TPM3 Tropomyosin alpha-3 chain Q14166 |TTL12 Tubulin—-tyrosine ligase-like protein 12
Q9BPX3 [CND3 Condensin complex subunit 3 043795 |MYO1B Unconventional myosin-lb

P67936 [TPM4 Tropomyosin alpha-4 chain P49643 |PRI2 DNA primase large subunit

P61927 |RL37 60S ribosomal protein L37 076013 [KRT36 Keratin, type | cuticular Haé

Q9H254 [SPTN4 Spectrin beta chain, non-erythrocytic 4 P62304 |RUXE Small nuclear ribonucleoprotein E

QINRH3 |TBG2 Tubulin gamma-2 chain Q9BTX1 |NDC1 Nucleoporin NDC1

Q16181 |SEPT7 Septin-7 Q9BSJ2 |GCP2 Gamma-tubulin complex component 2
Q9Y2U8 [MAN1 Inner nuclear membrane protein Man1 P18615 |[NELFE Negative elongation factor E

Q01105 |SET Protein SET P82673 |RT35 28S ribosomal protein S35, mitochondrial
P35579 [MYH9 Myosin-9 Q7L014 |DDX46 Probable ATP-dependent RNA helicase DDX46
P52701 _[MSH6 DNA mismatch repair protein Msh6 P19387 |RPB3 DNA-directed RNA polymerase Il subunit RPB3
QINYL9 |TMOD3 Tropomodulin-3 Q2NL82 |TSR1 Pre-rRNA-processing protein TSR1 homolog
Q8WXHO |SYNE2 Nesprin-2 Q53GS9 |SNUT2 U4/U6.U5 tri-snRNP-associated protein 2
014929 |HAT1 Histone acetyltransferase type B catalytic subunit P10155 |RO60 60 kDa SS-A/Ro ribonucleoprotein

Q08554 |DSC1 Desmocollin-1 P08754 |GNAI3 Guanine nucleotide-binding protein G
Q02413 |DSG1 Desmoglein-1 P50570 |DYN2 Dynamin-2

Q5D862_[FILA2 Filaggrin-2 Q07065 |CKAP4 Cytoskeleton-associated protein 4

Q92734 |TFG Protein TFG P36954 |RPB9 DNA-directed RNA polymerase Il subunit RPB9
095232 |LC7L3 Luc7-like protein 3 Q77333 |SETX Probable helicase senataxin

P02533 |K1C14 Keratin, type | cytc 14 Q86YZ3 |HORN Hornerin

Q15813 |TBCE Tubulin-specific chaperone E P13646 |K1C13 Keratin, type | cytoskeletal 13

Q92541 |RTF1 RNA polymerase-associated protein RTF1 homolog QINVJ2 |ARL8B ADP-ribosylation factor-like protein 8B
P60228 [EIF3E Eukaryotic translation initiation factor 3 subunit E Q2TAY7 |SMU1 WDA40 repeat-containing protein SMU1
Q9BQ67 |GRWD1 Glutamate-rich WD repeat-containing protein 1 P18754 |RCC1 Regulator of chromosome condensation
P49321 |NASP Nuclear autoantigenic sperm protein POC0S8 |H2A1 Histone H2A type 1

P20700 [LMNB1 Lamin-B1 Q71DI3 _|H32 Histone H3.2

095347 |SMC2 Structural maintenance of chromosomes protein 2 P11532 |[DMD Dystrophin

Q29RF7 |PDS5A Sister chromatid cohesion protein PDS5 homolog A P62805 |H4 Histone H4

096019 |ACL6A Actin-like protein 6A P16401 |H15 Histone H1.5

P42766 |RL35 60S ribosomal protein L35 P16403 |H12 Histone H1.2

Q8TEM1 |PO210 Nuclear pore membrane glycoprotein 210 Q7L576 |CYFP1 Cytoplasmic FMR1-interacting protein 1
Q9POK7 [RAI14 Ankycorbin 043790 |KRT86 Keratin, type Il cuticular Hb6

P14649 [MYL6B Myosin light chain 6B Q9BWJ5 |SF3B5 Splicing factor 3B subunit 5

Q7L2J0 |MEPCE 7SK snRNA methylphosphate capping enzyme Q969T9 |WBP2 WW domain-binding protein 2

Q6UN15_[FIP1 Pre-mRNA 3'-end-processing factor FIP1 014529 |CUX2 Homeobox protein cut-like 2

P15927 [RFA2 Replication protein A 32 kDa subunit QINTKS5 |OLA1 Obg-like ATPase 1

QI9NZR1 |TMOD2 Tropomodulin-2 Q6PM8 |SYDM Aspartate--tRNA ligase, mitochondrial
P28289 |TMOD1 Tropomodulin-1 060237 [MYPT2 Protein phosphatase 1 regulatory subunit 12B
P29692 [EF1D Elongation factor 1-delta 095684 |FR10P FGFR1 oncogene partner

Q15393 |SF3B3 Splicing factor 3B subunit 3 Q9BUQS8 |DDX23 Probable ATP-dependent RNA helicase DDX23
A7E2Y1 [MYH7B Myosin-7B Q9Y3A5 [SBDS Ribosome maturation protein SBDS
Q9UM54 |MYO6 Unconventional myosin-VI Q96EA4 |SPDLY Protein Spindly

Q66K74 |MAP1S Microtubule-associated protein 1S QINRGY |AAAS Aladin

Q92804 |RBP56 TATA-binding protein-associated factor 2N QINWZ8|GEMIB Gem-associated protein 8

P17480 [UBF1 Nucleolar transcription factor 1 Q9UIA9 |XPO7 Exportin-7

Q9UH99 |SUN2 SUN domain-containing protein 2 095071 |UBRS E3 ubiquitin-protein ligase UBR5

Q14186 |TFDP1 Transcription factor Dp-1 P17096 |HMGA1 High mobility group protein HMG-/IHMG-Y
Q96P70 |IPO9 Importin-9 QINZ72 |STMN3 Stathmin-3

094901 [SUN1 SUN domain-containing protein 1 Q8N5G2 |MACOI Macoilin

Q8TEX9 |IPO4 Importin-4 060548 |FOXD2 Forkhead box protein D2

Q92621 |NU205 Nuclear pore complex protein Nup205 QINUU7 [DD19A ATP-dependent RNA helicase DDX19A
QINVI1__|FANCI Fanconi anemia group | protein 014530 |TXND9 Thioredoxin domain-containing protein 9
P42695 |CNDD3 Condensin-2 complex subunit D3 Q9P1Z2 |CACO1 Calcium-binding and coiled-coil domain-containing protein 1
095793 |STAU1 Double-stranded RNA-binding protein Staufen homolog 1 |Q16342 [PDCD2 Programmed cell death protein 2

075122 |CLAP2 CLIP-associating protein 2 Q9UJCS5 |SH3L2 SH3 domain-binding glutamic acid-rich-like protein 2
Q9GZS3 |WDR61 WD repeat-containing protein 61 Q9Y5B9 |SP16H FACT complex subunit SPT16

Q96K17 |BT3L4 Transcription factor BTF3 homolog 4 Q9BRK4 |LZTS2 Leucine zipper putative tumor suppressor 2
P35609 |ACTN2 Alpha-actinin-2 Q08945 [SSRP1 FACT complex subunit SSRP1

P00491 |PNPH Purine nucleoside phosphorylase 060610 [DIAP1 Protein diaphanous homolog 1

P13796 [PLSL Plastin-2

Table 17 List of contaminants
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Chapter |V:

Contribution of the Hrd1 complex to
resolving uS-driven proteotoxic stress
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41 Background

4.1.1 IgM physiology in B-lymphocytes

Among all secretory and membrane proteins that fold and mature within the
secretory pathway, IgM constitutes one of the most challenging examples,
representing the most complex antibody that B-lymphocytes produce. In resting B-
cells, IgM is expressed as a membrane-bound form at the cell surface as part of the
B-cell receptor complex (BCR). B-cells differentiate into plasma cells (PCs) upon
antigen recognition and undergo transformation into a cellular folding factory,
facilitating the maturation and secretion of thousands of antibodies per second to
mediate humoral immunity. During differentiation, B-cells undergo major functional
and morphological changes to adapt the existing secretory machinery to meet the
needs of increased demand. In particular, consistent ER expansion and
upregulation of ER chaperones provide the optimal environment to accommodate
the imminent bulk of IgM synthesis (van Anken et al., 2003). The UPR plays a
critical role during B-cell differentiation, allowing reinforcement of the folding and
degradation capacity in the ER to ensure correct assembly and abundance of the
secreted antibodies. Indeed, XBP1 has been shown to be strictly required for B-cell
differentiation (Reimold et al., 2001). Upon differentiation, B-cells secrete
pentameric IgM that differs from the membrane-bound form only in the C-terminus
of the heavy chain (HC). IgM represents the first line of defence in humoral
immunity, containing up to 12 antigen-binding sites and therefore being very efficient
in the activation of the complement and downstream responses. After a few days of

intense secretion, most PCs go into apoptosis as a result of excessive activity.
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4.1.2 Quality control on IgM maturation and trafficking
While membrane-bound IgM (mIgM) is monomeric (u2Lz), secretory IgM (slgM) is
composed of five monomers and one J chain (5 p.L, + J), linked together via

disulphide bonds (Figure 4.1) (Anelli and van Anken, 2013).
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Figure 4.1 Schematic of membrane and secretory IgM

Membrane-bound IgM (mlgM) is part of the BCR exposed on B-lymphocytes. Upon antigen
activation, PCs secrete secretory IgM (slgM) in a pentameric (or hexameric, not shown)
form. HCs and LCs consist of various domains: Vy, Cy1-4; V| and C_. Glycans, intra- and
intersubunit disulfide bonds, and the J-chain are illustrated. The HC in migM differs from the
HC in sIgM at the C-terminus, having a TMD or a cysteine-containing tailpiece (TP),
respectively (Anelli and van Anken, 2013).

Each pentameric structure contains more than 50 N-linked oligosaccharides and
100 disulfide bonds (Hendershot and Sitia, 2005). IgM assembly is a multi-step
process that engages almost all ER chaperones (Figure 4.2) (Anelli et al., 2007). As
soon as the HC is synthesised and enters the ER lumen, the CH1 domain is bound
by BiP to maintain the solubility of the IgM HC (u). Interaction with the light chain
(LC) subsequently displaces BiP and p,L, monomers can be assembled in the ER
lumen (Haas and Wabl, 1983). These monomers are prevented from trafficking by
virtue of thiol-mediated retention; PDI and its family members, in particular ERp44
(Anelli et al., 2003), associate with cysteine 575 (C575) in the p tailpiece. The same

cysteine is used to form the disulphide bonds between monomers that lead to

130



assembly of the mature pentameric structure (Sitia et al., 1990). ERGIC-53 is a
hexameric transmembrane lectin that recognizes the N-linked glycan at asparagine
563 (N563) in the C-terminal tailpiece of y, and serves as a platform on which
polymerisation of IgM takes place (Anelli et al., 2007). Therefore, stringent quality
control machinery from the ER to the Golgi ensures the secretion of correctly
assembled antibodies, while misfolded intermediates are retained and disposed of

by ERAD.

