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Abstract

Organelles within eukaryotic cells are membrane-bound compartments that ensure the
localized control of specific cellular activities. Organelles are essential to the organization and
function of eukaryotic cells; therefore, it is important to understand organelle homeostasis— how
organelles are formed and maintained in steady-state conditions. Organelles are unique in that
they differ in their cellular function and homeostasis.

The Golgi apparatus is a self-organizing organelle that maintains its structural integrity in
the face of an enormous flux of lipid and proteins. A large number of proteins and processes
have been identified in order to maintain the Golgi’s highly dynamic structural equilibrium.
However, the mechanisms by which biosynthetic proteins and Golgi-resident enzymes traverse
the Golgi have been debated for many decades. To elucidate how proteins and enzymes are
transported through the Golgi, we have designed and fully characterized a novel antibody-based
probe able to highlight endogenous Golgi enzymes in vivo. ‘Fusion antibodies’ constructed this
way are significantly smaller than conventional antibodies, and they can be engineered to
highlight cellular events. Furthermore, affinity purified fusion antibodies retain their
characteristics of antigen recognition. Together with fusion antibodies and correlative
microscopy, dynamic trafficking of endogenous Golgi-resident enzymes can be monitored.
Results from this study will contribute to finding mechanisms of retention and recycling of
Golgi-resident enzymes in the early secretory pathway.

The lipid droplet (LD) is known for its function in excessive lipid storage. However, the
LD is a highly dynamic and regulated organelle with many more functions such as cholesterol
regulation and prevention of lipotoxicity. Formation and breakdown of lipid droplets are crucial

for the cell and body as a whole because the abnormal accumulation of lipids may contribute to
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the development of metabolic diseases such as Non-Alcoholic Fatty Liver Disease (NAFLD).
For this reason, it is crucial to understand how lipids are broken down and released from lipid
droplets. In this thesis, we uncovered a novel lipid droplet protein, endophilin B1, which
contributes to lipid droplet breakdown via non-canonical lipophagy. The results presented may

further provide a novel therapeutic approach for the treatment of NAFLD.
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Resumé

Les organelles dans les cellules eucaryotes sont des compartiments membranaires qui
assurent le contrdle localisé des activités cellulaires spécifiques. Les organelles sont essentielles
pour l'organisation et la fonction des cellules eucaryotes. Il est donc important de comprendre
I’homéostasie des organelles : comment sont-elles créées et entretenues dans des conditions

stables. Chaque organelle différe dans sa fonction cellulaire et son homéostasie.

L'appareil de Golgi est une organelle d’auto-organisation qui conserve son intégrité face
a 1'énorme afflux de lipides et de protéines. Grand nombre de protéines et de processus ont été
cernés afin de maintenir les structures hautement dynamiques et 1’équilibre de I’appareil de
Golgi. Toutefois, le mécanisme par lequel les protéines biosynthétiques et les enzymes qi
résident dans 1’appareil de Golgi et qi le traversent est débattu depuis de nombreuses décennies.
Afin d'¢lucider la maniére dont les protéines et enzymes sont transportées a travers l'appareil de
Golgi, nous avons congu et entierement caractérisé une nouvelle sonde fondée sur les anticorps
qui peut mettre en lumiere des enzymes de Golgi endogeéne in vivo. ‘les anticorps de fusion'
construits de cette facon sont considérablement plus petites que les anticorps conventionnels, et
ils peuvent étre congus pour mettre en évidence les événements cellulaires. En outre, I’anticorps
de fusion purifi¢ par I’affinité conserve sa spécificité d'antigéne. Avec les anticorps de fusion et
la microscopie corrélative, les traits dynamiques des enzymes résidentes dans le Golgi endogenes
peuvent étre surveillées, et les résultats de cette étude contribueront a trouver des mécanismes de
la rétention et du recyclage des enzymes qui résident dans la voie sécrétoire précoce de

I’appareils de Golgi.
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La Gouttelette lipidique est connue pour sa fonction de stockage des lipides excessifs.
Toutefois, La Gouttelette lipidique est un milieu extrémement dynamique et réglementé ayant
beaucoup plus de functions comme la réglementation de cholestérol et la prévention de la
lipotoxicité. La formation et la ventilation des gouttelettes lipidiques sont cruciales pour la
cellule et le corps tout entier puisque 1’accumulation abnormale de lipides peuvent contribuer au
développement des maladies métaboliques (la stéatose hépatique non alcoolique (SHNA). Ainsi,
il est extrémement important de comprendre de quelle fagon les lipides sont ventilées et libérées
des gouttelettes lipidiques. Dans cette theése, nous avons découvert une nouvelle protéine de
gouttelettes de lipides endophilin B1, qui contribue a 1'éclatement de gouttelettes de lipides via la
lipophagie non-canonique. Les résultats présentés dans cette thése fourniront également une

nouvelle approche thérapeutique pour la stéatose hépatique non alcoolique.
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Chapter 1: Literature Review



1.1. Background of Golgi research

After thorough ER quality control, newly translated and folded proteins reach the Golgi
apparatus where glycosylation, sorting, and processing occur. This organelle, comprised of
flattened membranous stacks called cisternae, has been a fascinating subject of study for many
decades because of its unique structure. All eukaryotic proteins destined for secretion, export to
the plasma membrane or the endosome/lysosome system must go through the Golgi processing
in order to reach their final destination. Yet, the mechanisms of how biosynthetic cargo moves
through the Golgi have not yet been clearly demonstrated. So far, several mechanisms of intra-
Golgi transport have been proposed where the most accepted models are the cisternal

maturation/progression model (CMPM) and the vesicular transport model (VTM).

1.1.1. How Golgi maintains its homeostasis

Properly folded biosynthetic materials leave the ER via ER-derived vesicles. It is
generally thought that these transport vesicles coalesce to form an intermediary structure that
later becomes an early part of Golgi, called the cis-cisterna (See section 1.1.3.). Through the
cisternal progression, biosynthetic materials undergo processing by Golgi-resident enzymes. This
maturation continues as the cisterna reaches medial and finally the frans Golgi, where the

cisterna is taken apart and then fed into the secretory pathway (Illustration 1).
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Ilustration 1: Overview of the early secretory pathway

Biosynthetic materials leave the ER by ER-derived COPII coated vesicles. It is believed
that COPII vesicles coalesce to form VTC (vesicular-tubular clusters). VTC differentiates
and becomes a part of Golgi cisternac. As Golgi-resident enzymes process the
biosynthetic materials, cisternal maturation occurs concurrently. Finally, when cisterna
reaches the trans side, and the maturation is completed, cisterna is taken apart, and
biosynthetic materials are delivered to their final destination. As the cisternae move in the
anterograde direction, Golgi resident enzymes and KDEL receptor recycle to the
precedent cisterna and to ER by COPI-coated vesicles, and this retrograde movement of
the enzyme keeps the integrity of Golgi because otherwise Golgi enzymes would be lost at
the trans side. There is also COPI-independent pathway called GERL, and it is presented
as an ER tail at the right side of the illustration.

Reprinted by permission from Macmillan Publishers Ltd: Nature Cell Biology (Asp and
Nilsson, 2008)

While being subjected to continuous flux of biosynthetic materials from the ER and

disassembly of cisternae at the trans side, the Golgi must keep its resident proteins and structural



integrity. To do this, each cisterna must communicate with the other. The mechanism of
communication of intra-Golgi trafficking is a subject of long-standing debate.

In the VTM, the Golgi is considered as a set of stable compartments. This model suggests
that the Golgi enzymes that modify biosynthetic molecules reside within the fixed cisternae;
whereas biosynthetic molecules move from cis- to trans- cisternae via Golgi-derived COPI
(COatomer Protein complex I) vesicles in an anterograde direction. In accordance with this
model, the cisternae do not change their positions or compositions.

The CMPM, on the other hand, suggests that there is continual cisternal turnover such
that cis- cisterna progresses to become mature frans- cisterna. After reaching the most distal
(trans-) cisterna, biosynthetic molecules are sorted into vesicles, and the cisterna is taken apart.
The CMPM postulates that as cisternae mature, Golgi enzymes cycle backward through the
stacks via COPI vesicles. This process is meant to maintain Golgi-resident enzymes in place
during the continual cisternal turnover. Simultaneously, this retrograde trafficking of Golgi-

resident enzymes accommodates for biosynthetic materials in a newly formed cisterna.

1.1.2. History of Golgi research around CMPM and VTM

Protein transport in the secretory pathway was first proposed from electron microscopic
images of highly stacked Golgi and nearby vesicles (Grasse, 1957). Based on the fenestrated
appearance of Golgi, the CMPM was formulated. It was postulated that Golgi stacks were
assembled at the cis side and disassembled at the trans side. Consequently, this model
necessitated a constant input of biosynthetic cargo from the ER. However, when new protein
synthesis was shown to be independent of the intracellular transport (Jamieson and Palade, 1968),

this view was questioned: there was no distinguishable loss of Golgi morphology upon the



inhibition of protein synthesis (Jamieson and Palade, 1968). For this reason, the CMPM was
largely abandoned. The alternative model, VTM, then hypothesized that biosynthetic cargo
traversed the Golgi by moving from one cisterna to the next via vesicular carriers while Golgi-
resident enzymes stayed static within fixed cisternae. This model was strengthened by an in vitro
transport assay whereby purified Golgi membranes from N-acetylglucosaminyltransferase I
(GIcNACcT1) deficient CHO cells were incubated with Golgi membranes from the wild-type cells.
Then, *H-N-acetylglucosamine (GlcNac) was transferred onto N-linked oligosaccharide of
Vesicular Stomatitis Virus temperature sensitive mutant (VSV-G**), suggesting that somehow
VSV-G** from one Golgi and GIcNAcT1 from the other became united (Balch et al., 1984).
Subsequent experiments using this assay (Serafini et al., 1991; Sollner et al., 1993; Waters et al.,
1991) and yeast genetics studies (Kaiser and Schekman, 1990) supported the movement of
biosynthetic cargo through vesicles and identified the necessary elements for vesicle formation.
A shortfall of the VTM was in its failure to explain how macromolecules, too large to fit within
small transport vesicles, move through the secretory pathway: Indeed, immuno-EM as well as
immunofluorescence studies indicated that procollagen I and algae scales traversed the Golgi
without leaving the Golgi lumen (Bonfanti et al., 1998; Melkonian et al., 1991). Albumin, a
biosynthetic cargo, was also shown to be distributed uniformly in Golgi, and it did not enter
transport vesicles (Dahan et al., 1994). When the transport of a small, freely diffusing protein
(VSV-G) and a larger protein aggregate (procollagen I) were monitored together within a
transport-synchronized cell, these proteins were shown to move through the Golgi at
indistinguishable rates, and they did not enter Golgi vesicles during their transport (Mironov et
al., 2001). High-speed three-dimensional confocal microscopy, independently carried out by two

laboratories, demonstrated that in yeast Golgi-resident membrane proteins moved in a cis to



trans direction, reflecting cisternal maturation (Losev et al., 2006; Matsuura-Tokita et al., 2006).
Similarly, GTP hydrolysis by Arfl was shown to be a prerequisite for active sorting of enzymes
into budding COPI vesicles (Lanoix et al., 1999). In this experiment, biosynthetic cargo,
polymeric Ig receptor, was left out of the vesicles. Indeed, these COPI vesicles generated in vitro
showed preferential incorporation of Golgi-resident glycosyltransferases (Lanoix et al., 1999,
2001). With the advent of proteomics, the protein profile of COPI vesicles and Golgi was
investigated in detail, and COPI vesicles generated in vitro were shown to preferentially carry
Golgi-resident enzymes (Gilchrist et al., 2006). These in vitro experiments and proteomics
results strongly support the CMPM, resurrecting this as a model for intra-Golgi transport.
Nonetheless, there are subpopulations of the transport vesicles that transport the biosynthetic
cargo or Golgi-resident enzymes (Lanoix et al., 2001; Malsam et al., 2005; Orci et al., 1997), and
other researchers proposed different models for the early secretory pathway (Griffiths, 2000;
Lavieu et al., 2013; Orci et al., 2000; Pelham and Rothman, 2000). Thus, cell biology community
demands further in vivo evidence to reconcile with different observations and models (Emr et al.,

2009).

1.1.3. The Anterograde trafficking

Properly folded biosynthetic cargo leaves the ER via COPII (COat Protein complex I1)—
an ER-derived vesicle. Soluble cargos en route to Golgi are recruited into COPII vesicles

(Barlowe et al., 1994), and these vesicles coalesce to form intermediate compartments.



COPII vesicles

COPII vesicles initiate budding processes from the ER for ER-to-Golgi transport. COPII coats
consist of two heterodimers: Sec23p/Sec24p heterodimer and Secl3p/Sec31p heterotetramer
(Bickford et al., 2004; Barlowe et al., 1994). GTPase Sarlp is the main protein in the initiation of
COPII vesicle budding, and its activity is regulated by Sec12, which is a Guanine nucleotide
exchange factor (GEF) (Futai et al., 2004). Once Sarlp is bound to the membrane and coat
complexes are recruited, cargo destined for Golgi membrane is sorted into an emerging
vesicle. During cargo packaging into COPII vesicles, some proteins are selectively recruited
(Barlowe, 2003). The sorting of transmembrane molecules are governed by COPII coatomers
(Mancias and Goldberg, 2008). Conserved di-acidic motifs, such as DXE found in VSV-G, is
required for direct or indirect binding to Sec23-Sec24 coatomers (Barlowe, 2003). Soluble
molecules require receptors such as ERGIC-53 (Hauri et al., 2000; Appenzeller et al., 1999), p24
(Dominguez et al., 1998), and Erv families (Otte and Barlowe, 2002). For ERGIC-53 and p24
receptor proteins, di-hydrophobic or di-aromatic amino acid motifs such as Phe-Phe, Tyr-Tyr,
and Phe-Tyr, are required, and for Erv receptor protein, a Leu or Ile containing motif is found
(Kappeler et al., 1997; Otte and Barlowe, 2002). Shortly after COPII vesicles are detached, they
are uncoated and fuse with each other to form the ER-Golgi Intermediate Compartment (ERGIC)
or tubular clusters (Hauri and Schweizer, 1992; Mironov et al., 2003). Whether ERGIC is a
stable compartment or a transitory element moving towards Golgi is a matter of debate (Ben-

Tekaya et al., 2005).



