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Abstract

Gain-of-function N88S mutation in the seipin BSCL2 gene was identified in a
cohort of autosomal dominant motor neuron diseases (MNDs) known as
seipinopathies. Previous work has shown that this mutation disrupts N-glycosylation,
leading to the formation of aggregates into inclusion bodies (IBs) and contributing to
severe ER stress and cell death. Importantly, the nature of these aggregates and their
contribution to neuron dysfunction is poorly understood.

Our work aimed to establish a humanized yeast model of N88S seipinopathy to
study the behavior and the molecular effects of different combinations of human wild-
type (WT) and N88S mutant seipin. For this purpose, a Venus-based bimolecular
fluorescence complementation assay was employed. As in mammalian systems, our
yeast model recapitulates the formation of IBs associated with activation of the unfolded
protein response (UPR). We also report the activation of autophagy and of the Hrd1-
mediated endoplasmic reticulum-associated degradation (ERAD) in cells expressing
mutant homomers and WT-mutant heteromers of seipin. Importantly, the N88S
mutation appears to induce changes in ER morphology in association with Kar2p
chaperone and Hsp104p disaggregase.

For the first time, we have determined that N88S homo-oligomers expressing
cells present reduced viability, decreased antioxidant activity and increased oxidative
damage associated with higher ROS levels and lipid peroxidation. This was correlated
with the activation of oxidative stress sensor Yaplp. The relationship between ER
stress and calcineurin signaling in the context of N88S seipinopathy was also
assessed. Our results showed impaired activation of calcineurin signaling in the N88S
homomeric strain. Moreover, abrogating calcineurin activity had no effect on ROS
levels but increased the formation of IB in all strains, especially in cells expressing the
N88S mutation, which indicates that calcineurin is involved in the formation of IBs.
Lastly, activation of ERAD and UPR quality control mechanisms were essential for
proper cell growth and proved to be crucial to prevent excessive accumulation of IBs
and ROS in cells expressing the N88S mutation.

Our work established that the N88S-N88S homo-oligomer is the species that
actively contribute to enhance mutant seipin toxicity, resulting in severe cellular
oxidative damages and induction of ER stress response that can be modulated, to
some extent, by WT seipin. Although much remains to be discovered regarding the
mechanisms of molecular pathogenesis of N88S seipinopathies, our study provides

new insights into the molecular underpinnings of these diseases.
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Resumo

A mutacdo de ganho de funcdo N88S, localizada no gene BSCL2, esta
associada ao surgimento de doencas autossOmicas dominantes dos nheurdnios
motores (MNDs), também designadas por seipinopatias. Trabalhos prévios
demonstraram que esta mutacdo promove a disrupcdo do motivo de N-glicosilacéo da
seipina, promovendo a formac&o de agregados em corpos de incluséo, e contribuindo
para um estresse severo no reticulo endoplasmatico e para a morte celular. Todavia,
a natureza destes agregados e a sua contribuicdo para a disfuncdo dos neurdnios
permanece desconhecida.

Neste sentido, 0 nosso trabalho visou estabelecer um modelo humanizado de
levedura de seipinopatia N88S e estudar o comportamento e os efeitos moleculares
de diferentes combinac¢fes de seipina humana WT e seipina humana mutante N88S.
Para este fim, recorremos ao ensaio de complementacao de fluorescéncia bimolecular.
Tal como observado em modelos de mamiferos, o nosso modelo de levedura
recapitula a formacao de corpos de incluséo associada a ativagéo da Unfolded Protein
Response (UPR). Verificamos, ainda, que ocorre a ativacdo da autofagia e da
degradacgdo associada ao reticulo endoplasmatico (ERAD) mediada por Hrdl em
células que expressam homdmeros N88S-N88S e heteromeros WT-N88S. Além disso,
a mutacao N88S parece induzir alteracées na morfologia do reticulo endoplasmaético,
associadas a chaperone Kar2p e a Hsp104p.

Adicionalmente, determinamos, pela primeira vez, que as células que
expressam homo-oligbmeros N88S apresentam viabilidade e atividade antioxidante
reduzidas e um aumento dos danos oxidativos associados a elevados niveis de
espécies reativas de oxigénio (ROS) e peroxidacao lipidica. E importante salientar que
este aumento dos danos oxidativos esta relacionado com a ativacao do sensor de
estresse oxidativo Yaplp. A relacdo entre o estresse no reticulo endoplasmatico e a
sinalizacdo mediada pela calcineurina no contexto da seipinopatia N88S também foi
avaliada. Os nossos resultados revelaram uma ativagdo comprometida da sinalizagdo
da calcineurina na estirpe homomérica N88S-N88S. Além disso, a disrupcdo da
atividade da calcineurina ndo teve qualquer efeito nos niveis de ROS, apesar de ter
aumentado a formagé&o de corpos de inclusdo em todas as estirpes, particularmente
nas células que expressam a mutacdo N88S, sugerindo que a calcineurina esta
envolvida na formacéo destes corpos de incluséo. Por fim, a ativacdo dos mecanismos
de controlo de qualidade ERAD e UPR né&o sé demonstraram ser essenciais para um

crescimento celular apropriado, como provaram ser cruciais para evitar a acumulacao
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excessiva de corpos de inclusdo e de ROS nas células que expressam a mutacao
N88S.

O nosso trabalho estabeleceu que os homo-oligobmeros N88S-N88S séo as
espécies gque contribuem ativamente para aumentar a toxicidade da seipina mutante,
resultando em graves danos celulares oxidativos e inducdo de resposta ao stress no
reticulo endoplasmatico, que podem ser modulados, até determinado ponto, pela
seipina WT. Embora ainda haja muito para descobrir relativamente aos mecanismos
de patogénese molecular das seipinopatias N88S, 0 nosso estudo proporciona novos

conhecimentos sobre os fundamentos moleculares deste grupo de doencas.

Palavras-chave: Seipinopatia N88S, toxicidade da seipina N88S mutante,
Saccharomyces cerevisiae, corpos de inclusdo, estresse no reticulo endoplasmaético,

estresse oxidativo, mecanismos de controlo de qualidade.
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1. Introduction

1.1. Lipid droplets: structure and function

Lipid droplets (LDs) are ubiquitous cellular organelles of neutral lipids (NLs)
storage [1]. These dynamic cytoplasmic organelles consist of a neutral lipid core, mainly
of triacylglycerols (TAGs) and sterol esters (SEs) [2], enclosed by a distinctive
phospholipid (PL) monolayer (instead of the typical bilayer) that is decorated with
integral and peripheral proteins (Figure 1) [1]. LD heterogeneity, defined by distinct
number, size, and composition of LDs, has been observed in different cells and usually
reflects distinct metabolic states in response to nutrient and environmental cues [1].
LDs are found mostly in the cytoplasm, but in some cell types they are also present in
the nucleus [3]. They are generated de novo in the Endoplasmic Reticulum (ER)
membrane and their degradation occurs through enzymatic hydrolysis mediated by

lipases (lipolysis) or through selective form of autophagy (lipophagy) [1, 4].

Phospholipid
monolayer

@inacylglycerol K?A?

Figure 1. Lipid droplets (LDs) are ubiquitous storage organelles for neutral lipids (NLs) that can be found in
most cells, from yeast to man. (a) Fluorescence microscopy image showing LDs (green, labeled with BODIPY
493/503) in mammalian SUM159 cells. Cells carry the LD marker mCherry-LiveDrop (red). (b) Electron micrograph
showing a LD in Drosophila S2 cells. The rough ER bilayer can be seen in proximity. Figures (a) and (b) are adapted
from [3]. (c) Despite the morphological diversity, all LDs have a similar structural and unique architecture. Instead of the

typical phospholipid bilayer, LDs have a phospholipid monolayer surrounding a core filled by NLs, usually triacylglycerol
and sterol esters. Adapted from [2].

Class|
protein

As a result of the activation of LD breakdown, liberated fatty acids (FAs) can be quickly
channeled into the B-oxidation pathway in mitochondria or peroxisomes, possibly
through membrane contact sites [5]. These processes strongly reflect cellular
metabolism and cycles of nutrient availability: during starvation, lipids stored in
conditions of nutrient surplus are mobilized for energy production or for PL synthesis

during high demand of membranes [1]. Moreover, LDs have the ability to buffer and
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store cellular amounts that are buildup in excess, such as FAs, toxic glycerolipids, PLs
and sterols in cell membranes, thus having important roles in preventing lipotoxicity and
oxidative stress response [1, 3]. LDs also harbor some proteins/enzymes related to LD
metabolism (e.g., specific enzymes of NL synthesis or lipolysis such as DGAT?2), or, in
some cases, proteins (e.g., histones) that affect transcription and gene expression [3,
6].

During their life cycle, LDs create contacts with several other cellular organelles.
The most important organelle is the ER, which supplies LDs with most of their lipid
components and plays a key role in their biogenesis. LDs also make contacts with
peroxisomes, mitochondria and lysosomes (vacuoles in yeast). All these interactions
are closely coordinated and essential for the normal life cycle of LDs and their multiple
functions [1, 7].

LDs not only play an important role in regulating intracellular energy storage and
FA trafficking but are also involved in a variety of intracellular processes, such as
modulation of the ER stress response, host-pathogen interactions and protein
degradation and storage [8]. Dysregulation of LD homeostasis is linked with the
development of several human disease states, including diseases associated with an
excess of LDs, namely obesity, diabetes, hepatic steatosis, arteriosclerosis and
cardiovascular disease, or with a deficiency of LDs, namely lipodystrophy and cachexia
[9-11]. Mutations in seipin (discussed in detail in Section 1.4.) lead to a severe form of
lipodystrophy, namely Berardinelli-Seip lipodystrophy, the most common form of
autosomal recessive lipodystrophy [12]. Due to the numerous functional connections
with other organelles, dysfunction of LD metabolism is also important for diseases such

as cancer and neurodegenerative diseases [10, 11, 13].

1.2. LD biogenesis

Despite recent findings, the molecular mechanisms of LD biogenesis are still
not fully understood. The main mechanism of LD biogenesis is de novo formation from
the ER, where the enzymes of neutral lipid synthesis are localized [3]. However, in
yeast, fission of LDs has also been observed [14]. According to the current model, NLs
synthesized in the ER accumulate between the bilayer leaflets and cause membrane
deformation to the point where it is thermodynamically favorable to coalesce and
nucleate into an oil lens at specific ER membrane domains [15]. At these domains, the
lens grows until a threshold diameter that promotes its vectorial budding outwards, from
the ER membrane. Overall, this process involves three main steps after synthesis of

neutral lipids: nucleation, growth and budding, just as in phase separation and
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dewetting phenomena, i.e., the process of retraction of a fluid from a non-wettable

surface [15].

1.2.1. Neutral lipid synthesis

The first step in the biogenesis of LDs corresponds to the synthesis of NLs such
as TAGs (Figure 2) and SEs within the ER bilayer [3]. These NLs are formed by the
esterification of an activated fatty acid to diacylglycerol (DAG) or a sterol (such as

cholesterol), respectively [1].

Glycerol Phosphate Pathway

Glycerol-3-Phosphate
FA GoA-ﬂ
Lysophosphusidate Figure 2. Schematic illustration of de novo TAG
FACoA—x : generation pathway. Triacylglycerols (TAGs) are
. the end-product of a multi-step pathway. In
oSGl Phosphatidate mammals, glycerol-3-phosphate is converted to
Pathway lysophosphatidic acid (LPA) via the activity of GPAT
FA CoA =2 ipid enzymes. LPA is converted to phosphatidic acid
oo (it Diacylglycerol —-— |4 (PA) via the activity AGPAT enzymes. PA is
dephosphorylated to diacylglycerol (DAG) by
FA °°Aﬁ phosphatidic  acid phosphatase  (PAP/lipin)
— enzymes. DAG is esterified to TAG by DGAT1 and
Triacylglycerol DGAT2. DGAT enzymes catalyze the formation of
an ester linkage between a fatty acyl CoA and the
DGAT free hydroxyl group of diacylglycerol. This reaction
1.2-Dicylglycerol i n Fatty Acyl CoA occurs at the surface of the ER bilayer membrane.
‘f‘ ?_c\ ?"A DGAT, acyl-CoA: diacylglycerol acyltransferase;
z-oi-o LL’ GPAT, glycerol-phosphate  acyltransferase;
AGPAT, acylglycerol- phosphate acyltransferase;
PAP, phosphatidic acid phosphohydrolase; MGAT,
acyl CoA: monoacylglycerol acyltransferase.
Adapted from [16].
ER Membrane

Before neutral lipid synthesis reactions occur, the chemically inert FA must be activated
by esterification with coenzyme A (CoA). Esterification occurs in an ATP-dependent
two-step reaction catalyzed by enzymes of the acyl-CoA synthetase (ACSL) protein
family [16]. Kassan et al. have shown that the ER and LD localized acyl-CoA synthetase
3 (ACSL3) appears to be particularly important in the synthesis of NLs for the
generation of LD [17].

Distinct enzymes involved in NLs synthesis are localized mainly at the ER [16].
TAGs are the product of diacylglycerol acyltransferase DGAT1 and DGAT2 activity
(Dgalp and Lrolp in yeast), while SEs are made by acyl-coenzyme A: cholesterol
acyltransferases ACAT1 and ACAT2 (Arelp and Are2p in yeast) [5].
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De novo TAG synthesis, one of the two main components of LDs, is performed
by the glycerol phosphate pathway, also known as the Kennedy pathway (Figure 2),
that initiates by the conversion of glycerol 3-phosphate into lysophosphatidic acid (LPA)
by the covalent linking with a fatty acyl-CoA. Subsequently, LPA is converted to
phosphatidic acid (PA), which is transformed into DAG by lipin (Pahlp in yeast). In
addition, DGAT enzymes catalyze the last reaction of the de novo TAG synthesis, by
linking DAG with a fatty acyl-CoA [18]. On the other hand, de novo TAG synthesis can
occur through the monoacylglycerol pathway (Figure 2), in which monoacylglycerol is
covalently joined with fatty acyl-CoA to produce DAG, and subsequently TAG. In yeast,
TAG can also be synthesized through an acyl-CoA-independent reaction, in which PLs
can act as the acyl donor. This reaction is catalyzed by phospholipid/diacylglycerol
acyltransferase, encoded by Lrolp in yeast and found exclusively in the ER [19], while
Dgalp is localized both in the LD and ER [20].

Yeast cells lacking all enzymes of neutral lipid synthesis (Dgalp, Lrolp, Arelp
and Are2p) are completely devoid of LDs [21]. In fact, expression of each of these four
enzymes is sufficient for the formation of LD in yeast, suggesting that formation of these
organelles can be triggered by either TAGs or SEs, although the assembly of LDs
stimulated by TAGs has been studied in more detail in both yeast and higher
eukaryotes [1].

1.2.2. Oil lens formation

Newly synthesized NLs deposit between the leaflets of the ER bilayer and are
initially free to move between the leaflets of the ER [22]. As their concentration
increases, the NLs coalesce and form an oil lens in a process of demixing, since the
energy cost of interacting with each other is lower than that of interacting with other
membrane components such as PLs or proteins [15, 23]. The subsequent growth of
such lens-like structures leads to deformation of the ER bilayer, resulting in budding
out of a small nascent LD towards the cytoplasmic side (Figure 3) [1].

The membrane curvature strain, the surface tension and membrane lateral
pressure are altered by specific changes in lipid composition, and all of these factors
have a major effect on the budding of nascent LD towards the cytosol and also on the
LD size [24]. Therefore, a significant change in lipid content must occur at the sites
where the nascent LD is formed to promote budding and efficient packing of TAG/SEs
into LDs [5].
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ARF1/COPI LD growth and expansion via
acquisition of specific proteins
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Figure 3. Steps in LD biogenesis. LDs emerge from the ER. Fat storage-inducing transmembrane 2 (FIT2) protein
and other ER-resident proteins are important for the maintenance of morphology and lipid composition of the ER
membranes. Step 1: Triacylglycerol synthesis and cholesterol ester synthesis enzymes deposit NLs in between the
leaflets of the ER bilayer. Beyond a certain concentration, the NLs demix and coalesce into a lens. Step 2: seipin and
other LD biogenesis factors are recruited to the lens structure and facilitate the growth of the nascent LD by forming
ER-LD contact sites. The emergence of the LD into the cytosol is affected by differences in surface tension of the luminal
and cytosolic leaflets of the ER bilayer, possibly determined by asymmetrical protein binding and phospholipid
composition. Step 3: in mammalian cells, LDs bud from the ER and grow through fusion or local lipid synthesis. DGAT,
acyl-CoA: diacylglycerol acyltransferase; GPAT, glycerol-3 phosphate acyltransferase; eLD, expanding LD; iLD, initial
LD; TG, triacylglycerol. Adapted from [3].

Earlier studies suggested that LD formation occurs at defined sites in the ER,
possibly to minimize disruption of other ER functions [17]. In fact, there is now evidence
for discrete LD-forming ER subdomains supporting LD biogenesis [25]. Seipin and Lipid
Droplet Assembly Factor 1 (LDAF1) are known to mark sites for LD formation in
mammalian cells [26]. More recently, in yeast, seipin (FId1p/Seilp) and Nem1l (the
catalytic component of the Nem1p-Spo7p phosphatase complex), were also described
to localize to such discrete ER subdomains (Figure 4) [25]. Seilp/Nemlp sites require
the activity of Fat storage-inducing transmembrane 2 (FIT2) protein Yft2p, and Pex30p
(an ER and peroxisomal membrane protein involved in ER-derived organelle budding
and ER membrane tubulation) to ensure proper recruitment of the TAG synthases
Dgalp and Lrolp to LD-forming nucleation sites [25]. This indicates that all four proteins
(Seilp/Nem1p/Yft2p/Pex30p) might work together in establishing ER subdomains
permissive for localized TAG synthesis and lens formation (Figure 4) [25]. By
accumulating at these sites, these proteins may help in nascent LD stabilization and
facilitate bilayer deformation and LD budding, possibly through protein crowding effects
[25].

Importantly, FIT proteins exhibit PL-remodeling functions, suggesting that they
may change PL composition to adjust surface tension of the inner leaflet of the ER
membrane and thus facilitate directional budding of LDs to the cytoplasmic side [27,
28]. These proteins may also play a role in recruiting TAG synthases to locally control
DAG accumulation, since they are able to bind DAG and TAG in vitro [29, 30].
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Figure 4. Model of LD formation at discrete ER subdomains defined by FId1 and Nem1. Representation showing
the order of events that occur at specific ER subdomains for efficient LD formation. ER subdomains marked by seipin
Fld1 and Nem1 undergo sequential enrichment with LD biogenesis factors, thus promoting localized TAG synthesis and
droplet assembly. Adapted from [25].