ER ERGIC Golgi
, PDI, CRT ERGIC-53, p115  Giantin

L.
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\
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Assembly Polymerization @® Efpa

Figure 4.2 Schematic of IgM maturation

In the ER, BiP ensures that p chains do not proceed to the downstream compartments
unless assembled with L chains (1st QC). ERGIC-53, a hexameric lectin, captures psL,
subunits, aligning them in a planar conformation suitable for IgM polymerisation. ERp44 (the
distribution of which is reflected by the gradient of grey) ensures that unassembled subunits
are retrieved into the assembly line (2nd QC). By virtue of its interaction with IgM subunits
and ERGIC-53, ERp44 may recruit and locally concentrate p,L, to promote polymerization
(Anelli et al., 2007).

IgM polymerisation in B-lymphocytes is an inefficient process (Carelli et al., 1997).
While LCs can be secreted when unpaired to the HCs (Reddy et al., 1996),
unassembled HCs are retained in the ER bound to BiP and eventually degraded by
cytosolic proteasomes (Mancini et al., 2000). In resting B-cells, ERAD has been
shown to constitutively degrade free p chains, therefore reducing their secretion or

presentation at the cell surface (Elkabetz et al., 2003). Among the constituents of
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the ERAD machinery, SEL1L and Hrd1 have been implicated in degradation of
secretory IgM HC (pS) (Cattaneo et al., 2008). However, the mechanism by which
uS is delivered to the cytosol for proteasomal degradation and the contribution of
this clearance to cellular homeostasis remain unknown. A recent study highlighted
the importance of autophagy in regulating ER homeostasis in differentiated PCs
during IgM secretion (Pengo et al., 2013). Here, intense autophagic activity is key to
restrict IgM synthesis to sustainable amounts, hence optimising energy metabolism
and supporting survival.

4.1.3 IgM HCs in disease

HC diseases (HCDs) are rare B-cell proliferative disorders associated with the
synthesis and secretion of monoclonal, incomplete Ig HCs. y-HCDs represent the
rarest form, classified as chronic lymphocytic leukaemia (Bianchi et al., 2014). A
variety of genetic alterations, mostly generated in the course of somatic
hypermutation, are responsible for the production of secreted HCs (Corcos et al.,
2011). In heavy chain deposition diseases (HCDDs), aberrant Ig HC are secreted by
PCs due to defective retention and assembly with LCs. Tissue deposition of these
chain fragments ultimately leads to organ failure and disease onset (Rane et al.,
2012). In addition to HCDs, misfolded |g chains accumulate in so-called Russell
Bodies, particularly prevalent in some severe pathologies like multiple myeloma
(MM), autoimmune and autoinflammatory diseases (Kopito and Sitia, 2000). The
most frequent aberration in the HCs associated with Russell Bodies is a deletion in
the CH1 domain, leading to the formation of detergent-insoluble aggregates in the
malignant PCs. However, the most common disease associated with Ig production
is MM, a plasma cell neoplasia characterised by uncontrolled production of
monoclonal Igs. Currently, proteasome inhibitors represent the frontline treatment
for this incurable malignancy (Moreau et al., 2012). Importantly, the balance

between proteasome workload and degradation capacity is a critical determinant of
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MM sensitivity to proteasome inhibition. In particular, higher proteasome activity
inversely correlates with apoptotic sensitivity to Bortezomib (BTZ), highlighting the
importance of proteasomal degradation in the regulation of cellular homeostasis and

response to treatments (Bianchi et al., 2009).

Besides the pivotal role of Igs in immunity and their involvement in disease, IgMs
represent an invaluable model to dissect the folding and degradation machineries in
the ER. Firstly, because of IgM’s challenging nature, and secondly because
unpaired uS subunits are retained in the ER, offering a unique opportunity to
investigate the ERAD mechanism in response to accumulation of an individual

luminal misfolded protein.
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42 Aim

The contribution of the ERAD components, in particular of Hrd1, to cell viability in
response to ER stress has conventionally been assessed via the use of potent ER-
stress inducing drugs like Thapsigargin or Tunicamycin (Kaneko et al., 2002). High
doses of these chemicals, such as those used in the cited study, can lead to broad
pleiotropic effects and often do not represent any physiological situation ever
encountered in a biological system. In other experimental settings, knockout mouse
models for individual ERAD components do not always elucidate the role of these
proteins in the maintenance of cellular homeostasis as a consequence of impaired
ERAD activity, due to the high complexity of the organism as a system. For
example, homozygous deletion of Hrd1 and Derlin-1 results in embryonic lethality
(Amano et al., 2003; Eura et al., 2012), but how their loss affects ER homeostasis or
cellular adaptation to stress has not been addressed. In this study, the aim is to
mimic physiological ER stress arising from the inducible expression of a secretory
misfolded protein. The secretory IgM heavy chain (uS) is overexpressed in HelLa
cells to recapitulate the physiological burden of Igs experienced by activated PCs. In
this system, uS represents a proteotoxic stress in the ER, rather than a
pharmacologically-induced ER stress. Here, attempts are made to elucidate the
contribution of individual ERAD components to the restoration of ER homeostasis
following proteotoxic stress, and how loss of these components impacts cell viability

as a direct consequence of impaired protein degradation.
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4.3 Results

4.3.1 HelLa_pS cells as a model for proteotoxic stress

HelLa cells were previously demonstrated to be a suitable model to investigate the
folding and maturation of secretory IgM, displaying all the intracellular requirements
for its multi-step assembly into polymeric structures (Anelli et al., 2007; Cortini and
Sitia, 2010). For this reason, and given their amenability to be manipulated
compared to immortalized B-cells, HelLa cells were employed as a model system,
where pYS expression was controlled by a Mifepristone (Mif)-inducible promoter. To
do so, the uS gene was integrated downstream of the Mif promoter in the genome of
Hela cells by lentiviral infection. A clonal population was selected and tested for pS
expression by treatment with 0.5 nM Mif for the time indicated (Figure 4.3). Ectopic
uUS expression in HelLa cells was comparable to endogenous production of uS by

differentiating murine i29+ B-lymphocytes upon lipopolysaccharide (LPS) treatment.

Mif (hrs) LPS (days)
0 8 16 32 0 3 4

uS e e D < . | 70 D2
HelLa_pS plasmacells

Figure 4.3 Immunoblot for yS on HeLa_pS and murine i29+ cells

HelLa cells were stimulated with Mifepristone (Mif) (0.5 nM) and murine 29+ cells were
induced to differentiate with LPS (lipopolysaccharide) for the time indicated. Figure
generated by van Anken Lab.

This observation supports the validity of using uS-expressing HelLa cells to mimic
the high burden of antibodies generated by activated PCs. To confirm the presence
of uS in the ER upon overexpression, HeLa_uS cells were treated with Mif (12
hours) and co-localisation of uyS with the ER-resident chaperone PDI was observed

by immunofluorescence (Figure 4.4 A).
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Figure 4.4 uS localises to the ER

A) Immunofluorescence of HelLa_uS cells treated with Mif (0.5 nM) for 12 hours. pS was
detected using an a-IgM HC conjugated to Alexa546. The ER was stained with an anti-PDI
antibody and revealed using an a-mouse Alexa488 secondary antibody. Images were
acquired by confocal microscopy, objective 63%. B) Immunoblot for yS on WCL. HelLa_uS
were stimulated with Mif (0.5 nM) for 24 hours. Lysates where incubated with EndoH to
digest N-glycans. Tubulin was used as a loading control.

ER localisation was also assessed by treating WCL from puS-expressing HelLa cells
with EndoH, which resulted in uS being fully converted to a slower migrating band
that reflects specific trimming of the high mannose N-linked glycan (Figure 4.4 B).
Together, these data confirm that intracellular uS glycoprotein is localised and
retained in the ER.

4.3.2 uS expression induces the UPR and ERAD components

The inability of uS to assemble and oligomerise, and its subsequent accumulation in
the ER, make it a suitable model with which to recapitulate protein misfolding in the
ER; therefore, whether uS expression was sufficient to induce ER stress was
investigated. Activation of the UPR was tested by monitoring the induction of the
PERK and IRE1 pathways while inducing uS expression over a 48-hour time-
course. While XBP1 mRNA (downstream of IRE1) was already spliced by 4 hours,
PERK activation and its downstream targets ATF4 and CHOP appeared after 8

hours of induction, corresponding to greater detectable uS expression (Figure 4.5).
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Figure 4.5 pS induces the UPR

Immunoblot for uS and the ER stress markers PERK, ATF4 and CHOP (Top). PCR for XBP1
mRNA (Bottom). *’ indicates a hybrid band consisting of half spliced and half unspliced
XBP1. HelLa_pS cells were treated with Mif (0.5 nM) for the time indicated. Cells were
treated with TM (1 pg/ml) for 8 hours as a positive control.

Importantly, UPR signalling downstream of PERK and IRE1 started to recover at 48
hours, reflecting the capability of the UPR to terminate after acute signalling. It was
reasoned that attenuation of uS-driven ER stress would likely be mediated by
upregulation of ER chaperones and ERAD genes following UPR activation. Hence,
transcriptional analysis was performed using the Nanostring platform (Geiss et al.,
2008) to gain quantitative insight into the expression of selected ERAD components
and ER chaperone genes after 16 hours of pS induction. Figure 4.6 A shows
absolute abundance of ER chaperones and ERAD transcripts before (steady-state)
and after uyS expression in HelLa cells, highlighting significant diversity within the

expression patterns of factors participating in the same machinery.
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Figure 4.6 Transcriptional analysis of ERAD genes by Nanostring technology

A) Absolute number of transcripts are represented on the y-axis. Error bars indicate SD from
three biological replicates. HeLa_uS cells were treated with Mif (0.5 nM) for 16 hours prior to
analysis. B) Fold change induction from transcriptional analysis in A. Transcripts measured
from Mif treatment were normalised to the untreated condition. Error bars indicate SD from
three biological replicates.

Notably, it was found that the most highly transcribed genes induced by uS
expression corresponded to the ubiquitin ligase Hrd1, its cofactors SEL1L, Herp,
and Ube2j1, the chaperone BiP and Derlin-3 (Figure 4.6 B).

Next, it was asked whether transcriptional upregulation corresponded with increased

protein expression, crucial for executing the reinforcement of folding and

degradation capacities in the ER.
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To do so, selected ERAD components were monitored by immunoblot over a time-
course of uS induction. Concomitant upregulation of all Hrd1 complex components
was observed during 16 hours of uS expression, with the exception of the Hrd1
interaction partner FAM8A1 (Christianson et al., 2012), which remained unchanged.

Interestingly, Derlin-1 and -2 levels also rose but with a slight delay in onset (Figure

4.7).
Mif(h,s) O 2 4 8 16 24 48 72 96
us e ————
HRD1
UbDE2J1 | s e i e D D SHID S0 D
SELTL | s s s s S S S S

FAMBAT | e s e e o e e - -

HERP | s
0s-9 B———
Derlin1 | L ———— — —

oo

TUB P S G —" —— — —— e |

Figure 4.7 ERAD components are upregulated by pS at the protein level

Immunoblot for uyS and selected Hrd1 complex components from WCL of HeLa_pS treated
with Mif (0.5 nM) for the times indicated.