ER-Golgi Intermediate Compartment (ERGIC)

First discovered as vesicular-tubular clusters or pre-Golgi intermediates, ERGIC was
proposed to be a specialized domain (Schweizer et al., 1990). This compartment was first seen in
a live cell as an intermediate compartment that transported VSV-G**** from ER Export Site
(ERES) to the Golgi by microtubules (Presley et al., 1997). This compartment was observed to
be less than 1um in diameter, and it may fuse with each other to form cis- Golgi or fuse with pre-
existing cisternae (Presley et al., 1997). However, one drawback of this model is that at steady-
state, this compartment was located closer to ERES than the Golgi. Also, ERGIC-53, the ERGIC
marker, did not travel towards Golgi as expected. Instead, large anterograde compartments (ACs)
containing signal-sequence-tagged-dsRed segregated from ERGIC and traveled to the Golgi
(Ben-Tekaya et al., 2005). To accommodate these observations, it was postulated that there is an
ERGIC that forms from fusion of COPII vesicles and ACs containing VSV-G***, and dsRed
separates from the ERGIC (Appenzeller-Herzog and Hauri, 2006).

The current understanding of the ER to Golgi transport is that there is short-range travel
from ERES to ERGIC through COPII, and long-range travel from ERGIC to Golgi through the
AC. While movement of anterograde compartment towards the Golgi is microtubule dependent,
a fusion of anterograde compartment either with each other or with existing cis- Golgi is Rabl
dependent. TRAPP1, GEF of Rabl, activates Rabl in ERGIC, where activated Rab1 recruits
large coiled-coil domain containing proteins p115, GM130, GRASP65, and giantin. Coordinative
actions of p115, Rabl, GM130, and GRASP65 cause tethering of COPII to ERGIC and/or AC to

cis-Golgi (Appenzeller-Herzog and Hauri, 2006).



1.1.4 The retrograde trafficking

1.1.4.a. Golgi-resident enzymes

Within the Golgi, enzymatic reactions take place near its membrane surfaces where
different Golgi-resident enzymes are anchored. Many processes are governed by these enzymes
including post-translational modifications, glycosylation, and phosphorylation (Stanley, 2011).
Synthesis of N-linked glycan will be discussed in this section. It is a co-translational process
which begins in the ER and continues in the Golgi. After dolichol-linked precursor
oligosaccharide 1is synthesized, it is transferred to a nascent protein in the ER.
Oligosaccharyltransferase in the ER recognizes the consensus sequence and mediates the transfer
of the precursor glycan. Three of the terminal glucose molecules are removed from the precursor
by glucosidase I and II, and this process occurs in only properly folded proteins: otherwise,
chaperones bind to the unfolded (or improperly folded) proteins, preventing translocation to the
Golgi. In the Golgi, Golgi-resident enzymes continue the addition and removal of sugar residues.
For the N-linked glycan, four of the mannose residues in the a-1, 2, linkage are removed by
mannosidase. Next, N-acetylglucosaminyltransferase 1 (GIcNAcT1) transfers a N-
acetylglucosamine (GIcNAc) residue, initiating the synthesis of a hybrid and complex N-glycan.
Whereas N-linked glycosylation initiates on the amino group of asparagine in the ER, there is
also O-linked glycosylation, which occurs on the hydroxyl group of serine or threonine (Stanley,
2011). In this thesis, the following enzymes will be used as antigens for the probe design.

N-acetylgalactosaminyltransferase 2 (GalNacT2) is an O-glycosylation enzyme that
transfers N-acetylgalactosamine (GalNac) residue to the hydroxyl group of serine and threonine
residues. Although it is widely distributed among the Golgi stacks, it is mostly found in the

medial-trans Golgi cisterna (Rottger et al., 1998).



B-1, 4-galactosyltransferase (GalT) enzyme, found mostly in the trans Golgi, catalyzes
the transfer of galactose from UDP-galactose to the hydroxyl group at the 4-position of GIcNAc
of a biosynthetic cargo. GalT has two splice variants: long (wild type) and short forms. Although
both variants retain galactose-transferring activity, the short form is 13 amino acids less than the
WT (wild type). WT travels to the plasma membrane, and then it may be endocytosed back into
the cell interior via caveolae-mediated endocytosis (Hathaway et al., 2003). It is well known that
GalT is present on the cell surface of germ cells as a receptor for gamete recognition (Miller et
al., 1992). Cell surface glycoprotein modification by GalT has also been observed in cells that
make up mammary glands. In transgenic mice with elevated levels of WT GalT, proper
morphogenesis of mammary glands was inhibited (Steffgen et al., 2002). There was excessive
branching of mammary glands in WT GalT null mice, and this was due to altered expression of
laminin chains (Steffgen et al., 2002). Therefore, extracellular matrix expression and deposition
may require GalT, and proper functions of WT GalT may be required for branching
morphogenesis of mammary glands (Steffgen et al., 2002). WT GalT may also be related to
cancer because level of WT GalT was elevated in highly metastatic lung cancer cells compared
to less metastatic cells (Zhu et al., 2005). Knockdown of GalT or introduction of truncated GalT

inhibited cell adhesion on laminin and invasive potential in vitro (Zhu et al., 2005).

1.1.4.b. The retrograde trafficking from Golgi to ER

Numerous studies have observed Golgi enzyme recycling to the ER. So far, there are two
pathways for Golgi proteins to travel to the ER: 1) the KDEL receptor and Rerlp; 2) Rab6-
dependent pathway. The KDEL receptor retrieves escaped ER resident proteins (Cosson and

Letourneur, 1994; Cosson et al., 1998). This pathway is dependent on COPI vesicles and the
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small GTPase Arfl (Bremser et al., 1999). The Rab6-dependent pathway is different in that it
utilizes tubules rather than vesicles (Girod et al., 1999; White et al., 1999; Smith et al., 2009;
Majeed et al., 2014) (See section 1.1.4.d).

How do Golgi proteins choose the retrograde pathway? The answer may lie within their
affinity towards the COPI or Rab6-dependent pathway. Indeed, the work by Park and colleagues
demonstrated that Golgi proteins compete with CDC42 (cell division control protein 42 homolog)
for coatomer binding (Park et al., 2015). In this study, constitutively active CDC42 inhibited
vesicular transport, whereas knockdown (KD) of CDC42 enhanced it. CDC42 possesses a di-
lysine motif that binds to COPI coatomers, and by binding to the KDEL receptor's tail, GTP-
CDC42 prevented coatomer from binding to the KDEL receptor, but not from VSV-G (Park et
al., 2015). In this way, COPI coatomers were unable to mediate retrograde trafficking of the
KDEL receptor, and consequently, anterograde tubular transport was promoted (Park et al.,
2015). Similarly, Fossati and colleagues suggested that the balance between the two signal-
mediated events that predict the protein’s fate in the secretory pathway; a signal that drives
retrograde back to ER, as well as a signal for export through the Golgi (Fossati et al., 2014). In
fact, they proposed that proteins with DXE signals (the export signal for binding to the Sec24
subunit of COPII, causing recruitment to ER exit sites) be actively excluded from entering into

the Golgi for ER retrograde trafficking (Fossati et al., 2014).

1.1.4.c. COPI-mediated transport
COPI-coated vesicles transport soluble and membrane-bound proteins including Golgi-
resident enzymes (Cosson and Letourneur, 1994; Gilchrist et al., 2006). It is evident that these

vesicles mediate retrograde trafficking from the frans- to the cis- cisternae; although it may not
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be the sole mode of retrograde trafficking. Here, the mechanism of COPI-mediated transport is

summarized (Illustration 2).
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Ilustration 2: COPI vesicle formation

Arfl is essential in COPI vesicle formation. It binds to Golgi membrane through p23/p24 dimer.
GDP of Arfl is exchanged to GTP by GBF1. When ArfGAP1 hydrolyzes Arfl-GTP, coatomers
are recruited. Coatomers recognize certain cargo motifs, and as coat polymerizes, vesicle buds
off. Subsequently, upon scission by Arfl and coat uncoating by ArfGAP, vesicle is ready to
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travel to its destination.

Characteristics of COPI vesicle

COPI vesicles are formed by seven different coatomer subunits: a-, B-, B’- y-, 0-, &-, (-
COP. Once the assembly is completed, they are 50-60nm in diameter. They form at the cytosolic
side of Golgi membrane, and they are found at multiple locations around the Golgi: ERGIC
(Martinez-Alonso et al., 2013); cis- and lateral Golgi (Oprins et al., 1993); trans- Golgi and TGN
(Martinez-Menarguez et al., 1996); and lateral rims of cisternae (Rizzo et al., 2013). Arf GTPase
mediates COPI vesicle assembly. There are five Arfs associated with the Golgi, each of which
most likely mediates different steps of the transport (Volpicelli-Daley et al., 2005). The intrinsic
GTPase activity of Arf is low, so conversion of GTP to GDP depends on the Arf GTPase-
activating protein, ArfGAP. There are 3 ArfGAPs associated to COPI vesicle formation, and
they function in COPI formation, fission, and dissociation of coatomers (Asp et al., 2009;

Kartberg et al., 2010).

Arf and coatomer recruitment

The molecular mechanism of COPI vesicle formation has been well characterized. It
consists of coat recruitment, uptake of cargo, budding, membrane scission, and coat uncoating
steps. Arfl-GDP is first recruited to the membrane by a dimeric complex p23/p24 and is
activated by a guanine-nucleotide exchange factor (GEF). The specific GEFs for ARF1 are
GBF1 (Golgi-associated BFA-resistant protein) at the ERGIC and Golgi membranes (Kawamoto
et al., 2002, Garcia-Mata et al., 2003), and BIG1 and BIG2 (BFA inhibited GEF) at TGN and

endosomes (Ishizaki et al., 2008). Activated Arfl-GTP undergoes a conformational change to
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expose its N- terminal amphipathic and myristoylated helix. This conformational change allows
insertion into the lipid bilayer, securing membrane anchorage (Antonny et al., 1997). A recent
structural study on Arfl suggested that the myristoylated helix might bind perpendicularly to the
bilayer (Liu et al., 2010).

Arfl1-GTP recruits coatomers to the membrane (Presley et al., 2002), and cargos are then
recognized by these coatomers. The a- and B-COP recognize proteins that have di-lysine motifs
at their C- termini (Cosson and Letourneur, 1994). The p24 proteins interact with y-COP via the
di-lysine motifs (Béthune et al., 2006). ER proteins with KDEL sequences are recognized by the
KDEL receptor that acts as an adaptor for the coatomers. KDEL receptors have cytosolic di-
lysine motifs for coatomer interaction, and its luminal receptor domain interacts with ER resident
proteins bearing KDEL sequences (Semenza et al., 1990). As a result, KDEL proteins are
incorporated into COPI vesicles, transported to the ER where they dissociate from the KDEL

receptor.

Cargo recognition

Other than the C- terminal di-lysine motifs that p24 proteins possess, there are various
types of di-lysine motifs recognized by coatomers. KKXX motifs interact with WD40 domains
within a-COP, and K(X)KXX motifs bind to B-COP (Eugster et al., 2004). The arginine based
motif, ®/¥/R-R-X-R, is recognized by - and 3-COP (Michelsen et al., 2005). The aromatic “0L”
motif binds to B-COP (Cosson et al., 1998), and a FXXXFXXXFXXLL motif has been
suggested to interact with y-COP (Bermak et al., 2002).

Aside from coatomer recognition motifs, the surrounding sequences also have a

substantial effect on recognition. Subtle differences in sequence can alter the strength of each
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trafficking signal (Zerangue et al., 2001). For example, using either lysine- or arginine-based ER
retention signals can generate a broad spectrum of signals that have different coatomer binding
capacities, and hence different efficiencies for trafficking (Zerangue et al., 2001). Zerangue and
colleagues suggested that these characteristics of surrounding sequences may help achieve an
appropriate steady-state distribution of proteins within the Golgi (Zerangue et al., 2001).
Golgi-resident enzymes do not have COPI coatomer recognition motifs (Tu et al., 2008)
yet they are well retained in the Golgi. Vps74 was found to act as an adaptor as it binds
simultaneously to coatomer and cytosolic tails of cis- and medial- glycosyltransferases (Tu et al.,
2008). Deletion of this domain (therefore the interaction) results in loss of Golgi localization of
mannosyltransferases (Schmitz et al., 2008). The N-terminal 66 amino acids of Vps74p are

required for glycosyltransferase retention and glycoprotein processing (Hsu et al., 2013).

Sorting of cargos

For sorting and concentration of cargos, GTP hydrolysis by ArfGAP is essential as non-
hydrolyzable GTP (GTPyS) and hydrolysis-deficient Arfl Q71L mutant inhibited the
incorporation of Golgi-resident enzymes (Lanoix et al., 1999). ArfGAPI1 senses diacylglycerol
(DAG) for tubule formation (Asp et al., 2009), and it possesses an ArfGAP1 Lipid Packing
Sensor that forms an amphipathic helix on highly curved membranes (Bigay et al., 2005).
ArfGAP1 directly promotes the binding of cargo proteins by forming coatomer complexes (Lee
et al., 2005b). Arfl, activated by ArfGAPI, binds selectively to SNAREs (Soluble NSF
Attachment protein Receptors), which allows it to stabilize its localization to the Golgi

membrane in preparation of its function (Lee et al., 2005b).
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Membrane fission

After cargos are packaged into growing COPI buds, the membrane between the bud and
Golgi must undergo fission. For this process, the membrane undergoes dynamic processes,
which involve a number of factors. Arfl-GTP is able to bind to membranes regardless of
coatomer, resulting in tubulation of giant unilamellar vesicles (GUVs) in vitro (Bek et al., 2008,
Krauss et al., 2008, Lundmark et al., 2008). Dimerization of Arf1 is critical in membrane binding
and vesicle scission because non-dimerizing mutant showed virtually no free vesicles (Beck et al.,
2011). In a growing bud, Arf1’s interaction with the membrane becomes energetically favorable.
As the bud becomes more complete, a neck forms at the side of Arfl, which results in a local
high-energy state. This high negative curvature is no longer favorable for Arfl binding; therefore,
to prevent Arfl from escaping, adjacent membranes in the neck must fuse, and this causes

membrane separation. (Popoff et al., 2011)

For membrane fission, BARS (Brefeldin A ADP-ribosylated Substrate) or endophilin are
required, which is cell type specific (Yang et al., 2005, 2006). Yang and colleagues suggested
that there are two stages in the fission process: There is an earlier stage where BARS and other
COPI components are required for the neck constriction. Then, there is a later stage where
fission requires phosphatidic acid (generated from phospholipase D2 activity, not acyltransferase
activity of the BARS) (Yang et al., 2008). Phosphatidic acid allows binding of BARS to
liposomes, and inhibition of phospholipase D2 (PLD,) leads to accumulation of COPI buds with
constricted necks at the ERGIC compartment. Additionally, the phosphatidic acid may be a
source of DAG since it has been proposed to be important in COPI fission due to its recruitment

of ARFGAP1 to the Golgi (Gannon et al., 2014). In clathrin-dependent endocytosis, endophilin
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has been shown to recruit dynamin for membrane fission and does not act as a lysophosphatidic

acid acyltransferase (LAAT) (Gallop et al., 2005) (See section 1.1.4.).