Lastly, other ER-shaping proteins modulate LD assembly, including spastin,
receptor expression- enhancing protein 1 (REEP1), spartin and atlastin-1. These
proteins may facilitate the deformation of the ER bilayer at LD-forming sites to
accommodate the NLs that are synthetized [31, 32]. The deformation of the ER bilayer
could facilitate nucleation and trigger LD assembly at specific sites determined by

seipin at ER tubules [33].

1.2.3. Budding and nascent LD formation

Expansion of the NLs lens results in LD budding from the ER membrane.
However, it is unknown if all LDs, or only some, remain connected to the ER. In
mammalian cells, at least some LDs appear to be completely separated from the ER,
while in yeast a significant portion of LDs remains physically connected with the ER
[34]. Budding of secretory vesicles from the ER requires the involvement of membrane
curvature-inducing coat proteins, such as COPIl. However, these proteins are not
involved in the budding of LDs. Instead, in vivo studies suggested that ER membrane
PL composition is critical for LD budding [35-37], as well as membrane surface tension
[15, 24]. Surface tension is defined by the energy cost of exposing NLs to the aqueous
cellular environment and seems to be especially important for the acquisition of the
rounded shape of LDs [24]. On the other hand, PL composition affects budding

efficiency mainly through geometric effects: conically shaped molecules, such as DAG
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or phosphatidylethanolamine (PE) disfavor budding, whereas molecules with opposite
geometry, such as lysophospholipids, promote budding [30].

Even though LD budding from the ER is a biophysical process of emulsion
formation, specific ER proteins mark and modulate the sites of LD budding in the ER.
These proteins act as gatekeepers for the formation of domains with specific protein
and PL compositions that allow the budding of nascent LDs [3]. In cells, LD budding is
mediated by FIT proteins, which belong to an evolutionarily conserved family of ER
integral membrane proteins [38]. Two highly related FIT proteins, FIT1 and FIT2, are
present in mammals, whereas other metazoan and yeast exclusively express FIT2-
related proteins [38]. Depletion of FIT-related proteins in yeast (Scs3p and Yft2p) and
mammalian cells inhibits LD budding, resulting in the accumulation of NL lenses
embedded in the ER membrane [39]. These proteins may also be important in
regulating the directionality of the budding reaction toward the cytosol and away from
the ER lumen [39]. Besides, specific lipids may also have a role in LD budding. For
instance, dephosphorylation of PA by the yeast enzyme Pahlp, a protein related to
mammalian lipin, to generate DAG, seems to be important for packaging of TAGs into
LDs [35].

Perilipins (PLIN), some of the most abundant LD-coating proteins, have also
been implicated in establishing LD formation sites [40]. PLIN1 and PLIN2 are LD-
resident proteins, while PLIN3, PLIN4, and PLIN5 are cytosolic or enriched at ER [41].
PLIN1 regulates both lipolysis and lipid storage, depending on the metabolic status of
the cell [41], and cytoplasmic perilipin proteins, especially PLIN3, may sense the
increased local concentration of NLs or DAG at the ER, which is consistent with the
fact that PLIN3 and PLIN4 bind early to droplets [37, 42]. In yeast, ER-LD budding is
facilitated by PInl1p (also known as Pet10p), the yeast orthologue of mammalian PLIN3.
Like other perilipins, PIn1p is recruited from the cytosol to the LD monolayer [43]. This
protein may facilitate budding by changing the balance of tension between the two
membrane monolayers. Interestingly, the binding and stabilizing effect of PIn1p on LDs
depends on the presence of TAGSs, since it does not recognize droplets containing only
SEs [43]. During the biogenesis process, LD targeting occurs at very early stages for
PInlp, and this protein functionally interacts with others like seipin and FIT2, suggesting
that PInlp plays an important role in LD budding. In fact, cells lacking PLN1 show a
significant delay in LD budding [43].

Seipin, which corresponds to the Seilp/Ldb16p complex in budding yeast, is
another protein crucial for efficient LD budding [44]. This protein seems to mark sites
that are related with the initial growth of nascent budded LDs [12]. Seipin also plays a

key role in stabilizing ER-LD contact sites by creating a diffusion barrier, which helps to
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regulate LD surface tension during budding and growth, apart from regulating the profile
of acyl chains in PL [45-48]. Seipin also regulates abundance and size of LDs [44, 47,
48]. Predictably, mutations in seipin lead to aberrant LD biogenesis, morphology, and
dynamics in a variety of cells, resulting in ‘supersized’ LDs or clusters of abnormally
small and misshapen LDs [48]. Moreover, seipin modulates the activity of Glycerol-
phosphate acyltransferase (GPAT), which catalyzes the conversion of glycerol-3-
phosphate and long-chain acyl-CoA to lysophosphatidic acid, a precursor of PA (Figure
2) [49]. In mammalian cells, seipin interacts with GPAT3 and GPAT4 and patrticipates
in the regulation of LD expansion and adipogenesis [49]. Seipin might also be
necessary for membrane remodeling, or it could help to control the content of the
negatively charged PA at the contact sites, by targeting GPATSs [50]. In fact, previous
studies showed that the B-sandwich structure of human seipin has the capacity to bind
to anionic PL. Seipin also directly regulates TAG synthesis through physical interaction
with 1-acylglycerol-3-phosphate O-acyltransferase 2 (AGPAT2) and Lipin-1, which are
crucial enzymes of the TAG biosynthetic pathway [51]. More recently, seipin was shown
to associate with yeast LD organization (Ldo)16 and Ldo45 isoforms [52, 53], the latter
orthologous to human LDAF1 (Figure 5) [26].

Cytoplasm

Triglyceride

N

1
1
Triglyceride accumulation i
dissociates the interaction E
i
1

A 1\\‘\ ‘\"\" 2 .Ii Ly

between LDAF1 and seipin

The LDAF1-seipin Triglyceride Lipid droplet
complex nucleation growth

Figure 5. Model LD Formation at LDAF1-Seipin Complex Sites. Oligomers of LDAF1 and seipin form a large protein
complex (~600 kDa) composed of 66 transmembrane domains and 11 seipin hydrophobic helices in the ER bilayer.
The assembly of hydrophobic helices may direct nucleation and TAG lens formation. TAG accumulation in the complex
causes dissociation of the complex and redistribution of LDAF1 to the growing LD surface as LDs grow. LDAF1
redistribution to LD surfaces may lower LD surface tension, enabling efficient budding and growth of LDs. Adapted from
[26].

Chung et al. demonstrated that human seipin forms a complex with LDAF1 and
collectively they establish sites for LD formation in the ER bilayer [26]. LDAF1 activates
seipin at ER-LD contact sites and during LD maturation, this complex is dissociated.
Whereas seipin stays at ER-LD interface, LDAF1 moves to the surface of the LD,

possibly to regulate LD proteome [26].
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1.2.4. LD growth and maturation

After formation, LDs can grow in size via acquisition of more NLs to its core and
simultaneous expansion of the LD monolayer. This occurs via three identified
mechanisms: flux of NLs through the ER-LD contact sites [17, 47, 54, 55], synthesis of
NLs at the LD PL monolayer [3, 55] and lipid transfer between LDs and/or ripening [23,
34].

The ER is an essential source of additional material for LD expansion, with
newly synthesized lipids transported to the LD via ER-LD membrane bridges. These
ER-LD contacts were first observed in plant cells by electron microscopy [56] and were
more recently shown to participate in localization of TAG enzymes to the LD surface
[55]. Both nascent and mature LDs can acquire enzymes for growth from the ER. Once
ER-LD bridges are established, specific enzymes required for de novo TAG generation
(such as GPAT4, AGPAT3, DGAT?2) use the connections to relocalize from the ER to
LD surface (Figure 3), where they assist LD expansion by catalyzing TAG synthesis
[55]. In fact, depletion of DGAT2 or GPAT4 prevents the expansion of LDs [55]. ER-LD
connections are thus crucial for LD growth. Moreover, factors maintaining ER structure,
such as atlastin, a GTPase that mediates membrane fusion to connect ER tubules, play
a key role in regulating LD size [57].

It is currently unclear how the LD diversity is achieved. The Arfl/COPI
machinery was shown to be necessary for GPAT3 localization to LDs. Coatomer protein
(COP)-I machinery, localized on the LD surface, plays an essential role in establishing
connections to the ER [58]. These proteins remove PLs at LD surfaces, thus increasing
LD surface tension and promoting the fusion of LDs with other membranes [59].
Alterations of the LD surface tension could then allow these enzymes to diffuse from
the ER to LDs via ER-LD bridges.

The expansion of the LD core by TAG synthesis and of the PL surface are tightly
associated. Although the most abundant PLs in the LD monolayer are
phosphatidylcholine (PC) and PE, PC is crucial for coating LDs and preventing their
coalescence [60]. Consequently, the expansion of droplets leads to an increased need
of PC on the surface of LDs. Synthesis of PC comprises three enzymatic steps, the
second of which is a rate-limiting step catalyzed by CTP: phosphocholine
cytidylyltransferase (CCT). CCT uses phosphocholine and cytidine triphosphate (CTP)
to form CDP-choline, which is combined with DAG by cytidine diphosphate (CDP)-
choline:1,2-diacylglycerol cholinephosphotransferase (CPT) in the ER to generate PC.
During LD expansion, CCT is translocated from the cytosol to LD surface and becomes

activated, suggesting that PC synthesis increases in response to local demands [60].
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Since CPT, the last enzyme of the PC synthesis pathway, is exclusively localized at the
ER, newly synthesized PC needs to be relocated to expanding LDs.

Lastly, LDs can grow by lipid transport from one LD to another, which typically
happens between adjacent LDs [23]. This can be achieved via two distinct
mechanisms: LD-LD fusion, which is a quick merging/coalescence of droplets, that
occurs within seconds, and Ostwald ripening, a molecular diffusion process that occurs
over minutes-hours, by which smaller droplets continuously transfer material to bigger
ones through a connecting phase [15, 23]. Both processes can be modulated by factors
that influence LD-LD clustering, such as microtubule and actin cytoskeleton networks
[61] and proteins that induce LD clustering [62]. Following LD coalescence, the total
volume of fusing LDs remains the same, whereas the surface area decreases.
Moreover, cells deficient in PL synthesis often contain larger LDs via an increased rate
of LD-LD fusion [63].

1.3. LD breakdown

The major function of LDs is to store energy in the form of energy-dense NLs.
These organelles are dynamically synthesized and broken down in response to cellular
needs and environmental signals [5]. Upon times of cellular demand, the NLs of the LD
core can be broken down to release free FAs that can be used by mitochondria through
B-oxidation pathway for energy production or membrane synthesis [5]. LD consumption
is achieved via lipolytic enzymes, hydrolyzing NLs at the LD monolayer, or via
engulfment of LD constituents into degradative vesicles in a specialized form of
selective autophagy, termed lipophagy (Figure 6) [64].

The lipolytic enzymes are recruited and activated at the surface of LDs and
promote TAG breakdown to FAs that are liberated in the cytosol, resulting in gradual
LD shrinkage [22]. In mammals, adipose triglyceride lipase (ATGL) is responsible for
the first step of lipolysis, namely the hydrolysis of TAG to form DAG and a FA [65]. After
the formation of DAG, the hormone-sensitive lipase (HSL) hydrolyses DAG to
monoacylglycerol (MAG) and FA [66]. MAG lipase (MAGL) then converts MAG to
glycerol and FA [67].

In addition to the gradual LD consumption in the cytosol by lipolysis, during
nutrient deprivation, LD turnover can also be mediated by lipophagy [68]. This process
involves several steps and starts with phagophore formation, with subsequent
phagophore expansion and formation of the limiting membrane; then occurs the
formation of a double membrane autophagosome and sequestration of LDs or LD
portions by autophagosomes. Finally, a phagolysosome is generated via

autophagosome-lysosome fusion [69]. Once the phagolysosome is formed, lysosomal
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lipases, such as lysosomal acid lipase (LAL), gain access to internalized LDs, and

catalyzes TAG breakdown to FFAs [69]. Lipophagy has also been described in yeast

cells. Instead of a macrolipophagy process like in mammals, yeast lipophagy is

mediated by microautophagy. In this process, LDs are engulfed and degraded by
vacuoles (yeast lysosome equivalent) [69].

Lipophagy is induced especially in stationary growth phase, when yeast cells
are in starvation conditions, and in response to other types of nutrient stress [70]. It is
currently accepted that both lipolysis at the LD surface and lipophagy are necessary for
maximal LD breakdown efficiency [71]. Curiously, recent studies in hepatocytes
suggest that LD size may determine which type of breakdown dominates, with larger
LDs being more susceptible to breakdown by lipases and smaller LDs to lipophagy [72].
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Figure 6. Free fatty acids (FFAs) can be released by LD breakdown in a process mediated by lipolysis (upper
panel), at the surface of LDs, or by lipophagy (lower panel). TAG lipolysis is mediated by three enzymes that act
successively: adipose triglyceride lipase (ATGL), hormone sensitive lipase (HSL) and monoacylglycerol lipase (MAGL).
Lipophagy is an autophagic process in which LDs are engulfed by autophagosomes to be delivered to lysosomes, where
the lysosomal acid lipase (LAL) catalyzes TAG breakdown to FFAs. Adapted from [5].

1.4. Seipin

Seipin is a ubiquitous homo-oligomeric ER transmembrane protein involved in
LD biogenesis by establishing ER-LD contacts [12]. In humans, this protein is encoded
by the Berardinelli-Seip congenital lipodystrophy type 2 (BSCL2) gene [12, 73], which
was originally identified as a loss-of-function gene for the rare autosomal recessive
disease congenital generalized lipodystrophy (CGL) [12] (see Section 1.5). Subsequent
studies have uncovered other seipin mutations leading to motor neuron diseases

(MNDs), such as hereditary spastic paraplegias (HSP) and a severe form of
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encephalopathy with fatal outcomes at a young age [74]. Although its function is not
fully elucidated, it is clear that seipin is required for adipogenesis, and studies in a
variety of model organisms have shown that this protein plays a critical role in LD
formation, as mutations in seipin lead to aberrant LD biogenesis, morphology, and

dynamics in a variety of cells [46-48].

1.4.1. Seipin structure

Seipin is an integral ER membrane protein with two transmembrane (TM)
domains, a large highly conserved luminal loop that is glycosylated in mammals, and
two cytosolic termini (N- and C-termini) (Figure 7) [75]. The luminal region of the human
seipin contains a conserved N-glycosylation site (amino acids (aa) N88-S90, an N-X-
V/S site). Although the exact functional importance of this site is unclear, the missense
mutations located in this domain have been associated with autosomal dominant MND
(N88S and S90L), and to the recessive CGL2 (A212P) (discussed below in more detail)
[76]. Moreover, N-glycosylation deficient seipin protein has been shown to aggregate

in cells, with increased localization to ER domains near to LDs [76].
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Figure 7. Structure and mutations of seipin/BSCL2. Schematic illustration of human seipin protein containing two
hydrophobic domains (orange). N- and C-termini of seipin are localized in the cytoplasm and its loop region in the ER
lumen. Glycosylation motifs (green) and mutations in seipinopathy (red) and CGL2 (black). Adapted from [76].

In humans, the BSCL2 gene is ubiquitously and highly expressed in the testis
and some regions of the human brain, particularly in motor neurons of human spinal
cord, cortical neurons of human frontal lobe, and regions related to the regulation of
energy balance, such as the hypothalamus and brainstem [77]. BSCL2 gives rise to
three transcripts that produce three seipin isoforms: isoform 1 (398 aa), isoform 2 (287
aa) and isoform 3 (462 aa) [78]. Isoforms 1 and 3 contain the intraluminal loop and both
TM domains, while isoform 3 has an extended N-terminal sequence compared to

isoform 1. Isoform 2 differs from the others in its C-terminal sequence and may
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completely lack the second TM [78]. In addition, its expression appears to be restricted

to the central nervous system, and to date there is no evidence for its existence at the

protein level [74, 79]. The functional importance of these different isoforms is unknown.

However, isoform 1 appears to be the major isoform of seipin. Indeed, it is the most

studied isoform in the literature, and its sequence provides the nomenclature for more
than 30 seipin mutations [78].

The seipin homologue in Saccharomyces cerevisiae is Fld1p, more recently
renamed as Seilp [36, 48]. The orthologs share a central region of about 250 aa
conserved in the secondary structure, corresponding to two transmembrane domains
and a large ER luminal loop [80, 81]. However, in budding yeast, seipin function is only
complemented when Seilp forms a functional complex together with Ldb16p, a
transmembrane protein in the ER [48]. The stability of Ldb16p requires Seilp, since
Ldb16p is subjected to ER-associated degradation (ERAD) in the absence of Seilp.
On the other hand, in the absence of Ldb16p, Seilp is stable but non-functional [82].

Recent cryo-electron microscopy structures of the luminal region of Drosophila
and human seipin reported ring-shaped homo-oligomers with twelve and eleven
subunits, respectively (Figure 8), and a preliminary report suggests that yeast seipin is
a homo-oligomer of about nine subunits with a toroid shape [83-85]. The conserved
luminal domain of Drosophila melanogaster seipin was resolved at high resolution, and
this domain was found to contain several hydrophobic a-helices positioned at the inner
rim of the seipin ring towards the ER bilayer, possibly having an anchoring function
[85].

160 A| KT,

Figure 8. Structure of human seipin. (a) The structure colored in silver gray contains 11 identical protomers with a
diameter of 160 A. (b) The monomeric structure of seipin. The structure is colored in rainbow with the amino and carboxyl
termini colored in blue and red, respectively. Adapted from [50].

Moreover, it also contains a B-sandwich domain with similarity to lipid-binding proteins,
such as Niemann-Pick type C2 protein [85]. Indeed, the binding of this seipin domain
to anionic PLs has been demonstrated in vitro, and PA has been indicated as a potential

ligand of this domain [50]. Curiously, the binding to PA was dependent on the acyl-
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chains of PA, with seipin showing high affinity for PA containing oleate and palmitate
fatty acid chains [50]. Furthermore, a designed mutant, harboring two aa substitutions
in the hydrophobic cleft of the beta sandwich, was unable to complement the seipin
knock-out (KO) LD phenotype in cells [85], which suggests that this putative lipid
binding domain (LBD) is essential for seipin function. Nevertheless, which lipids seipin

binds or interacts with in intact cells remains to be determined.

1.4.2. Seipin function

Seipin is a key regulator of LD cellular dynamics by assisting on their biogenesis
and maturation [47, 73]. Despite having a clear role in both adipogenesis and LD
formation, the exact molecular role(s) of this protein remains to be identified. In fact,
different hypotheses about the molecular role of seipin have been proposed.
Considering the ring shape of seipin oligomers and its localization within the lipidic
connection between LD and ER, seipin may support LD growth and/or anchoring [86].
Moreover, seipin could also have a structural role at the LD-ER contact site, maintaining
mature LDs through physical stabilization of the lipidic bridge or through a gatekeeper
function by establishing correct partitioning of specific molecules between LDs and ER,
maintaining the identity of the surfaces of both organelles. In fact, LDs of seipin mutants
display altered lipid composition as well as loss of typical LD surface proteins [46].