These results demonstrate that uS can serve as a model misfolded protein, suitable

to induce the canonical UPR that leads to increased folding and degradation

capacities within the ER.

4.3.3 uS degradation requires Hrd1 catalytic activity

To understand the functional implications of increased ERAD capacity in response
to uS accumulation, CRISPR-Cas9 genomic editing was used to generate HeLa_uS
cells that lacked Hrd1. Two sgRNAs targeting independent sites of the Hrd1 locus

were designed to reduce potential off-target effects of genomic manipulation.
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Individual clones from the puromycin-resistant population were evaluated by WB for
Hrd1 expression and at least three positive clones were tested in biochemical and
phenotypic assays to exclude clone-dependent effects. In addition, C-terminally S-
tagged wild-type (WT) or RING mutant (C294A) Hrd1 were reintroduced into a
clonal Hrd1 KO HelLa_pS cell line to gain deeper insight into the functional activity of
the ligase. Stable integration of Hrd1-S (WT or C294A) was accomplished by
lentiviral infection, while a DOX inducible promoter enabled controlled Hrd1
expression. In all experiments, expression of Hrd1 was induced 24 hours prior to uS
expression by addition of DOX (500 ng/ml). Reconstitution of Hrd1 KO HelLa_uS cell

lines with Hrd1-S (WT or C294A) and expressing uS (+Mif, 8 hours) is shown in

Figure 4.8. Comparable Hrd1-S expression between WT and C294A was observed
when WBs were probed with an antibody toward the S-tag but not with anti-Hrd1,
where mutation of the RING domain may interfere with the availability of the epitope

recognised by this antibody.
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Figure 4.8 Reconstitution of Hrd1 KO HeLa_pS with WT and Hrd1-S C294A

Immunoblot for uyS, Hrd1 and S-tag from WCL. Clonal Hrd1 KO HelLa_pS cells are restored
with lentivirus carrying either WT Hrd1-S or mutant Hrd1-S C294A. Ectopic expression of
Hrd1-S is induced with DOX (500 ng/ml) for 24 hours before treatment with Mif (0.5 nM) for
an additional 8 hours.
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To determine whether Hrd1 was responsible for degrading uS, we compared the
stability of uS in WT, Hrd1 KO, Hrd1 KO + Hrd1-S WT and Hrd1 KO + Hrd1-S
C294A Hela cells using translational shutoff assays. Each cell line that was induced
to express pS (+Mif, 4 hours) was subsequently treated with CHX (0, 3 and 6 hours)
to arrest protein synthesis, and the remaining uS was quantified at each time point.
Cells treated with the mannosidase inhibitor kifunensine (KIF, 20 uM, 6 hours) were
also included as a positive control, as KIF prevents initial recognition of uyS and
subsequent targeting for degradation. WT HelLa_uS displayed 27% residual pS after
6 hours of CHX treatment, showing relatively fast degradation kinetics. In contrast,
S degradation was completely abrogated in cells lacking Hrd1. Reintroduction of
WT Hrd1-S but not the RING mutant was able to partially restore degradation,
leading to a 64% residual uS after 6 hours of chase (Figure 4.9 A and B). Therefore,
it can be concluded that uS degradation relies on catalytically active Hrd1.
Importantly, the endogenous Hrd1 substrate CD147 (Tyler et al., 2012) exhibited a
similar degradation pattern compared to uS, confirming the integrity and reliability of

the cell lines generated.
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Figure 4.9 uS degradation is impaired in the absence of functional Hrd1

A) Immunoblot for uyS and endogenous CD147 from WCL of HeLa_uS cells treated with Mif
(0.5 nM) for 4 hours and then incubated with CHX (100 pg/ml) for the time indicated. Kif (20
pMM) was used in combination with CHX for 6 hours. uS was revealed with Alexa546 a-IgM
heavy chain, tubulin was detected by mouse a-tubulin antibody followed by Alexa488 a-
mouse antibody. White arrow: mature, fully glycosylated CD147; black arrow: immature, ER-
retained CD147. B) Quantitation of residual yS from A. Error bars indicate SD from three
biological replicates. Statistical significance is calculated using Student’s t-test. * p-value <
0.05, ** p-value < 0.01.

Given that uS degradation was dependent upon the activity of Hrd1, it was next
asked whether direct ubiquitination of uyS by Hrd1 could be detected. Therefore, uS
ubiquitination was analysed in the cell lines described above. To this aim, uS was
induced for 24 hours with a lower dose of Mif (50 pM) to prevent saturation of the
ubiquitination machinery. Enrichment of total ubiquitinated proteins was achieved by
blocking proteasome activity with MG132 for 1 hour prior to harvesting.
Ubiquitinated proteins from WCL were captured by a GST-ubiquitin-His6 entity (Ub-
binding entity, UBE), with the UBA (Ub associated) domain being derived from the

human protein Ubiquilin-1.
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Enrichment of ubiquitinated species was assessed by anti-ubiquitin WB.
Comparable amounts of ubiquitinated proteins were affinity purified from all
samples, as demonstrated by the equal presence of a canonical high molecular
weight smear of polyUb immunoreactive material that was sensitive to treatment
with the deubiquitinating enzyme Usp21 (Ubiquitin-specific-processing protease 25)
(Figure 4.10 A). WBs probed for uS revealed the presence of Usp21-sensitive high
molecular weight smears in WT and Hrd1 KO cells reconstituted with WT Hrd1-S.
These smears were absent in cells lacking Hrd1 or reconstituted with the
catalytically inactive form. This result indicates that polyubiquitination of yS occurs in

a Hrd1-dependent manner via its catalytic domain.

Luminal substrates targeted to ERAD require transport across the ER membrane
prior to their degradation in the cytoplasm, a process suspected to occur via Hrd1
(Baldridge and Rapoport, 2016; Stein et al., 2014). To determine whether Hrd1 was
necessary for retrotranslocation of uyS from the ER, the accumulation of
deglycosylated forms was monitored during CHX chase assays. It was found that
concomitant treatment of HeLa_puS cells with CHX and MG132 permitted detection
of deglycosylated pS, reflecting the exposure of N-linked oligosaccharides to the
NGIly1 enzyme localised in the cytoplasm (Figure 4.10 B). The faster migrating uS
band in MG132 treatment displayed a molecular weight comparable to that of uS
treated with EndoH. Treatment with either of the VCP/p97 inhibitors, NMS-873 or
CB-5083, prevented the appearance of these faster migrating forms, in accordance
with the ERAD model where activity of VCP/p97 drives substrate retrotranslocation

(Y. Yeetal., 2004).
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Figure 4.10 Hrd1 ubiquitinates and mediates pS retrotranslocation

A) Immunobilot for uS and Ub. HeLa_pS cells were treated with Mif (50 pM) for 24 hours and
incubated with MG132 (5 pg/ml) for 1 hour before harvesting. Total ubiquitinated proteins
were immunoprecipitated using UBE conjugated to GSH-beads and then treated with the
deubiquitinating enzyme Usp21 to confirm that the high molecular weight smear corresponds
to Ub. (*) aspecific band. 4% of WCL is loaded as input. 8% of UBE IP is loaded for Ub blot.
B) Immunoblot for yS and endogenous CD147 from WCL of WT HelLa_uS treated with Mif
(0.5 nM) for 4 hours and then incubated with CHX (100 pg/ml) for 6 hours. MG132 (10 pg/ml)
and the VCP inhibitors NMS-873 (5 uM) and CB5083 (5 uM) were used in combination with
CHX for 6 hours. uS was revealed with Alexa546 a-IgM heavy chain, tubulin was detected
by mouse a-tubulin antibody followed by Alexa488 a-mouse antibody. White arrow: mature,
fully glycosylated CD147; black arrow: immature, ER-retained CD147, (*) deglycosylated uS.
C) Immunoblot for uS and tubulin from WCL of HeLa_pS cells treated as in B (without VCP
inhibitors). EndoH treatment was performed on lysates and used as a control for
deglycosylated pS (*).
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To address the question of direct involvement of Hrd1 in pS retrotranslocation, cells
lacking Hrd1 and reconstituted with WT or mutant Hrd1-S were tested under the
same conditions. It was found that only reconstitution with WT Hrd1-S was sufficient
to produce uS in a deglycosylated form that was comparable to EndoH treated puS
from the same lysates (Figure 4.10 C). This indicates that ubiquitination by Hrd1 of
either itself (Baldridge et al., 2016) or of uS (or both) is necessary for the transport
of luminal misfolded proteins from the ER to the cytosol in a p97/VCP-dependent

manner.

4.3.4 Hrd1 is essential for survival under yS proteotoxic stress

Since Hrd1 seemed to be the only ubiquitin ligase involved in yS ubiquitination at
basal levels, the phenotypic consequence of loss of Hrd1 in cells expressing uS was
assessed. A clonogenic assay was employed to measure the capability of Hrd1-
deficient cells to survive and proliferate upon yuS expression. HeLa_pS WT, Hrd1
KO and reconstituted lines were seeded at decreasing densities and grown for 7
days while induced to express puS. Colonies were detected by crystal violet staining
(Figure 4.11 A) and subsequently counted to measure cell proliferation (Figure 4.11

B).
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Figure 4.11 Clonogenic assay of WT and Hrd1 KO HeLa_puS cells

A) Cells were serially diluted 1:5, starting with 5,000 cells/well, and incubated with Mif (0.5
nM) for 7 days before fixation and crystal violet staining. Images were acquired at Typhoon
FLA9000. B) Quantitation of colonies from A. Colonies were quantified from the third dilution
(approx. 200 cells). Error bars indicate SD from six biological replicates. Statistical
significance was calculated using two-way ANOVA test comparing WT to Hrd1 KO and
reconstituted cells in the Mif condition. *** p-value < 0.001.

HelLa_pS cells displayed only a mild impairment in colony formation upon pS
expression (88% colonies compared to untreated), but predominantly remained
viable and able to proliferate. Notably, the absence of Hrd1 was tolerated and cells
remained viable under non-induced conditions. This result suggests that cells can
withstand ‘physiological’ fluxes of misfolded proteins that spontaneously arise, even
when a key ERAD component is missing. In other words, lack of Hrd1-mediated
ERAD does not overload the ER with toxic species at basal levels. However, when
challenged with pS expression, cells lacking functional Hrd1 were significantly

impaired in survival and proliferation, resulting in reduced colony formation (11%
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colonies compared to untreated). Restoring ligase activity by inducing the
expression of Hrd1-S was able to rescue growth (86% colonies compared to
untreated), in contrast to the reintroduction of the RING mutant (11%). These results
confirm that the ubiquitin ligase activity of Hrd1 is essential for cells to survive when

challenged with proteotoxic ER stress.

Colony formation is a complex and integrated phenotype: the cumulative result of
multiple cellular events over an extended time scale (7 days). To gain insight into
the toxicity induced by uS, cell growth was monitored over shorter time periods.
HelLa uS cells were induced with Mif for 24, 48 and 72 hours and then stained with
crystal violet (Figure 4.12 A). Notable impairment to cell growth could be seen by 24
hours of uS expression when Hrd1 activity was absent from HelLa_uS cells (Hrd1

KO).
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Figure 4.12 pS is toxic in cells lacking functional Hrd1

A) Inverted light microscopy of HeLa_uS cells incubated with Mifepristone (0.5 nM) for the
time indicated followed by fixation and crystal violet staining. B) Quantitation of HeLa_uS
cells positive for Propidium lodide (PI) staining treated with Mif as in A. Cells were harvested
after the time indicated, stained with Pl and analysed by flow cytometry (FACS). Error bars
indicate SD from three biological replicates. Statistical significance is calculated using a two-
way ANOVA test comparing WT to Hrd1 KO cells. *** p-value < 0.001.