Coat uncoating

For COPI vesicles to fuse with a target membrane, the coatomer must be uncoated.
Although hydrolysis of Arfl1-GTP is essential for active cargo selection, it is also implicated in
coatomer shedding: Hydrolysis of Arfl-GTP renders the coat unstable, causing coatomers to
shed (Tanigawa et al., 1993). ArfGAP2 and ArfGAP3 may also play a role in coat shedding
because siRNA KD of these proteins caused a phenotype similar to when vesicle uncoating is
inhibited: Golgi unstacks and cisternae shorten (Kartberg et al., 2010). Recently, J-domain
chaperone auxilin has been proposed to mediate COPI and COPII coatomer uncoating (Ding et
al., 2015). COPI vesicles may uncoat either while in the cytosol or while being fused with the
target membrane (Trahey and Hay, 2010).

There is a retrograde transport pathway independent of COPI (Girod et al., 1999), and
certain populations of COPI vesicles may participate in anterograde transport across the Golgi
(Orci et al., 1997, 2000; Park et al., 2015). Also, COPI may contribute to the formation of tubule
rather than vesicle (Park et al., 2015). Owing to numerous isoforms (Popoff et al., 2011), there
may be different subpopulations of COPI vesicles that mediate transport in various directions, or

preferentially mediate the transport of certain Golgi enzymes.
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1.1.4.d. Rab6 dependent retrograde pathway

Rab6, a Golgi-associated GTPase, regulates the dynamics of transport carriers. It has
been shown that Rab6 participates in a number of cellular transport pathways including post-
Golgi transport, intra-Golgi transport, and Golgi to ER retrograde transport. Splice variants of
Rab6 (Rab6A, Rab6A’) interact with myosin II to regulate fission of transport carriers from the
Golgi (Miserey-Lenkei et al., 2010). Depletion of either Rab6 splice variants impaired membrane
fission because long tubules remained attached to the Golgi (Miserey-Lenkei et al., 2010).

For tubular membrane formation, the activity of PLA, has been demonstrated to be
important (Ha et al., 2012). Membrane tubules may be generated by the opposing action of
PLA, and lysophosphatidic acid acyltransferase (LPAT). PLA, generates inverted conical
phospholipids (lysophospholipids), while LPAT introduces conical lipids (Ha et al., 2012). PLA,
generates positive curvature by introducing inverted conical phospholipids, which can
subsequently result in tubule formation (Ha et al., 2012). The opposing action of LPAT will
turn lysophospholipids back to phospholipids, resulting in tubule shortage. In fact, tubular
clusters have been observed in transporting SiaylT-FRB-EGFP from Golgi to cell peripheral ER,
which is governed by Rab6 and PLA,; (Sengupta et al., 2015) (More of FRB fragment in 1.1.6).

It is plausible that the Rab6 dependent pathway involving tubules is a rapid form of
transport compared to the coordinated actions required for the COPI-dependent pathway
(Sengupta et al., 2015). Also, it is probable that different enzymes utilize different modes of

retrograde trafficking to the ER.

18



1.1.5. Extended views of the early secretory pathway

1.1.5.a. Other models

Indeed, mechanisms of the early secretory pathway are not mutually exclusive. They
would depend on the type of cargo, pathophysiological conditions, cell types, and or perhaps the
trafficking steps being examined. The following models add a new perspective to existing
models, and combinations of these models may arise.

The rapid partitioning model attempts to explain differential distribution of Golgi
enzymes from the context of lipid bilayer characteristics. It proposes that transmembrane cargos
entering the Golgi are quickly dispersed throughout the Golgi before being differentially
partitioned between the two membrane environments: the processing domain that is BFA-
sensitive; and the export domain that is BFA-resistant (Patterson et al., 2008). This model
postulates the following: Glycerophospholipids give rise to the processing domains, and this
would be a place where transmembrane Golgi enzyme accumulate; the export domain is
comprised of cholesterol and glycosphingolipids, and transmembrane proteins would reside only
within this domain. This model explains that gradient distribution of Golgi enzyme is merely due
to their affinity for different lipids: Golgi enzymes with shorter transmembrane domains have a
high affinity for thinner bilayers; and those with longer transmembrane domains prefer thicker
bilayers (Patterson et al., 2008). For movement of larger biosynthetic cargos, this model
incorporates the cisternal movement of the Golgi. Larger biosynthetic cargo too big to fit in
vesicles or tubules would gain an affinity for export domain lipids so that they would be
transported within the maturing cisternae. These export domain lipids would partition around the

large cargo aggregates and form a transport carrier for the export (Patterson et al., 2008).
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The COPI-independent pathway for recycling Golgi-resident enzymes has been
suggested, and it is through tubular connections. These tubules were observed at 15°C, which
blocks the ERGIC site such that the export from the Golgi was inhibited (Martinez-Alonso et al.,
2007). These tubules were transient in nature, as they were extending toward the cell periphery
and retracting back to the Golgi vicinity before disappearing. Devoid of proteins necessary for
ER-Golgi transport (Sec22, membrin, Rabl, and Rab2) and biosynthetic cargos (VSV-G), these
tubules were found to carry Golgi enzymes, SNAREs, Rab6, and GS15 (Martinez-Alonso et al.,
2007). The formation of tubules was dependent on microtubules, but independent of BFA or
cycloheximide (CHX) treatment (Martinez-Alonso et al., 2005).

Shown by Smith and colleagues, there is also a novel Rab6/COG3/COPI dependent
pathway that mediates retrograde trafficking of Subtilase cytotoxin (SubAB) (Smith et al., 2009).
SubAB, which hijacks the retrograde pathway, moved much slower to the cis- Golgi when COG

3, Rab 6, and B-COP were knocked down. (Smith et al., 2009).

1.1.5.b. Ongoing debates in Golgi research

Discussions on the mechanism of intra-Golgi transport are amplified, and this is partially
because experiments with similar conditions have resulted in contradicting outcomes.

Previously, two premier electron microscopy laboratories independently examined the
distribution of the Mannosidase II (Mannll) enzyme in NRK cells using a highly characterized
and specific polyclonal antibody. Surprisingly, one group showed that Mannll was incorporated
in peri-Golgi vesicles (Martinez-Menarguez et al., 2001) while the other group revealed the

opposite (Cosson et al., 2002). These contradicting results on the distribution of Mannll enzyme
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may be explained by assuming a limitation in immuno-EM: specifically, the ability to reveal
antigens present in small structures like peri-Golgi COPI vesicles.

Inducible aggregation of reporter protein allowed for probing these processes at will,
which introduces the least perturbation in the early secretory pathway. The Fy domain is a
mutant of FKBP (FK506-binding protein) that spontaneously dimerizes (Rollins et al., 2000).
This dimerization and subsequent oligomerization could be disassembled by a reversible drug
(Rollins et al., 2000). Two groups have used this unique Fy domain to study the behavior of
membrane-bound secretory cargo and Golgi-resident enzyme, and their findings are summarized
below.

Lavieu and colleagues fused four copies of Fy domains with the integral membrane
protein CD8 (Cluster of Differentiation 8). When polymerized, the construct formed aggregates
that spanned the cisternal lumen. After analysis using various temperature blocks, these
aggregates or ‘staples’ were restricted in their movement, allowing the researchers to observe
their localizations. When polymerization was induced in the cis-Golgi by shifting temperature
from 37°C to 16°C, the staples were unable to traffic to the frams-Golgi, and they were
positioned in the flattened, stacked regions of the cisternae. On the other hand, the soluble
aggregates were found in the dilated rims of cisternae. When the temperature was shifted to 20°C,
which blocks the exit from TGN, these staples were found throughout the Golgi. The assumption
was that if Golgi moves according to the CMPM, staples would be found within the Golgi.
Collectively, these researchers concluded that the Golgi follows a novel rim progression model,
whereby cisternae within the stacks are static, and rims of cisternae that contain soluble cargos
move in an anterograde direction (Lavieu et al., 2013). However, these researchers failed to

demonstrate how Golgi-resident enzymes move through the cisternae. Also, they did not
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comment whether or not these staples introduced any intrusions that block the Golgi enzyme’s
movement.

Contrary to Lavieu’s approach, Rizzo and colleagues used the Fy; domain to fuse with the
membrane-spanning domain of Mannosidase I, a Golgi-resident enzyme that is normally found
within the cis- to medial-Golgi. In the absence of a disaggregating drug, AP12998, the
engineered protein aggregated and ‘plaques’ formed at the centers of the cis-cisternae. These
plaques were blocked from entering the peri-Golgi vesicles and tubule carriers. Instead, they
were translocated to trans-cisternae, reflecting that the cis-cisternae containing the plaques were
maturing. After being depolymerized, Mannl-Fy; became concentrated at cisternal rims, then
moved to peri-Golgi vesicles/tubules, before finally returning to cis-Golgi from the trans-Golgi
within a few minutes. At the same time, the number of peri-Golgi vesicles/tubules increased
(Rizzo et al., 2013). Collectively, the findings of this group support CMPM.

The disparity in these two experiments involving Fy; domains may be due to differences
in size, topology, and orientation of the artificial proteins (Morriswood and Warren, 2013). At
the same time, the two proteins used in both studies are engineered, and certainly, they do not

provide a true representation of how endogenous Golgi enzymes traverse the cisternae.

1.1.6. Challenges in studying ultrastructural localization of proteins in Golgi

Size constraint

Given the dynamics of the Golgi and minutely sized vesicle carrier, it is challenging to
observe what truly happens within the secretory pathway. Earlier observations on Golgi enzymes
have been based on using gold-conjugated secondary antibodies for immuno-EM. However, this

approach often has misled the localization of Golgi enzymes due to the small size of transport
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vesicle (~50nm) versus the relatively large size (~25nm) or the orientation of primary and

secondary antibodies (Martinez-Menarguez et al., 2001; Cosson et al., 2002).

Short lifetime of carriers

Carriers of Golgi proteins may be short-lived or less abundant. For example, tubules
observed by shifting the temperature to 15°C would not form as quickly, and they randomly
fragment at physiological temperature (Martinez-Alonso et al., 2007). Also, the half-life of COPI
vesicles, relative to their speed of formation and consumption, is unknown. This makes it
difficult to determine to what extent COPI vesicles affect the trafficking within the Golgi

(Gannon et al., 2011).

Non-physiological probes

An ER trapping assay enabled by using an oligomerizing FKBP-rapamycin-FRB
complex has demonstrated the relationship between ER and Golgi proteins (Pecot and Malhotra,
2006; Sengupta et al., 2015). The FKBP and FRB domain of the mTOR make a tertiary complex
in the presence of an immunosuppressant drug, rapamycin (Illustration 3). Rapamycin binds
simultaneously to the two proteins, inducing a dimerization system. Therefore, when FRB and
FKBP are fused with proteins of interest, rapamycin would cause an association between these
proteins. The unique property of this dimerizing probe attracted many researchers to incorporate
it into their system to study Golgi to ER transport (Pecot and Malhotra, 2006; Sengupta et al.,
2015; Jenkins et al., 2012; Bentley et al., 2015). Sengupta and colleagues utilized this

rapamycin-induced dimerizing probe to demonstrate that Golgi enzymes constitutively cycle
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through the ER. They demonstrated that this transport is mediated by long tubules that are

governed by Rab6 and PLA; activity (Sengupta et al., 2015).

No Rapamycin

e

Protein Protein

& &aapamycin

Rapamycin

Ilustration 3: Rapamycin-induced dimerization

FRB and FKBP bind to each other through rapamycin. This characteristic can be used to study
protein interaction and localization. When FRB and FKBP are fused with proteins of interest,
these proteins can be brought together within seconds after rapamycin addition. Blue and red
circles may be fluorescent probes or protein of interest.

Although observations made using these probes may be valid, there may be non-desirable
consequences when overexpressing these non-physiological probes. FRB is a subunit of mTOR,
which is a master regulator of many essential processes within a cell, whereas rapamycin that
causes the dimerization of FRB and FKBP blocks mTOR activity. Even at a low concentration
(250nM), rapamycin may trigger many unwanted processes (adverse effects of mTOR

inhibition). Functions of the probes cannot be ignored, as FKBP is an isomerase that acts as a
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chaperone for proteins with proline residues. Negative effects of overexpressing these probes
were never discussed. Sengupta and colleagues utilized this probe to highlight the interaction of
the FKBP-ER protein and FRB-Golgi enzyme, and they assumed the binding of the two probes
upon rapamycin addition was representative of the intrinsic movement of the Golgi enzyme to
the ER (Sengupta et al., 2015). However, if rapamycin only triggers the two to bind, why can’t
ER protein-Golgi protein be visualized without rapamycin? It seems plausible that rapamycin is
triggering the trafficking or there is a rapamycin derived carrier formation that induced the FRB-
Golgi enzyme to travel.

Including these experiments, previous in vitro experiments so far have used engineered
proteins, which are inevitably expressed at a high level compounded by the fact that the cell’s
steady-state is disturbed. It is, therefore, critical to develop tools that accurately represent

endogenous Golgi enzymes at their undisturbed, stoichiometric ratio.

1.1.7. in vivo Correlative Microscopy

In order to study the trafficking of biosynthetic cargo and Golgi enzyme within the Golgi,
many correlative light-electron microscopy (CLEM) techniques have been developed. These
techniques combine fluorescent light microscopy and electron microscopy. Cells are first
observed by fluorescent light microscopy and then subsequently observed via electron
microscopy after immunolabeling (van Rijnsoever et al., 2008; Spiegelhalter et al., 2010;
Weering et al., 2010), or diaminobenzidine photoconversion (Meiblitzer-Ruppitsch et al., 2008;
Grabenbauer et al., 2005). Often, EM labeling is done after sectioning by microtome, and the

localization of protein relies on overexpression of the fluorescently-tagged protein.
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1.1.7.a. GFP recognition after bleaching

To visualize the Golgi enzymes in vivo, GFP recognition after bleaching (GRAB)
technique has been developed (Grabenbauer et al., 2005). This technique uses an in vivo
correlative light microscopy technique that overcomes spatial restrictions of immuno-EM for
studies of small transport vesicles like COPI vesicles. It uses 3,3’-diaminobenzidine (DAB),
which upon exposure to free radicals (generated by EGFP or other fluorescent proteins),
precipitates into an electron-dense product that can be revealed through transmission electron
microscopy. Resulting images are of sufficient quality to reveal detailed spatial information and
are applicable to EM-based tomography. Also, the amount of precipitated DAB product is linear
with initial fluorescence (Grabenbauer et al., 2005). In this way, the intra—Golgi stack and
intracisternal distribution of EGFP or CFP tagged N-acetylgalactosaminyltransferase-2
(Grabenbauer et al., 2005) can be visualized. However, one drawback of the GRAB method is
that it is based on the overexpression of the fusion protein, and as previously stated, this can
possibly affect the enzyme’s stoichiometric ratios and true steady-state distributions. Thus, a new

type of probe for surveying protein localization must be developed (See section 1.3.1).