Furthermore, Sui et al. suggested a novel model for the mechanistic role of
seipin in LD biogenesis [85]. According to this model, seipin oligomers move within the
ER membrane and scan its surface from both sides with the hydrophobic a-helices
searching for the membrane packing defects induced by small NL lenses. When the
oligomer detects such a lens, it stops scanning and becomes immobilized, now
functioning as a structural anchor that maintains the connection between the ER
membrane and the surface of the developing LD. This model is supported by previous
studies that describe highly mobile seipin foci that move within the ER membrane until
they eventually merge with nascent LDs [44]. The N-terminal cytosolic a-helix might
mediate stable docking of the LD onto the ER membrane, thus preventing aberrant
formation of tiny LDs through premature physical separation from the parent organelle
[3]. In fact, in absence of seipin, cells exhibit an aberrant LD morphology phenotype of
tiny and clustered LD aggregates, probably due to failed and premature growth, or a
reduce number of supersized LDs, which likely result of coalescence of smaller LDs [3,
47, 48]. In budding yeast, fld1A, Idb16A and fld1Aldb16A cells exhibit the same two LD
phenotypes in the indicated conditions [48, 87]. Consistent with these results, mutations
in seipin promote an increase of NLs content in the ER [31] and alterations in PL levels,

particularly elevation of PC and phosphatidylinositol [31], resulting in clustering and
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formation of supersized LD [75]. However, in wild-type (WT) cells, increased NLs often

lead to an increase in the number but not the size of LD [48]. It is known that seipin

deficiency increases PA levels, which may contribute to LD fusion, explaining the

supersized LDs in mutated cells [36]. Seipin may thus play a role in the formation and
maintenance of LDs through modulation of PL metabolism.

Finally, the presence of an LBD-like domain within the luminal part of seipin is
intriguing and points toward functional implications and not only a mere structural role
of this protein [50]. LBDs can fulfill diverse functions, including transfer of lipids from
one place to another, lipid scavenging, lipid sensing, and presentation of lipids to other
proteins. Thus, potential roles of the putative seipin LBD include lipid sorting at the LD-
ER interface, but also involvement in localized lipid metabolism reactions as well as
regulatory or signaling roles [50]. For instance, a possible lipid-mediated conformational
switch of the seipin complex at some point during LD biogenesis, or the lipid-based
integration of an external signal [50].

1.5. Seipin-related diseases

Mutations in seipin give rise to distinct disease states in humans. Several loss-
of-function mutations give rise to BSCL2, the most severe form of congenital
lipodystrophy in humans [12]. BSCL2 is a rare autosomal recessive disease associated
with severe lipoatrophy, insulin resistance, hypertriglyceridemia and mental retardation
[88, 89]. Most seipin mutations associated with lipodystrophy contain non-sense,
frameshift, or aberrant splicing mutations that produce truncated, non-functional
proteins [80, 90].

In contrast, dominantly inherited, gain-of-function mutations in the N-
glycosylation site of seipin give rise to MND, hereditary spastic paraplegias with
variable phenotypes, collectively known as seipinopathies [12]. Finally, mutations
resulting in skipping of exon 7 of seipin, either homozygously or in combination with a
BSCL2-causing mutant, cause an early-onset, fatal neurodegenerative disorder named

Celia’s encephalopathy [12].

1.6. Seipinopathy motor neuron disease

Seipin related seipinopathies represent a spectrum of dominantly inherited
motor neuronal disorders caused by gain-of-function mutations in the ER luminal N-
glycosylation motif of seipin, namely mutations N88S (Asparagine 88 to Serine) and
S90L (Serine 90 to Leucine) [74, 76, 89].
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Seipinopathies are rare disorders defined by progressive decline of upper and
lower neurons, typically without major afflictions in sensory neurons, with distinct
clinical manifestations [74, 91, 92]. Even though seipinopathy refers to the genetic
diagnosis, patients may clinically be diagnosed with Silver syndrome (main phenotype:
weakness and wasting in the small hand muscles and spasticity of the lower limbs),
distal hereditary motor neuropathy (dHMN) type V (weakness and wasting in the small
hand muscles), HSP (spastic paraplegia in the lower limbs) or Charcot-Marie-Tooth
disease type 2 (CMT2D) (distal muscle weakness, wasting of the upper and lower
limbs) [74, 76, 88, 93]. Moreover, it is implicated in progressive encephalopathy with or
without lipodystrophy (PELD) or Celia's encephalopathy, characterized by
developmental regression of motor and cognitive skills in the first years of life, generally
culminating in death in the first few decades [94].

1.6.1. Seipinopathy: a conformational disease?

To date, there have been few studies on the mechanistic details of seipinopathy,
so the molecular pathogenesis remains unclear. However, there is increasing evidence
that this disease may arise via toxic accumulation of the mutant protein, which could
be particularly deleterious in sensitive cells, such as motor neurons [76, 95, 96]. Indeed,
protein misfolding, aggregation and accumulation in the affected brain regions are a
common pathological feature in other neurodegenerative diseases such as
polyglutamine diseases, Parkinson’s disease and Alzheimer’s disease [95, 97-100].

Exactly how the disruption of N-glycosylation in seipin leads to neuropathy and
how it affects nervous system function in general is not fully understood. Previous
studies have shown that seipinopathy-related mutations lead to an accumulation of
unfolded proteins in the ER, resulting in the activation of the unfolded protein response
(UPR) and cell death. This indicates that seipinopathies are closely associated with the
buildup of toxic protein aggregation and ER stress (Figure 9) [76, 89, 95].

To gain more insight into the etiology of N88S seipin neuropathology, a
transgenic mouse was recently established [101]. Overexpression of N88S seipin in
mice leads to motor neuron dysfunction with upregulation of the ER stress response in
neurons, but curiously, no neuronal death was observed [101]. This supports the idea
that ER stress protects cells from more severe damage. It is also striking that neuronal
death does not appear to be necessary for disease, suggesting that ER stress alone is
sufficient for the development of motor phenotypes of seipinopathies [96]. However,
another study in transgenic mice reported that overexpression of N88S induces cell
death in the spinal cord associated with increased autophagy, which may be a

compensatory response to accelerate the degradation of mutant seipin aggregates and
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protect motor neurons from apoptosis, thus delaying the progression of motor

phenotypes [102]. Importantly, the nature of these seipin aggregates remains largely

elusive. Both yeast and mammalian seipin can form homodimeric protein species,

interacting with itself, and with N88S mutant seipin, forming heterodimeric protein

species [87]. These protein species can then assemble into higher order oligomers
(homomers or heteromers) [87].

Previous studies have also reported that disruption of the N-glycosylation motif
by the N88S mutation promotes the accumulation of misfolded proteins in inclusion
bodies (IB) [95]. Whether the formation of these IB is protective or pathogenic in
seipinopathy remains to be determined (Figure 9).
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Figure 9. Possible mechanisms of seipinopathy. Wild type (WT) seipin is glycosylated and correctly folded by
chaperones at the ER. A small amount of WT seipin is misfolded, ubiquitinated and degraded by ubiquitin—proteasome
system (UPS), while mutations that disrupt the N-glycosylation motif enhance ubiquitination and lead to the formation of
inclusion bodies. Mutant and incorrectly folded seipin accumulates in the ER, causing ER stress and eventually neuronal
cell death. On the other hand, loss-of-function mutations in the seipin gene lead to lipodystrophy. Adapted from [76].

1.7. ER stress

The ER is an essential cellular organelle in eukaryotes. It plays an important
role in protein biosynthesis and post-translational modification processes by ensuring
proper folding and maturation of secretory and membrane proteins through post-
translational processes, such as disulfide bonding and N-glycosylation [101].
Numerous studies have shown that any disruption in the protein biosynthesis, such as
abnormal increase in protein biosynthesis, inhibition of disulfide bond formation,
metabolic energy depletion, and perturbation of N-glycosylation can lead to the

generation of misfolded proteins that accumulate in the ER [89].
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Under normal conditions, the ER has an advanced protein quality control
mechanism to refold and/or remove misfolded proteins that otherwise would
accumulate in the ER lumen. However, ER homeostasis can be compromised when
the protein misfolding rate exceeds the normal refolded threshold, leading to an
accumulation of misfolded proteins and consequently causing ER stress [103].
Therefore, the fate of the cell under ER stress depends on the balance between two
opposing pathways: adaptation and cell death [103]. To relieve the cell from ER stress,
a highly evolutionarily conserved intracellular signalling pathway known as UPR is
activated [89]. This signaling pathway was first described in the budding yeast S.
cerevisiae in the early 1990s [104], following the discovery by Sambrook and co-
workers [105] and Walter and co-workers [106] of an unfolded protein response
element (UPRE) in the yeast KAR2 promoter. Indeed, the UPRE is essential and
sufficient to confer ER stress inducibility on a heterologous reporter gene [107]. The
UPR triggers multiple mechanisms to reduce unfolded protein load through general
attenuation of translation, transcriptional upregulation of molecular chaperone genes
that promote protein folding, secretion and activation of ERAD that enhances
degradation of unfolded proteins [108]. However, if ER homeostasis cannot be
restored, severe or prolonged UPR triggers pro-apoptotic signaling cascades involving
mitochondria-dependent or -independent mechanisms [108].

Recently, disruption of ER homeostasis and upregulation of the UPR have been
observed in several neurological diseases, including Alzheimer’s disease, Parkinson’s
disease, amyotrophic lateral sclerosis (ALS), prion disease, expanded polyglutamine
tract diseases, Charcot-Marie-Tooth disease and stroke [108]. Nevertheless, there is
no direct evidence in in vivo models that ER stress alone can lead to
neurodegeneration, and some critics have suggested that ER stress may not be central
to the mechanism of neurodegeneration, but rather a secondary pathological
phenomenon among the complicated degenerative processes that modifies the

progression and severity of these diseases [108].

1.8. Transduction of the unfolded protein signal across the

ER membrane

The established mammalian UPR pathway has three transmembrane proteins
that transduce the unfolded protein signal across the ER membrane. Inositol-requiring
protein 1 (IRE1) and protein kinase RNA-like ER kinase (PERK) belong to the ER
luminal domains of the type I, and the third is the type Il transmembrane protein ATF6

(activating transcription factor 6) (Figure 10) [109]. PERK contains a large ER luminal
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stress-sensing domain that is functionally similar with the IRE1 luminal domain and a
cytosolic domain that phosphorylates the a subunit of eukaryotic translation initiation
factor 2 (elF2a) [110]. ATF6 is a transcription factor with an N-terminal basic leucine
zipper (bZIP) domain in the cytosol and a C-terminal ER luminal domain to sense stress
[110]. Importantly, only PERK and IRE1 exhibit a degree of conservation throughout all
eukaryotes and no ATF6 orthologue has been found in yeast until now. In mammals,
the counterpart of yeast Irelp has two isoforms: IRE1a and IRE1(. Whereas IRE1a is
expressed in most cells and tissues, IRE13 expression is mostly restricted to the
intestinal epithelial cells [111]. IRE1 contains an N-terminal ER stress-sensing domain
in the ER lumen, an ER transmembrane domain, a serine/threonine kinase domain and
a C-terminal endoribonuclease domain in the cytosol [112].

Recent studies demonstrate that the ER chaperone protein BiP binds to the
luminal domains of these ER stress sensors under unstressed conditions, thereby
keeping them inactive [113]. BiP is a peptide-dependent ATPase and belongs to the
heat shock 70 protein family (HSP70) that binds transiently to newly synthesized
proteins translocated to the ER and more permanently to underglycosylated, misfolded
or unassembled proteins, thus serving as a master regulator of the UPR [113]. When
misfolded proteins accumulate in the ER lumen, BiP dissociates from proximal signal
transducers and supports protein folding. Sequestration of BiP by unfolded proteins
promotes the dimerization/oligomerization, trans-autophosphorylation and subsequent
activation of IRE1 and PERK [103, 114].

The calnexin/calreticulin cycle and recognition of unfolded proteins by BiP play
a key role in the regulation of activity of the proximal stress transducer ATF6 [115].
Release of ATF6 from BiP allows ATF6 transport to the Golgi compartment where it is
cleaved to generate the cytosolic domain of ATF6 that translocates to the nucleus to
activate transcription [110]. Thus, this BiP-regulated activation provides a direct
mechanism for all three UPR transducers to sense the stress in the ER and an auto-
regulatory mechanism by which the UPR is shut off upon increased expression of BiP
[113].
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Figure 10. lllustration of three UPR transducers and one master regulator in mammalian cells. The domain
structures of IRE1, PERK, and ATF6 and their associations with BiP are shown. Adapted from [113].

1.8.1. UPR signaling mediated by IRE1 in yeast

In yeast, the UPR is a simple linear pathway, with transcriptional regulation
entirely mediated by the Irelp-Haclp pathway, through the induction of chaperones
and ERAD [116]. This pathway is characterized by exclusive features in stress signal
transduction and is observed in all eukaryotes. The IRE1 gene was identified in a
forward genetic screen for mutations linked to the activation of an UPRE::LACZ reporter
by ER stress [105, 106]. The product of the gene, Irelp, is an atypical type |
transmembrane ER protein, with an N-terminal luminal domain that senses the ER
stress and a C-terminal cytoplasmic domain required for KAR2 (the yeast orthologue
of BiP) expression [116]. Irelp also has a C-terminal endoribonuclease (RNase)
homology domain that is essential for UPR signaling [116]. The substrate for the RNase
activity of Irelp is the mRNA encoding the bZIP transcription factor HAC1 that activates
transcription of the UPR target genes [116].

Accumulation of unfolded proteins in the ER lumen, experimentally induced by
agents such as tunicamycin, a natural inhibitor of N-linked glycosylation, or dithiothreitol
(DTT), which impairs disulfide bond formation, promotes the dimerization and trans-
autophosphorylation of Irelp [116]. This activates its RNase activity and induces the
cleavage of both 5’- and 3’-exon-intron splice site junctions in HAC1 mRNA, leading to
the formation of 5’-OH and 3’-cyclic PO4 ends (exons), that are joined by tRNA ligase
[117]. This spliceosome-independent splicing of HAC1 mRNA removes a large intron
of 252 bp, located in the 3’-end of the mRNA, and thereby replaces the carboxy-terminal
10 aa in the HAC1 protein with a new 18 amino acid tail. This leads to the expression
of an alternative C-terminus with high transcriptional activation potential and to the
removal of a translational attenuator from HAC1 mRNA [117]. Then, Haclp

translocates to the nucleus and activates transcription of several UPR target genes by
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binding to a DNA sequence motif termed UPRE (consensus motif: CAGCGTG) in the
promoter regions of genes encoding ER-resident chaperones, such as KAR2 and PDI1
[117]. Although there are not readily recognizable UPREs in the promoters of the genes
associated with ERAD, Haclp also activates transcription of these genes [118, 119].
After suppression of protein synthesis in ribosomes, ER chaperones are induced to
correct protein conformation, by refolding unfolded proteins. The remaining unfolded
proteins are then eliminated from the ER to the cytosol through retrograde transport
and degraded by the proteasome via ERAD [120].

1.9. Endoplasmic reticulum-associated degradation
(ERAD)

There are several quality control (QC) mechanisms in the secretory pathway
that aim to counteract protein misfolding and maintain protein homeostasis, namely
ERAD, ER-phagy, Golgi QC, and plasma membrane QC. All these processes are
regulated by the UPR and/or the heat shock response and are responsible for the
control of protein synthesis, chaperone levels and activity of protein degradation
pathways [121].

ERAD is an important catabolic cellular process that serves to remove terminally
misfolded proteins from the membrane or the lumen of the ER and selectively degrade
them, thereby maintaining ER homeostasis [122]. This pathway is conserved in
eukaryotes and has been well studied in S. cerevisiae [123]. Work primarily in budding
yeast has shown that ERAD functions according to a conserved principle in which
misfolded proteins in the lumen of the ER are recognized through the detection of
specific domains, such as unpaired cysteines or exposed hydrophobic regions, and are
ubiquitinated by either the ERAD-L (ERAD of substrates with misfolded lesions within
the ER lumen), ERAD-C (cytoplasm), or ERAD-M (membrane) pathway, depending on
the location of the misfolded lesion [121].

ERAD requires several ER-resident factors, such as ubiquitin-protein ligases
(E3s), which in yeast are Hrdlp and DoalOp [121]. ERAD-L/ ERAD-M substrates,
which are soluble or integral membrane proteins with a luminal lesion, interact with
the Hrd1p complex. In contrast, substrates that follow the ERAD-C pathway use a
complex containing the ubiquitin ligase DoalOp [124]. After selection, ERAD-L
substrates are delivered to the Hrd1l complex, which contains Yos9p, Hrd3p, Derlp,
Usalp, and Hrd1p [125]. The RING domain of Hrd1p, which is required for its ubiquitin
ligase activity, is localized on the cytosolic side of the ER. Therefore, ERAD-L

substrates must be retrotranslocated from the ER to the cytosol via the translocon [126].
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Sec61p forms the conducting channel in the translocon through which proteins are
imported into the ER lumen. Moreover, this protein could also act in the reverse
direction and function as a retrotranslocon [121]. In addition to Sec61p, Hrd1p is also a
prime candidate for ERAD retrotranslocon for substrates with lumenal lesions. After
retrotranslocation, substrates are polyubiquitinated and recognized by proteasome

subunits and subsequently degraded [121].

1.10. Oxidative stress

A phenotype commonly associated with age-related diseases and a potential
consequence of ER stress is the accumulation of oxidative damage due to increased
levels of reactive oxygen species (ROS) [127]. ROS are partially reduced metabolites
of oxygen with strong oxidizing abilities that contribute to diseases related to cell
metabolism, survival, and death. At low concentrations, ROS maintain cellular
homeostasis as secondary signaling molecules. However, at high concentrations, ROS
can cause severe oxidative damage to proteins, lipids and DNA [127]. The overall level
of ROS in a cell at a given time is the result of the sum of the activity of all production
and detoxification systems [127]. The main sources of ROS are ROS-producing
enzymes involved in processes in various compartments of the cell, which include the
mitochondrial electron transport system, fatty acid B-oxidation in peroxisomes,
membrane-localized nicotinamide adenine dinucleotide phosphate (NADPH) oxidases,
and oxidative protein folding in the ER [128].