Under the same growth conditions, cell death was evaluated by measuring
incorporation of Pl into cells by flow cytometry (Figure 4.12 B). Similarly, WT cells
were only mildly affected by uS expression, displaying a percentage of cell death
ranging between 3 and 8% over the whole period of treatment. Notably, cell death
peaked at 48 hours (8%) and started decreasing at 72 hours (7%), possibly
reflecting adaptation to stress achieved by a reinforcement of folding and

degradation capacities. In contrast, early increase in the frequency of cell death was
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observed by 24 hours of yS expression in cells lacking Hrd1 (11%), where the death
rate continued to rise to 36% after 72 hours of uS induction. Cell viability could be
rescued by reintroducing WT Hrd1-S (15% cell death at 72 hours) but not the
C294A RING mutant (39% cell death at 72 hours). These data confirm the necessity
of Hrd1 activity for cell survival under conditions of proteotoxic ER stress.

4.3.5 Identification of key ERAD components under proteotoxic stress
Having established the pivotal role of Hrd1 under conditions of proteotoxic
challenge, whether or not other components of the Hrd1 complex also play a critical
role in the maintenance of cellular homeostasis under proteotoxic stress was
investigated. To this aim, CRISPR-Cas9 genomic editing was used to generate
deletions of the Hrd1 interactors Herp, Ube2j1, FAM8A1, OS-9 and XTP3-B. Derlin-
1, -2 and -3 were also included, with the aim of elucidating their controversial role in
ERAD. Two unique sgRNAs per target gene were designed to introduce deletions
while minimising potential off-target effects. sgRNAs were cloned into a vector
containing the puromycin resistance gene to allow selection of positive clones. In
some cases, the selected pools, rather than single cell clones, were used for further
investigation. Therefore, these pools are referred to as ‘depleted’ for the selected
ERAD component, rather than as knockouts. Depletion of the individual proteins
was confirmed by WB from WCL and by immunoprecipitation of Hrd1 or SEL1L in
the case of XTP3-B (Figure 4.18). Moreover, because experiments performed on
the two cell lines from individual sgRNAs elicited similar phenotypes, the data
presented hereafter may have been carried out using either cell line. CRISPR-Cas9-
mediated deletions of either SEL1L or Derlin-3 could not be obtained, hence a
siRNA knockdown strategy was instead employed for these targets. Knockdown
efficiencies of SEL1L and Derlin-3 were validated by WB and qPCR, respectively,

confirming a significant depletion (Figure 4.18).
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To assess uS stability in cells lacking individual components of the ERAD
machinery, uyS expression was induced (4 hours) and a CHX chase (6 hours) was
conducted in the absence or presence of MG132 (Figure 4.13 A). puS levels were
determined by quantification of WBs from three biological replicates for each cell
line (Figure 4.13 B). After CHX treatment, residual uyS was significantly higher in
cells lacking SEL1L (85%), Herp (64%), Ube2j1 (65%), XTP3-B (73%) or Derlin-2
(103%), compared to controls (37% in WT and 31% in NTC), highlighting the
important contribution of Hrd1 cofactors to the degradation of this luminal misfolded
glycoprotein. To assess their contribution to disposal of a membrane-bound
substrate, WBs of the same samples were probed for endogenous CD147 (Figure
4.13 A, right). It was found that turnover of immature CD147 was markedly impaired
by the absence of Hrd1 and SEL1L, while degradation was only mildly attenuated in
cells depleted for Ube2j1, XTP3-B and Derlin-2. Interestingly, Herp appeared to be
dispensable for the degradation of membrane CD147. These results emphasise the
specificity that some Hrd1 cofactors have towards different substrate classes,
whereas Hrd1 and SEL1L are necessary for the degradation of both luminal and

membrane substrates.

Additionally, it was asked whether the same components required for pS
degradation may also participate in retrotranslocation of uyS from the ER lumen.
Using the experimental paradigm discussed previously (Figure 4.13),
deglycosylated uS was not observed in cells depleted for SEL1L, Herp or Derlin-2
(partially), reflecting uS accumulation in the ER lumen and impairment of substrate
retrotranslocation. Notably, the lack of Ube2j1 did not affect uS retrotranslocation, in
line with the role of the E2 conjugating enzyme in substrate ubiquitination upon

retrotranslocation.
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Figure 4.13 puS degradation is impaired in cells depleted for SEL1L, Herp, Ube2j1,
XTP3-B and Derlin-2

A) Immunoblot for uS (left) and endogenous CD147 (right) from WCL of HelLa_puS cells
depleted for the indicated components. Both uS and CD147 are visualized using fluorescent
antibodies. Cells were treated with Mif (0.5 nM) for 4 hours, followed by CHX addition alone
or in combination with MG132 (10 pg/ml) for 6 hours. B) Quantitation of residual uS (%) from
A. Error bars indicate SD from three biological replicates. Statistical significance is calculated
using the Student’s t-test comparing each cell line to WT or NTC at 6 hours of CHX
treatment. * p-value < 0.05, ** p-value < 0.01, *** p-value < 0.001.

Having assessed which Hrd1 complex components are required for uS degradation,
it was next asked whether their absence would impact survival during pS
expression. To this aim, clonogenic assays were performed on all cell lines depleted
for Hrd1 cofactors (Figure 4.14 A), followed by crystal violet staining and colony
quantification (Figure 4.14 B). Colony formation was severely impaired in cells
depleted for SEL1L (35%), Herp (64%), Ube2j1 (66%), Derlin-1 (28%), Derlin-2

(64%) or Derlin-3 (53%), compared to the untreated condition. Notably, the
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depletion of any of the above components did not significantly affect cell viability
when unchallenged, indicating an acute requirement for activity of the Hrd1 complex

and its associated ERAD machinery during stress conditions.
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Figure 4.14 uS is toxic in cells depleted for SEL1L, Herp, Ube2j1 and Derlins

A) Clonogenic assay of HelLa_pS cells depleted for the indicated components. Cells were
serially diluted 1:5 starting with 5000 cells/well and incubated with Mif (0.5 nM) for 7 days
before fixation and crystal violet staining. Images were acquired with a Typhoon FLA9000.
B) Quantitation of colonies from clonogenic assay in A. Colonies were quantified from the
third dilution (approx. 200 cells). Error bars indicate SD from three biological replicates.
Statistical significance is calculated using a two-way ANOVA test comparing each cell line to
WT in the Mif condition. * p-value < 0.05, ** p-value < 0.01, *** p-value < 0.001.
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4.3.6 Differential Hrd1 complex assembly under proteotoxic stress

It was hypothesised that the composition of Hrd1 complexes may vary between
basal and stress conditions, with the rationale that an increased demand for
degradation might necessitate a different complex assembly. To gain insight into
Hrd1 complex dynamics during proteotoxic stress, lysates from Hela uS cells
untreated or expressing pS (Mif for 4 and 24 hours) were sedimented on 10-40%
sucrose gradients. Thirteen individual fractions were collected, precipitated,
separated by SDS-PAGE and the resulting WBs probed for Hrd1 complex
components (Figure 4.15). Under basal conditions (untreated), the core complex
components (Hrd1, SEL1L, Herp, FAM8A1 and OS-9) and Derlin-1 co-sedimented
between fractions 5 and 7. When low levels of proteotoxic stress were induced (Mif,
4 hours), no change was observed in the sedimentation patterns of the Hrd1
complex. Under these conditions, the pre-existing Hrd1 complexes were sufficient to
degrade the low amounts of uS (and other misfolded proteins) without undergoing
significant rearrangement (as shown in Figure 4.9). In contrast, 24 hours of pS
expression caused the whole Hrd1 core complex (except OS-9) to shift to heavier
fractions (up to fraction 11), suggesting that higher molecular weight complexes may
form in response to proteotoxic stress. This effect was unlikely to be due to an
upregulation of these proteins, since neither OS-9 nor Derlin-2 underwent the same

shift, despite being upregulated.
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Figure 4.15 Sucrose gradient of the Hrd1 complex from WT cells

Immunoblot for selected ERAD components from 13 fractions of a 10-40% sucrose gradient.
HelLa_uS cells were either untreated or induced with Mif (0.5 nM) for 4 and 24 hours. 25 ug
of total proteins from WCL were loaded as input.

To determine the importance of Hrd1 in the maintenance of functional integrity
within the ERAD machinery, complex assembly was investigated upon loss of Hrd1.
Sucrose gradient centrifugation was performed on lysates from Hrd1 KO HelLa_puS
cells following the same procedure. Since no detectable changes in component
sedimentation patterns were observed after 4 hours of yS expression, uS was
induced for 24 hours using a lower dose of Mif (50 pM) to prevent toxicity. At basal
conditions, lack of Hrd1 did not cause any remarkable perturbation in the
sedimentation profile of its core components (SEL1L, Herp and FAM8A1) (Figure

4.16), even though both FAM8A1 and Ube2j1 were destabilised, as has been
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observed previously (unpublished results). However, upon uS expression,
sedimentation of the core components in higher fractions was completely abrogated,
as opposed to WT cells. In particular, the Hrd1 interactors SEL1L and Herp
remained concentrated between fractions 4 and 8, possibly reflecting their assembly
into complex intermediates. As in WT HelLa uS cells, yS was found to sediment
across all fractions, which could reflect polymerisation with itself or ER-resident
chaperone complexes owing to unresolved uS accumulation. More importantly, the
absence of Hrd1 precluded a shift to heavier fractions of complex components
during overexpression of uS. Although Ube2j1 and FAM8A1 were destabilised in the
absence of Hrd1, possibly contributing to the destabilisation of the whole complex, it
is most likely that Hrd1 is the key driver for the assembly of functional degradation

complexes under proteotoxic stress.
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Figure 4.16 Sucrose gradient of the Hrd1 complex from Hrd1 KO cells

Immunoblot for selected ERAD components from 13 fractions of a 10-40% sucrose gradient.
HelLa_pS cells were either untreated or induced with Mif (50 pM) for 24 hours. 25 ug of total
proteins from WCL were loaded as input.
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To determine the composition of Hrd1 complexes under proteotoxic stress, Hrd1
was immunoprecipitated from WT cells, either untreated or expressing uS (24
hours), and the co-IP components were analysed by WB (Figure 4.17). While
interactions with the core components SEL1L, Herp, FAM8A1 and Ube2j1 were
already present under basal conditions, Derlin-1 appeared to be selectively recruited
to the Hrd1 complex only under uS-induced ER stress. Derlin-2 interaction with Hrd1
also seemed to be reinforced in the presence of uS, suggesting an increased
engagement of Derlin-1 and -2 within the Hrd1 complex under proteotoxic stress,

possibly resulting in increased ERAD capacity.
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Figure 4.17 Composition of the Hrd1 complex in WT HeLa_uS cells

Immunoblot for ERAD components upon immunoprecipitation of endogenous Hrd1. Cells
were treated with Mif (0.5 nM) for 24 hours. 400 pg of WCL were used to IP Hrd1 and 25%
of the sample was loaded onto an SDS-PAGE gel. 30 ug of total proteins from WCL were
loaded as input.