1.2. Lipid droplet

Cellular lipids are stored within an organelle called lipid droplet (LD). LDs vary greatly
in size ranging from 20nm to 100pum depending on cell type (Guo et al., 2009). Although this
organelle had been regarded as a passive fat-storing organelle, the discovery of many LD-
associated proteins have demonstrated that the LD is, in fact, a highly dynamic organelle that
regulates lipid metabolism and overall cellular energy homeostasis (Kalantari et al., 2010).

Similarly, the formation of LDs and fat liberation from LD are tightly regulated.
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1.2.1. LD formation

LD structure

LDs are composed of a neutral lipid core consisting mainly of triacylglycerol (TAG) and
cholesteryl-ester (CE). Each LD is surrounded by a phospholipid monolayer (Martin and Parton,
2006) where hydrophobic tails of phospholipids are facing the core and hydrophilic head groups
are facing the cytosol. This unique arrangement of phospholipids allows lipids to be contained

within an aqueous environment.

LD proteins

Many LD-associated proteins are involved in lipid accumulation or for lipid hydrolysis.
Among them, the perilipin family of proteins that modulate lipid metabolism is the most well
characterized. Perilipin 1 (PLINT) is thought to protect LDs until lipids are broken down by a
hormone-sensitive lipase (HSL) (Gandotra et al., 2011). Adipose differentiation-related protein
(ADRP/PLIN2) facilitates TAG accumulation (Imamura et al., 2002; Gao and Serrero, 1999;
Gao et al., 2000). Tail-Interacting Protein of 47kDa (TIP47/PLIN3) and S3-12 (PLIN4) may
have a role for packaging TAG (Dalen et al., 2004; Robenek et al., 2005; Lee et al., 2009).
OXPAT (PLINS) maintains the balance between lipogenesis and lipolysis by differential binding
(Wang et al., 2011; Granneman et al., 2011). Proteins involved in LD fusion and fission are also
found on the LD surface (See below).

Some LD-associated proteins are transported to the LD membrane using coatomer-
dependent transport machinery. For instance, knockdown of GBF1 (GTP exchange factor for
Arfl), B-COP (coatomer for COPI) or Secl3 (coatomer for COPII) reduced the level of adipose

triglyceride lipase (ATGL) found on LD surface (Soni et al., 2009). BFA treatment (inhibitor for
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ER to Golgi transport), dominant-negative or constitutively active Sarl (GTPase for COPII
formation), and dominant negative Arfl (GTPase for COPI formation) also decrease ATGL
delivery to LD (Soni et al., 2009). Knockdown of COPI subunits and loss of Arfl function by
Exol, a selective inhibitor of Arfl activity, results in reduced lipolysis in Drosophila (Beller et

al., 2008).

LD formation

Most cells across a species can store LD. The size, number, and composition of LD are
heterogeneous within the same cell type and between different cell types (Herms et al., 2013).
LDs are thought to form from the ER: neutral lipids (TAG and CE) are deposited within
cytosolic leaflets of the ER membrane, and this accumulation forms a bulge that continues to
grow until it pinches off into the cytosol (Hapala et al., 2011). Prior to separation, it is believed
that there is a structural rearrangement of the ER membrane on the cytosolic side that allows the
segregation of LD proteins (Hapala et al., 2011). LDs in non-adipose tissue have various TAG-
CE ratios. Excessive fatty acid administration causes TAG-rich LDs, but CE-rich LDs can also
be formed when protein translation is inhibited (by cycloheximide), independent of mTOR-
signaling or autophagy (Suzuki et al., 2012).

It has been shown that ER stress causes the accumulation of intracellular lipids that
results in LD formation (Lee et al., 2012; Fei et al., 2009). When there is excessive unfolded,
misfolded or ubiquitinated proteins, they are sequestered within LD in order to alleviate ER
stress (Ploegh, 2007). Under ER stress, toxic lipids may also be sequestered into LD, preventing
their accumulation within the ER membrane. In this way, LD may play a protective role against

lipotoxicity (Hapala et al., 2011). ER-localized stress responsive protein CREBH (cAMP
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responsive element-binding protein, hepatocyte-specific) can also regulate lipogenic programs
(Zhang et al., 2012) that can ultimately result in LD formation. Similarly, lipogenic programs
activated by SREBP have also shown to trigger LD formation.

Size and number of LDs are highly regulated as LDs undergo fusion and fission. It has
been suggested that fusion is SNARE-dependent (Bostrom et al., 2007). Western blot analysis of
LD fraction and immuno-EM of cellular LDs confirmed that NSF (N-ethylmaleimide-sensitive-
factor), a-SNAP (soluble NSF attachment protein), SNAREs (SNAP receptors), SNAP23
(synaptosomal-associated protein of 23kDa), syntaxin-5, and VAMP4 (vesicle-associated
membrane protein 4) are localized onto LDs (Bostrom et al., 2007). Furthermore, when these
proteins are knocked down individually, or a dominant-negative mutant of a-SNAP was
microinjected, the rate of LD fusion decreased significantly (Bostrom et al., 2007). LD fusion is
also affected by intact microtubule and motor protein dynein: There was a lower percentage of
Oil Red stained-LDs when cells were treated with nocodazole (inhibits microtubule formation)
and vanadate (lowers ATPase activity of dynein) (Bostrom et al., 2005). Fusion of LD may also
be dependent on the availability of phosphatidylcholine (PC) since the knockdown
of phosphatidylcholine cytidylyltransferase (CCT), a rate-limiting enzyme for PC synthesis in
Drosophila, caused LD fusion (Guo et al., 2008).

Fission of LDs has been observed in budding yeast (Long et al., 2012) and adipocytes
(Marcinkiewicz et al., 2006). During G2 phase of budding yeast cell cycle, dumbbell-shaped LD
indicative of LD fission was observed (Long et al., 2012). Furthermore, phosphorylation of LD
protein, perilipin A causes LD fission, an observation similar to the administration of [3-

adrenergic agonist, isoproterenol (Marcinkiewicz et al., 2006).
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1.2.2. LD breakdown

1.2.2.a. Lipid breakdown by lipolytic pathway

Lipid hydrolases mediate the degradation of LD-sequestered TAG by the control of
extracellular signaling factors such as insulin and tumor necrosis factor (TNF) (Thiele and
Spandl, 2008; Kershaw et al., 2006). One of the most characterized LD proteins is adipose
triglyceride lipase (ATGL/PNPLA2), which catalyzes a rate-limiting step of TAG breakdown. In
adipocytes, action of ATGL is tightly controlled by coordination of CGI-58 and perilipin 1A
(Sahu-Osen et al., 2015; Schlager et al., 2015; Zagani et al., 2015). Under basal conditions,
perilipin 1A is bound to CGI-58, preventing interaction with ATGL. Upon activation of PKA,
perilipin 1A is phosphorylated, causing CGI-58 to dissociate into the cytosol. This ultimately
enables lipase co-activation (Sahu-Osen et al., 2015). Now activated ATGL translocates to the
LD, which then hydrolyzes TAG to diacylglycerol (DAG). Next, hormone-sensitive lipase (HSL)
catalyzes DAG to monoacylglycerol (MAG), which in turn gets hydrolyzed to FA and glycerol
by monoacylglycerol lipase (MGL) in the cytosol (Kershaw et al., 2006). Another LD lipase,
PNPLAS is also important for TAG breakdown from the LD, and it has been shown to be
involved in autophagy by participating in autophagosome formation (Dupont et al., 2014). FAs
liberated in this way undergo (-oxidation in mitochondria, and may also be re-esterified back to
TAG for storage (Martin and Parton, 2006). In some conditions, where energy demand is high or
if nutrients are scarce, liberation of FAs may be sped up by a process called lipophagy (See
section 1.2.2.b) (Singh et al., 2009). Interestingly, lipid breakdown by ATGL may not only be
mere lipolysis since ATGL requires LC3 (microtubule-associated protein 1 light chain 1A/1B)

for its lipolytic activity (Martinez-Lopez et al., 2016). Recent study shows that ATGL contains a
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LIR (LC3 Interacting Region) domain, which allows its binding to the autophagosome marker,
LC3. Upon LIR mutation, ATGL was not able to trigger lipid breakdown from LDs even in the
presence of a lysosomal inhibitor (Martinez-Lopez et al., 2016). Also, HSL co-
immunoprecipitates with LC3 in LD fraction of brown adipose tissue (BAT). At the same time, a
trypsin protease protection assay on BAT autophagosomes revealed that ATGL and HSL were
rather present on the outer autophagosome membranes than being on the inner membrane as

cargos. Indeed, ATGL interacts with LC3 for its recruitment to LD and lipolytic activity.

1.2.2.b Lipid breakdown by lipophagy

In addition to the action of lipases, lipid breakdown from LD can be mediated by an
autophagic pathway (Singh et al., 2009). Autophagy is an intracellular mechanism for the
degradation of cellular organelles and protein aggregates, which regulates the size and number of
organelles (See section 1.2.5). Recently, it was shown that autophagic machinery is used for LD-
specific breakdown called lipophagy. When key autophagic proteins such as Atg5 and Atg7 were
knocked down by lentivirus-mediated RNA interference, size and number of LDs were increased
in untreated and oleate loaded cells. In these cells, the relative amount of TAG were decreased,
and the rate of B-oxidation had increased (Singh et al., 2009). Moreover, autophagosome marker
LC3 was located around the LD, which was visualized by immunofluorescence and immuno-EM
(Singh et al., 2009). This observation suggests that the LD is surrounded by autophagosomes for

degradation.
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1.2.2.c. Lipophagy through Kiss-and-Run

Apart from canonical lipophagy that involves autophagosome formation, there is a non-
canonical pathway called the Kiss-and-Run pathway. This type of lipophagy is distinct from the
canonical lipophagy because it does not involve the autophagosome. In fact, this process is
manifested by the direct fusion between the lysosome and the LD, where two organelles fuse
transiently and then are separated. A small GTPase called Rab7 has been demonstrated to be
indispensable for this Kiss-and-Run lipophagy (Schroeder et al., 2015). Indeed, Rab7, in starving
conditions, localized to a subdomain of the LD, and the LD was bombarded by multiple
lysosomes. Knockdown of Rab7 by siRNA reversed this phenotype as the LDs were enlarged
(Schroeder et al., 2015).

Mechanisms that bring the two organelles together for the Kiss-and-Run lipophagy have
not yet been elucidated. Nonetheless, some proteins that govern the movement of lysosome and
LD may be involved. For example, BORC complex, a multi-subunit complex involved in
lysosomal positioning, recruits a small GTPase, Arl8b to the lysosome and is held in place (Pu et
al., 2015). Subsequently, BORC couples lysosome to kinesin motor, so it is plus-end
microtubule-directed (Pu et al., 2015). Later, SKIP and kinesin are recruited to this site, moving
lysosome towards the LD (Pu et al., 2015), and this is probably where RAB 7-positive domains
within LD makes contact with lysosomes.

This transient docking of lysosomes to the LD surface may provide a quicker release of
LD contents because there is no need for autophagosome formation (Schroeder et al., 2015). This
process may certainly be less energy-costly. However, the mechanism by which the two
organelles comprised of a phospholipid bilayer and a phospholipid monolayer, fuse very quickly

before departing is unknown.
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1.2.2.d. Omega-3 fatty acid Eicosapentaenoic acid (EPA)

Omega-3 fatty acids have been shown to have beneficial effects on overall health. They
have been suggested to generate neuroprotective metabolites, lower blood pressure, and improve
functions of blood vessels. A recent study suggested that they reduce lipid accumulation and
lower cytotoxicity (Chen et al., 2015). A research group led by Li at Zhejiang University, China,
demonstrated that EPA, a polyunsaturated fatty acid (20:5), induces autophagy by down-
regulating Stearoyl-CoA desaturase 1 expression in hepatocytes, thereby inhibiting lipid
accumulation and apoptosis (Chen et al., 2015). However, molecular mechanism by which EPA

lowers lipid accumulation has not been elucidated clearly.

1.2.3. Non-alcoholic fatty liver disease

Non-alcoholic fatty liver disease (NAFLD) is a disease that affects a significant
proportion of the population: 20 to 30% of adult population in North America (Dowman et al.,
2010) and 90% of obese individuals are affected (Machado et al., 2006). It is manifested by the
excessive accumulation of cytoplasmic LDs in the liver. An abnormal amount of fat leads to
inflammation and scarring of the liver, which progresses to become non-alcoholic steatohepatitis
(NASH). As the disease persists, scar tissue replaces liver, and the liver becomes cirrhotic
(Hossein and Saeed, 2011), which is susceptible to development of hepatocellular carcinomas
(HCC) (Bafty et al., 2012). Abnormal accumulation of fat is the leading cause of the NAFLD.
Thus, preventing the lipid accumulation, or enhancing lipid metabolism can slow down the
disease progression. For this reason, studying these mechanisms will not only help us understand

the disease, but it may also contribute to the discovery of potential treatment.
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First, to understand the mechanism of TAG accumulation in the human liver, we
determined the total protein profile of subcellular organelles from hepatocytes isolated from
human livers with NAFLD, isolated from over 100 NAFLD patients’ livers. Protein contents of
the subcellular fractions were analyzed by mass spectrometry, and this experiment revealed
many novel proteins localized to LDs. One of the proteins that came to our interest was

endophilin B1, an N-BAR domain-containing protein involved in endocytosis.