Mitochondria are indispensable cellular organelles for the maintenance,
adaptability, and survival of eukaryotic cells and are a critical component of diverse
signaling pathways [129]. Several neurodegenerative diseases have been linked to
mitochondria dysfunction, and in fact a loss of mitochondrial function occurs naturally
during the normal aging process, making it one of the major sources of ROS [130]. The
level of superoxide production in mitochondria, caused mainly by complexes | and I,
depends on several factors that vary widely, such as O, availability, proton motive force,
NADH/NAD*, and CoQH2/CoQ ratios [131]. Although mitochondria have the reputation
of being the major ROS-inducing organelles of the cell, oxidative protein folding in the

ER generates large amounts of ROS [127].
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Under normal physiological conditions and in response to ROS production,
antioxidant enzymes, such as catalase, superoxide dismutase (SOD), and glutathione
peroxidase maintain redox homeostasis by converting ROS to water and oxygen [128].
Other antioxidant molecules, including reduced glutathione (GSH), vitamin E and
NADH, can also inactivate ROS (Figure 11). At the ER, ROS can also be produced by
NADPH oxidases downstream of protein disulfide-isomerase PDIAL activity [132, 133].
However, in a disease state, the underlying systemic and cellular perturbations
enhance ROS production and impair antioxidant mechanisms, leading to accumulation

of ROS and redox imbalance, which in turn causes oxidative stress.

Figure 11. Overall ROS production in the
mitochondria, cell cytoplasm and ER. ROS are
produced based on cell requirements and
extracellular stimuli. Mitochondria and ER are the
two major organelles that control ROS signaling.
ETC, electron transport chain; ER, endoplasmic

NADPH reticulum; MAM, mitochondria-associated ER
5 oxidase Catalase membrane;  NADPH, nicotinamide adenine
H,0; H,0 dinucleotide phosphate; ROS, reactive oxygen
lpe2+ species; SOD, superoxide dismutase. Adapted from

[128].

OH Cytoplasm

1.11. ER stress and oxidative stress: a vicious cycle

The relationship between ER stress and oxidative stress is not fully understood.
However, recent studies have shown that ER protein folding pathways are strongly
correlated with ROS production [134]. In the ER, redox homeostasis is critical for the
protein folding process and disulfide bond formation. Any alteration in ER-regulated
protein folding pathways can lead to ROS imbalance and stimulate ROS production,
disrupting both redox and ER homeostasis [135]. Consequently, ROS have a profound
effect on the ER protein folding process and several oxidants can even pathologically
trigger the UPR [127].

In the protein folding process, the formation of disulfide bonds is crucial for the
stabilization of protein structure and promotes the assembly of functional, mature and
uniquely tertiary structured proteins [136]. The protein folding process is extremely
sensitive to redox homeostasis, as its redox state is tightly modulated by numerous
redox mechanisms such as the GSSG (oxidized glutathione) / GSH (reduced

glutathione) cycle and the Protein Disulfide Isomerase (PDI) reaction [136].
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Importantly, the oxidizing environment of the ER is maintained by the GSH/GSSG ratio
to allow protein folding [128]. GSH is a non-protein thiol that can be oxidized and
converted to GSSG [137]. The balance between GSH and GSSG is critical for
maintaining redox homeostasis. The ratio of GSH to GSSG is about 1:1 in the ER lumen
and it is approximately 50:1 in the cytoplasm [137]. Therefore, it has been suggested
that a highly oxidized environment enhances disulfide bond formation, although this
also creates an unfavorable environment for the antioxidant mechanism since the
interaction between GSH and ROS is essential for the maintenance of ER redox
homeostasis [137]. Moreover, this oxidized environment disrupts the activities of ER-
resident proteins and promotes the formation of misfolded proteins, thus contributing to
ER stress [137].

Disulfide bonds are also critical to the process of protein folding. Cysteine
mispairing and improper disulfide bonding can lead to increased protein misfolding
[138]. GSH can react and reduce non-native disulfide bonds, which contributes to the
refolding of misfolded proteins. However, the process of protein refolding is slow
because it requires electron acceptors and is also highly dependent on the redox
reaction [139]. During ER stress, the GSH/GSSG ratio is disturbed, increasing ROS
production and altering the ER redox environment [136].

To alleviate ER stress due to the accumulation of misfolded proteins, molecular
chaperones such as PDI and ER oxidoreductase 1 (ERO1) provide refolding of these
misfolded proteins [108]. PDI is an oxidoreductase protein involved in the oxidative
protein folding process and is responsible for catalyzing the formation of disulfide bonds
[140]. During the oxidative protein folding process, the cysteine residues in the active
site of PDI capture electrons from free thiols in nascent polypeptides to form a disulfide
bond that oxidizes the polypeptide chain substrate and reduces the active sites of the
PDI protein [140]. Moreover, EROL1 plays a crucial role in assisting PDI in the oxidative
folding process. Once PDI accepts the electrons from the polypeptide substrate chain,
these electrons are transferred to the membrane-bound ERO1 [140]. ERO1 recruits
Flavin Adenine Dinucleotide (FAD) to perform a redox reaction on PDI [140]. The redox
reaction transfers the electrons to molecular oxygen molecules and generates
hydrogen peroxide (H2O2) (Figure 12), which is toxic to the cell and can lead to
apoptosis [127, 128, 141].
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@ l(S‘ SH @SS Figure 12. This oxidizing environment of the ER
B e promotes nascent protein folding and disulfide bond
formation. EROL1 is a key mediator of disulfide bond
formation in the ER. Reduced polypeptides are oxidized

{ \

by PDI, which transfers its electrons to ERO1. EROL1 is
reoxidized by oxygen and produces H,0,. Shuttle
cysteines (red region), active-site cysteines (black), and
FAD cofactor (orange) are shown. Thin arrows reflect
electron flow. Adapted from [141].

Furthermore, the redox imbalance disrupts the protein folding pathway through the
production of ROS, leading to the upregulation and accumulation of misfolded proteins
and thus inducing ER stress [142].

In eukaryotes, the ER is responsible not only for secreted and membrane-bound
protein folding, but also for calcium (Ca?") storage [128]. In addition, ER stress can
cause the release of Ca?" from the ER into the cytosol. Mitochondria uptake the
released Ca?*, causing physical and metabolic changes. High Ca?*ion levels enhance
mitochondrial Krebs cycle dehydrogenases and nitric oxide synthase activities, both
leading to an increase in ROS levels. Plus, ROS induces the release of cytochrome ¢
into the cytoplasm, inhibiting the activity of the complex Ill and further inducing ROS in
the form of a ubisemiquinone radical intermediate [127]. In a vicious cycle, ER-induced
mitochondrial ROS may accelerate the release of Ca?* from the ER, further increasing
mitochondrial oxidative stress [127]. Mitochondrial dysfunction also alters ATP
generation required for protein folding and bond formation in the ER, thus aggravating
overall stress sensed by the cell [127].

1.12. Saccharomyces (S.) cerevisiae as a model organism

for research in seipinopathy

The budding yeast S. cerevisiae is the best-studied eukaryotic cell, both at the
genetic and physiological levels. Yeast models are crucial to our current understanding
of various biological processes, such as regulation of gene expression, signaling
pathways, stress responses, and cell death [143]. Most of the general cellular and
molecular mechanisms are conserved between mammalian cells and yeast cells. In
fact, 20-30% of all human genes have orthologs in yeast [143]. Therefore, yeast is an
invaluable model for studying conserved molecular mechanisms underlying aging and

various human diseases. In the particular case of neurodegenerative diseases, yeast
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models have been able to recapitulate several important features of complex and
devastating disorders, such as Huntington's disease and Parkinson's disease [144].

The simple genetic manipulation of S. cerevisiae has established this model in
several research areas. This manipulation is facilitated by the high transformation
efficiency of these cells and by the presence of a very efficient homologous
recombination pathway that makes it relatively easy to insert, delete or mutate any
genomic sequence up to the chromosome level [144]. The complete sequencing of the
yeast genome allowed the creation of the yeast deletion collection by deleting all open
reading frames (ORF). In this collection, each gene is replaced by a drug-resistance
gene, making each deletion selectable [143]. The yeast S. cerevisiae is widely used in
medical, industrial and pharmaceutical research. Compared to other model systems,
yeast has a number of advantages, such as low cost of culture media, short generation
time, and ease of genetic manipulation, as mentioned earlier. Therefore, yeast has
become a reliable model organism to study the relationship between genotype and
phenotype in eukaryotes [143].

Importantly, the human seipin gene (BSCL2) can functionally complement LD
defective phenotypes observed in Fld1p/Ldb16p-disrupted yeast cells, suggesting that
the activities of FId1p and Ldb16p are shared with the mammalian seipin protein [82].
This opened the possibility of using yeast as a model for N88S seipinopathy. The yeast
model for N88S seipinopathy was obtained by deleting the entire open reading frame
of FLD1 and LDB16 (fld1Aldb164), mimicking a complete loss-of-function of seipin.
Subsequently, human WT seipin and human N88S mutant seipin were expressed in
yeast, resulting in yeast-humanized strains that were used to explore the nature of

N88S seipinopathy.

1.13. Aims of this project

Previous work reported that the N88S mutation disrupts the N-glycosylation
motif of seipin, leading to the formation of seipin aggregates in inclusion bodies (IBs)
[89]. Importantly, the nature of these IBs and their contribution to neuronal dysfunction
remain largely unresolved.

The aim of this work was to establish a humanized yeast model of N88S
seipinopathy to study the cell biology, behavior and molecular effects of different
combinations of human WT and N88S mutant seipin. To this end, a Venus-based
bimolecular fluorescence complementation (BiFC) assay was used, in which Venus
fragments, VN and VC, were fused to the C-terminus of WT/N88S seipin. The BiFC
assay allows the study of homo- or heterodimeric protein species by fluorescence

microscopy and enables the analysis of intracellular IB formation. This work aimed to
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investigate the effects of homo- and heteromeric combinations on LD dynamics, the
aggregation landscape (IB formation), stress response, in particular ER stress
response and oxidative stress response (ROS production), on cellular quality control

mechanisms and potentially relevant signaling pathways.
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2. Materials and methods

2.1. Yeast strains and plasmids

The S. cerevisiae strains used in this study resulted from the W303a parental

strain and are described in Table 1.

Table 1. Yeast strains used in this study.

Strain Genotype Source/Reference
MATa ura3Al leu2A3 his3A11 trp1Al ade2Al
W303a EUROSCARF
canlA100
fld1Aldb16A W303a I[db16A::natNT2 fld1A::hphmx4 This study
W303a ldb16A::natNT2 fld1A::hphmx4 pRS306-
fld1Aldb16A EV This study
GPD-MCS-CYC1t pRS413
W303a Idb16A::natNT2 fld1A::hphmx4 pRS306-
WT-VN WT-VC GPDpr-WThBSLC2-VN-CYC1t pRS413-GPDpr- This study
WTseipin-VC-CYC1t
W303a ldb16A::natNT2 fld1A::hphmx4 pRS306-
N88S-VN WT-VC GPDpr-N88ShBSLC2-VN-CYC1t pRS413- This study
GPDpr-WTseipin-VC-CYC1t
W303a Idb16A::natNT2 fld1A::hphmx4 pRS306-
N88S-VN N88S- ,
Ve GPDpr-N88ShBSLC2-VN-CYC1t pRS413- This study
GPDpr-N88Sseipin-VC-CYCL1t
fld1AIdb16A EV ~ W303a Idb16A::natNT2 fld1A::hphmx4 pRS306- )
This study
rho® GPDpr-MCS-CYC1t pRS413 rhao®
W303a Idb16A::natNT2 fld1A::hphmx4 pRS306-
WT-VN WT-VC )
hoo GPDpr-WThBSLC2-VN-CYC1t pRS413-GPDpr- This study
rho
WTseipin-VC-CYC1t rho®
W303a ldb16A::natNT2 fld1A::hphmx4 pRS306-
N88S-VN WT-VC _
ho? GPDpr-N88ShBSLC2-VN-CYC1t pRS413- This study
rho
GPDpr-WTseipin-VC-CYC1t rha°
W303a I[db16A::natNT2 fld1A::hphmx4 pRS306-
N88S-VN N88S- ,
VC rhod GPDpr-N88ShBSLC2-VN-CYC1t pRS413- This study
rho
GPDpr-N88Sseipin-VC-CYC1t rha°
fld1Aldb16A EV ~ W303a Idb16A::natNT2 fld1A::hphmx4 pRS306-
This study

aim14A

GPDpr-MCS-CYC1t pRS413 aim14A::KANMX6
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WT-VN WT-VC
aim14A

N88S-VN WT-VC
aim14A

N88S-VN N88S-
VC aim14A

fld1Aldb16A EV

cnblA

WT-VN WT-VC

cnblA

N88S-VN WT-VC
cnblA

N88S-VN N88S-
VC cnblA

N88S-VN WT-VC
hrd1A

N88S-VN N88S-

VC hrd1A

fld1Aldb16A EV
irelA

WT-VN WT-VC

irelA

N88S-VN WT-VC
irelA

N88S-VN N88S-
VCirelA

W303a Idb16A::natNT2 fld1A::hphmx4 pRS306-
GPDpr-WThBSLC2-VN-CYC1t pRS413-GPDpr-
WTseipin-VC-CYC1t aim14A::KANMX6
W303a Idb16A::natNT2 fld1A::hphmx4 pRS306-
GPDpr-N88ShBSLC2-VN-CYC1t pRS413-
GPDpr-WTseipin-VC-CYC1t aim14A::KANMX6
W303a Idb16A::natNT2 fld1A::hphmx4 pRS306-
GPDpr-N88ShBSLC2-VN-CYC1t pRS413-
GPDpr-N88Sseipin-VC-CYC1t
aiml14A::KANMX6
W303a ldb16A::natNT2 fld1A::hphmx4 pRS306-
GPDpr-MCS-CYC1t pRS413 cnbl1A::KANMX4
W303a ldb16A::natNT2 fld1A::hphmx4 pRS306-
GPDpr-WThBSLC2-VN-CYC1t pRS413-GPDpr-
WTseipin-VC-CYC1t chb1A::KANMX4
W303a ldb16A::natNT2 fld1A::hphmx4 pRS306-
GPDpr-N88ShBSLC2-VN-CYC1t pRS413-
GPDpr-WTseipin-VC-CYCL1t cnb1A::KANMX4
W303a Idb16A::natNT2 fld1A::hphmx4 pRS306-
GPDpr-N88ShBSLC2-VN-CYC1t pRS413-
GPDpr-N88Sseipin-VC-CYC1t cnb1A::KANMX4
W303a Idb16A::natNT2 fld1A::hphmx4 pRS306-
GPDpr-N88ShBSLC2-VN-CYC1t pRS413-
GPDpr-WTseipin-VC-CYCL1t hrd1A::KANMX6
W303a ldb16A::natNT2 fld1A::hphmx4 pRS306-
GPDpr-N88ShBSLC2-VN-CYC1t pRS413-
GPDpr-N88Sseipin-VC-CYCL1t hrd1A::KANMX6
W303a ldb16A::natNT2 fld1A::hphmx4 pRS306-
GPDpr-MCS-CYC1t pRS413 irelA:KANMX4
W303a ldb16A::natNT2 fld1A::hphmx4 pRS306-
GPDpr-WThBSLC2-VN-CYC1t pRS413-GPDptr-
WTseipin-VC-CYCL1t ire1A::KANMX4
W303a I[db16A::natNT2 fld1A::hphmx4 pRS306-
GPDpr-N88ShBSLC2-VN-CYC1t pRS413-
GPDpr-WTseipin-VC-CYCL1t ire1A::KANMX4
W303a I[db16A::natNT2 fld1A::hphmx4 pRS306-
GPDpr-N88ShBSLC2-VN-CYC1t pRS413-
GPDpr-N88Sseipin-VC-CYCL1t irelA::KANMX4

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study
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MCS, multiple cloning site; GPDpr, GPD promoter; CYC1t, CYC1 terminator; VN, Venus N-

terminal fragment; VC, Venus C-terminal fragment.

Plasmids used in this study are listed in Table 2. Plasmids 5903 and 6007 [82]
(Table 2) were cut with BamHI and Sall to remove the coding region of human BSCL2
(hBSCL2). The remaining plasmid VT1 (Table 2) contains both GPD promoter (Sacl-
Xbal) and CYCL1 terminator (Xhol-Kpnl). Amplification of hBSCL2 (WT/N88S) without
the stop codon was performed using plasmids 5903 and 6007 as templates, and
primers hBscl2_Xbal Fw and hBscl2_BamHI_Rv (Table 3). The resulting Xbal-BamHI
fragment was cut and inserted into Xbal and BamHI sites of plasmid VT1, generating
pRS306-GPDpr-WThBSLC2-CYC1t and  pRS306-GPDpr-N88ShBSLC2-CYCL1t
plasmids with hBSCL2 gene without stop codon. Amplification of the C-terminal
fragment of Venus (VC) was performed using pFA6a-VC-HIS3MX6 plasmid (P30556,
EUROSCARF) as template and primers VC_BamHI_Fw and VC_Sall_Rv (Table 3).
For amplification of the N-terminal fragment of Venus (VN), plasmid pFA6a-VN-
kanMX6 (P30559, EUROSCARF) and primers VN_BamHI_Fw and VN_Sall_Rv were
used (Table 3). To generate plasmids pRS306-GPDpr-WThBSLC2-VN-CYCL1t (VT2)
and pRS306-GPDpr-N88ShBSLC2-VN-CYCL1t (VT3), a VN BamHI-Sall fragment was
integrated into BamHI and Sall sites of the previously generated plasmids based on
VT1. Similarly, plasmids pRS306-GPDpr-WThBSLC2-VC-CYC1t (VT4) and pRS306-
GPDpr-N88ShBSLC2-VC-CYCL1t (VT5) were developed by inserting a VC BamHI-Sall
fragment. To obtain plasmids pRS413-GPDpr-WTseipin-VC-CYC1t (VT6) and
pRS413-GPDpr-N88Sseipin-VC-CYC1t (VT7), GPD-WThBSLC2-VC-CYC1t and GPD-
N88ShBSLC2-VC-CYCL1t fragments were amplified using VT4 and VT5 as templates
and primers GPDpr_Sacl Fw and CYCL1T_Sacl_Rv (Table 3). Both fragments were
then cut with Sacl and inserted into the Sacl site of pRS413. The fidelity of the cloning
was confirmed by Sanger sequencing.

For the cloning of GFP-ATGS8 in the pRS315 vector, pRS416-GFP-ATGS
plasmid [145] was digested with Sacl and Sall, and the resulting insert (GFP-ATGS8
under the endogenous ATG8 promoter) was cloned into Sacl and Sall restriction sites
of the pRS315 vector.

For the cloning of UPRE-lacZ in the pRS315 vector, pJT30 (pRS316 harboring
an UPRE-lacZ reporter [146]) was digested with Hindlll, and the resulting insert (UPRE-
lacZ under the endogenous UPRE promoter) was cloned into Hindlll restriction sites of
pRS315 vector.
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For the cloning of CDRE-lacZ in the YEplac181 vector, plasmid pAMS366 [147]
was digested with Psil, and the resulting insert (CDRE-lacZ under the endogenous
CDRE promoter) was cloned into Smal restriction sites of YEplac181 vector.