To correlate the phenotypic toxicity of uS with potential defects in Hrd1 complex
integrity, the interactions within the Hrd1 complex upon ablation of individual core
components were investigated. Cell lines depleted for individual ERAD components
were each induced to express pS (4 hours). A shorter induction time was chosen to
avoid UPR activation and consequently the transcriptional upregulation of the ERAD
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machinery. In this way, any enhanced interaction with Hrd1 observed in response to
the increasing pS burden could be attributable to the recruitment of existing
components rather than to their upregulation. WBs of Hrd1 complex components co-
immunoprecipitated with Hrd1 revealed co-dependent stabilisation of selected
factors (Figure 4.18).

Specifically, SEL1L depletion decreased steady-state levels of Hrd1, Ube2j1 and
FAM8A1, while depletion of Ube2j1, XTP3-B and Derlin-1 each reduced steady-
state levels of Hrd1. Steady-state OS-9 levels were higher in cells lacking SEL1L,
Hrd1, Ube2j1 or Derlin-2, suggesting that OS-9 could be a substrate of the Hrd1
complex as well as a cofactor. As expected, loss of SEL1L prevented the interaction
of Ube2j1, 0OS-9, Derlin-1 and Derlin-2 with Hrd1, compromising the integrity of the
complex and correlating with reduced viability during uS expression. In addition,
attenuating expression of Derlin-2, Herp and XTP3-B (partially) compromised the
interaction of Derlin-1 with Hrd1 under proteotoxic stress. Steady-state SEL1L levels
were higher in all conditions with reduced FAM8A1 levels (e.g. loss of Hrd1,
FAM8A1 or Derlin-3), while Derlin-1 levels decreased in the absence of Herp,
Derlin-3 and possibly FAM8A1.

These results highlight the complicated interconnectivity within the Hrd1 complex,
and emphasise the pivotal role of select components for maintaining complex
integrity, which is required to resolve proteotoxic stress. In summary, cells lacking
Hrd1, SEL1L, Herp, Ube2j1, Derlins and partially XTP3-B corresponded to those
exhibiting the most severe phenotypes in response to accumulating uS (Figure

4.14).
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Figure 4.18 The Hrd1 complex in cells depleted for ERAD components
A) Immunoblot for ERAD components upon immunoprecipitation of endogenous Hrd1.

HelLa_uS cells depleted for the indicated ERAD components were treated with Mifepristone
(0.5 nM) for 4 hours. 400 ug of WCL were used to immunoprecipitate Hrd1 and 25% of the

sample was loaded on SDS-PAGE. 30 pg of total proteins from WCL were loaded as input.
B) Validation of XTP3-B and Derlin-3 depletion:
immunoprecipitation of SEL1L from XTP3-B-depleted cells (top); RT qPCR for Derlin-3 in
HelLa_uS knocked down for Derlin-3, 48 hours after transfection (bottom). Values are
normalised to actin and error bars indicate SD from three biological replicates.
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4.3.7 Autophagy activation protects from proteotoxic stress

To confirm the role of the proteasome in uS degradation, yS expression was
induced for 16 hours in WT and Hrd1 KO HelLa pS cells under concomitant
treatment with MG132 (1 pg/ml), and growth was monitored using crystal violet
staining (Figure 4.19 A). Surprisingly, while yS expression was lethal in Hrd1-
deficient HeLa_puS cells, blockage of proteasomal degradation was able to rescue
viability. To confirm the phenotype and exclude the possibility that the rescue was
due to pleiotropic effects of MG132, Hrd1 KO cells were treated with the
proteasome specific inhibitor BTZ (10 nM, 16 hours). Both proteasome inhibitors
had an equally protective impact on the viability of Hrd1-deleted cells under

proteotoxic stress (Figure 4.19 B).

A Untr Mif MG132 Mif+MG132
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Figure 4.19 Proteasome inhibitor rescues growth of Hrd1 KO HeLa_uS cells

A) Cells were seeded at the same density and incubated with the indicated drugs for 16
hours (Mif 0.5 nM, MG132 1 pg/ml). Cells were then fixed and stained with crystal violet.
Images were acquired with a Typhoon FLA9000. B) Inverted microscopy of Hrd1 KO
HelLa_pS cells treated for 16 hours with the indicated drugs (Mif 0.5 nM, MG132 1 pg/ml,
BTZ 10 nM). Cells were then fixed and stained with crystal violet. Images were acquired by
light inverted microscopy, objective 40x.
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To further investigate the underlying cytoprotective mechanism, it was reasoned that
proteasome inhibition either: i) stabilised anti-apoptotic factors or ii) induced
autophagy as a compensatory degradation pathway. Changes in the abundance of
the most common regulators of apoptosis were monitored in response to
proteasome inhibition and uS expression for 12 hours. It was found that both anti-
apoptotic Mcl-1 and pro-apoptotic Bim were stabilised, while levels of Bcl-2 and Bax
were not significantly altered (Figure 4.20). Importantly, a marked reduction in total
uS levels was observed upon MG132 treatment, suggesting that uS was either
being degraded, secreted or having its detergent solubility altered. This prompted
the conclusion that MG132 interference with the apoptotic machinery was not likely

to be the mechanism underlying the growth rescue.
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Figure 4.20 Apoptotic signatures upon proteasome inhibition
Immunoblot for anti-apoptotic and pro-apoptotic markers. HeLa_uS cells were treated with
Mif (0.5 nM) and MG132 (1 pg/ml) for 12 hours. Protein expression was analysed from WCL.

To exclude the possibility that the decrease in intracellular uS observed with
proteasome inhibition resulted from promoting the clearance of uS through
secretion, uS levels present in the media were measured by ELISA (Figure 4.21).

The levels of secreted uS from Hrd1-deleted cells showed negligible differences
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with MG132 treatment and were markedly less than intracellular levels. These data

indicate that uS is not secreted when proteasome activity is impaired.
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Figure 4.21 ELISA assay for mouse IgM

Left: Quantitation of secreted IgM from HelLa_pS cells treated with the indicated drugs for 12
hours (same doses as in Figure 4.20). Right: standard curve of mouse IgM from mouse
serum serially diluted 1:10.

To ask whether the activation of autophagy could serve as a compensatory
degradation pathway for uS triggered by proteasome impairment, autophagy
activation upon MG132 treatment in uS-expressing cells was quantified by LC3B
immunofluorescence in WT and Hrd1-deleted HeLa_pS cells (Figure 4.22). uS
signal intensity was concominantly quantified to monitor differences in its
intracellular accumulation. Activation of the autophagic pathway was reflected by the
increased frequency of cells positive for LC3B punctae (Figure 4.23 A). A high
percentage (24%) of cells positive for LC3B punctae was observed in uyS-expressing
WT cells, reflecting early autophagic induction and suggesting that both
proteasomal and autophagic degradation could contribute to the clearance of ER
luminal misfolded proteins. In contrast, yS expression alone was not sufficient to
activate autophagy in Hrd1-deleted cells, with only 6% of the cells positive for LC3

punctae. This suggests that defects in ERAD processing prior to accessing the
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proteasome may not be sensed by the cells and, as a result, do not activate
compensatory pathways. However, proteasome inhibition was able to significantly
increase autophagy via LC3B, and this correlated with a consistent reduction in uS
signal in both WT and Hrd1-deleted cells (Figure 4.23 B). In particular, WT and
Hrd1-deleted cells displayed a reduction of uS protein levels of about 30% and 60%,

respectively, under proteasome inhibition.
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Figure 4.22 Immunofluorescence for yS and LC3B

WT and Hrd1 KO HelLa_pS cells were treated for 12 hours with Mif (0.5 nM) and MG132 (1
pg/ml), alone or in combination. yS was revealed with a-lgM heavy chain conjugated to
Alexa546, LC3B was detected using a-LC3B rabbit antibody followed by a-rabbit Alexa488
secondary antibody. Images were acquired by confocal microscopy, objective 63x.
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Figure 4.23 Quantitation of autophagy and pS expression

A) LC3B punctae were quantified from the experiment in Figure 4.22: images were analysed
with Imaged and cells positive for LC3B punctae were automatically counted using a
customised macro. Error bars indicate SD from three biological replicates, 300 cells from
each replicate. Statistical significance was calculated using two-way ANOVA compared to
the untreated condition. B) Quantitation of yS signal from same images as in A. Total uS
intensity/cell was automatically calculated with Image J. Error bars indicate SD from three
biological replicates, 300 cells from each replicate. Statistical significance was calculated
using two-way ANOVA.

These data suggest that misfolded proteins accumulating in the ER may be
degraded by autophagy. Using the specific autophagy activator Torin1, it was found
that directly inducing autophagy was sufficient to rescue the growth and viability of
Hrd1-deficient cells expressing proteotoxic levels of yS (Figure 4.24 B), mimicking
the effect of proteasome inhibitors. Importantly, cells treated with Torin1 for 12 hours
displayed reduced amounts of uS (Figure 4.24 A), indicating that autophagy was
capable of degrading misfolded proteins from the ER lumen. LC3-l to LC3-lI
conversion was monitored alongside to confirm autophagy induction upon Torin1

treatment.
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Figure 4.24 Autophagy reduces pS levels and rescues growth of Hrd1 KO cells

A) Immunobilot for yS and LC3B from WCL. uS was revealed with Alexa546 a-IgM heavy
chain, LC3B was detected by rabbit a-LC3B antibody followed by Alexa488 a-rabbit.
HelLa_pS cells were treated with the indicated drugs for 12 hours (Mif 0.5 nM, MG132 1
pg/ml, Torin1 1 uM). B) Inverted microscopy of Hrd1 KO HelLa_pS cells. Cells were treated
as in A for 16 hours, then fixed and stained with crystal violet. Images were acquired by light
inverted microscopy, objective 40x.