1.2.4. Endophilin family of proteins

Endophilin B1 (SH3GLBI or Bif-1) is a member of endophilin family that is known to
participate in multiple cellular processes such as the regulation of vesicle fission (See 1.1.4.c),
endocytosis, mitochondrial morphology, and autophagy. Endophilins are highly conserved across
species (Illustration 4), and in humans there are five forms. Endophilin A1, the most studied,
binds to synaptojanin and acts to recycle neurotransmitter vesicles (Gallop et al., 2006).
Endophilin A2 is ubiquitously expressed, and it stimulates the assembly and GTPase activity of
dynamin 2 (Ross et al., 2011). Endophilin A3 is found in neurons and testis (Giachino et al.,
1997). Endophilin B1 gene gives rise to three splice variants: Bla is ubiquitously expressed and

B1b and c are brain specific (Modregger et al., 2003).
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Ilustration 4: Domains and structures of the endophilin family

There are five different isoforms of endophilin in humans (a), and endophilins are highly
conserved across species (b). Reprinted by permission from Macmillan Publishers Ltd on behalf
of Cancer Research UK: Cell Death and Differentiation (Takahashi et al., 2009)

1.2.4.a. Domains and structures

Structural analysis of endophilin reveals three functional regions that are essential for
membrane binding in vitro: an N-terminal amphipathic helix (HO), an additional amphipathic
helix termed insertion-helix (H1I), and a crescent-shaped region that is formed by dimerizing
BAR (Bin/Amphiphysin/Rvs-homology) domains (Masuda et al., 2006a). The HO helix is in the
most N- terminal of endophilin, and the HI1I helix is located within the BAR domain. The
endophilin family of proteins (including Al, A2, A3, B1, and B2) shares these domains
(IMustration 4).

Src-homology-3 domain (SH3) of endophilin binds to proline-rich regions (PRR) that is
found in dynamin and synaptojanin. BAR domain promotes dimerization and membrane
curvature generation (Illustration 4). Purified BAR domains facilitate liposome binding and

tubulation in vitro, and cells expressing the BAR domain showed noticeable tubulation of the
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plasma membrane in vivo (Masuda et al., 2006a). Through a liposome binding assay in the
presence of variable salt concentrations, interaction between the BAR domain and the membrane
was found to be electrostatic: At higher concentrations of salt (>150mM NacCl), the BAR domain
falls off, but N- terminal BAR (N-BAR) domain does not (Gallop et al., 2006). Endophilin
dimerizes through the BAR domain, and this rigidity of the crescent-shaped dimer is crucial for
tight membrane tubulation; mutants made to form straight BAR domains creates a tube diameter
greater than the wild type (Masuda et al., 2006a). Paramagnetic resonance spectroscopy showed
that the H1I helix was inserted into phospholipids at a perpendicular angle (Gallop et al., 2006),
and this insertion drives membrane curvature with the help of dimerized BAR main body (Gallop
et al., 2006; Masuda et al., 2006a). In addition, HII helix is responsible for liposome tubulation
(Gallop et al., 2006; Masuda et al., 2006a) because its deletion in endophilin A1 resulted in only
monomeric endophilin Al in vitro (Gallop et al., 2006). Furthermore, the N-terminal
amphipathic alpha-helix (HO) plays a role in membrane binding. Deletion of this HO helix
completely abolishes the membrane binding activity (Takahashi et al., 2011). Mutational studies
revealed that dimerization through the BAR domain and the dimer’s rigidity is affected by this
insertion helix (Cui et al., 2009). Thus, coordinated actions of the N-terminal helix (HO), helix 1
(H1I), and the rigid crescent-shaped BAR domain together increase endophilin’s membrane
bending (Illustration 5). In fact, this membrane binding activity of endophilin B1 has been seen
in an in vitro experiment of purified endophilin Bl incubated together with Bax and giant
unilamellar vesicle (GUV). The results revealed that endophilin B1 binds to GUV and caused

tubulation into smaller liposomes (Rostovtseva et al., 2009).
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Ilustration 5: Membrane curvature driven by endophilin

Endophilin generates membrane curvature as a dimer. Endophilin dimerizes through BAR
domain, and the collective efforts of two amphipathic helixes (a, ¢), BAR body (b), and dynamin
causes the membrane to bend. Reprinted by permission from John Wiley and Sons: The EMBO
Journal (Gallop et al., 2006)

1.2.4.b. Mitochondrial morphology

Interestingly, endophilin B1 has been shown to be important in the maintenance of
mitochondrial morphology. Endophilin B1 is required for the regulation of mitochondrial outer
membrane dynamics because siRNA knockdown of endophilin B1 and overexpression of
truncated endophilin B1 resulted in profound damage to the mitochondrial network (Karbowski
et al., 2004). Three distinct shapes of mitochondria have been seen when endophilin BI1 is
knocked down in HeLa cells; randomly broken, rounded up and peripheral, or non-tubulated and
perinuclear (Karbowski et al., 2004). On many occasions, the outer mitochondrial membrane was

dissociated from the matrix (Karbowski et al., 2004). In mouse primary cortical neurons,
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knockdown of endophilin B1 also resulted in fragmented and depolarized mitochondria while the
expression of proteins involved in mitochondrial fusion or fission remained unaffected (Wang et
al., 2014). Although normally cytosolic, endophilin B1 moves to the mitochondria and forms
patches around them when apoptosis is triggered by caspase inhibitors zVAD-fmk and STS
(Karbowski et al., 2004). The mitochondrial network is impaired when a mutant endophilin Bl
lacking the N-terminal region is overexpressed, and this observation confirms the importance of
the N-terminal region (Karbowski et al., 2004). Given these observations and the fact that
endophilin interacts with dynamin at SH3 domain, it is plausible that endophilin B1 coordinates

mitochondrial tubulation process.

1.2.4.c. Clathrin-mediated endocytosis

Clathrin-mediated endocytosis (CME) is a process that uses receptor proteins within
clathrin-coated membrane regions in the cell membrane. Nutrients, hormones, and other ligands
are shuttled into small invaginations that make up small vesicles, and subsequently, they move to
the cell interior. CME controls the uptake of not only receptor bound molecules, but the turnover
of many membrane-bound proteins. The role of endophilin in endocytosis has been shown in
mice (Milosevic et al., 2011), lampreys (Sundborger et al., 2011; Gad et al., 2000; Farsad et al.,
2001), and Drosophila (Verstreken et al., 2002; Schuske et al., 2003).

Endophilin’s function in endocytosis has been well described in lamprey neurons.
Blockage of endophilin A’s SH3 domain by an antibody interferes with endocytosis progression
from an early to late stage (Ringstad et al., 1999). In these neurons, the number of synaptic
vesicles reduced dramatically, and numerous clathrin-coated pits were found without constricted

necks (Ringstad et al., 1999; Gad et al., 1998). Also, endophilin (isoform not specified) was
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shown to be essential presynaptically at the neuromuscular junction of Drosophila because cells
lacking endophilin were not able to retrieve synaptic membrane and vesicles from the
presynaptic terminal (Verstreken et al., 2002). This requirement of endophilin in synaptic vesicle
endocytosis may be due to its ability to recruit and stabilize synaptojanin (Schuske et al., 2003)
and dynamin (Sundborger et al., 2011): In Drosophila, the absence of endophilin mislocalizes
synaptojanin but not vice versa (Schuske et al., 2003); At lamprey synapses, endophilin Al-
dynamin complex promotes budding of new synaptic vesicles (Sundborger et al., 2011). It
appears that endophilin A1’s SH3 domain recruits dynamin to clathrin-coated pits. The amount
of dynamin recruited to clathrin-coated pits and vesicle tubulation increase in the presence of
endophilin Al. Also, in another study done in lamprey, blocking the interaction of SH3 domain
with dynamin resulted in un-cleaved vesicles with elongated neck (Sundborger et al., 2011).
Rather than directly binding to clathrin, endophilin A1 associates with dynamin and synaptojanin.
Sundborger and colleagues postulated that the endophilin Al-dynamin complex forms at the
neck of emerging clathrin-coated vesicles, where endophilin A1 may guide dynamin binding.
This pre-fission complex then constricts the neck to facilitate vesicle fission. Synaptojanin that is
recruited earlier or at this stage may compete with dynamin for endophilin A1 binding, and it has
been shown that synaptojanin plays a role in clathrin uncoating (Sundborger et al., 2011).
However, deletion of endophilin did not affect the exocytosis in the abdominal neuromuscular
junction of early third instar Drosophila larvae (Verstreken et al., 2002), suggesting that
endophilin does not participate in exocytosis of synaptic vesicles. In mice, loss of three mouse
endophilins impair synaptic transmission, and partial loss of endophilin causes neurological

defects such as epilepsy and neurodegeneration (Milosevic et al., 2011).
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Ilustration 6: Endophilin in endocytosis

Endophilin is involved in clathrin-independent endocytosis, FEME (a), and clathrin-mediated
endocytosis, CME (b). Reprinted by permission from Macmillan Publishers Ltd on behalf of
Cancer Research UK: Nature (Haucke, 2015)

1.2.4.d. Clathrin-independent, Fast Endophilin-Mediated Endocytosis (FEME)

In a recent study, endophilin A has been shown to be essential in clathrin-independent
endocytosis. This pathway has demonstrated to mediate the endocytosis of growth factors, and it
is termed Fast Endophilin-Mediated Endocytosis (FEME). In a study by Boucrot and colleagues,
endophilin was recruited to clathrin-free membrane sites at the leading edge when ;-adrenergic
receptor was activated (Boucrot et al., 2014). As a result, the receptor was rapidly internalized
into small vesicles and tubules. When clathrin and other partners were depleted, this process still
proceeded. However, when endophilin Al, A2, and A3 were depleted, this process was
abrogated. Also, the morphology of the vesicles formed in this process did not resemble other
clathrin-independent pathways such as macropinocytosis. These researchers concluded that this
process involving endophilin is independent of clathrin. Without endophilin, receptors (Bi-
adrenergic receptor, proline-rich motifs within TIL of a,,-AR, dopaminergic receptors 3 and 4,
and muscarinic acetylcholine receptor 4) did not get internalized, but rather accumulated at the

PM and continued to signal. The accompanying paper by Renard and colleagues demonstrated
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that bacterial toxins such as Shiga toxin B from Shigella hijacked this process to gain entry into
the host cell (Renard et al., 2015). Endophilin A2 coats tubule-shaped membrane invaginations
where Shiga toxin B binds to the cell membrane. Subsequently, endophilin A2 would work
together with dynamin to detach the tubule from a growing vesicle, internalizing Shiga toxin B.
Proposed mechanisms for the FEME include the following: Firstly, membrane-bound receptor
proteins or bacterial toxins such as Shiga toxin B get activated, and trigger the conversion of
P1(4,5)P; to PI(3,4,5)P3, which subsequently gets converted to PI(3,4)P,. Afterward, PI (3,4)P,
binds to lamellipodin, which is located at the leading edge of the cell. Lamellipodin binds to
endophilin, so endophilin accumulates at the leading edge. Finally, endophilin induces the
formation of vesicles that become internalized, transporting their cargo to the cell interior
(Boucrot et al., 2014). Cell specificity of FEME or the proportion of FEME that takes place in
comparison to other types of endocytosis has not been investigated (Haucke, 2015). However,
FEME may be required in neurons because they use both CME and clathrin-independent

endocytosis to facilitate the internalization and release of neurotransmitter (Haucke, 2015).

1.2.5. Autophagy

Autophagy is an intracellular mechanism for degradation of cellular organelles and
protein aggregates, and this process thereby regulates the size and number of organelles.
Interestingly, growing evidence suggests that endophilins participate in autophagy. There are
different types of autophagy: macroautophagy, microautophagy, chaperone-mediated autophagy,
and non-canonical autophagy. Through autophagy, defective or overly abundant organelles are
also removed; Peroxisomes by pexophagy (Monastyrska and Klionsky, 2006), mitochondria by

mitophagy (Kubli and Gustafsson, 2012), ER by ER-phagy (Khaminets et al., 2015), and
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ribosome by ribophagy (Bakowska-Zywicka and Tyczewska, 2009). Non-canonical autophagy
for lipid droplets (LD) has been observed and is called Kiss-and-run lipophagy (Schroeder et al.,

2015).

1.2.5.a. Role of endophilin B1 in macroautophagy

For macroautophagy (also called classical autophagy), an isolation membrane
(phagophore) elongates to enclose cellular materials for degradation, resulting in a double-
membraned organelle called an autophagosome. Once matured, autophagosomes fuse with
lysosomes and become autophagolysosomes. This fusion leads to the degradation of enclosed
materials along with inner membranes. In addition to basal autophagy (Seino et al., 2013),
autophagy is triggered by nutrient starvation or other stress conditions.

A master regulator of cell growth, mTOR (mammalian target of rapamycin), has been
shown to regulate the early steps of autophagosome formation. Upon activation, Class III
phosphatidylinositol 3-kinase (PI3KC3) forms a complex with Beclinl-UVRAG, and endophilin
binds to UVRAG (UV radiation resistant-associated Gene protein) through its SH3 domain
during starvation-induced autophagy (Takahashi et al., 2007). Beclinl and UVRAG play a
central role in autophagy as they form a core subunit of the PI3K complex (He et al., 2013;
Margariti et al., 2013). Atg9, one of the Autophagy-related gene and protein (Atg), has been
shown to gather membranes from the Golgi, where the trafficking of Atg9 and fission of Golgi
membranes require endophilin B1 (Takahashi et al., 2011; He et al., 2013). Endophilin’s
membrane binding and tubulating activity may be contributing to this process. For elongation of
autophagosome membranes, there are series of Atg proteins. Atgl2, the first Atg protein shown

for autophagy, acts similar to ubiquitination enzymes. Atg7 is an E1-like enzyme that conjugates
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Gly186 of Atgl2 to Cys507 of Atg7 (Tanida et al., 1999). Then Atgl2 is transferred to E2-like
enzyme Atgl0 (Shintani et al., 1999). Atgl2 is conjugated to Lys149 of Atg5 (Mizushima et al.,
1998). Now, Atgl2-Atg5 conjugates to Atgl6 and form dimeric complex (Fujioka et al., 2010;
Kuma et al., 2002). Finally, Atgl2-Atg5-Atgl6 act as an E3-like enzyme, which has an
important regulatory role for Atg8 (LC3) conjugation (Hanada et al., 2007; Mizushima et al.,
2001). It promotes the transfer of LC3 from Atg3 to the PE substrate by stimulating the activity
of Atg3 (shown in vitro) (Hanada et al., 2007). This PE conjugation turns LC3-I to LC3-II, and
now LC3-II becomes capable of the binding membrane. Recruitment of LC3 is essential for the
extension, curvature, cargo recognition (Pankiv et al., 2007), and closure of the isolation
membrane to complete autophagosomes (He and Klionsky, 2009). Often, the amount or number
of LC3 puncta is used as a marker for autophagosome. Finally, with the help of
SNAP29/Syntaxin1 7/HOPS (Homotypic fusion and protein sorting) complex and VAMPS,

autophagosomes fuse with lysosomes for degradation (Jiang et al., 2014; Diao et al., 2015).