The digested products were analyzed by electrophoresis and the band
corresponding to the insert was excised and purified following the instruction of the Gel
Band Purification Kit (GE Healthcare, Life Sciences). The reaction mix used in each
ligation reaction contained 1x ligase buffer (Thermo Scientific), 2 mM of rATP (Thermo
Scientific), 2 U of DNA ligase (Thermo Scientific), pDNA and insert for a reaction ratio
of 3:1 (insert: vector). Lastly, E. coli competent cells (lab made from DH5a) were
transformed with the cloning product (as described in section 2.6). The plasmid was
extracted using NZYTech Miniprep Kit and the cloning was confirmed by enzyme
restriction reaction, followed by electrophoresis analysis.

For amplification of plasmid DNA, E. coli cells carrying the plasmid were grown
aerobically at 37 °C in a gyratory shaker at 180 rpm. Cells were grown in lysogeny
broth (LB) medium supplemented with ampicillin [1% (wt/vol) tryptone (LabM), 1%
(wt/vol) NaCl (Merck), 0.5% (wt/vol) yeast extract, 0.1% (vol/vol) ampicillin (Sigma
Aldrich)]. Plasmid was extracted using a commercial Kit (NZY miniprep Kit) following

the kit manufacturer instructions.

Table 2. Plasmids used in this study.

Plasmids Backbone Description Source/
Reference
5903 pRS306 pRS306-GPDpr-WThBSLC2-CYC1t [82]
pRS306-GPDpr-N88ShBSLC2-
6007 pRS306 CYCit [82]
VT1 pRS306 pRS306-GPDpr-MCS-CYCL1t This study
pRS306-GPDpr-WThBSLC2-VN- .
VT2 pRS306 CYCit This study
pRS306-GPDpr-N88ShBSLC2-VN- .
VT3 pRS306 CYCit This study
pRS306-GPDpr-WThBSLC2-VC- .
VT4 pRS306 CYC1t This study
VT5 PRS306 pRS306-GPDpr-N88ShBSLC2-VC- This study

CYC1t
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VT6 pRS413 pRS413-GPDpr-WTseipin-VC-CYC1t This study

VT7 PRS413 pRS413-GPDg\r(—Cl:\lftSSseipin—VC— This study

VN1 pRS315 pRS315-UPRE-LacZ This study

VN2 pRS315 pRS315-GFP-Atg8 This study
AP-1LacZ pRS415 pRS415-AP-1-CYC1-LacZ [148]
Yapl-9Myc pRS315 pRS315-Yapl-9Myc [148]

VN3 YEplac181 YEplacl181-CDRE-lacZ This study
CPY*HA pRS315 pRS315-CPY*HA [149]
Kar2-mCherry pYX242 pYX242-Kar2(1-135)-mCherry-HDEL [150]

Table 3. Primers used for the construction of Venus based plasmids.

Primer Sequence (5'— 3’)

hBscl2_Xbal Fw TAAGCATCTAGAATGGTCAACGACCCTCCAGTACCTGC

TGCTTAGGATCCGGAACTAGAGCAGGTGGGGCGCTGTCGGA
hBscl2_BamHI_Rv

GAG
VC_BamHI_Fw TAAGCAGGATCCAACCACGACAAGCAGAAGAACGGCAT
VC_Sall_Rv TGCTTAGTCGACCTACTTGTACAGCTCGTCCATGCCGAGAG

TAAGCAGGATCCGTGAGCAAGGGCGAGGAGCTGTTCACCGG

VN_BamHI_Fw
G

VN_Sall_Rv TGCTTAGTCGACCTACTCGATGTTGTGGCGGATCTTGAAGT

TAAGCAGAGCTCAGTTTATCATTATCAATACTCGCCATTTCAAA

GPDpr_Sacl_Fw
GAA

TGCTTAGAGCTCGGCCGCAAATTAAAGCCTTCGAGCGTCCCA

CYC1T Sacl Rv
- - AAACCT
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2.2. Culture media and growth conditions

The yeast cells were grown aerobically at 26 °C in a gyratory shaker at 140 rpm
using Erlenmeyer flasks. A 1:5 proportion of growth media to flask volume was used.
The liquid growth media used for yeast grown were: Yeast peptone dextrose (YPD)
[1% (wt/vol) yeast extract (Conda Pronadisa), 2% (wt/vol) bacto peptone (LabM) and
2% (wt/vol) glucose (Fisher Scientific)], yeast peptone glycerol (YPG) [1% (wt/vol) yeast
extract (Conda Pronadisa), 2% (wt/vol) bacto peptone (LabM) and 3% (vol/vol) glycerol
(VWR Chemicals)], and synthetic complete (SC) medium [2% (wt/vol) glucose (Fisher
Scientific) and 0.67% (wt/vol) yeast nitrogen base (YNB) without aa (BD BioSciences),
supplemented with appropriate aa and nucleotides: (0.008% (wt/vol) histidine (Sigma
Aldrich), 0.008% (wt/vol) tryptophan (Sigma Aldrich), 0.04% (wt/vol) leucine (Sigma
Aldrich), 0.008% (wt/vol) uracil (Sigma Aldrich) and 0.008% (wt/vol) adenine (Sigma
Aldrich)]. For solid medium, 1.5% (wt/vol) agar (Conda Pronadisa) was added. For
growth assays on solid medium (SC), the cells were grown in selective SC-glucose to
exponential phase (ODspo=0.5-0.6), diluted to an ODeg=0.1 and fivefold dilutions were

spotted on SC-glucose plates.

2.3. Construction of yeast mutants

Protein tagging and individual gene knockout (KO) (Table 1) were based on the
following polymerase chain reaction (PCR) protocol. Polymerase chain reactions were
performed in 20 pL reaction mixes containing NZYTech Proof polymerase mix and 200
ng of plasmid or 400 ng of DNA extract. PCR was performed in a T100 Thermo Cycler
(Bio-Rad) with a heated lid using the following conditions: Initial denaturation step at
95°C for 3 min, secondary denaturation step at 95 °C for 45s (where PCR cycling
starts), a primer annealing step with a temperature adjusted according to primer melting
point for 45s, an elongation step at 72°C for 1kb of PCR product/min (where PCR
cycling ends) and a final elongation step of 10 min at 72°C. Primers were designed
using Primers-4-Yeast [151] for pFA6 [152] and pYM [153] plasmid sets. Primers used

in this work are described in Table 4.

Table 4. Primers used for the generation of KO mutants and C-terminal tagging.

Primer Sequence (5'— 3’)

TGTAGGAGGAGAAAGCAGGTATATAACTAGCCGCAATATGCGT
ACGCTGCAGGTCGAC
TTCACTTGTTAGTGCATGAGAAGAAGTAATTGCAATATCAAATG
GCGAGTATTGATAAT

LDB16 KO NAT Fw

LDB16 KO NAT Rv
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AAGGTTTCAAGAAAATAAGATAAAGTGAATAGGAAGGATGATCT
GTTTAGCTTGCCTTGTCC
TAGGTTTTAAAATTATATAGCGAGAAGTACAATTCTATCAGAATT
CGAGCTCGTTTTCGAC
GCCAGAAACTTCTAATTTGGTAAGCCTTCCAATAAATATGCGGA
TCCCCGGGTTAATTAA
ATATTGCGTAAGACATTATTATTCTTTTCTTTTCCCCTCAGAATTC
GAGCTCGTTTAAAC

FLD1 KO HYGB Fw

FLD1 KO HYGB Rv

AIM14 KO pFA6 Fw

AIM14 KO pFA6 Rv

Amplif_CNB1_Fw  CAATGGTGATCAGAATCCATAGAAGCATTTTTATTTCTTAAAATG

Amplif_CNB1_Rv  AAAATATTGGCATACCATAAATGAATGAAGTGTCCCCTAGTCTTA

AATTTGTAAGAGAAGGGGAGAAAGACAAAATAATAATATGCGGA
HRD1 KO pFA6 Fw

TCCCCGGGTTAATTAA
CTTTAAAAAAAACTATGTATAATATAAAACATGCAATCTAGAATTC
HRD1 KO pFA6 Rv
GAGCTCGTTTAAAC
GCATATCTGAGGAATTAATATTTTAGCACTTTGAAAAATGCGGAT
IRE1 KO pFAG Fw
CCCCGGGTTAATTAA
ATAATCAACCAAGAAGAAGCAGAGGGGCATGAACATGTTAGAAT
IRE1 KO pFA6 Rv
TCGAGCTCGTTTAAAC
CGATAATGAGGACAGTATGGAAATTGATGATGACCTAGATGACG
HSP104 Ctag Fw
GTGCTGGTTTAATTAAC
CTTGTTCGAAAGTTTTTAAAAATCACACTATATTAAAGAATTCGA
HSP104 Ctag Rv
GCTCGTTTAAAC

All PCR reaction products were analyzed by nucleic acid electrophoresis at 125V, using
1% (w/v) agarose gels with GreenSafe premium 0.04 yL/mL (NZYtech) and TAE buffer
(40 mM Tris, 20 mM acetic acid, 1 mM EDTA). DNA bands were visualized through UV
fluorescence and extracted from the gel using the NZYgelpure kit (Nzytech) according
to the manufacturer’s instructions. DNA quantification was done using Nanodrop 1000
(Thermofisher).

The parental strain used in this work was W303a ldbl6A::natNT2
fld1A::hphMX4, thus generating a seipin null background (fld1Aldb16A). For LDB16 and
FLD1 deletion, natNT2 cassette was amplified with flanking regions of LDB16 from
plasmid pYM-N16, and hphMX4 cassette was amplified with flanking regions of FLD1
from plasmid pFA6a-6xGLY-3XxFLAG-hphMX4. Strains fld1Aldb16A EV, WT-VN WT-
VC, N88S-VN WT-VC and N88S-VN N88S-VC were generated by transformation (as

described in section 2.5) using the following plasmids (please refer to Tables 2 and 5):
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Table 5. Venus-based plasmids used for the construction of the main strains of this study (based on table 2).

Strain Plasmid URA3 (cut with Stul) Plasmid HIS3
fld1Aldb16A EV VT1 pRS413
WT-VN WT-VC VT2 VT6
N88S-VN WT-VC VT3 VT6

N88S-VN N88S-VC VT3 VT7

2.4. Genomic DNA extraction

Yeast cells (10 mL of YPD medium) were grown overnight at 26 °C to stationary
phase. The cells were harvested by centrifugation at 4000 rpm for 5 min, resuspended
in 1 mL of deionized H,O and transferred to a microtube. Following centrifugation at
14000 rpm for 1 min, the pellet was resuspended in 100 uL of lysis solution (2% (v/v)
Triton X- 100, 1% (wt/vol) SDS, 100 mM NacCl, 10 mM Tris.HCI pH 8.0, 1 mM EDTA
and 100 pL of phenol: chloroform: isoamyl alcohol (50:48:2). Cells lysis was achieved
by the addition of glass beads and vigorous vortexing for 5 min. After centrifugation
(5000 rpm for 5 min), the aqueous phase was transferred to a new tube containing 100
ML of chloroform and 100 uL of 1x TE (10 mM Tris, 1mM EDTA pH 8.0). The mixture
was homogenized by vortexing 5 min and centrifuged at 13400 rpm for 5 min. The
agueous phase was transferred to a new microtube and gently mixed with 1 mL of
100% ethanol (-20 °C). The solution was placed at -20 °C for 30 min and centrifuged at
13400 rpm for 5 min. The pellet was resuspended in 100 uL 1x TE and incubated with
1 uL RNase A (20 mg/ml) for 5 min at 37 °C. Next, 10 yL of 4 M ammonia acetate and
1 mL of 100% ethanol (-20 °C) were added and mixed. The mixture was placed at -20
°C for 10 min and then centrifuged at 13400 rpm for 5 min. Finally, the DNA pellet was
resuspended in 50 uL of sterile water. Genomic DNA was quantified using a Nanodrop

spectrophotometer (ND-1000, Thermo Scientific).

2.5. Yeast transformation

Yeast cells were transformed using a modified version of the lithium acetate
(LA)/ single-stranded carrier DNA/ Polyethylene glycol (PEG) method [154]. Cells were
grown overnight in YPD medium or SC selection medium to an ODgoo= 0.3-0.4 and then
harvested by centrifugation, washed and resuspended in 700 yL of a mix of 1.0 M
lithium acetate (Sigma Aldrich), 10X Tris-EDTA (TE) pH 7.4 and water. After the
washing step, 120 pL of cells were incubated with the transformation mix, containing
700 uL 40% (w/v) polyethylene glycol 3350 (PEG 3350) (Sigma Aldrich), 20 uL single-
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stranded carrier DNA (ssDNA) (5 mg/mL) and the appropriate amount of DNA. The
mixture was vortexed, incubated at 26°C for 30 min and then switched to 42°C for
another 30 min. Then, YPD medium was added, and the mixture was incubated for 3
hours at 26°C. Finally, cells were harvested by centrifugation, resuspended in selective
media and spread in selective media plates.

In the case of plasmids, the protocol was simplified: 3 yL of plasmid and 3 yL of
salmon sperm DNA (ssDNA) were added to 100 yL of transformation mix, containing
80 uL 50% (wt/vol) PEG 3350 (Sigma Aldrich), 10 uL of 1.0 LA (Sigma Aldrich) and 10
pL 10X TE pH 7.4. A small portion of culture from the plate was added to the mixture
and was incubated for 4 hours at 26°C.

2.6. E. coli transformation

For the transformation of E. coli cells, competent cells were chemically made by
calcium soaking protocol and then were slowly thawed on ice. 50 uL of the chemically
competent cells were mixed with 2 yL of plasmid DNA and incubated on ice for 30 min.
Next, the mixture was incubated at 42 °C for 1 min and 30 sec, for heat shock
transformation, and then placed back on ice for 2 min. Following heat shock,
transformed cells were cultured with 900 uL ampicillin-free LB and were incubated at
37°C for 1 hour for recovery. After the recovery period, cells were plated in LB agar

plate with ampicillin and were grown overnight at 37 °C.

2.7. ROS and neutral lipid (NL) levels

To assess ROS and NL levels, cells at logarithmic and stationary phase were
incubated with 5 pg/mL dihydroethidium (DHE) and 5 pg/mL of Nile Red, respectively,
for 10 min at room temperature in the dark. Then, cells were centrifuged, washed and
resuspended in PBS 1x. Flow cytometry analysis was performed with Aex= 488 nm
excitation and FL3 (670 LP) filter and FL1 (533/30) (BD Accuri C6 Flow cytometer) for
50000 events, respectively. Data were evaluated with FlowJow software (v. 10.6.1).

2.8. Generation of rho® cells

Cells carrying their mitochondrial DNA (RHO+) were grown to saturation in SC-
glucose medium lacking histidine plus 25 pg/mL ethidium bromide (EtBr; Sigma).
Cultures of EtBr-treated were grown for approximately 24h at 26°C. Then 25 pL of the
cell culture were harvested by centrifugation and resuspended in fresh medium
containing 25 pg/mL EtBr and allowed to grow for an additional 24 h time period. Cells

were plated on SC-glucose lacking histidine plates for individual colonies, and rho®
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clones were checked for growth defects on a nonfermentable carbon source (SC

medium lacking histidine and supplemented with 3% glycerol).

2.9. Growth in glycerol plates

In order to assess mitochondrial function, yeast cells were grown overnight in
SC-glucose to exponential phase (ODego=0.6). Cultures were then diluted to an
ODe00=0.1 and fivefold serial dilutions were plated on SC-glucose and SC-glycerol (3%)
medium containing 1.5 % agar (w/v). Cells were incubated for 3-5 days at 26°C.

2.10. Lipid peroxidation assay

For lipid peroxidation analysis, cells were grown in SC-glucose lacking histidine
to stationary phase. Yeast extracts were prepared in 20 mM sodium phosphate buffer
(pH 7.2), by vigorous shaking of the cell suspension, in the presence of glass beads,
for 5 min. Trichloroacetic acid (10% w/v) was added and two more pulses of 1 min were
performed. Total protein levels were quantified by the Lowry method using a bovine
serum albumin standard curve. Lipid peroxidation was assayed in 600 pL of 1% (w/v)
thiobarbituric acid, 0.05 M NaOH, 0.025% (w/v) butylated hydroxytoluene, 100 uL of
0.1 MEDTA, and 100 pL of total protein extract. Malondialdehyde (MDA) concentration
was determined spectrophotometrically at 532 nm and expressed as nanomoles of
MDA. (mg of protein)™*[155].

2.11. B-Galactosidase activity assay

Cells harboring pRS315-UPRE-LacZ, pRS415-AP-1-CYC1-LacZ and
YEplacl181-CDRE-lacZ plasmids were grown in SC-glucose lacking histidine and
leucine until logarithmic phase and post-diauxic shift (PDS) phase. Cells were
harvested by centrifugation, resuspended in breaking buffer (100 mM Tris, 1 mM DTT,
10 % (v/v) glycerol) and protease inhibitors (Complete mini EDTA-free Protease
cocktail inhibitor tables) and mechanically lysed with zirconium beads for 5 min. Debris
were pelleted at 120444 for 15 min at 4 °C and the supernatant was collected for protein
guantification. Total protein levels were quantified by the Lowry method using a bovine
serum albumin standard curve. Volumes corresponding to 20-80 pg of total extract
protein were diluted up to 800 pL with B-galactosidase buffer (60 mM NaHPO,, 40 mM
NaH>PO., 10 mM KCI, 1 mM MgSO., 50 mM B-mercaptoethanol). Then, samples were
incubated at 30 °C for 5 min and 200 pL of o-nitrophenylgalactopyranosyde (ONPG)
were added to initiate the reaction, followed by short vortexing of the solutions. When

color became yellow, the reaction was stopped by addition of 400 yL of 1M Na,COs.



FCUP/ICBAS
Aggregation and toxicity of seipin/BSCL2 N88S mutant associated with motor neuron degeneration

Ortho-nitrophenol absorbance was measured at 420 nm and B-galactosidase activity

was calculated according to the following equation:

Abs420nm x1.40
0.0045 xprotein(mg)xt(min)

B — Galactosidase activity = nmol.min"‘mg

2.12. Enzymatic activities

For the analysis of antioxidant defenses, yeast cells were grown to PDS phase
and harvested by centrifugation for 5 min at 4000 rpm (4 °C). Cells were resuspended
in 50 mM sodium potassium phosphate buffer (pH 7.0) containing protease inhibitors
(Complete, EDTA-free Protease Inhibitor Cocktail, Roche). The protein extracts were
obtained by mechanical disruption of the cells by vortexing in the presence of glass
beads for 5 min. Cell debris was removed by centrifugation at 14000 rpm for 15 min at
4 °C and protein concentration was determined by the method of Lowry, using bovine
serum albumin as a standard. The activity of superoxide dismutase (SOD) was
analyzed in situ after separation of the proteins (90 pg) by native PAGE at 4 °C, using
10% polyacrylamide gels. Native gels were incubated with 25 mM 4-
nitrobluetetrazolium chloride (NBT) (Sigma Aldrich) for 20 min and then with the
staining solution [28 mM N, N, N’, N’-Tetramethylethylenediamine (TEMED)
(NZYTech), 86 uM riboflavin and 36 mM potassium phosphate buffer pH 7.8] for 15
min. Then, the gel was exposed to a 60 W lamp until the appearance of achromatic
bands that are proportional to enzyme activity [156]. Gel imaging was performed using
a GS800 densitometer (Bio-Rad).