Given these observations, it can be concluded that induction of the autophagic
pathway can compensate for deficient proteasomal degradation of misfolded ER

proteins, therefore alleviating proteotoxicity and promoting survival.
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4.4 Discussion

4.41 A model of proteotoxic stress to dissect ERAD

The contribution of mammalian ERAD to cellular homeostasis and the resolution of
ER stress has been mostly assessed by the use of chemical agents or deletions of
ERAD encoding genes in whole organisms, often in a way that is rather
unrepresentative of physiological situations (Doroudgar et al., 2015; Eura et al,,
2012; Kaneko et al., 2002). In many cases, the relationship between ERAD and the
UPR and the importance of ERAD factors in the degradation of model substrates
have been addressed separately, and the phenotypic consequences have been
analysed in only a few cases (Belal et al., 2012; Sun et al., 2014). The
transcriptional regulation of the ERAD genes has largely been analysed in response
to TM, DTT or other canonical ER stress-inducing drugs (Murray et al., 2004; Shen
et al., 2007), demonstrating the dependency of ERAD on the UPR (Travers et al.,
2000). In most cases, microarray analysis did not provide enough sensitivity to gain
information on the lowest transcripts, therefore limiting the power of the analysis
(Dombroski et al., 2010; Murray et al., 2004). A quantitative proteomic study on TM-
treated neuroblastoma cells revealed upregulation of many ER chaperones and
foldases, but disregarded ERAD components, probably due to the relatively low
abundance of these factors in complex samples (Bull and Thiede, 2012). More
recently, quantitative transcriptional induction of the main ERAD genes has been
shown by real-time qPCR in response to TM treatment (Christianson et al., 2012).
The relationship between ER stress and ERAD is unquestionable, as is the
regulation of ERAD genes by the UPR transcription factors. However, the UPR is
commonly defined as the response to misfolded proteins in the ER, where in most
experimental settings misfolded proteins are induced by chemical agents that
simultaneously affect almost the entire secretome. Such massive perturbation of ER

homeostasis is unlikely to ever be encountered in a physiological system. Possibly
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one of the greatest perturbations that a cell can encounter is during its high
secretory activity, for instance during antibody or insulin secretion by B-lymphocytes
and pancreatic beta cells, respectively. In a more physiological system, it has been
shown that, upon antigen presentation, B-cells prepare for the high burden of
antibody secretion by upregulating ER chaperones and ERAD components (van
Anken et al., 2003). A subsequent study revealed the participation of SEL1L and
Hrd1 in the degradation of IgM heavy chains in HelLa cells, highlighting the role of
ERAD in antibody quality control (Cattaneo et al., 2008). More recently, the
involvement of SEL1L and Hrd1 in pre-BCR turnover has been confirmed in
developing B-cells (Ji et al., 2016). However, how ERAD is functionally implemented
to respond to the increased demand for degradation, as well as the requirement of
ERAD for survival under basal and high secretory activity, remain largely unknown.

On the other hand, studies focusing on the functional requirement of ERAD for
degradation of misfolded substrates mostly addressed the dependency of the
substrates on specific components of the degradation machinery from an
exclusively biochemical perspective. For example, several ERAD components,
including SEL1L and Hrd1, have been extensively reported as necessary for the
degradation of model substrates such as mutant A1AT NHK-QQQ (Christianson et
al., 2008; Hosokawa et al., 2003; Y. Zhong et al., 2015), mutant TTR (Susuki et al.,
2009) and endogenous CD147 (Tyler et al., 2012). These and similar studies are
key in the understanding of the molecular mechanisms by which substrates are
recognised and delivered for degradation. However, in most cases, the phenotypic

impact of such regulation is not addressed.

In vivo experiments in animal models have highlighted the requirement of specific
ERAD components for development or tissue homeostasis as a whole. For instance,
homozygous deletions of Hrd1, SEL1L or Derlin-1 lead to embryonic lethality (Eura

et al., 2012; Francisco et al., 2010; Yagishita et al., 2005), Derlin-2 deletion results
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in premature death after birth (Dougan et al.,, 2011), whereas Derlin-3 and Herp
deficiencies are dispensable for development (Eura et al., 2012). SEL1L conditional
deletion in adult mice provokes early lethality and pancreatic atrophy.
Mechanistically, SEL1L deficiency in the exocrine pancreas perturbs cellular
homeostasis by destabilising Hrd1 levels, impairing translation and inducing
fragmentation of the ER. However, why only the pancreas is affected, and how
acute loss of SEL1L affects other cell types remains an open question.

This study aimed to elucidate both the functional and physiological requirements of
ERAD in a model of proteotoxic stress. By combining functional readouts to monitor
substrate degradation, and phenotypic analysis to monitor cell viability, the
physiological contribution of individual ERAD components to the clearance of
misfolded proteins and survival was defined. To this end, ER stress was elicited via
the overexpression of unpaired secretory IgM heavy chain (uS) in HelLa cells,
followed by the interrogation of each ERAD component in terms of uS degradation
and the requirement for viability under basal conditions and under pS-driven
proteotoxic stress.

4.4.2 Proteotoxic stress reinforces degradation capacity

In the absence of its light chain, IgM HC is not able to assemble to form a functional
antibody with the classical pentameric structure. Unpaired uS has previously been
shown to be retained in the ER lumen bound to BiP, which prevents further
trafficking along the secretory pathway. Whether or not orphan pS elicits the UPR as
a consequence of its ER accumulation has recently been addressed by our
collaborators (van Anken Lab, San Raffaele Scientific Institute, Milan), who showed
that overexpressed uS triggers the UPR in HelLa cells in a time- and dose-
dependent manner (unpublished). Physiological UPR activation in response to an
individual misfolded protein in a cellular system represents a unique opportunity to
interrogate the downstream pathways engaged in the stress response. In this
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system, a single copy of uS was stably integrated into the genome of Hela cells,
under a Mif-inducible promoter. In the study described here, pS retention within the
ER lumen could be confirmed, as well as UPR activation by use of classical
markers. Transcriptional analysis by Nanostring technology after 16 hours of uS
expression revealed a robust induction of ER chaperones and ERAD genes. pS-
driven ERAD expression is in agreement with previously reported expression data
on cells treated with ER stress-inducing agents like DTT or TM (Christianson et al.,
2012). This observation confirms the validity of the model used in this study, which
relies on a single misfolded protein to mimic proteotoxic stress. Of all ERAD genes
analysed, Hrd1, SEL1L, Herp, BiP and Derlin-3 underwent the greatest fold change.
This study was able to confirm upregulation of Hrd1 complex components at the
protein level in a fashion that followed yuS accumulation. Notably, while the UPR (via
PERK and IRE1 pathways) was triggered as early as 8 hours after uS induction and
then recovered to nearly basal levels over time, levels of the ERAD components
were raised after 16 hours and their levels persisted over the whole period of uS
expression. This result suggests that acute UPR activation is sufficient to elicit an
ERAD response that is maintained over time to sustain the continuous accumulation
of misfolded protein. It is known that shutdown of UPR signalling is key to promote
survival, while prolonged activation trigger apoptosis, mainly via the PERK-ATF4-
CHOP axis [reviewed in (Tabas and Ron, 2011)]. Sustained expression of ERAD
components in the absence of a continuous UPR is most likely due to the existence

of positive feedback loops (Majumder et al., 2012; Takayanagi et al., 2013).
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4.4.3 Hrd1 sustains viability under proteotoxic stress

Soluble uS was significantly stabilised in the absence of Hrd1, and reintroduction of
WT but not the RING mutant (C294A) Hrd1 was able to restore uS degradation,
suggesting that Hrd1 is indeed the ubiquitin ligase of uS. Notably, in WT cells, pS
was never completely rescued by either proteasome inhibition (MG132) or KIF,
suggesting that parallel degradation pathways may be engaged to clear the
misfolded protein. It is likely that autophagy participates in the clearance of uS in
WT cells, since significant autophagy activation was observed by counting cells
positive for LC3B punctae. If that is the case, simultaneous inhibition of both
pathways should result in the complete rescue of uS. In a previous study (Cattaneo
et al., 2008), depletion of Hrd1 by siRNA-mediated knockdown did not prevent uS
degradation, but overexpression of dominant negative mutant Hrd1 stabilised pS.
Therefore, the authors concluded that uS is a substrate of Hrd1, and that either the
residual enzymatic activity of silenced Hrd1 is sufficient for uS degradation or other
ubiquitin ligases are involved in pS turnover. In the Hrd1 knockout model used in
this study, it was confirmed that Hrd1 is the only ubiquitin ligase of uS under basal
conditions, as indicated by pS stabilisation as well as complete lack of ubiquitination
in the absence of Hrd1, excluding the possibility that other E3s ubiquitinate pS as a

compensatory mechanism.

Additionally, it was found that Hrd1 is required for uS retrotranslocation from the ER
to the cytosol prior to degradation. Reintroduction of WT but not RING mutant Hrd1
was able to restore pS retrotranslocation, meaning that Hrd1 is essential in this
process. A recent in vitro study on reconstituted Hrd1 complex components from
yeast has shown that Hrd1 auto-ubiquitination is necessary to allow
retrotranslocation of a model substrate (Baldridge and Rapoport, 2016). Whether
this applies in vivo to mammalian cells is unknown, but if it is, it is possible that the

RING mutant Hrd1 fails to retrotranslocate uS because it lacks its auto-ubiquitination
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activity. Whether pS retrotranslocation occurs directly through Hrd1, which may
organise as a translocon channel itself (Carvalho et al., 2010), or through a complex
that is assembled or stabilised by Hrd1, remains to be assessed. In any case, this
study represents the first evidence of the requirement of the catalytic activity of
mammalian Hrd1 for retrotranslocation of a misfolded luminal glycoprotein in live

cells.

Phenotypically, loss of Hrd1 in cells undergoing proteotoxic stress is lethal and can
be rescued by reintroduction of WT Hrd1, but not the RING mutant. The protective
role of Hrd1 is exerted by virtue of its ubiquitination activity, as mutation in the
catalytic domain disables the ligase from alleviating pS proteotoxicity. This
observation demonstrates the essential requirement of Hrd1 in the resolution of
proteotoxic stress arising from an individual misfolded protein in the ER, rather than
from global misfolding induced by pharmacological agents. This finding elucidates
the functional implications of the reinforced ERAD capacity under stress.
Interestingly, Hrd1 deficiency is tolerated in the absence of proteotoxic stress,
suggesting that the ER is able to manage basal flux of nascent proteins when
degradation is impaired. This study did not identify any markers of UPR activation in
Hrd1-deleted cells in the absence of uyS (data not shown), further supporting the
idea that the role of ERAD under unchallenged conditions is dispensable in cell line
models. It is possible that our constitutive Hrd1 KO model induced some adaptive
mechanisms, therefore preventing UPR activation. The possibility that acute
removal of Hrd1 may lead to proteostatic imbalances leading to characteristic UPR
signatures cannot be excluded. However, Hrd1 requirement may be essential in
activated secretory cells, when ERAD activity is needed to sustain the high
secretory demand. It is exciting to speculate that acute Hrd1 inhibition may have
beneficial effects in the treatment of cancers associated with high secretory activity,

such as multiple myeloma (M. Wang and Kaufman, 2014).
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In principle, impairment of Hrd1 activity may preferentially affect the defective,
malignant cells, as they are already exposed to high levels of stress, while normal
cells would remain able to survive in the absence of functional Hrd1.

4.4.4 SEL1L and Derlins are essential under proteotoxic stress

In addition to the findings discussed above, this study interrogated the main
components of the Hrd1 complex and the Derlin family members, to elucidate the
contribution of individual ERAD factors to the resolution of proteotoxic stress. It was
found that depletion of SEL1L and Derlin-2 had the most dramatic effect on pS
degradation, correlating with impaired pS retrotranslocation and significant lethality.
This finding agrees with the pivotal role of SEL1L in ERAD, but additionally
highlights the requirement of SEL1L (and partially Derlin-2) for substrate
retrotranslocation (Huang et al., 2013; Williams et al., 2013). SEL1L depletion leads
to destabilisation of Hrd1, as previously reported (Sun et al., 2014), and Ube2j1. It is
possible that SEL1L is directly involved in substrate retrotranslocation or, more
likely, that impaired uS retrotranslocation and degradation are a consequence of
decreased Hrd1 stability in the absence of SEL1L. Additionally, this study found
decreased levels of the E2 enzyme Ube2j1 in SEL1L-depleted cells, which (to our
knowledge) has not previously been reported. Loss of Ube2j1 alone only mildly
affected uS degradation but not retrotranslocation. Impaired uS degradation in cells
depleted for Ube2j1 is lethal, confirming that Ube2j1 is the preferential, if not the
exclusive, E2 partner of Hrd1 for ubiquitination of soluble glycoproteins. As in
SEL1L-depleted cells, cells lacking Ube2j1 display lower levels of Hrd1 and
increased OS-9, suggesting that impaired survival may be a consequence of Hrd1
instability. Notably, OS-9 was significantly stabilised in the absence of Hrd1, SEL1L,
Ube2j1, Derlin-2 and, partially, XTP3-B and Derlin-3, suggesting that 0S-9 may be a
substrate of the Hrd1 complex as well as an integral cofactor. Additionally, OS-9
failed to bind Hrd1 in cells depleted for SEL1L, confirming the role of SEL1L in
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scaffolding this luminal lectin to the E3 ligase complex for substrate ubiquitination
(lida et al., 2011).