Endophilin Bl in lipid metabolism

Endophilin B1 was shown to regulate lipid metabolism in a mouse model. Endophilin
B1-deficient mice resulted in reduced basal rate of adipose tissue lipolysis and failed to control
the size of LDs (Liu et al., 2016). Eventually, these mice developed obesity, insulin resistance,
and adipocyte hypertrophy upon aging. In addition, endophilin B1 deficiency downregulated the

expression of Atg9a and LAMP1 in the adipose tissue (Liu et al., 2016).
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1.2.5.b. Microautophagy

Microautophagy is the direct engulfment of cytosolic cargo by lysosomes, and it has been
best studied in yeast. Whereas macroautophagy involves an autophagosome, microautophagy
does not. Microautophagy is often regarded as a non-selective lysosomal degradation process,
where the lysosome membrane is invaginated or projected to arm-like protrusions to encapsulate
cytoplasmic materials. Following the encapsulation, degradation by hydrolases proceeds. Certain
organelles can be degraded by selective microautophagy, and these processes are termed
micromitophagy for mitochondria, micronucleophagy (piecemeal microautophagy of nucleus),
and micropexophagy for peroxisomes (Mijaljica et al., 2011). Damaged, dysfunctional, or
nutrient-deficient mitochondria were degraded by micromitophagy. Although some factors have
been identified, direct mechanism of mitochondria recognition and involvement of cytosol have
not been elucidated fully (KisSova et al., 2007). Nitrogen, carbon starvation as well as rapamycin
have been shown to promote the interaction between the vacuole and outer nuclear membrane.
Eventually, a portion of the nucleus is sequestered into a vacuolar lumen (Millen et al., 2009).
However, it is not clear how essential nuclear constituents are prevented from micronucleophagy.
Also, the precise mechanism of how micronucleophagy proceeds is yet to be
discovered (Mijaljica et al., 2011). For degradation of peroxisomes, the micropexophagy-specific
membrane apparatus (MIPA) is formed, which mediates fusion between the tips of the
invaginating vacuoles (Li et al., 2012). Following peroxisome engulfment, the membrane is
detached, and encapsulated peroxisomes are lysed within the low pH environment. Formation of
the MIPA involves a series of Atg proteins and additional pexophagy-specific factors. Whether
or not these mechanisms of microautophagy are conserved in higher eukaryotes is unclear

(Mijaljica et al., 2011).
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1.2.5.c. Chaperone-mediated autophagy

Chaperone-mediated autophagy (CMA) is a selective autophagy mediated by chaperones,
lysosomal heat shock proteins, and lysosome-associated membrane glycoprotein 2A (LAMP2A).
It is also called the selective lysosomal pathway, KFERQ pathway, or direct lysosomal pathway
as this process involves direct recognition of substrate, and KFERQ is a recognition sequence
(Kaushik and Cuervo, 2008). CMA was first proposed as a selective delivery of cytosolic
proteins to lysosomal membranes.

One of the features that make CMA unique is that chaperones bind to protein substrates
to assist in unfolding prior to lysosomal translocation. LAMP2A was shown to act as a receptor,
mediating binding of the chaperone and substrate complex to lysosomal membranes (Cuervo and
Dice, 1996). Although there are three splice variants available from a single LAMP2A gene,
only one form is shown to be necessary. LAMP2A, a single-span membrane protein (type I)
(Schroder et al., 2007), exists as a monomer when chaperone-substrate complex binds, but upon
binding, they are multimerized into a high-molecular-weight complex that is necessary for

membrane translocation (Bandyopadhyay et al., 2008).

1.3. Rationale of the study

1.3.1. New generation of probes to study Golgi

Indeed, the field of Golgi biology has been flooded with observations favoring either of
the two well-established models. To date, there are overwhelming in vitro and proteomics results
(Lanoix et al., 1999; Gilchrist et al., 2006) that show preferential incorporation of Golgi-resident
enzymes in COPI vesicles. Despite this, the cell biology community seems reluctant to accept the

CMPM, in which COPI plays major roles in the recycling of Golgi-resident enzymes. They still
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challenge researchers to provide corresponding proof in vivo. To clarify this unsettled matter, we
have developed a new generation of antibody-based probes, termed fusion antibodies. It is
constructed so that it can act as a probe to represent the location of endogenous Golgi-resident
enzymes in vivo. The fusion antibody can be expressed within the cell such that the antibody
portion can bind to the endogenous Golgi enzyme, where its fluorescent protein portion enables
their visualization. Therefore, I hypothesize that the fusion antibody accurately represents how
endogenous Golgi-resident enzymes are retained and recycled. Additionally, unique
characteristics of the fusion antibody combined with in vivo correlative photo-oxidation
microscopy will reveal the ultrastructural location of the bound Golgi enzyme and overcome
current limitations discussed earlier. Through this method, I aim to study the behavior of Golgi-
resident glycosyltransferases and provide further insights and evidence to clarify intra-Golgi

transport.

1.3.2. Functional elucidation of endophilin B1 as a novel LD protein

Based on these studies, we propose that endophilin B1 may affect lipophagy. Indeed, our
study reveals that endogenous endophilin B1 localizes onto the lipid droplet of human fatty liver
frozen sections. In the presence of EPA that enhances lipophagy, endophilin B1 localizes on LD
surface. Based on these preliminary observations, this study aims to elucidate functions of
endophilin B1 on lipophagy. Furthermore, we hypothesize that endophilin B1 mediates
lipophagy by causing LD fission and facilitating the Kiss-and-run lipophagy in the presence of

EPA.
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2.1. Reagents and antibodies

Reagents

Atglistatin (#530151) was purchased from EMD Millipore Corporation (California,
USA). Ampicillin (#A9518), oleic acid (#01008), Brefeldin A (#B7651), Bafilomycin A 1
(#B1793), NaCl (#BP358-1), KH,PO, (#P285-500), MgCl, (#M2670), Fish skin gelatin, Saponin
(#47036), Mowiol, NH4Cl (#A9434), poly-L-Lysine (#P4707), bovine serum albumin (#A7906),
bovine serum albumin fatty acid free (#A6003), Tween 20 (#P7949), HEPES (#H3375), PMSF
(#P7626) anti-FLAG® M2 Affinity Gel (#A2220) and 3X FLAG® peptide (#F4799) were
purchased from Sigma-Aldrich (Ontario, Canada). Guanidine hydrochloride (#EL200-002-3),
DMSO (#D-128), glycin (#BP381-5), CaCl, (#C70-500), KCl (#BP366-500), Geneticin®
(#11811098), microscope slide (#12-550-A3) and microscope cover glass (#12-545-80) were
purchased from Fisher Scientific (Quebec, Canada). FuGENE HD Transfection Reagent, SDS
(#11-667-289-001) cOmplete™, EDTA-free (#04693132001) and Tris base (#11-814-273-001)
were purchased from Roche Ltd (Laval, Quebec, Canada). ECL detection kit (#NEL104001EA)
was purchased from Perkin Elmer (Massachusetts, USA). Paraformaldehyde (#CAS30525-894)
was from Mecalab Ltd. (Quebec, Canada). B-Mercaptoethanol, Protein A-HRP conjugate (#170-
6222), Goat anti-mouse HRP-conjugate (#170-6216), Precision Plus Protein'™ WesternC™"
standards (#161-0373), ammonium persulfate (#161-0700), TEMED (#161-0800), 2-
mercaptoethanol (#210006565) and Bio-Rad DC Protein Assay (#500-0116) were all purchased
from Bio-Rad (Ontario, Canada). Nile Red (#N1142), LysoTracker Blue DND-22 (#L7525),
UltraPure agarose (#16500-100), OptiMEM (#31985), Bodipy 493/503 (#D3922), Bodipy
558/568 (#D2219), 0.25% trypsin-EDTA  (#25200-056), hygromycin (#10687010),

Lipofectamine (#13778-150) and Blasticidin (#A1113903) were purchased from Invitrogen
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(California, USA). Triton X-100 (#17-1315-01) was purchased from PlusOne. LB agar
(#LBA408.500) and LB broth (#LBL405.1) were purchased from BioShop (Ontario, Canada).
Kanamycin monosulfate (#400-145), DMEM (#319-005-CL), Penicillin and Streptomycin
(#450-201-EL), were purchased from Wisent (Quebec, Canada). Plasmid Maxiprep (#12262)
was purchased from Qiagen (Hilden, Germany). Gel and PCR clean-up and In-Fusion® HD
Cloning Plus (#638909) were purchased from ClonTech (California, USA). Hyclone Fetal
Bovine Serum (#SH30071.01) was purchased from GE Healthcare (Quebec, CA). Sodium
phosphate dibasic (#84486-300) and sodium phosphate monobasic (#84456-380) were purchased
from Anachemia (Quebec, Canada). E.D.T.A (#A1316) was purchased from Research Organics
(Ohio, USA). His-Spin Protein Miniprep (#P2002) was purchased from Zymo Research
(California, USA). Eicosapentaenoic Acid (#90110.1) was purchased from Cayman Chemical

(Michigan, USA).

Antibodies

For Western blot analysis, rabbit N11 polyclonal antibody recognizing human GalT
polypeptide was used according to the protocol described previously (Watzele et al., 1991). For
immunofluorescence, monoclonal purified mouse antibody against GalT was used according to
the protocol described previously (Kawano et al., 1994). Rabbit polyclonal antibody recognizing
myc-tag was used according to the protocol described previously ((Evan et al., 1985). B-Tubulin
(#sc-9104), PLINI1 (#sc-67164), and Endophilin Bl (#sc-374146) used for indirect
immunofluorescence were purchased from Santa Cruz Biotechnology (Texas, USA). Endophilin
B1 (#IMG-265A) used for Western blot was purchased from IMGENEX (California, USA).

Monoclonal Anti-FLAG M2 (F3165) was purchased from Sigma-Aldrich. LAMP1 (#25630) and
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LC3 (#ab48394) were purchased from AbCam (Cambridge, United Kingdom). Atg5 (#2630) was
purchased from Cell Signaling (Massachusetts, USA). The LC3 antibody used for indirect
immunofluorescence (NB600-1384) and Western blot (NB100-2220, CZ) were purchased from
Novus Biochemicals (Colorado, USA). AlexaFluor 488 (#A21206, #A21202), AlexaFluor 568,
AlexaFluor 594 (#A11058, #A21235), and AlexaFluor 647 (#31573) were all purchased from

Invitrogen (California, USA).

Preparation of Eicosapentaenoic Acid

EPA was dissolved in ethanol prior to addition of SN NaOH, which is evaporated under a
stream of nitrogen gas. 150mM NaCl is added as the solution is being mixed and warmed up to
60°C. Once Na-EPA is fully dissolved, ice cold 20% BSA is added. Fully dissolved solution is
filtered through 0.22uM filter and aliquoted to store at -20°C. To use, this 10mM stock EPA was

diluted to 0.4mM in growth media.

2.2. Cell culture, transfection, and generation of inducible cells

Cell culture

HeLa cells were grown in DMEM with 10% FBS and 100U/mL penicillin and
100mg/mL streptomycin. HepG2 cells were grown in DMEM with 10% FBS, 100U/mL
penicillin and 100mg/mL streptomycin, and 10mM HEPES pH 7.4. T-REx HeLa cells inducibly
expressing EGFP or BirA constructs were grown in above media with the addition of 2ug/ml
blasticidin and 100ug/ml hygromycin B. T-REx Hek293 cells inducibly expressing EGFP,

mTurquoise or BirA were grown in above media with the addition of 10pug/ml blasticidin and
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50ug/ml hygromycin B. For amino acid starvation, cells were washed with starvation media (140
mM NaCl, ImM CaCl,, ImM MgCl,, SmM glucose, and 20mM Hepes, pH 7.4) before

incubation with starvation media plus 1% BSA. All cells were incubated at 37°C and 5% CO».

Transfection

Cells were transfected using FuGENE HD according to the manufacturer’s instructions.
For all transfections, 1pg of plasmid DNA was used unless stated otherwise. Cells were

transfected in 10% FBS for 16-24hours.

Induction of LD formation

To induce LD formation, 0.2mM oleic acid (100mM stock prepared in ethanol) was

diluted in complete media and incubated 30 minutes at 37°C water bath prior to addition.

Generation of stable or inducible cells

HeLa cells stably expressing fusion antibody were generated after being selected in
DMEM with 10% FBS, 100U/mL penicillin, 100mg/mL streptomycin, and 400pug/ml G418
media for four weeks. Upon picking up positive clones, the G418 concentration was reduced to
100pg/ml.

HeLa cells expressing endophilin Bl EGFP/FLAG-BirA were generated after being
selected in selection media containing 4pg/ml blasticidin and 200ug/ml hygromycin. Flp-in T-
REx HelLa cell line is a gift of Dr. Stephen Taylor from Faculty of Life Sciences University of

Manchester, United Kingdom. To generate cells inducibly expressing Endophilin B1-EGFP,
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primers flanking pCDNA/FRT/TO were generated. Primer sequences are listed in the table
below. The gene of interest was amplified with flanking ends by PCR, then it was inserted into
Notl site of pCDNA/FRT/TO plasmid by homologous recombination (In-Fusion HD Cloning
Kit). Endophilin B1-BirA constructs were generated the same way. Primer sequences are listed
in the table below.

Table 2-1: Primer sequences for endophilin B1
Primer Primer Sequence

For EGFP TGGAATTCTGCAGATATCGCCACCATGAATATCATGGACTTCAACGTG
Rev_EGFP CTTGCTCACCATGATATTGAGCAGTTCTAAGTAGGTAATT

For BirA CGCGCCATAGCGGCCACCATG AATATCATGGACTTCAACGTG

Rev BirA TCCTTCATTGCGGCCGCATTGAGCAGTTCTAAGTAGGTAATT

2.3. Fusion antibody construction

Fusion antibody was constructed based on Peipp et al., 2004 where murine Ig k-chain
leader sequence, ScFv for CD7, GFP and 6Hix tags were constructed under CMV promoter
(Peipp et al., 2004). The ScFv consisted of heavy chain variable region followed by a linker
(GGGGS)4 and a light chain variable region.