For catalase activity, we employed a spectrophotometric assay as previously
described [157]. This method permits to evaluate catalase activity by following the
degradation of H,O- by cell lysates. Briefly, cells were grown to PDS phase in YPD
medium supplemented with adenine at 26 °C. Next, cells were harvested by
centrifugation, resuspended in 50 mM of phosphate buffer pH 7.0 and protease
inhibitors (Complete mini EDTA-free Protease cocktail inhibitor tables) and
mechanically lysed with zirconium beads for 5 min. Debris were pelleted at 12044xg for
15 min at 4 °C and the supernatant was collected for protein quantification. Total protein
levels were quantified by the Lowry method using a bovine serum albumin standard
curve. Catalase activity was measured using 40 yL of the cell extract, before measuring
Lowry protein concentration. Then normalization to concentration was made to
calculate the mass. Proteins were incubated with 30 mM of H.O in 50 mM of phosphate

buffer pH 7.0 for 1 min. Catalase activity was expressed as units of catalase per
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milligram of proteins (U/mg), being one unit the amount of enzyme required for
degradation of 1 pymol of H2O2 /min. Absorbance at 240 nm was measured against a

blank and catalase activity was calculated according to the following equation:

AAbs240nm/min X 1000
43.6 X protein(mg)

Specific activity (mU/mg) =

Lastly, reduced glutathione (GSH) levels were measured using the GSH/GSSG
Ratio Detection Assay Kit (Fluorometric - Green) (ab138881, Abcam). For this purpose,
cells were grown to PDS phase in YPD medium supplemented with adenine at 26 °C.
Next, cells were harvested by centrifugation, resuspended in 100 mM of phosphate
buffer 2 mM EDTA pH 7.4 and mechanically lysed with zirconium beads for 5 min.
Debris were pelleted at 12044xg for 15 min at 4 °C and the supernatant was collected.
20 pL of TCA 100% was added to 100 uL of supernatant and the mixture was gently
mixed and incubated in ice for 10 min. Then, the samples were centrifuged at 13400
rpm for 5 min at 4 °C and the supernatant was collected and neutralized to pH 4-6 with
2 M KOH. The samples were centrifuged at 13400 rpm for 5 min at 4 °C and processed

according to the manufacturer’s instructions.

2.13. Western blotting analysis

For analysis of autophagy flux, fld1Aldb16A EV, WT-VN/WT-VC, N88S-VN/WT-
VC and N88S-VN/N88S-VC strains expressing GFP-Atg8p were grown in SC-glucose
medium lacking histidine and leucine at 26 °C. The cells were harvested at PDS and
stationary phase by centrifugation for 4 min at 4000 rpm (4 °C). Cells were resuspended
in 50 mM sodium potassium phosphate buffer (pH 7.4) containing protease inhibitors.
The protein extracts were obtained by mechanical disruption of the cells as described
above. The samples were centrifuged at 14000 rpm for 15 min at 4 °C, the pellet was
discarded, and the total protein content in the supernatant was determined by the
method of Lowry, using bovine serum albumin as standard. Protein samples (25/30 ug)
were prepared in 3x Laemmli sample buffer (6% SDS; 30% glycerol; 10% 2-
mercaptoethanol, 0.3% bromophenol blue and 0.5 M Tris HCI, pH 6.8) and heated at
95 °C for 7 min. Proteins were separated by SDS-PAGE, using 10% polyacrylamide
gels, and transferred to nitrocellulose membranes (Hybond-ECL GE Healthcare) in a
semi-dry system at 45 mA/cm? for 1 hour. Protein transfer to the nitrocellulose
membrane was confirmed by Pounceau S staining (0.5% (wt/vol) Pounceau S, 5%
(vol/val) acetic acid). Membranes were blocked with 5% (wt/vol) nonfat dry milk in TTBS
(20 mM Tris, 140 mM NaCl, 0.05% (vol/vol) Tween-20 pH 7.6) for 1 hour. Next,
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membranes were incubated with primary antibodies: mouse anti-GFP antibody
(1:3000, Roche Diagnostics) or mouse anti-PGK1 (1:30000, Molecular Probes). After
washing with TTBS, membranes were incubated with the secondary antibody, anti-
mouse IgG-peroxidase (1:5000, Molecular Probes). Immunodetection was performed
by chemiluminescence using WesternBright ECL reagent (Advansta) and exposing the
membranes to LucentBlue X-ray films (Advansta). For stripping, membranes were
washed in TTBS and incubated with stripping buffer (62.5 mM Tris-HCI pH 6.8, 2%
(wt/vol) SDS, 10 mM 2-mercaptoethanol) for 30 min at 50 °C. Membranes where
washed several times for complete removal of 3-mercaptoethanol.

To evaluate protein degradation by ERAD, cells harboring pRS315-CPY*HA
were grown in SC-glucose medium lacking histidine and leucine to early exponential
phase. Yeast cells were treated with 200 pug/mL cycloheximide (CHX). One ODego unit
of cells were collected at 0, 15, 30 and 60 min and cells were harvested by
centrifugation at 13 4000 rpm for 3 min and washed once with water. Proteins were
extracted by alkaline lysis. Briefly, cells were resuspended in 150 mM NaOH, vortexed,
incubated on ice for 10 min and centrifuged at 13400 rpm for 2 min. Then, 50 uL of 3x
Laemmli sample buffer (6% SDS; 30% glycerol; 10% 2-mercaptoethanol, 0.3%
bromophenol blue and 0.5 M Tris HCI, pH 6.8) was added to the pellet and the mixture
was heated at 95 °C for 7 min. Proteins were separated by SDS-PAGE, using 10%
polyacrylamide gels, and transferred to nitrocellulose membranes (Hybond-ECL GE
Healthcare) in a semi-dry system at 45 mA/cm? for 1 hour. Protein transfer to the
nitrocellulose membrane was confirmed by Pounceau S staining. Membranes were
blocked with 5% (w/v) nonfat dry milk in TTBS for 1 hour. Next, membranes were
incubated with primary antibodies: rabbit anti-HA antibody Y-11 (1:5000, sc-805 Santa
Cruz Biotechnology) or mouse anti-PGK1 (1:10000, Molecular Probes). After washing
with TTBS, membranes were incubated with the secondary antibody, anti-rabbit 1gG-
peroxidase (1:5000, Molecular Probes) and anti-mouse IgG-peroxidase (1:10000,
Molecular Probes). Immunodetection was performed by chemiluminescence using
WesternBright ECL reagent (Advansta) and exposing the membranes to LucentBlue X-

ray films (Advansta).

2.14. Fluorescence microscopy

To examine the intracellular localization of IBs using the Venus signal upon
reconstitution of the VN and VC fragments, cells were grown to exponential or
stationary phase in SC-glucose lacking histidine. To determine whether these IBs
colocalize with Kar2p and Hspl104p protein, cells harboring the plasmid pYX242-Kar2-

mCherry-HDEL were grown to exponential phase in SC-glucose lacking histidine and
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leucine, and cells expressing HSP104 C-terminally tagged with mCherry were grown
to exponential phase in SC-glucose lacking histidine. Cells were washed with PBS and
immobilized in agarose beds before observation by fluorescence microscopy (Zeiss
Axio Imager Z1 Apotome or Leica TCS SP8). Z-stacks were acquired for DIC, mCherry
and Venus channels. The output final images and colocalization analysis were

performed using ImageJ 1.51k software.

2.15. Statistical analysis

Data were analyzed in GraphPad Prism Software v9.0 (GraphPad Software).
Values were compared by Student’s t-test and are expressed as mean values + SD of
at least three independent experiments. The 0.05 probability level was chosen as the

point of statistical significance throughout.
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3. Results

3.1. Characterization of Venus-based constructs

To assess the formation of WT and mutant seipin homomers and heteromers,
we used the BiFC assay [158]. In this assay, fluorescence requires interaction between
two proteins, each of which is fused to non-fluorescent, truncated fragments of the
Venus fluorescent protein. The BIiFC assay thus allows the study of homo- or
heterodimeric protein species, which may then assemble into higher order oligomers
(homomers or heteromers) [158].

We generated several combinatorial strains on a yeast seipin-depleted
fld1Aldb16A background that differentially express the human WT/N88S forms of
seipin, either fused to the 3’ region of the N-terminus (VN) or to the C-terminus (VC) of
the Venus protein (Figure 13). We obtained the following combinatorial strains: N88S-
VN/WT-VC; WT-VN/WT-VC; NB88S-VN/N88S-VC and fld1Aldb16A EV strain
expressing the corresponding empty vectors (EV; Table 1).
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Figure 13. Potential combinations and outputs of human seipin-associated Venus-based constructions
Schematic representation of the BiFC assay. In the case of heterodimers, WT hSeipin was fused to N-terminal of VC
fragment of Venus fluorescent protein (WT seipin-VC) and N88S mutant seipin was tagged to C-terminal of VN fragment
(VN-mutant seipin). To obtain WT hSeipin homodimers, cells contained VN-WT seipin instead of VN-mutant seipin. To
obtain mutant seipin homodimers, cells contained mutant seipin-VC instead of WT seipin-VC.
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To characterize the Venus-based constructs, we first performed LD-staining
using the Nile Red dye and confirmed that the supersized LD phenotype of seipin-null
cells (Figure 14A, marked with arrows) was suppressed into multiple, clustered LDs
upon heterologous expression of human WT and N88S (Figure 14A). Venus (YGFP)

protein fluorescence was then monitored by fluorescence microscopy to examine IB

formation.
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Figure 14. Characterization of Venus-based constructs. Cells were grown in SC-glucose lacking histidine to
exponential phase. (A) Cells with the indicated genotypes were stainded for LD dye Nile Red. The supersized LD
phenotype (markes with arrows) observed in seipin-null cells expressing empty vectors (EV) is supressed to multiple,
clustered LDs observed upon expression of WT and gain-of-function N88S mutant seipin. WThBSCL2-VN/WThBSCL2-
VC, N88ShBSCL2-VN/WThBSCL2-VC and N88ShBSCL2-VN/N88ShBSCL2-VC are therein named as WT-VN WT-VC,
N88S-VN WT-VC and N88S-VN N88S-VC strains. Bar scale, 20 ym. (B) Formation of IBs was monitored by fluorescence
microscopy using the YFP//Venus channel (left panel) and quantification of the number of IB puncta is defined as
percentage of IB foci (n>100 cells; right panel). The number of IB was classified in 3 different groups: black, blue, yellow
and grey bars represent the percentage of cells without any inclusion, with 1 inclusion, 2 inclusions and cells with at least
3inclusions, respectively. Data were combined from at least 3 independent experiments. Bar scale, 20 ym. (C) Formation
of IBs was monitored by flow cytometry using the FL1 channel and quantification of the Venus fluorescence intensity,
normalized to cell number, was determined. Auto-fluorescence (AF) is expressed as the background signal defined by
the fld1Aldb16A expressing EV. **p<0.01; ****p<0.0001.
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As shown in Figure 14B, we observed the formation of IBs as previously reported for
mammalian cells [95], and we showed that these IBs can be composed of mutant
homomers or WT-mutant heteromers, demonstrating that WT seipin can also interact
with N88S seipin to generate these inclusions. Importantly, their formation was not
observed in cells expressing only WT seipin (Figure 14B). The fact that WT protein
homomers do not accumulate in unstressed cells, although they are constantly
produced, is due in part to the existence of the cellular quality control machinery that
suppresses the accumulation of excess or less stable protein [159]. Steric hindrance of
the fusion protein affecting seipin homomerization could also explain this feature.
However, we discard this possibility as WT homomers can abolish the LD supersized
phenotype, and therefore form stable and functional seipin complexes (Figure 14A) that
restores neutral lipid content (data not shown) of the fld1Aldb16A strain. We also
observed that approximately 30-40% of cells expressing the mutant N88S form of
seipin displayed inclusions. The number of inclusions per cell was comparable for both
strains expressing the mutant seipin (Figure 14B, right panel). In view of these results,
we performed guantitative analysis for IBs using a flow cytometry based assay, which
allows guantification of Venus fluorescence intensity (Figure 14C). The results show
that the formation of IBs can be followed with this approach, as the quantification of
Venus fluorescence perfectly matches the fluorescence microscopy results, showing a
signal significantly above the background signal (defined by the fld1Aldb16A EV strain)
in the N88S-VN WT-VC and N88S-VN N88S-VC strains, in which the formation of IB
was detected. Importantly, the Venus fluorescence intensity for WT-VN WT-VC cells
was essentially the same as in seipin-null cells (fld1Aldb16A EV), which is consistent
with our microscopy results, as we did not observe IB formation in cells expressing only
WT seipin (Figure 14B). Taken together, these results indicate that the N88S mutation
is responsible for the formation of IBs, which can be composed of seipin N88S

homomeric and heteromeric species (with WT seipin).

3.2. UPR is activated in cells expressing the NB88S

mutation

Previous studies have shown that mutations associated with seipinopathy lead
to accumulation of unfolded seipin in the ER lumen, suggesting that seipinopathies are
closely associated with ER stress [76, 89]. When the capacity of the ER to fold proteins
properly is compromised or overwhelmed, the UPR pathway is activated in order to

restore ER homeostasis.
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Since seipinopathy is an age-related disease, we assessed the activation of
the ER stress response during growth from exponential to post-diauxic shift (PDS)
phase. For this purpose, fld1Aldb16A EV, WT-VN WT-VC, N88S-VN WT-VC and
N88S-VN N88S-VC strains were transformed with an UPRE-lacZ gene reporter (based
on pJT30) and B-galactosidase (B-Gal) activity was measured (Figure 15). At the
exponential phase, expression of the mutant N88S form of seipin (in N88S-VN WT-VC
and N88S-VN N88S-VC cells) increased B-Gal activity when compared to WT-VN WT-
VC cells (Figure 15), indicating that the UPR was activated in these cells. Importantly,
in all tested strains, B-Gal activity increased during growth to PDS phase when
respiratory metabolism is stimulated after glucose exhaustion (Figure 15). Importantly,
aged cells expressing N88S-N88S homomers displayed an almost 2-fold increase
compared to cells expressing only WT seipin at PDS phase (Figure 15). In addition,
N88S-VN WT-VC cells also experienced higher ER stress during aging, although not
as markedly as observed for cells carrying N88S homomeric species (Figure 15).
Overall, these results suggest that the formation of N88S-N88S homomers is
associated with higher ER stress during aging, which essentially recapitulates the
observations made in mammalian cells expressing the N88S mutation [101].
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Figure 15. Seipin N88S mutation promotes ER stress. Cells with the indicated genotypes harboring pRS315-UPRE-
LacZ reporter were grown in SC-glucose lacking histidine and leucine to exponential phase and to post-diauxic shift
(PDS) phase. B-galactosidase activity was determined. Values are represented as a mean + SD of at least three
independent experiments. *p<0.05. **p<0.01.
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3.3. N88S seipinopathy is not associated with impairment
of ERAD

A failure in the polypeptide chain to adopt its native conformation may lead to
activation of protein degradation pathways, including the ERAD mechanism [160]. In
this process, a misfolded protein is retro-translocated across the ER membrane into
the cytosol, where it is ubiquitylated and targeted for degradation by the 26S
proteasome. Thus, a defect in proteasome degradation could explain IB accumulation
in cells expressing the N88S mutation (Figure 14B). To test if ERAD is compromised in
these cells, we challenged cells with a well-characterized misfolded version of
carboxypeptidase Y called CPY* that is degraded by ERAD [149]. For this, cells
carrying pRS315-CPY*HA were treated with cycloheximide (CHX) to monitor CPY*HA
stability over time.
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Figure 16. Analysis of ERAD (CPY* stability) upon seipin WT and N88S mutation. Cells with the indicated genotypes
harboring pRS315-CPY*HA were grown in SC-glucose lacking histidine and leucine to exponential phase. Subsequently,
cells were treated with 200 pg/mL cycloheximide (CHX) for 0, 15, 30 and 60 min. Cells were lysed, and protein extracts
were separated by SDS-PAGE and analyzed by immunoblotting, using anti-HA and anti-Pgkl (loading control)
antibodies.

Our preliminary results indicate that after the CHX pulse, a fraction of CPY* was slightly
degraded after 60 minutes in WT-VN WT-VC cells (Figure 16). In contrast, in cells

expressing N88S mutant seipin, CPY*HA was processed at a faster kinetics over time
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than WT-VN WT-VC cells. This indicates that ERAD was fully efficient in cells
expressing the N88S mutant seipin. Importantly, loss of HRD1 in cells expressing
mutant homomers significantly stabilized CPY*HA protein over time (Figure 16) as
expected, since Hrdlp is the E3 ligase involved in the degradation of ERAD-L
substrates, which includes CPY*HA [161]. Overall, these results indicate that UPR and

ERAD are fully functional and become activated in response to N88S mutant seipin.

3.4. 1B formation landscape

Accumulation of misfolded proteins in the ER activates the UPR stress signaling
pathway. To enhance secretory protein folding and promote adaptation to stress, the
UPR stimulates the expression and activity of ER chaperone proteins [162]. Molecular
chaperones and heat shock proteins are specialized in controlling the quality of the
proteins in the cell, in particular by supporting proper folding, dissolution and clearance
of already formed protein aggregates [163].

KAR2 encodes an essential protein that is a member of the HSP70 family of
molecular chaperones [164]. During ERAD, a misfolded substrate is firstly recognized
by several proteins members of the Hrd1p complex, including Yos9p (luminal lectin),
Derlp (transmembrane protein), Kar2p or directly by Hrdlp. Non-glycosylated
misfolded substrates may be recognized by Kar2p. Both Yos9p and Kar2p bind to the
luminal domain of Hrd3p, while unfolded and extended polypeptide segments may be
recognized by the luminal domain of Hrd3p [164, 165]. Unlike most chaperones that
prevent proteins from aggregating, Hspl104p, a general protein disaggregase of the
HSP100 gene family, operates coordinately with the chaperone Hsp70p (Ssalp) and
co-chaperone Hsp40 Ydjlp to disassemble protein aggregates that accumulate under
stress conditions [163].