The remarkable accumulation of uS upon Derlin-2 deletion is most likely a direct
consequence of Derlin-2 loss rather than a consequence of Hrd1 destabilisation.
Indeed, cells lacking Derlin-2 displayed only mildly decreased levels of Hrd1,
correlating with higher OS-9, but overall showed functional Hrd1 activity as
degradation of the Hrd1 substrate CD147 was not significantly affected. Binding of
Derlin-1 to Hrd1 was attenuated in the absence of Derlin-2, which may indicate a
role for Derlin-2 in the stability of the Hrd1 complex under proteotoxic stress. In a
recent study, Derlin-2 was shown to facilitate retrotranslocation of other luminal
Hrd1 substrates: the sonic hedgehog protein and NHK A1AT (Huang et al., 2013)
(Huang et al., 2013). These results suggest that Derlin-2 is a key component of the
Hrd1 complex for the degradation of luminal substrates, while it is dispensable for
the degradation of membrane protein CD147. The requirement for Derlin-2 in pS
degradation may implicate an important role of this ERAD component in B-cell
development. However, a study on Derlin-2 conditional KO mice revealed no
impairment in B-cell maturation and antibody secretion (Dougan et al., 2011). These

variations may be due to species- or cell-specific differences.

Absence of Herp caused mild impairment of uS degradation, retrotranslocation and
survival, while degradation of membrane CD147 was unaffected. This is in
agreement with the previously reported role of Herp in facilitating the degradation of
Hrd1 luminal substrates (Huang et al., 2014; Kny et al., 2011). In the same study,
Herp was shown to be required for the recruitment of Derlin-2 to the Hrd1-SEL1L
complex to allow substrate retrotranslocation. Impairment of Derlin-2 binding to Hrd1
in the absence of Herp was not seen in this study, but reduced levels of Derlin-1
were observed. Whether Herp effectively participates in the stability of Derlin-1 will

requires further validation. From the results described here, it can be concluded that
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Herp plays an important but not essential role in the resolution of proteotoxic stress,
perhaps due to compensatory mechanisms by the constitutively expressed

homologue Herp2 (Huang et al., 2014).

Depletion of either Derlin-1 or Derlin-3 led to significant lethality under proteotoxic
stress, however the degradation and retrotranslocation of uS were unaffected.
Likewise, degradation of CD147 was not perturbed in the absence of either protein.
Depletion of Derlin-1 did not cause significant aberrations in the expression and
composition of the Hrd1 complex, while depletion of Derlin-3 led to increased levels
of SEL1L and OS-9 and decreased levels of FAM8A1 and Derlin-1. The common
feature between the two depleted cell lines was represented by a reduction in
Derlin-1, which may underlie the phenotypic similarity. A possibility that was not
investigated in this study is the formation of insoluble aggregates in the absence of
Derlin-1 and Derlin-3, which could perturb homeostasis leading to lethality.
Alternatively, it is possible that depletion of either Derlin-1 or -3, combined with
sequestration of critical ERAD components by pS, may affect the clearance of other

proteins, hence impairing viability.

An intermediate phenotype was observed in the case of XTP3-B, its depletion
causing partial stabilisation of uS but not significant toxicity. In addition, degradation
of endogenous CD147 was mildly impaired. This suggests that XTP3-B activity may
be compensated for by other lectins like OS-9 (Bernasconi et al., 2010; Christianson
et al., 2008), therefore it is concluded that XTP3-B is not an essential component in
the resolution of proteotoxic stress. Depletion of either OS-9 or FAM8A1 did not
have any detectable consequence on pS degradation or cell viability, indicating that

both components are dispensable for cellular homeostasis and survival.

Of all of the tested components of the ERAD machinery, none is essential to sustain
cell viability under basal conditions. However, the possibility that removal of
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individual components leads to cell adaptation to enable survival cannot be
excluded. Hrd1, SEL1L and Derlin-1, -2 and -3 are essential in the resolution of uS-
driven proteotoxic stress, allowing cells to survive. Ube2j1 and Herp also play
important roles by sustaining degradation and survival, although their loss leads to a
less severe phenotype. Finally, FAM8A1 and the lectins XTP3-B and OS-9 are
dispensable components in our model of proteotoxic stress, possibly due to partial
redundancy between OS-9 and XTP3-B and engagement of FAM8A1 in other
cellular responses.

4.4.5 Proteotoxic stress rearranges the Hrd1 complex

Sucrose sedimentation revealed which ERAD components rearrange following
proteotoxic stress. This study found that overexpression of misfolded uS triggers a
profound rearrangement of the Hrd1 complex, reflected in the shift of Hrd1, SEL1L,
Herp and FAM8A1 towards heavier fractions. Importantly, complex rearrangement
appears to be nucleated by Hrd1, since cells lacking Hrd1 do not display significant
redistribution of the above components following uS expression. Sedimentation in
heavier fractions could reflect the formation of larger complexes, as a consequence
of the upregulation of the ERAD components by uS expression. It was recently
reported that Hrd1 complex components are recruited to specific ER compartments
during stress to facilitate substrate degradation (Leitman et al., 2014). It can be
speculated that ERAD compartmentalisation under stress would result in the
formation of higher molecular weight complexes, possibly reflecting a greater
efficiency of disposal of misfolded proteins. Quantification of signal intensity in each
fraction of the gradient from multiple biological replicates will help solidify the
hypothesis of complex rearrangement. Additionally, proper stoichiometric analysis
will be required to assess the exact composition of these larger complexes.

FAM8A1 was not upregulated by pS, but redistributed together with Hrd1, SEL1L
and Herp towards heavier fractions. What the functional contribution of FAM8A1 is
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to the integrity or functionality of the complex is not clear at the moment. This study
was able to confirm that uS is engaged by the Hrd1 complex during its degradation.
Importantly, all tested components except Derlin-1 and -2 already interact with Hrd1
under basal conditions, meaning that they form the steady-state degradation
machinery. However, proteotoxic stress resulted in Derlin-1 recruitment to Hrd1
complexes and the reinforcement of interactions with Derlin-2. These results
suggest that protein misfolding in the ER leads to rearrangement of the degradation
machinery by: (i) increasing the abundance of the ERAD components through the
UPR, (ii) increasing the size of Hrd1 complexes, and (iii) recruiting additional
components or reinforcing existing interactions. Taken together, these changes may
help increase the degradation efficiency of the ERAD machinery, thus avoiding toxic
accumulation of misfolded proteins. It would be interesting to analyse the
composition and stoichiometry of the Hrd1 complex under proteotoxic stress, and
identify the regions of Hrd1 that are necessary for nucleating these extended
complexes. Additionally, it will be important to determine whether this phenomenon
extends generally to other cellular models under different proteotoxic challenges, or
in disease models. If the formation of specialised complexes is a requirement to
survive under consistent ER stress, but not under basal conditions, it would be
important to define the key regions in the Hrd1 protein that are necessary for
nucleation of these structures. As a future intervention, specific inhibition of such
regions may facilitate the selective lethality of stressed, aberrant cells, while

maintaining the viability of the population of normal cells.
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4.4.6 Autophagy engagement under stress requires Hrd1

The failure of proteasome inhibitors to completely impair yS degradation, alongside
significant autophagy activation in cells expressing pS, strongly suggests that both
catabolic pathways take part in the degradation of the misfolded protein. Strikingly,
cells lacking Hrd1 did not activate autophagy upon uS expression. When treated
with a proteasome inhibitor, the activation of autophagy indicates the existence of
direct crosstalk between the UPS and autophagic pathways, in agreement with
previous reports [reviewed in (Cohen-Kaplan et al., 2016)]. Importantly, autophagy
activation correlated with decreased intracellular levels of soluble yS in both WT and
Hrd1-deficient cells. Autophagy activation and decreased pS levels sustained the
survival of cells lacking Hrd1, demonstrating the protective role of this alternative
degradation route under stress. Although direct participation of autophagy in the
clearance of uS is missing, this evidence is supported by the fact that uS is neither
secreted nor aggregated in the ER, as observed by ELISA and
immunofluorescence, respectively. Degradation of ER material by autophagy is
supported by a few studies reporting the engagement of macro-ER-phagy in the
degradation of ER aggregates (Sha et al., 2014) or ER transmembrane proteins
(Houck et al., 2014). Additionally, activation of autophagy in antibody-secreting PCs
has been shown to regulate antibody secretion, therefore sustaining viability (Pengo

etal.,, 2013).

What is particularly exciting about this finding is the fact that cells lacking Hrd1 do
not mount an autophagic response in the presence of proteotoxic stress, unlike WT
cells. This observation proposes the existence of a signalling mechanism that
operates via Hrd1 towards the autophagic compartment. A recent study revealed
the presence of an ER transmembrane protein, FAM134B, that functions as an
autophagic receptor by interacting with LC3B, which is bound to autophagosomes

(Khaminets et al., 2015). By virtue of this interaction, FAM134 recruits
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autophagosomal membranes to initiate ER-phagy, a process essential to regulate
ER turnover and cellular homeostasis. At the moment, this reticulon protein
represents the only known receptor that mediates ER-phagy in mammalian cells. It
is possible that, under conditions of proteotoxic stress, other receptors are involved
in ER-phagy signalling, and one of these could be Hrd1. Future experiments will be
directed towards elucidating this mechanism, by addressing the interaction of the
Hrd1 complex with LC3B and potentially FAM134. In order to confirm the
involvement of ER-phagy in the clearance of luminal yS, autophagy activation and
S accumulation would need to be measured upon FAM134B knockdown, as well
as depletion of canonical Atg proteins such as Atg5 or Beclin-1 (Pengo et al., 2013;

Quiroga et al., 2013).

Lack of autophagy in Hrd1-deleted cells can represent an important advantage for
future therapeutic interventions towards Hrd1, where selective inhibition of the ligase
is aimed at inducing lethality. For instance, treatment of multiple myeloma is based
on the use of proteasome inhibitors, well known to encounter problems due to the
development of resistance mechanisms in the long term, including the induction of
autophagy as a way to escape cell death (Niewerth et al., 2015). It is tempting to
speculate that selective inhibition of Hrd1 may be a potential strategy to treat these
types of cancers, and could offer a better alternative in terms of lower toxicity and

lack of a compensatory mechanism by autophagy.