Hybridoma cells which express highly specific and efficient monoclonal antibody against
GalNacT2 and GalT were sent to Novoprotein. Novoprotein extracted total RNA, purified
mRNA, reverse transcribed to generate cDNA. From this, variable domains of a heavy chain and
a light chain were PCR-amplified by using mouse IgG primer set. Subsequently, murine Ig k-
chain leader sequence, heavy chain variable region, a linker, a light chain variable region, EGFP,
and 6HIS were sub-cloned into pCDNA3.1 for expression. Design specifications regarding

fusion antibody construction were delivered from our laboratory to Novoprotein.
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2.4. Knockdown by siRNA

Endophilin Bl siRNA was purchased from Dharmacon, (M017086-01-0005),
siGENOME human SH3GLB1, SMARTpool, Snmol. Cells were seeded on poly-L-lysine coated
35mm dish at 100,000cells/ml, and the siRNA was transfected at 50-100pmol final concentration
using RNAIMAX and OptiMEM. Four hours after transfection, DMEM with 10% FBS was
applied until following day. Second siRNA transfection was done at S0pmol final concentration
following the manufacturer's directions. To see the effect of endophilin KD on LD, 0.2mM
oleate was applied for 6 hours on the fourth day. To see the effect of endophilin KD on EPA
mediated lipophagy, 0.2mM oleate was applied for 16 hours followed by 6 hours of 0.4mM
EPA. Atg5 siRNA was purchased from Life Sciences (#HSS114103), Stealth RNAi. Cells were
seeded at 200,000cells/ml, and 50pmol of siRNA was transfected with RNAIMAX and
OptiIMEM. 72 hours after transfection, 0.2mM oleate was applied for 16 hours followed by 6

hours of 0.4mM EPA.

2.5. Tandem affinity purification of fusion antibody

T-REx Hek293 EGFP-FSAB-RGS6His3FLAG cells were plated at 40% confluency into
3 x 15 cm plates. Tetracycline was added at 1pg/ml for 24 hours for induction of fusion antibody.
Following wash with 2x PBS, cells were scraped with 500ul cold RIPA buffer (25mM Tris pH
7.4, 100mM NacCl, 0.5% NP-40, 0.5% Na deoxycholate, S0mM NaF, 1x Complete™). Harvested
cells were rotated 15 minutes at 4°C then centrifuged at 13,000rpm for 20 minutes at 4°C. The
supernatant is cleared lysate. His-tagged fusion antibody was purified from the cleared lysate by
using Zymo His-spin Protein Miniprep™ according to manufacturer’s instructions. His-tagged

fusion antibody was eluted with 30ul elution buffer. The eluate from this purification was further
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purified by using anti-FLAG M2 Affinity Gel according to manufacturer’s instructions. FLAG-
tagged fusion antibody was eluted with 3X FLAG® peptide (100ng/ul), three times with 50ul
each. To analyze, an equal volume of each sample (cleared lysate, flow-through, wash, and
eluate) was taken and loaded onto 10% SDS gel. After the transfer, PVDF membrane was blotted

against FLAG® antibody.

2.6. Indirect immunofluorescence and fluorescent microscopy

For indirect immunofluorescence, cells were grown on glass coverslips at least 16hours
prior to treatment. Seeding density differed depending on experiments: 200,000cells/ml for TLC
and transfection experiments; 100,000cells/ml for knockdown and live cell experiments.
Following experiments, cells were fixed using 3% formaldehyde with 0.1mM CaCl, and 0.1mM
MgCl,. The rest of indirect immunofluorescence protocol was processed as described in Gannon,

PLoS one 2014.

Human liver cryosections were cut from isopentane frozen tissue with a 6-9 micron
thickness. The tissue samples were fixed using 3% formaldehyde with 0.1mM CaCl, and 0.1mM
MgCl, for 20 minutes before washing in PBS. The fixed samples were submerged in 6M
guanidine hydrochloride for 10 minutes before being permeabilized by 0.2% Triton x100 for 20
minutes. They were blocked using 10% goat serum for 30 minutes. Both primary and secondary
antibodies were diluted in 5% goat serum at concentrations recommended by manufacturers’
instructions. Primary antibodies were incubated for 60 minutes, and secondary antibodies were

incubated for 45 minutes. Following PBS wash, coverslips were mounted by Mowiol.
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Confocal microscopy

To capture images, Zeiss LSM780 was used. For DAPI and Lysotracker blue, 405nm
Diode laser was used. For Alexa 488 and Bodipy 493/503, Argon Multi-line laser was used.
Alexa 568, Alexa 594, and Nile Red were excited by 561nm DPSS laser. Alexa 647 was excited
by HeNe laser. For all images, 63x/1.40 oil DIC Plan-Apochromat was used. For detection of

fusion antibody and endophilin B1, GaAsP detector was used.

Fluorescent microscopy

Endogenous endophilin B1 was observed using Zeiss Axiovert 200M fluorescent
microscope with Hal100/HBO100 illuminator and FluoArc lamp. Images were captured with

AxioCam MRm camera.

To capture live cell images, Olympus [X81 Disk Spinning Unit microscope was used.
Fluorophore was excited by X-Cite series 120Q EXFO excitation light source. Images were

taken with QuantEM 512SC CCD camera at various exposure length and intervals.

2.7. Mass spectrometry, generation of heat map and staging

Resected liver tissue or liver tissue derived from donors was processed for quantitative
LC-MS/MS. Briefly, Liver homogenate (Hom) was subjected to subcellular fractionation using
sucrose gradients to enrich for cytosol (Cyt), plasma membrane (PIsM), mitochondria (Mit),
smooth (SER) and rough (RER) endoplasmic reticulum, nuclei (Nuc), cytoplasmic lipid droplets

(CLDs) and Golgi/endosome/lysosomes (GEL). Proteins were precipitated using acetone, and
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approximately 20ug protein was subjected to SDS-PAGE. Each gel lane was divided into 20
slices, each subjected to in-gel trypsin digestions followed by acetonitrile-based elution. Peptides
were then analyzed by LC-MS/MS and, searched against the human database NeXtProt using
Mascot and validated using Scaffold to ascertain statistical significance. Proteins were identified
with a minimum of two independent peptides, each at >95% significance. False discovery rate
for the entire dataset was < 0.01%. Proteins were quantified through the spectral count,
normalized and displayed through Java TreeView. Selected protein distributions were exported
from Java TreeView and imported into Adobe Illustrator for final assembly. Increasingly red

indicates increasingly high protein expression level.

For staging, each liver tissue was independently scored for degree of steatosis,
inflammation and fibrosis and divided into 4 categories, low NAFL (low steatosis with no
fibrosis), NAFL (medium to high steatosis), inflammation (NASH) and cirrhosis as described in

Kleiner et al., 2005, Hepatology, 41, 1313-21.

2.8. Bio-ID

Protocol for the Bio-ID was adapted from Roux et al., 2012. Cells were plated in 6 x
150mm dishes per condition for 24 hours. Then, 0.2mM OA, 100ng/ml tetracycline and 50uM
biotin was added in 20% FBS and 1% Penstrep for 20 hours. Cells were rinsed with warm PBS
once before adding 0.4mM EPA and biotin in 10% FBS and 1% Penstrep. After 8hours, cells
were rinsed once with warm PBS, scraped in cold PBS, and pelleted at 800rpm (140xg) for 5

minutes at 4°C. Cell pellets were snap-frozen and stored at -80°C.
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All the solutions required for biotinylated protein capture were made fresh, and all plastic
ware was sterilized. Sepharose beads (GE17-5113-01 Sigma Streptavidin Sepharose R High-
Performance GE Healthcare) were prepared by washing with washing buffer (50mM Tris pH 7.4,
150 mM NaCl, 1% NP40, 0.1% SDS, 1mM EDTA) and spinning at 2000rpm for 30 sec for 5
times. Cell pellets were thawed on ice and lysed with RIPA (50mM Tris pH 7.4, 150 mM NaCl,
1% NP-40, 0.5% Sodium deoxycholate, 0.1% SDS, ImM EDTA, 1mM PMSF, 62.5U/ml
Benzonase R and Complete protease inhibitor). The crude lysate was sonicated for 4x 10 sec
bursts at 4°C followed by centrifugation at 14000 rpm for 30 min at 4°C. Cleared lysates were
mixed with the washed beads and rotated for 3 hours at 4°C. Upon centrifugation at 200 rpm at
4°C for 2 min, supernatant was removed and beads were washed 5 times with 50mM Tris pH 7.4,
150 mM NaCl, 1% NP-40, 0.5% Sodium deoxycholate, 0.1% SDS, 1mM EDTA. Beads were
rinsed with 50mM ammonium bicarbonate pH 8.0 for four times. Biotinylated proteins were
eluted with 75M biotin in 2x Laemmli buffer. Samples were incubated at 37°C for 15 min, 98°C
for 10 min and spun at 3200g for 1 min. Final supernatant was loaded onto stacking gel for in-gel

trypsin digestion. Protein bands were excised out for in-gel trypsin digestion and analyzed by

LC-MS/MS summarized above.

Biotin stock was prepared by dissolving 100mg biotin in 28% NH4OH (Sigma #221228).
This 200mM solution was neutralized by adding 1N HCI to obtain a 15mM stock solution. The
final solution of pH 7.5- 8.0 was 0.22um filter sterilized and kept in 4°C. Working biotin at 2mM

was prepared by diluting the stock in DMEM.
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2.9. Determination of LD size and number

For quantification of LD, LDs were stained by Bodipy 493/503 and nucleus was stained
with DAPI. For each experiment, 50-200 cells were randomly selected from DAPI (or DIC)
channel and diameter of LDs was measured by generic measure function in Image J (NIH).
Criteria used were following: cells were randomly chosen from DAPI (or DIC) channel and only

the cells that show full lateral view were selected.

2.10. Relative triacylglycerol levels by Thin Layer Chromatography

Cells were cultured with ['*C] oleate, and the cellular lipids extracted with hexane. Lipids
were then dried with nitrogen gas, redissolved into chloroform and resolved by thin-layer
chromatography using hexane, ether, acetic acid in volumetric ratios of 65:20:1. To locate bands,
stain the plate by placing into an iodine chamber for 20 minutes. TAG bands are scraped into
scintillation vials and dissolved by 5Sml scintillation cocktail. Radioactivity was read by Tri-Carb

2800 TR Domestic (Perkin Elmer).

2.11. Determination of Kiss-and-run

To measure number of Kiss-and-run, cells were transfected with fluorescent lysosomal
marker, and LDs were labeled with fluorescent lipid probes (Nile red, Bodipy 558/568, or
Bodipy 493/503). Live cell images were captured every 1.25sec (for HeLa cells) or 1.5sec (for T-
REx HelLa cells) for at least 1 minute. All images were processed and analyzed with ImageJ 1.45
(National Institutes of Health, USA). In all cases, background (pixel value outside the cells) was

relatively low (<10% of the signal). Therefore, background subtraction was not performed to
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minimize data manipulation. Firstly, images from each channel were converted to grey scale (0-
255). Next, they were default-thresholded to binary by using lower limit of 0 and upper limit
ranging from 20-30. Thresholded images from each channel were merged to find pixels that
overlapped. Same processing was applied for all time-lapse series imaged for 1 minute. Merged
images were converted to grey scale and thresholded, and this revealed only the overlapping
pixels between the two channels. These pixels correspond to areas where LDs and lysosomes
come together. A number of incidents where the value was greater than the average (over a
minute) were considered Kiss-and-run, and these values were recorded for each cell. For each
group, more than ten cells were counted. To calculate an average number of overlapping pixels,
the number of overlapping pixels per each frame was averaged for a minute. This calculation was
performed for more than ten cells per condition, and a standard deviation was calculated per each

condition.

2.12. Western blot

To harvest cells, either simple lysis buffer (PBS pH 7.4, 1x cOmplete™, 0.1% Triton
x100) or RIPA buffer (25mM Tris, 100mM NacCl, 0.5% NP-40, 0.5% Na deoxycholate, 50mM
NaF, 1x cOmplete™) was used. Lysis buffer was added to 2x PBS washed cells, and cells were
incubated for 30 minutes on ice. The crude cell lysate was collected, spun at 14,000 rpm for 20
minutes at 4°C, and only the supernatant was saved. Proteins were quantified by modified Lowry
method using Bio-Rad DC protein assay. For all fusion antibody related blots, 10ug of proteins
were loaded in each lane. For all endophilin B1 blots, 30ug of proteins were loaded in each lane.

Samples were prepared using 2-4X Laemmli buffer, boiled at 95°C for 5 minutes before spinning
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at 10,000rpm for 5 minutes at room temperature. All samples were run on 12% acrylamide gel at
25mAmp/gel using Hoefer apparatus. Proteins were then transferred onto PVDF membrane.
Primary antibody was diluted in either 5% skim milk in PBS or 5% BSA in TBS for overnight at
4°C. Subsequently, blots were washed using either 0.3% skim milk in PBS or TBST. Goat anti-
mouse HRP-conjugate or Protein A-HRP conjugate was applied for 45 minutes at room
temperature. ECL was added 1 minute prior to chemiluminescence detection using ImageQuant
LAS 4000 (GE Healthcare, Quebec, CA). Amount of proteins was normalized against GAPDH
or tubulin, and proteins were semi-quantitated based on band intensity identified using Imagel

gel analysis option.
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Chapter 3: New generation of probes to study retention and

recycling of Golgi-resident enzymes
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3.1. Construction of fusion antibody and expression in different cell types

In order to observe the behavior of Golgi-resident enzymes, we decided to make a novel
antibody-based probe. We took variable fragments of highly characterized monoclonal antibody
and added an affinity tag to make a ‘fusion antibody’ probe. Fusion antibodies have been
constructed against N-acetylgalactosaminyltransferase 2 (GalNacT2) and p1, 4-
Galactosyltransferase (GalT) enzymes, to which we have highly specific monoclonal antibodies.
In collaboration with Novoprotein, we were able to sequence their variable domains based on
their hybridoma cell lines, and sub-clone them into a pCDNA3.1 vector, which can be expressed

in mammalian cells. Construction of these fusion antibodies is shown in Fig. 3-1.
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(Figure legend continues on the next page.)

Figure 3-1: Fusion antibody is constructed from single chain variable fragment of a

monoclonal antibody

a. Overview of the fusion antibody construction. Variable fragments from the monoclonal
antibody were sequenced, and fluorescent tag (EGFP) and affinity tag were added. This
construct was sub-cloning into pcDNA3.1. A heavy chain signal peptide (yellow) allows
the nascent protein to enter the early secretory pathway. A heavy chain and light chain
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variable fragment (orange) constitute a single-chain variable fragment (ScFv). A linker
(navy) in between the heavy and light chain allows correct folding. EGFP (green) and
6xHis tag (purple) allows for visualization and detection. This figure illustrates a fusion
antibody design for EGFP-FSAB-a-GalT.

b. Construction of the mTurquoise-tagged fusion antibody. mTurquoise and Streptavidin
binding peptide replace EGFP and His tag, respectively. In this way, two constructs were
produced; mTurq-FSAB-a-GalNacT2-SBP and mTurq-FSAB-a-GalT-SBP.