To gain more insight into the process of IB formation, we generated N88S-VN
WT-VC and N88S-VN N88S-VC cells either expressing endogenous Hspl04p C-
terminally tagged with mCherry or carrying pYX242-Kar2(1-135)-mCherry-HDEL and
monitored the localization of intracellular inclusions (Venus) and chaperones (mCherry)
by fluorescence microscopy. We observed that Kar2p formed ER-localized foci that
colocalize with N88S mutant heteromers and mutant homomers, with at least on foci
per cell in all cells (Figure 17A). Additionally, Hsp104-mCherry also colocalized or could

be found in close proximity with N88S-containing inclusions (Figure 17B). Indeed,
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approximately 80% of cells expressing N88S homomers or heteromers showed

colocalization with at least one Hsp104-mCherry foci (Figure 18).

A

N88S-VN WT-VC

N88S-VN N88S-VC

YFP (inclusions) Kar2-mCherry-HDEL Merge
B
o
N88S-VN WT-VC
20 ym

N88S-VN N88S-VC

YFP (inclusions) Hsp104-mCherry Merge

Figure 17. N88S mutation induces changes in ER morphology associated with Hsp104 disaggregase. (A) Cells
with the indicated genotypes expressing pY X242-Kar2(1-135)-mCherry-HDEL were grown to exponential phase in SC-
glucose lacking histidine and observed by fluorescence microscopy. Z-stacks were taken for DIC, mCherry and Venus
channels. The overlay of YFP (green) and mCherry (red) signals is also shown (merge). Bar scale, 12 um. (B) Cells
endogenously expressing Hsp104p C-terminally tagged with mCherry were grown to exponential phase in SC-glucose
lacking histidine and observed by fluorescence microscopy. Z-stacks were taken for DIC, mCherry and Venus channels.
The overlay of GFP and mCherry is also shown (merge). Bar scale, 20 ym.
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Figure 18. Hsp104p colocalizes with seipin aggregates. Colocalization of Hsp104-mCherry and Venus protein was
monitored by fluorescence microscopy using the mCherry and YFP/Venus channels. Yellow and grey bars represent
the percentage of cells with at least one Hsp104-mCherry foci that colocalizes and do not colocalize with YFP protein,
respectively (n>100 cells). Data were combined from at least 3 independent experiments.

These findings suggest that the N88S homomers and heteromers are recognized and
associate with Kar2p and Hspl04p disaggregase. We conceive that Kar2p, as a
member of the Hrd1p complex, may be involved in the degradation of mutant seipin by
ERAD. Hsp104p presumably colocalizes with IBs composed of N88S mutant protein to

rescue misfolded proteins from an aggregated state.

3.5. Autophagy is induced in cells expressing mutant
N88S-N88S homomers

Autophagy is one of the major systems for cytoplasmic protein degradation and
an overactivation of autophagic response can lead to progressive neurodegeneration
[102]. Previous studies in transgenic mice reported N88S overexpression to increase
autophagy, which might be a compensatory response to accelerate the removal of
mutant seipin aggregates and to protect cells from apoptosis, and thus delaying the
progression of motor phenotypes [102]. To test if autophagy is similarly induced, we
used the GFP-Atg8p processing assay as a reporter assay for autophagy activation
[166].

Atg8p is an ubiquitin like protein, homolog of mammalian LC3-Il, involved in the
formation of autophagosomes [167]. When autophagy is induced, GFP-Atg8p is
delivered to the vacuole within the inner vesicle of the autophagic body. Atg8p is
degraded upon lysis of the autophagic body, but the GFP moiety is relatively resistant
to the vacuolar degradation. Hence, monitoring free GFP processed from GFP-Atg8p

reflects the level of autophagy [166]. GFP-Atg8p and free GFP can be easily detected
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by Western blotting using a GFP-specific antibody (Figure 19). For this purpose, cells
were grown to PDS phase, a condition known to promote the induction of autophagy
under nutrient scarcity [168]. We showed that GFP-Atg8p was processed in aged cells
carrying pRS315-GFP-ATG8 (Figure 19). This result essentially recapitulates the
findings reported for mammalian cells [102]. Therefore, accumulation of IBs by the
N88S mutation is not related to defects in autophagy. Rather, the N88S mutation leads
to misfolding of seipin in the ER, resulting in ER stress and activation of the autophagy
system, possible as a homeostatic mechanism to accelerate the degradation of mutant
seipin species, in concert with the UPR and ERAD, and prevent IB accumulation and
their potential toxic effects.

GFP-Atg8 —»

GFP —»

Figure 19. Autophagy is induced in the N88S-VN N88S-VC strain. Cells with the indicated genotypes carrying
pRS315-GFP-ATG8 were grown in SC-glucose lacking histidine and leucine to PDS phase. Protein extracts were
analyzed by western blot using anti-GFP as primary antibody. Pgklp was used as a loading control. A representative
experiment of three is shown.

3.6. ROS levels and lipid peroxidation are increased in

cells expressing N8SS-N88S homomers

Neurodegenerative disorders are commonly associated with cellular stress due
to protein misfolding, aggregation and redox imbalance [134].

Studies have also indicated that ER stress events are correlated with ROS
production within cells [127, 169, 170]. Changes in the protein-folding environment can
cause accumulation of misfolded proteins in the ER that profoundly affect redox
homeostasis and apoptosis. Several studies revealed that redox dyshomeostasis in the
ER is sufficient to cause ER stress, which could, in turn, induce the production of
intracellular ROS [127, 170]. Thus, we investigated if ER stress associated with the
N88S seipin mutation is accompanied by oxidative stress. For this, cells were grown to
stationary phase and labeled with dihydroethidium (DHE), a ROS probe, and ROS
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accumulation was assessed by flow cytometry (Figure 20A). At stationary phase,
approximately 25% cells expressing WT-VN WT-VC homomers displayed oxidative
stress, but cells containing either N88S homomeric or heteromeric species displayed
higher DHE staining (approximately 35-40%, Figure 20A).

Importantly, higher ROS content are associated with increased levels of lipid
peroxides in N88S-VN N88S-VC, but not in N88S-VN WT-VC cells (Figure 20B). We
then conclude that the toxicity associated with the formation of N88S homomers
induces ER stress and oxidative modifications in aged cells, which can be modulated,

at least in part, by WT seipin (Figures 15 and 20).
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Figure 20. Cells expressing mutant homomeric species are associated with higher levels of ROS and an increase
of lipid peroxidation during aging. (A) Cells with the indicated genotypes were grown in SC-glucose lacking histidine
until stationary phase and ROS levels were assessed in cells labeled with dihydroethidium (DHE) and by flow cytometry
using the FL3 channel. (B) Cells were grown in SC-glucose lacking histidine until stationary phase and lipid peroxidation
levels were monitored using the TBARS (thiobarbituric acid reactive substance) assay. Values are mean + SD of at least
three independent experiments. *p<0.05. **p<0.01.

Next, we intended to identify the major source of ROS in N88S-VN WT-VC and
N88S-VN NB88S-VC strains. First, we decided to investigate the contribution of
mitochondria in ROS production using rho® cells, which lack mitochondrial DNA [171].
These cells were then grown until stationary phase and labeled with DHE to assess
ROS production by flow cytometry. We found that mitochondrial DNA depletion did not
reduce ROS levels in all tested strains (Figure 21A). Instead, we observed a 40-60%
increase in ROS levels in WT-VN WT-VC, N88S-VN WT-VC and N88S-VN N88S-VC
rho® strains when compared to their RHO+ counterparts, whereas ROS accumulation
in the fld1Aldb16A EV rhoO strain was slightly smaller (23% increase). This is in
agreement with previous observations, showing that the ablation of mitochondrial DNA
from WT cells induced higher levels of ROS [172]. Consistent with a non-mitochondrial

source for ROS generation, all strains do not display obvious mitochondrial function
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defects as they grow equally well on media containing glycerol, a non-fermentable

carbon source (Figure 21B). Taken together, these results exclude the mitochondria as
a potential major source for ROS accumulation.

We next examined possible non-mitochondrial candidates that may be
responsible for ROS production in these cells. Recent studies have reported that the
increase in superoxide generation could be attributed to the activity of the ER-localized
NADPH oxidase Aim14p/Ynolp [133]. Therefore, we investigated whether the deletion
of AIM14 altered the ROS levels (Figure 21C).
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Figure 21. Mitochondria and ER-localized NADPH oxidase Ynolp are not the main sources of ROS accumulation
in cells expressing the N88S mutation. (A) Cells with the indicated genotypes were grown in SC-glucose lacking
histidine until stationary phase and ROS levels were monitored by flow cytometry using the FL3 channel, in cells stained
with DHE. (B) Cells were grown to exponential phase in SC-glucose medium lacking histidine and 5-fold serial dilutions
were plated in both SC-glucose and SC glycerol plates. One representative experiment out of three is shown. (C) Strains
were grown in SC-glucose lacking histidine until stationary phase and ROS levels were monitored by flow cytometry
using the FL3 channel, in cells labeled with DHE. Values are mean + SD of at least three independent experiments.
*p<0.05. **p<0.01; ***p<0.001. ****p<0.0001.
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The results showed no differences in ROS content when compared to the
corresponding aim14A counterpart, except for the WT-VN WT-VC aim14A strain, where
we found a 2.7-fold increase in ROS generation (Figure 21C). Overall, mitochondria
and Ynolp are not major sources for ROS production in cells carrying the N88S

mutation.

3.7. Yapl pathway is hyperactivated in cells expressing
N88S-N88S homomers

Yeast YAPL1 is a bZIP transcription factor, which binds as a dimer to the YAP1
response element (YRE) [173]. The C-terminal domain of this transcription factor
contains cysteine residues that, under oxidizing conditions, form an intramolecular
disulfide bridge locking the molecule in a conformation where the nuclear export
sequence is masked. Thus, YAP1 accumulates in the nucleus, promoting transcription
of antioxidant genes [173]. Of interest to us here is the parallel made between yeast
YAP1 and the mammalian KEAP-NRF2 pathways as major regulators of cytoprotective
responses to stresses caused by ROS [173]. Since the Yapl pathway is critical for
oxidative stress tolerance in yeast, the induction of the pathway was monitored using a
Yapl-dependent lacZ reporter (pRS415-AP-1-CYC1l-LacZ) (Figure 22). The results
showed a 1.4-fold increase of B-gal activity in cells expressing mutant homomers
compared to the WT-VN WT-VC cells at PDS phase. Notably, in cells expressing WT-
mutant heteromers, 3-gal activity decreased to levels slightly lower to the observed in
the WT-VN WT-VC cells (Figure 22).
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Figure 22. Yapl pathway is hyperactivated in the mutant homomeric strain. Cells with the indicated genotypes
expressing a Yapl-dependent LacZ reporter were grown in SC-glucose lacking histidine and leucine to PDS phase. -
galactosidase activity was determined with 70 pg of total protein. Values are represented as a mean = SD of at least
three independent experiments. *p<0.05. **p<0.01.
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Taken together, these results suggest that Yapl pathway is hyperactivated in

cells expressing solely the N88S mutation, which displays higher level of toxicity (Figure

15) and reinforce the idea of acute oxidative stress experienced by the cells (Figure

20B), which is modulated, to some extent, by the WT form of seipin (Figures 15, 20B
and 22).

Based on these results, we tested if ER and oxidative stress leads to loss of
cell viability in cells carrying the N88S mutation. We found a ~10% and ~30% decrease
in cell viability in N88S-VN WT-VC and N88S-VN N88S-VC cells respectively (Figure
23). Our work so far established that the N88S-N88S homo-oligomer is the species that
actively contribute to enhance mutant seipin toxicity, resulting in severe cellular
oxidative damages and induction of ER stress response with deleterious effects on cell

viability.
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Figure 23. Loss of cell viability in cells expressing N88S-N88S homomers. Cells with the indicated genotypes were
grown to exponential phase in SC-glucose medium lacking histidine. Cellular viability was measured as the percentage
of the colony-forming unit. Values are represented as a mean + SD of at least three independent experiments. *p<0.05.
Results were normalized to WT-VN WT-VC (considered 100%).

Overall, the increase in ROS production observed in cells expressing mutant
homomers might explain the hyperactivation of the Yapl pathway, as this pathway is
activated under oxidizing conditions, leading to lipid peroxidation. Additionally,
misfolding of mutant seipin leads to activation of UPR, ERAD and autophagy, probably
as an adaptive stress mechanism to cope with the buildup of misfolded seipin in ER-
localized IBs. The rapid loss of cell viability observed in cells expressing the N88S
mutation solely can be explained by chronic activation of these homeostatic
mechanisms, thus contributing to cell death. Importantly, all these alterations seem to
be attenuated, at least to some degree, by the expression of WT seipin in cells

containing N88S-WT heteromers.
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3.8. The activity of antioxidant defenses is altered in cells

expressing the N88S mutation

Increased ROS levels in cells may be also related to perturbations in ROS
detoxification mechanisms, namely in the activity of antioxidant enzymes, such as
catalase, superoxide dismutase (Sod) and glutathione [174]. Under normal conditions,
these antioxidant mechanisms are able to maintain cellular ROS at basal level,
preventing cytotoxicity. Catalase is one of the crucial antioxidant enzymes that relieves
considerably oxidative stress through the decomposition of cellular hydrogen peroxide
to water and oxygen [175]. Deficiency or malfunction of catalase is thought to be
associated to the pathogenesis of many age-associated degenerative diseases [175].
Sod also plays a primary role in detoxification processes, through the conversion of
superoxide radicals to hydrogen peroxide [176], while glutathione is a tripeptide and
exists in cells in two different forms: reduced glutathione (GSH) (90-95% of the total
glutathione) and oxidized glutathione (GSSG) [177]. The GSH/GSSG redox couple is
used as a measure of the oxidative stress status, and the imbalance of GSH is reported
in several human aliments such as atherosclerosis, cancer, neurodegenerative
disease, and aging [178].

To monitor SOD activity, cells were grown to PDS phase and the two isoforms,
Sod1p (cytosolic) and Sod2p (mitochondrial), were analyzed in situ using native PAGE
and specific staining for SOD activity. We found no significant variations in Sod1p and
Sod2p activities in all strains tested (Figure 24A), indicating that SOD activity is not
compromised in cells expressing mutant seipin. Remarkably, we found a decrease of
~40-45% of catalase activity in cells expressing WT-mutant heteromers and mutant
homomers (Figure 24B). Total reduced glutathione (GSH) levels, that represent up to
95% of the total glutathione in cells, were also measured. We observed a 3.7-fold and
2.6-fold increase in GSH levels in cells expressing WT-mutant heteromers and mutant
homomers, respectively, when compared to WT-VN WT-VC cells (Figure 24C). This
may indicate a compensatory ROS scavenging mechanism to counteract ROS
generation or may reflect changes in the ERO1/PDI-mediated oxidative folding process
in which GSH plays a crucial role in controlling the ER redox homeostasis [179].

Collectively, these results suggest that N88S mutation specifically impairs catalase
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activity and increases GSH levels. The loss of catalase activity in cells expressing the

N88S mutation may then contribute to ROS accumulation.
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Figure 24. Catalase activity and glutathione levels are altered in cells expressing the N88S mutation. (A) Cells
with the indicated genotypes were grown to PDS phase and activity of SOD was assessed in situ after native-PAGE, as
described in Material and Methods. A representative experiment of three independent experiments is shown. (B)
Quantification of catalase activity by measuring the degradation of H,O, spectrophotometrically in cell lysates. Catalase
activity was expressed as units of catalase per milligram of protein (U/mg). Values are mean + SD of at least three
independent experiments. *p<0.05. **p<0.01; ***p<0.001. (C) GSH levels were measured using the GSH/GSSG Ratio
Detection Assay Kit. Values are mean * SD of two independent experiments.

3.9. Crosstalk between oxidative stress, ER stress

response and IB formation

Recent studies have revealed that ER stress is closely related to redox
metabolism and ROS generation in several organisms [170, 180]. In order to establish
a connection among ER stress, UPR, and oxidative stress in the context of N88S
seipinopathy, we firstly tested if the antioxidant N-acetyl-L-cysteine (NAC) [181] could
mitigate UPR induction in cells expressing the N88S mutation. Using the UPRE-LacZ
reporter, we found that NAC supplementation did not alter UPR induction in N88S-VN
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WT-VC and N88S-VN N88S-VC cells (Figure 25), indicating that ROS levels are not
associated with induction of the ER stress response upon N88S mutation.
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Figure 25. UPR induction is not altered in cells treated with NAC. Cells with the indicated genotypes harboring
pJRS315-UPRE-LacZ reporter were grown in SC-glucose lacking histidine and leucine to PDS phase. Protein extracts
were prepared, and specific 3-galactosidase (3-Gal) activities, with o-nitrophenyl--D-galactopyranoside (ONPG) as a
substrate, were determined by measuring the amount of o-nitrophenol released by the galactosidase-catalyzed
hydrolysis process. Values are represented as a mean + SD of at least three independent experiments. *p<0.05.

In agreement with these findings, ablation of mitochondrial DNA, which was
associated with a large increase in ROS levels in all tested strains (Figure 21A), had
little effect on IB formation (as assessed by Venus fluorescence) in all rho® strains,
except for WT-VN WT-VC rha® cells (Figure 26). Overall, ROS accumulation and
oxidative stress is not the leading cause of UPR induction and IB formation, but it is

more likely to be a consequence of protein misfolding imparted by expression of N88S

seipin.
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Figure 26. Ablation of mitochondrial DNA did not reduce the formation of IB. Cells with the indicated genotypes
were grown until stationary phase and the formation of IBs was monitored by flow cytometry using the FL1 channel and
quantification of the Venus fluorescence intensity, normalized to cell number. *p<0.05. **p<0.01; ***p<0.001
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3.10. Disruption of control quality mechanisms enhances
IB formation, ROS production and impairs growth in cells

expressing N88S seipin

ERAD is an evolutionarily conserved process responsible for the clearance of
misfolded proteins in the ER targeted for cytosolic proteasomal degradation, whereas
UPR is activated in response to misfolded protein accumulation to reestablish ER redox
balance and folding capacity [182].