In conclusion, this study was able to identify the ERAD components necessary for
survival under IgM HC-driven proteotoxic stress. Among these were the Hrd1
ubiquitin ligase, its cofactors SEL1L and HERP, the E2 enzyme Ube2j1, and Derlin-
1, -2 and -3. Significantly impaired degradation kinetics of uyS was shown in the
absence of Hrd1, SEL1L, Derlin-2 and (partially) Herp, Ube2j1 and the lectin XTP3-

B. Additionally, the pivotal role of Hrd1 in uS ubiquitination and retrotranslocation
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prior to degradation was demonstrated. This study demonstrated the dynamics of
the Hrd1 complex under proteotoxic stress, reflected by a rearrangement of the
sedimentation pattern of core components in a sucrose gradient. Importantly, both
ERAD and autophagy were engaged in the disposal of the misfolded luminal
glycoprotein, sustaining cell survival under proteotoxic stress. Deletion of Hrd1
abrogated autophagy, proposing a new signalling mechanism for the induction of

ER-phagy arising from the ER.
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Chapter V:

Conclusions and Perspectives
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This study aimed to elucidate the participation of ER-resident E3 ubiquitin ligases in
ERAD and in the maintenance of ER homeostasis. Firstly, the composition of the E3
complexes in the ER were characterised to evaluate their association with known
ERAD components, as well as with substrates and new cofactors (Chapter Ill). This
study was combined with transcriptional analysis and knockdown experiments on all
25 ER-resident E3s to evaluate their regulation upon stress and their participation in
ER homeostasis. Secondly, the contribution of individual Hrd1 complex components
to the resolution of proteotoxic stress generated by a single misfolded antibody
subunit was assessed (Chapter IV). This system facilitated the identification of
individual ERAD factors that are essential for cell survival under proteotoxic insults
and provided evidence for the contribution of autophagy in the clearance of

misfolded proteins from the ER.

The composition of the E3 complexes was determined by use of mass spectrometry
on purified FLAG-HA-E3s, which were generated from constructs stably integrated
in Flp-IN HEK293T-REx cell lines under a doxycycline-inducible promoter. A
comparative analysis on the successful E3 datasets was developed to distinguish
HCIPs from the background proteome, and enabled the identification of 460 HCIPs
in total. The interaction networks of 22 ER-resident ubiquitin ligases were
generated, with an average of 20 HCIPs per E3. Known cofactors of the well-
characterised E3s Hrd1 and AMFR/gp78 were positively identified, as well as
several candidate substrates across all networks, which may help to elucidate the
functions of the E3s. An enrichment in the HCIPs for proteins involved in metabolic
pathways, such as cholesterol biosynthesis, was observed, supporting the
participation of these E3s in the regulation of lipid homeostasis and, more broadly,
cell metabolism. The majority of the known ERAD components were found in
association with Hrd1 and AMFR/gp78, indicating that the other E3s may have

alternative functions or use different cofactors to participate in ERAD. A potential
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role in degradation is supported by the interaction of several ubiquitin ligases with
VCP/p97 adaptor molecules, suggesting their engagement in substrate degradation.
Besides a potential role in the UPS, some E3s could be involved in ubiquitin
signalling from the ER by virtue of different ubiquitin chain linkages, as previously
suggested for RNF26 (Qin et al., 2014). The identification of over 430 novel, high
confidence interactors sets the foundations to investigate the biological role of the
ER-resident E3s in terms of: (i) which substrates they regulate, (ii) which cofactors

they utilise for their function and (iii) which cellular processes they participate in.

Biochemical validation of candidate interactors will be required to assess bona fide
binders and will involve the analysis of endogenous complexes primarily by means
of co-IP of the endogenous E3s followed by immunoblotting for the candidate
interactors. Validation of substrate turnover will be assessed by protein translation
shutdown experiments in the context of cells deleted for the specific E3 (for instance
by siRNA or CRISPR/Cas9 knock-out) or by expressing dominant negative versions
of the ligase. In cases where the substrate may be regulated via Ub modifications
not targeting for proteasomal degradation, analysis of the Ub linkages by use of
specific Ub-binding elements will help to elucidate the signalling involved in
substrate regulation. In vitro ubiquitination assays may also be required to confirm
the catalytic activity of the E3s that are still uncharacterised. Once the bona fide
interactors can be ascertained, phenotypic assays will be designed to assess the
biological implications of the interactions. Specific readouts will be chosen
depending on the nature of the candidates being investigated. For instance, RNF26
has been reported to modulate virus-triggered interferon release by promoting K11
polyubiquitination of MITA (mediator of IRF3 activation) (Qin et al.,, 2014).
Identification of the RNF26 cofactors that impact its activity will enable us to better
understand how this pathway is regulated. The characterisation of new substrates

regulated by the E3s and the elucidation of the cofactors implicated in their function
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will advance the understanding of this class of enzymes, as well as the orchestration

of the activities that take place in the ER.

Analysis of disease association may be used to guide the selection of the HCIPs
that will be further validated and investigated. The discovery of new E3s regulating
pathogenic factors (via Ub modifications) may advance the understanding of
pathological conditions where these factors are involved and, in the long term, lay

the foundations for alternative therapeutic strategies targeting the E3s.

Among the 25 ER-resident E3s, Hrd1 is the only ligase that is significantly
upregulated by stress, highlighting its central position in responding to protein
misfolding, deriving from either pharmacological treatment (TM/SubABs;) or from an
accumulation of unpaired antibody subunits. This finding emphasises the pivotal role
of Hrd1, not only in ERAD but especially in the resolution of proteotoxic stress, for
which the other resident E3s do not seem to be engaged nor able to compensate in
the absence of Hrd1. The lack of compensatory activity, along with the identification
of distinct E3 complexes by mass spectrometry, strongly suggests a diversification
in the E3 functions and a low degree of redundancy, at least with respect to the
degradation of luminal proteins. In the future, it will be important to assess the
regulation of the other E3s upon different cellular stimuli, ranging from lipid stress,
oxidative stress, pathogen infection and nutrient starvation. We can envision that
different E3s may respond to different challenges, likely correlating with their
biological functions. We can think of this ‘labour division’ as a result of evolution

responding to the higher complexity of the human proteome.

This study was able to demonstrate the requirement of Hrd1 and its cofactors for
survival under proteotoxic stress generated by the accumulation of a single
misfolded protein. Although ablation of Hrd1 correlated with the most severe
phenotype under stress, depletion of SEL1L, Derlin-1 and Derlin-3 was comparably
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detrimental. Ube2j1, Derlin-2 and HERP are important for survival under proteotoxic
stress, but their depletion did not lead to complete lethality, suggesting that their
function is partially dispensable. Loss either of 0S-9, XTP3-B or FAM8A1 did not
affect cell viability under the same conditions, suggesting the existence of redundant
and/or dispensable functions within the ERAD machinery. Strikingly, a significant
stabilisation of soluble uyS was only observed in the absence of Hrd1, SEL1L or
Derlin-2, suggesting that the mechanism leading to toxicity (for instance in cells
lacking Derlin-1 or -3) may be different upon loss of different ERAD components. As
a follow up to my investigation, it would be important to monitor substrate solubility
and evaluate the formation of insoluble toxic aggregates. Accumulation of K48-
linked ubiquitinated proteins would also need to be addressed to assess global
impairment of proteasomal degradation. Highlighting these mechanisms will be
important to clarify the role of the Derlins in substrate degradation, hence advancing
our general understanding of specific ERAD machineries in the context of
proteotoxic stress. In the long term, these findings may prove useful for the
development of new interventions for conditions associated with proteostatic
imbalance, such as age-related diseases (Cuanalo-Contreras et al., 2013; Hipp et

al., 2014).

This study showed that the catalytic activity of Hrd1 is essential to mediate pS
ubiquitination, retrotranslocation and subsequent degradation by the proteasome.
Additionally, Hrd1 is required to nucleate reassembly of the core complex
components SEL1L, HERP and FAM8A1 under proteotoxic stress. Sucrose gradient
co-sedimentation of the Hrd1 core complex components showed a pattern shifted
towards heavier fractions, possibly reflecting assembly into larger complexes, which
may be required in conditions of high degradation demand. Stoichiometric analysis
of the Hrd1 complex under stress compared to basal conditions may demonstrate

the potential existence of different Hrd1 complexes depending on the load of
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misfolded proteins. Reorganisation of the ERAD factors is likely sustained by
transcriptional and translational upregulation of the ERAD genes under stress. Such
rearrangement could be part of an adaptive program that cells mount to increase
their degradation capacity in order to sustain survival under proteotoxic stress. If this
is the case, prevention of upregulation, for instance by mutating the ERSE/UPRE
elements in the promoters of ERAD genes, would result in failed assembly into
larger complexes and inefficient disposal of misfolded proteins. If proven, it will
represent a new mechanistic insight into the dynamics of the ERAD machinery

during ER stress.

Finally, the growth of Hrd1-deficient cells under proteotoxic stress could be rescued
by proteasome inhibition or autophagy activation, both conditions correlating with
decreased S levels. The data reported here indicate that, in addition to the UPS,
WT cells engage autophagy for the degradation of luminal misfolded proteins in the
ER, as reflected by significant autophagy induction upon pS expression.
Measurement of substrate accumulation upon knockdown of the autophagy genes
Atg5 and the specific ER-phagy receptor FAM134B could be used to demonstrate
the engagement of autophagy in the clearance of misfolded proteins from the ER
lumen, and will elucidate the involvement of canonical autophagy (via Atg5) or
selective ER-phagy (via FAM134B). By simultaneously assessing cell viability, the
functional implications of protein clearance by autophagy may be determined. More
importantly, cells lacking Hrd1 are unable to mount an autophagic response,
suggesting the involvement of Hrd1 in the signalling of a ‘misfolding status’ from the
ER to the autophagosomal compartment. In support of this hypothesis, the mass
spectrometry analysis in this study revealed the association of Hrd1 with two
lysosomal proteins (AP3B1 and CLNG). Hrd1 signalling to the autophagy system will
be interrogated by reintroducing WT and RING mutant Hrd1 in Hrd1-deficient cells

and by monitoring the subsequent activation of autophagy. The dependency of such
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signalling upon an ubiquitination reaction will be revealed by the restoration of
autophagy only in the presence of catalytically active Hrd1. The proximity of Hrd1
with autophagosomal membranes could also be evaluated by co-localisation with
the autophagy receptor LC3B via immunofluorescence. To investigate a role for
Hrd1 cofactors in autophagy signalling, autophagy activation should be monitored in

cells lacking other complex components.

Although the present data only provide an indication of the requirement of Hrd1 for
autophagic signalling, validation of this mechanism will represent a fundamental
discovery in the field. As a long term application, inhibition of Hrd1 or its cofactors as
a strategy to treat diseases associated with high secretory activity, such as multiple
myeloma, may provide an alternative to proteasome inhibition. This idea is
supported by the evidence that an impairment of Hrd1 activity is detrimental only in
cells experiencing proteotoxic stress. Additionally, lack of autophagy induction in
Hrd1-defective cells would circumvent the resistance mechanisms deriving from
autophagy activation upon proteasome inhibitor treatments. Further experiments
testing the impairment of Hrd1 activity in multiple myeloma model cell lines will be

required to assess the validity of such a strategy.
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