Misfolded ER-lumenal proteins and some transmembrane proteins with
misfolding lesions within the ER lumen, such as the N88S mutation located at the ER
lumenal domain of seipin (Figure 7), are degraded by the ERAD-lumenal (ERAD-L)
pathway. In yeast, ERAD-L and ERAD-M (membrane) substrates are targeted for
degradation by the Hrd1p complex [121]. Since ERAD is functional in cells expressing
the N88S mutant seipin (Figure 16), we questioned whether activation of ERAD
regulates IB formation and the production of ROS in these cells. For this purpose, we
performed the deletion of HRD1 gene in N88S-VN WT-VC and N88S-VN N88S-VC
cells. The results showed that loss of Hrd1p-mediated ERAD significantly increases the
formation of intracellular inclusions (Figure 27A). Notably, a 2.5-fold increase in ROS
levels was also observed (Figure 27B). Altogether, these data provide strong evidence
that IB formation and oxidative stress are regulated by ERAD and suggest that this
mechanism is required for protein degradation of mutant seipin and to fine-tune ROS

buildup in response to accumulation of N88S misfolded proteins.
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Figure 27. ERAD plays a key role in reducing IB formation and ROS production in cells expressing N88S mutant
homomers. (A) Cells with the indicated genotypes were grown to stationary phase and the formation of IBs was
monitored by flow cytometry using the FL1 channel and quantification of the Venus fluorescence intensity, normalized
to cell number. (B) Cells were grown until stationary phase and ROS levels were monitored by flow cytometry using the
FL3 channel, in cells labeled with DHE. Values are mean = SD of at least three independent experiments. ***p<0.001; .
***+n<0.0001.
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The key UPR signal activator, Irelp, senses the accumulation of misfolded
proteins and responds to ER stress by propagating the UPR signal from the ER to the
cytosol to restore the ER protein folding capacity [118]. Thus, we also investigated the
contribution of the UPR in controlling IB formation in cells carrying the N88S mutation,
(in N88S-VN WT-VC and N88S-VN N88S-VC cells) upon deletion of IREL.
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Figure 28. The UPR, like ERAD, has a cryoprotective role in preventing formation of IBs and ROS generation in
cells expressing N88S mutant seipin. Cells with the indicated genotypes were grown to stationary phase and the
formation of IBs was monitored by flow cytometry using the FL1 channel and quantification of the Venus fluorescence
intensity was normalized to cell number. Values are mean + SD of at least three independent experiments. *p<0.05.

Here, we demonstrate that disruption of this pathway resulted in a 2.5-fold increase in
the formation of intracellular inclusions in both strains expressing the N88S mutation
when compared with cells expressing only WT seipin (Figure 28). Preliminary results
indicate that ROS levels are also increased in N88S-VN WT-VC irelA and N88S-VN
N88S-VC irelA cells (data not shown), similarly to what was observed for cells devoid
of HRD1 (Figure 27). Importantly, we observed a growth defect in cells lacking either
HRD1 or IRE1 once they reached the stationary phase (Figure 29). Altogether, these
results suggest that activation of Hrd1p-associated ERAD and the UPR pathways are
essential for proper cell growth, and crucial to prevent accumulation of IBs and ROS in
cells expressing the N88S mutation.
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Figure 29. Disruption of major protein quality control mechanisms in cells expressing the N88S mutation results
leads to defective growth. (A) and (B) Cells with the indicated genotypes were grown in SC-glucose medium lacking
histidine until stationary phase and the growth rate was monitored by optical density (OD) at 600 nm. Values are
represented as a mean + SD of at least three independent experiments. **p<0.01; ****p<0.0001.

3.11. Calcineurin signaling activation is impaired in cells

expressing N88S-N88S homomers

Disruption of calcium homeostasis in the cell is one of the most adverse and
immediate effects caused by ER stress produced by chronic accumulation of misfolded
proteins [183]. Compared to other types of cells, this effect becomes even more
deleterious to neurons, because of the important role of calcium waves in neuronal
activity [184]. Alterations in calcium homeostasis have been reported in several
neurodegenerative disorders associated with accumulation of misfolded aggregates
[183, 185]. Previous studies have suggested increase of cytoplasmic Ca?* due to ER
stress in presence of misfolded proteins in various neurodegenerative diseases [183,
185]. The ER is the main intracellular Ca?* store containing roughly 2 mM total Ca?*,
acting as a major buffering system that functions as a sink for Ca?* storage. Loss of
calcium ions during ER stress is mediated through activation/expression of calcium
handling proteins localized in the ER and through Ca?* release in the cytosol [186].

Among the consequences of protein misfolding mediated through ER stress and
alterations in calcium homeostasis are changes on the activity of several phosphatases
that play a crucial role in maintaining cellular functioning, namely the brain phosphatase

calcineurin [184]. Ca?" influx in the neuronal cytosol activates a myriad of proteins to
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initiate the downstream signaling mechanism. Due to very high affinity (0.1-1nM) for
Ca?*/calmodulin and co-localization with N-methyl-D-aspartate receptor, calcineurin
activates rapidly after cytoplasmic Ca?* influx [184]. Upon activation, this phosphatase
contributes to inhibit further Ca?* influx into the cytosol [184].

One role of calcineurin is to activate gene expression through the regulation of
the transcription factor Crz1p [187]. In yeast, calcineurin prevents cell death upon ER
stress by regulating calcium influx through this transcription factor [187, 188]. In order
to monitor calcineurin activation within the scope of N88S seipinopathy and ER stress,
we transformed fld1Aldb16A EV, WT-VN WT-VC, N88S-VN WT-VC and N88S-VN
N88S-VC strains with a calcineurin-dependent response element (CDRE)-LacZ

reporter (Figure 30).
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Figure 30. Impaired activation of calcineurin signaling in cells expressing mutant homomers. Cells with the

indicated genotypes expressing a CDRE-lacZ reporter (YEplac181-CDRE-lacZ) were grown in SC-glucose lacking

histidine and leucine to PDS phase. 3-galactosidase activity was determined. Values are mean + SD of at least three

independent experiments. *p<0.05. **p<0.01.

We observed little changes in -gal activity in cells expressing WT-mutant heteromers
when compared to the WT-VN WT-VC cells (Figure 30). Surprisingly, cells expressing
solely the N88S mutation exhibited a significant decrease in calcineurin activation
(Figure 30), suggesting that calcineurin signaling is impaired in these cells.

Calcium signaling pathways interact with other cellular signaling systems such
as ROS [189]. Previous studies have shown that Ca?* is essential for production of
ROS. Elevation of intracellular Ca?" level is responsible for activation of ROS-
generating enzymes and formation of free radicals by the mitochondria respiratory
chain. In contrast, an increase in intracellular Ca?* concentration may be stimulated by
ROS [189]. Interestingly, there is evidence that calcineurin is required for survival under

prolonged ER stress conditions through a mechanism that involves the control of ROS
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production [190]. Dysfunction in either of the systems might affect their crosstalk, thus
potentiating harmful effects, which might be on the basis of pathological alterations of
various disorders.

To evaluate if the calcineurin pathway modulates ROS production and IB
formation, we tested the effect of the deletion of CNB1, the regulatory subunit of
calcineurin, which is required for functional calcineurin activity [191]. Abrogating
calcineurin activity had no substantial effects on ROS levels in all strains tested (Figure
31A). However, disruption of this pathway leads to a partial increase in the formation
of IBs in all strains tested (Figure 31B), suggesting a regulatory function of calcineurin
in the accumulation of intracellular inclusions. This may indicate that lower calcineurin
activation observed in N88S-VN N88S-VC cells (Figure 30) may be a contributing factor
for the formation of these IBs.
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Figure 31. Abrogating calcineurin activity has no effect on ROS levels but stimulates IB generation in all
strains tested. (A) Cells with the indicated genotypes were grown until stationary phase and ROS levels were
monitored by flow cytometry using the FL3 channel, in cells labeled with DHE. (B) Cells were grown until stationary
phase and the formation of IBs was monitored by flow cytometry using the FL1 channel and quantification of the Venus
fluorescence intensity, normalized to cell number. Values are mean + SD of at least three independent experiments.
*p<0.05. **p<0.01; ***p<0.001.
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4. Discussion and conclusions

Seipin is a highly conserved and ubiquitous transmembrane protein that
resides in the ER and concentrates at junctions between the ER and LDs [12]. Toxic
gain-of-function mutations identified in the human seipin BSCL2 gene, hamely N88S
and S90L, are functionally linked to the emergence of autosomal dominant motor
neuron diseases, collectively known as seipinopathies [12]. Although the molecular
pathogenesis of seipinopathies remains largely elusive, these diseases have been
associated with impaired folding of seipin due to blocked N-glycosylation, seemingly
contributing to 1B formation, aberrant accumulation of the mutant protein in the ER and
severe ER stress-mediated cell death [76, 89, 95]. Importantly, these observations
were further substantiated by the development of mouse models of N88S seipin, which
recapitulate many of the metabolic and neurological defects observed in patients [101].
Since seipinopathies are autosomal dominant MND, the existence of different
combinations of this protein (homomers/heteromers) might modulate the phenotypic
differences between patients.

From this point of view, this study aimed to define the model for formation and
effects of homo- and heteromeric combinations of WT and human N88S mutant seipin
in order to understand their contribution to disease, using S. cerevisiae as a model
system of the disease. Our study showed that WT seipin can interact with itself and
with the N88S mutant seipin to form oligomers, in line with previous observations made
in mammalian systems [87, 192]. Consistent with this, our fluorescence microscopy
and flow cytometry results showed that, during the exponential growth phase, cells
expressing N88S mutant homomers and WT-mutant heteromers displayed
approximately 30 and 40% of inclusions, respectively. Moreover, the inclusions formed
by the heteromeric and mutant homomeric combination demonstrated a similar
propensity to aggregate into numerous inclusions per cell (up to 3). Importantly, the
formation of IBs was not observed in cells expressing only WT seipin. Although the
formation of WT homomers is possible, it has not been detected in our system. This
could be due to protein quality-control systems that would primarily eliminate less stable
proteins. In the future, the characterization of the oligomerization state of WT and N88S
mutant seipin would help to better understand the process of N88S seipin aggregation.

Previous studies in cultured cells have shown that expression of mutant N88S
seipin activates the UPR pathway, suggesting that seipinopathies are closely
associated with ER stress [95]. Importantly, these findings are confirmed by in vivo
studies, which reported that expression of N88S seipin induces ER stress in affected

neuronal tissue [101]. In our yeast model of seipinopathy, we observed higher induction
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of the ER stress response during growth for all tested strains. In particular, N88S mutant
homomeric formation was consistently associated with higher ER stress in cells grown
to both exponential and PDS phase, which mirrors the activation of the UPR observed
in mammalian cells carrying the N88S mutation. Importantly, activation of the UPR was
required to prevent IB formation and ROS generation, denoting a cytoprotective rather
than a toxic effect imparted by the UPR in cells expressing the N88S seipin mutation in
our conditions. Alternatively, ROS accumulation potentiated by misfolding of N88S
mutant seipin may be the leading cause of seipinopathy. However, we do not discard
the possibility that chronic activation of ER stress may contribute to cell death.

Dysfunction of the ERAD protein quality-control system and ER stress are
thought to be common features of pathological processes in neurological diseases
[193]. This relationship between the ER and proteasomal system is essential for the
maintenance of protein quality within the lumen of the ER. A defect in proteasomal
degradation could result in the accumulation of misfolded proteins and subsequent
aggregation rather than turnover [194]. Our data suggested that Hrd1p-mediated ERAD
was functional and active in cells expressing N88S mutant seipin. In agreement, Kar2p,
a HSP70 chaperone that integrates the Hdr1p complex, and the Hsp104p dissagregase
colocalized with mutant seipin homomeric and heteromeric species. We then conceive
a model in which Hsp104p may help to retrotranslocate the unstable seipin from the
ER, as previously reported [195], in order to facilitate the removal of aggregation-prone,
disease-causing N88S seipin, while preventing protein aggregation and prolonged ER
stress.

Autophagy is one of the major systems for cytoplasmic protein degradation and
several studies have reported that this degradation pathway also plays a critical role in
the clearance of aggregate-prone proteins, such as polyglutamine and a-synuclein
[196]. Moreover, previous studies in transgenic mice reported N88S overexpression to
increase autophagy [102]. Our results confirm that the accumulation of IBs enhanced
by the N88S mutation was not related to defects in autophagy, since the process is
properly induced in cells expressing N88S mutant seipin. Instead, the N88S mutation
seems to promote seipin misfolding in the ER, resulting in the activation of the UPR in
response to ER stress, while both autophagic and ERAD processes may be induced in
an attempt to prevent accumulation of mutant seipin aggregates and high levels of
mutant seipin toxicity.

ER protein folding pathways are closely related with ROS production, especially
in the context of neurodegeneration [169]. Moreover, oxidative stress has been linked
to the progression of a number of neurodegenerative diseases, including Alzheimer's

disease, Parkinson's disease and amyotrophic lateral sclerosis [197]. Therefore, we
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investigated whether the response to oxidative stress was impaired in cells expressing
the N88S mutant form of seipin, and if so, we aimed at identifying the main sources of
ROS in these cells. Our results showed an increase of ROS accumulation in both
strains expressing the N88S mutation and importantly, N88S mutant homomeric
species strongly contributed to lipid peroxidation. Our findings also excluded both the
mitochondria and the ER-localized NADPH oxidase Aim14p/Ynolp as major sources
of ROS accumulation in cells expressing N88S mutant seipin. Instead, oxidative stress
in cells expressing the N88S mutation was related to impairment of enzymatic
antioxidant defenses. Although Sodlp and Sod2p activities were not altered in cells
expressing mutant seipin, a loss of approximately 40-45% of catalase activity was
observed in these cells. The loss of catalase activity is then likely responsible for the
increase in ROS production also observed in cells expressing N88S mutant seipin. At
this point, it is not clear how N88S seipin affects catalase activity. It is possible that the
mutation provokes unanticipated changes in either catalase expression and/or protein
stability. Nevertheless, the possibility that decreased catalase activity may be an
underlying cause of seipinopathy (leading to increased ROS concentrations in the
blood and neuronal tissues), as observed for different catalase mutations in patients
[198], is very interesting and will serve as a molecular basis for future studies.

We also observed a substantial increase in GSH levels in N88S-VN WT-VC and
N88S-VN N88S-VC cells. This may indicate a compensatory ROS scavenging
mechanism to counteract the production of ROS, or may reveal changes in the
ERO1/PDI-mediated oxidative folding process, which requires GSH to catalyze
disulfide bond formation [179]. A bioinformatics analysis of seipin sequence reveals the
presence of cysteine residues prone to form disulfide bonds (data not shown), and a
cryo-electron microscopy structure of the Drosophila melanogaster seipin revealed two
cysteines (C149 and C164) in close spatial proximity, consistent with the presence of
a disulfide bond [85]. It is then possible that disulfide bond formation in mutant seipin is
altered and stimulates Erolp activity, which is significant cause of cellular ROS [141].
It would be interesting in the future to investigate the role of the ERO1/PDI protein
folding pathway in the production of ROS in cells expressing the N88S mutation.

We also demonstrated that oxidative stress is not the contributing factor for
intracellular inclusion formation. In fact, treatment with antioxidant NAC did not alter
UPR induction and higher levels of ROS (observed in the rho® background) are not
associated with higher IB formation in cells carrying the N88S mutant seipin. Instead,
induction of the ER stress response during aging seems to derive from N88S seipin
misfolding. The contribution of the ERAD and UPR quality control mechanisms in

controlling the formation of IBs and the generation of ROS was also assessed in cells
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expressing the N88S mutation. Deletion of HRD1 drastically increased the formation of
IB as well as the production of ROS in these cells, probably due to the toxic
accumulation of N88S seipin species that are not properly degraded by this pathway.
This indicates that ERAD is involved in the removal of N88S seipin and control of ROS
generation to sustain proper growth. In addition, induction of the UPR is also required
for growth and turnover of N88S mutant seipin, as disruption of IRE1 significantly
increased IB formation in cells expressing the N88S mutation.

Previous work has shown that following protein misfolding, prolonged ER stress
leads to alterations in the protein folding and degradation machinery, disruption of
calcium homeostasis, and activation of various intracellular signaling pathways [103,
185]. Among the many proteins affected by changes in calcium homeostasis is
calcineurin, an important phosphatase in the brain, activated by ER stress during
formation of misfolded aggregates [184]. The relationship between ER stress and
calcineurin activation within the scope of N88S seipinopathy was evaluated by
monitoring calcineurin activation. Curiously, our results revealed impaired activation of
calcineurin signaling in the mutant homomeric strain but not in cells expressing WT-
mutant heteromers. Furthermore, calcineurin is essential for survival under conditions
of prolonged ER stress conditions through the control of mitochondrial ROS production
[190]. Although abolishing calcineurin activity had no effect on ROS levels, it enhanced
the formation of IB in all strains, which indicate that the phosphatase regulates the
formation of intracellular inclusions. Whether calcineurin acts in concert with the ERAD
and UPR pathways remains to be established.

Lastly, it would be interesting to investigate the involvement of lipid imbalance
in seipinopathy, since seipin is directly involved in LD formation and TAG storage.
Previous work in a zebrafish model has shown that expression of N88S seipin results
in reduced TAG content in cells of the CNS origin as well as in the developing zebrafish
brain, and that restoration of TAG storage reverses ER stress, possibly by allowing
misfolded seipin protein to be sequestered from the ER to the surface of LDs [96].

Overall, our model recapitulates the major observations made in mammalian
systems: the expression of N88S seipin in cells leads to formation of IBs associated
with activation of the UPR pathway. Our study so far establishes that the N88S-N88S
homo-oligomerization might actively contribute to enhance mutant seipin toxicity,
resulting in IB formation, severe cellular oxidative damages caused by the increase in
ROS production, concomitant with activation of the ER stress response, ERAD and
autophagy. All these phenotypes described for N88S-VN/N88S-VC strain might explain
the rapid loss of cell viability observed in these cells. Importantly, almost all of these

alterations seem to be attenuated to some degree by the expression of WT seipin.
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We then conceive a model for N88S seipinopathy as follows: when misfolded
proteins appear but the cell's internal stress level is moderate, UPR is induced where
active degradation or refolding prevents the formation of proteinaceous inclusions,
along with activation of autophagy and ERAD. Alternatively, these inclusions are not
directly toxic, but unfolded proteins stored in the ER can seed protein aggregation.
During aging, gradual impairment of these homeostatic mechanisms elevate stress
levels and increase the amount of misfolded seipin. Hence, more misfolded proteins
are sequestered within the ER and may saturate and exhaust the quality control
machinery or lead to prolonged activation of the ER stress response and ERAD.
Therefore, protein degradation or refolding becomes impaired. Cytotoxic proteinaceous
inclusions accumulate in the ER, and this toxicity may also arise from sequestration of
other proteins involved in managing and processing misfolded proteins (e.g. Kar2p and
the Hsp104p chaperones). The accumulation of N88S misfolded protein, particularly in
cells expressing solely the N88S mutation, leads to a state of acute oxidative damage
associated with higher ROS levels and lipid peroxidation, concomitant with reduced
cellular antioxidant capacity (e.g. catalase). Prolonged ER stress and oxidative stress
then contribute to increased apparent cytotoxicity and decreased cell viability.
Importantly, severe oxidative stress is recognized by the oxidative stress sensor Yaplp,
which shares functional similarity to the mammalian Keap1-Nrf2 signaling pathway. The
involvement of this pathway and ROS accumulation, which we propose to be a hallmark
of seipinopathy, should be explored in future studies using mammalian systems.

The pathogenic mechanisms of neuron dysfunction in seipinopathy and how
therapy might be approached are yet to be established. Importantly, there is no effective
treatment option for seipinopathy due to incomplete understanding of the pathogenesis
of the disease. Within this scope, our study and future research will provide new insights

into the molecular underpinnings of this disease.
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