We have made fusion antibodies by utilizing variable regions from two highly
characterized monoclonal antibodies against GalNacT2 and GalT. These regions are single-chain
variable fragments (scFv) of an antibody, and they are significantly smaller than whole antibody
molecules: The antibody is composed of one Fc¢ (Fragment constant) domain and two variable
Fab domains (Fragment antigen-binding), each of which is made up of a heavy and a light chain.
ScFv is smaller than one Fab domain because it is only the variable regions of the Fab domain
(Fig. 3-1a). A fluorescent tag and an affinity tag were added to facilitate visualization and
purification, respectively. Finally, the construct was subcloned into pCDNA3.1. We have
generated four constructs: EGFP-FSAB-a-GalNacT2; RFP-FSAB-a-GalNacT2; EGFP-FSAB-a-
GalT; and RFP-FSAB-a-GalT.

Additional fusion antibodies have been built with an mTurquoise tag in place of EGFP or
RFP (Fig. 3-1b). The mTurquoise is the brightest and the most photo-stable cyan dye (Goedhart
et al., 2010). Longer fluorescence lifetime and larger free radical generating capacity (Goedhart
et al., 2010) make mTurquoise adequate for Correlative Light Electron Microscopy (CLEM),
which offers the versatility of the light microscope with the resolution power of the electron
microscope (See section 1.1.7.a). Unlike EGFP, mTurquoise is a monomer, and this property

prevents dimerization of the fusion antibody. In addition, Streptavidin Binding Peptide (SBP)
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was added for further applications. In this way, the two fusion antibodies were constructed:

mTurg-FSAB-a-GalNacT2-SBP; and mTurg-FSAB-a-GalT-SBP (Fig. 3-1b).
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Figure 3-2: Fusion antibody is expressed and fluorescent.

HeLa cells were seeded on coverslips at 200,000cells/ml. 24 hours after HeLa cells were
seeded, they were transfected with 1ug fusion antibody plasmid for 16 and 24 hours. HepG2
cells were transfected as they were seeded. Upon fixation, coverslips were mounted and
imaged. Scale bar is 10um.

With the exception of vector construction, I carried out all the experiments included in
this chapter. To determine if the fusion antibody is well expressed in a cell, HeLa and HepG2
cells were transfected with 1pg plasmid for 16-24 hours. When imaged on the fluorescent

microscope, fusion antibodies against GalNacT2 and GalT appear fluorescent (Fig. 3-2).

3.2. Fusion antibody is made specifically for its respective glycosyltransferase.

In order to verify that fusion antibody recognizes the proper antigen, we wanted to stain
fusion antibody transfected cells with another antibody that recognizes a different epitope from
the same Golgi enzyme. To do this, HeLa cells were plated at 200,000cells/ml, and they were
transfected with mTurq-FSAB-0-GalT-SBP. Following fixation, cells were permeabilized and
stained against GalT. Subsequently, cells were imaged. Indeed, distributions of the fusion
antibody and the GalT antibody greatly overlapped, suggesting that the fusion antibody was

made correctly for the corresponding antigen, GalT (Fig. 3-3).
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mTurg-FSAB-GalT-SBP

Figure 3-3: Fusion antibody is specifically made for its respective glycosyltransferase.

HeLa cells were seeded at 200,000cells/ml and transfected with mTurq-FSAB-a-GalT-SBP for 16
hours. After fixation, free fixatives were quenched with NH4Cl, and non-specific sites were blocked
with fish skin gelatin. After cells had been permeabilized with saponin, they were stained with mAb
GalT and subsequently with Alexa 568 (red). Fusion antibody is shown as cyan in the upper left
panel, but is pseudo coloured to green in the merge panel since co-localization with red is readily
visible with green. Scale bar is 10um.
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So far, we have determined that fusion antibody is expressed in a cell, and it recognizes
the correct antigen. However, there is a constant turnover of Golgi cisternae, and it is possible
that fusion antibody in previous figures is freely floating in the Golgi as a biosynthetic molecule,
rather than a probe that binds specifically to the antigen. To determine whether or not fusion
antibodies remain tightly bound to their respective antigens, transfected cells were treated with
100pug/ml cycloheximide (CHX) that inhibits translational elongation. The rationale is that if
fusion antibody were not bound to Golgi enzyme, then it would be removed from the Golgi as
other biosynthetic cargos go through the early secretory pathway. After 16 hours of transfection,
transfection media was removed, and cells were washed once with PBS. CHX was added in a
new media and incubated for the indicated times (Fig. 3-4). Under these conditions, the fusion
antibody against GalT remained in the Golgi for up to six hours (Fig. 3-4). The CHX treatment
also removes unbound fusion antibody to some extent: ER-localized fusion antibody is removed

after 2 hours of CHX treatment.
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Untreated

Figure 3-4: Fusion antibody is specific for Golgi enzyme.

HeLa cells were seeded at 200,000cells/ml and transfected with 1pg/ml of EGFP-FSAB-a-
GalT plasmid for 16 hours. Following the transfection, cells were washed once with PBS
before adding 100pg/ml cycloheximide for up to 6 hours. After indicated time points, each
coverslip was fixed. After the time had elapsed, coverslips were mounted on a glass slide
for imaging. Scale bar is 10pm.

To further characterize the fusion antibody, transfected cells were treated with Brefeldin
A (BFA). BFA is a fungal metabolite that reversibly interferes with ADP-ribosylation factor
(ARF). Upon BFA treatment, Arf is unable to associate coatomers to the Golgi membrane
(Helms and Rothman, 1992), and therefore, Golgi-to-ER transport is blocked. As a consequence,
Golgi cisternae are disassembled (Fujiwara et al., 1988). To perform this experiment, HeLa cells
were plated at 200,000cells/ml on a glass-bottom dish and transfected with 1pug/ml of mTurg-
FSAB-0-GalNacT2-SBP plasmid for 24 hours. Following the transfection, cells were washed

once with PBS, and Iml of normal media was added. Cells were positioned into a pre-warmed
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chamber for live-cell imaging. While capturing images, 1ml of 20ug/ml Brefeldin A was added
to Iml of cells, and this caused final concentration to be at 10ug/ml. Images were captured at
Sminute intervals. After fifteen-minute treatment of 10ug/ml BFA, Golgi was fragmented and
the fusion antibody was seen in the fragmented Golgi (Fig. 3-5). These experiments shown in Fig.
3-4 and Fig. 3-5 confirm that fusion antibodies are specific for the Golgi enzymes.

a.

Untreated

(Figure continues on the next page.)
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Untreated

(Figure continues on the next page.)
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Figure 3-5: Fusion antibody behaves as Golgi enzyme.

a. Live cell imaging of mTurq-FSAB-a-GalNacT2-SBP transfected cells after BFA treatment.
Transfected cells were washed once before imaging. During imaging, 10ug/ml BFA was
applied, and the movement of fusion antibody was monitored. Each image was captured in
the 5-minute intervals. Brefeldin A treatment on mTurq-FSAB-a-GalNacT2 transfected cells
caused Golgi fragmentation. Scale bar is 10um.

b. HeLa cells transfected with EGFP-FSAB-a-GalT. Cells were imaged for 20 minutes post-
BFA. Scale bar is 10um.

c¢. HeLa cells transfected with RFP-FSAB-a-GalT. Cells were imaged for 20 minutes post-
BFA. Scale bar is 10um.
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3.3. Fusion antibody does not affect cell viability or cause ER stress.

Although fusion antibody is smaller than conventional antibody and it binds specifically
to Golgi enzymes, it is plausible that expressing fusion antibody in a cell can cause stress, which
can inevitably affect cell viability. To determine if the expression of fusion antibody affects cells’
viability, HeLa cells transiently and stably expressing fusion antibody were tested for their
viability (Fig. 3-6a). After cells had been plated at pre-determined density, one group of cells
was transiently transfected with EGFP-FSAB-GalT construct for 24 hours while non-transfected
and stably transfected cells (with EGFP-FSAB-GalT) were not. After the experiment, cells were
detached, and they were mixed with trypan blue according to the manufacturer’s instructions.
Numbers of blue (dead) and clear (viable) cells were counted using a hemocytometer. Cells were
counted for three times at three different passages, and this generated nine measurements for
each cell line. Percent cell viability was calculated by dividing a number of clear cells by total
cells. Then, percent cell viability from all measurements was averaged, and the standard
deviation was calculated. Statistical significance was measured by using a student T-test. Percent
viability was reported as a bar graph (Fig. 3-6a). There were no significant differences between
non-transfected, transiently transfected and stably transfected HeLa cells (p=0.39), confirming
that expressing fusion antibody does not affect cell viability (Fig. 3-6a).

In order to carefully modulate the expression of fusion antibody, we decided to use
tetracycline inducible system, T-REx™: T-REx™ cell line stably expresses tetracycline
repressor protein that binds to a promoter, upstream of the gene of interest. Therefore, the gene
of interest does not transcribe unless repressor is removed. When tetracycline is added, it binds

to the repressor protein, releasing it from the transcript. Therefore, transcription can begin.
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Therefore, T-REx system allows expression of protein in an inducible manner. Similarly, the
amount of protein expression is dependent on tetracycline concentration.

To generate T-REx cells that can inducibly express fusion antibody, fusion antibody
construct is cloned into pCDNAS/FRT/TO plasmid that contains RGS6His3FLAG, a tag that
facilitates tandem affinity purification. Then, this plasmid is co-transfected with pOG44, which
supplies the Flp recombinase vector, into Flp-In™ T-REx Hek293 cells that contain a single
FRT site at a transcriptionally active genomic locus. As a result, pPCDNAS/FRT/TO-fusion
antibody-RGS6His3FLAG is stably integrated into a FRT site. Every cell has a single FRT site,
and this allows a single integration of fusion antibody; As a result, all transfected cells will have
homogeneous levels of gene expression. Initial construction of T-REx Hek293 fusion antibody-
RGS6His3FLAG cell line was performed by Dr. Jarred Chicoine from Dr. Sladek’s laboratory
(McGill University). This T-REx system is widely used in this thesis (Fig. 3-6 and onwards).

Next, the degree of ER stress was measured by observing the amount of HERP
expression, a protein whose expression level is correlative of the ER stress (Kokame et al., 2000).
T-REx EGFP-FSAB-a-GalT cells were induced by increasing concentrations of tetracycline, and
the amount of HERP expression was compared to the non-induced cells that were treated with
thapsigargin, DTT, and tunicamycin. Thapsigargin specifically blocks ER Ca** ATPase pump
leading to the depletion of ER calcium storage. This inhibition leads to the fallout of ER
chaperones like calnexin, so unfolded proteins accumulate (Samali et al., 2010; Oslowski and
Urano, 2011). DTT is a strong reducing agent that blocks disulfide-bond formation, leading to an
increase of ER stress (Oslowski and Urano, 2011). Tunicamycin inhibits N-linked glycosylation,
the initial step of glycoprotein biosynthesis. Therefore, tunicamycin causes accumulation of

unfolded proteins (Oslowski and Urano, 2011).
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To determine whether or not fusion antibody expression causes ER stress, T-REx cells
were plated, and fusion antibody expression was induced with various concentrations of
tetracycline. Subsequently, cell lysates were prepared, and HERP level was compared to
thapsigargin, DTT, and tunicamycin-treated cells. The amount of HERP expressed in
tetracycline-induced EGFP-FSAB-a-GalT expressing cells is negligible (Fig. 3-6b). The Same
experiment was performed in T-REx Hek293-mTurq-GalT-SBP-RGS6His3FLAG cells. For all
subsequent experiments, 1pg/ml tetracycline was used since this condition had minimal ER

stress, yet yields a bright fluorescent signal (Fig. 3-7).
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(Figure continues on the next page.)
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Figure 3-6: Fusion antibody does not affect the cell viability or increase ER stress.

a. Percent cell viability measured by Trypan blue exclusion assay. Hela cells transiently
expressing EGFP-FSAB-GalT and HeLa cells stably expressing EGFP-FSAB-GalT are shown.
Trypan blue was used to count viable cells. Cells were counted for 3 times in 3 passages, and all
measurements were calculated to percent cell viability. Average percent cell viability was
represented as a bar graph, and standard deviation from each group is shown. T-test result was
summarized in a table below. Differences between the three groups are not significant (p>0.05).

b. Degree of ER stress examined by the expression of HERP. T-REx Hek293 cells inducibly
expressing fusion antibody were incubated with thapsigargin, DTT, and tunicamycin. Also, they
were induced with indicated concentrations of tetracycline. 10ug proteins were loaded for all
wells. GAPDH is a loading control.

3.4. Fusion antibody can be used to highlight antigens of non-transfected cells.

Another way to test for specificity of fusion antibody is to take the conditioned media
from transfected cells and apply this to non-transfected, fixed and permeabilized cells. This
experiment also tests if the secretory functions were affected because improperly folded fusion

antibody would not pass through the secretory pathway. To test these rationales, cells were first
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transfected, and conditioned media was collected. This experiment is summarized as an
illustration in Fig. 3-7a.

Firstly, HeLa cells were seeded at 20,000cells/well density, and they were transfected for
8 and 16 hours. In order to avoid carry-over of transfection agent (or tetracycline for later
experiments), transfection media was removed. Then, cells were rinsed twice with PBS before
new media (500ul) was added for additional 24 hours (Fig. 3-7a). This conditioned medium was
filtered through 0.22um filter to avoid possible carry-over of transfected cells. Finally, 0.1%
saponin (non-ionic detergent, used in all other indirect immunofluorescence experiments in this
thesis) was added to the conditioned medium before adding to non-transfected, fixed, and
permeabilized cells for Thour labeling.

Transfected cells were imaged after additional 24-hour incubation, and non-transfected
cells were imaged immediately after the staining. They show that fusion antibody is at Golgi and
on the cell surface, indicating that fusion antibody is being secreted into the conditioned media
(Fig. 3-7b, immunofluorescence, left panel). Non-transfected cells stained this way had strong
Golgi staining, confirming that the fusion antibodies indeed recognize Golgi enzymes (Fig. 3-7b,
immunofluorescence, right panel). This experiment also verified that the conditioned medium

could be used to localize antigens of another cell.
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(Figure legend continues on the next page.)

Figure 3-7: Fusion antibody can be used to highlight antigens of non-transfected cells.
a. Experimental design for the conditioned medium experiment. One population of cells was
transfected transiently with EGFP-FSAB-GalNacT2 (or GalT) while other population of cells
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were seeded on a glass coverslip without transfection. After transfection, transfection
medium was removed and new medium was added for 24 hours to collect fusion antibody.
This conditioned medium was filtered. Non-transfected cells were fixed and permeablized
prior to incubation with conditioned medium.

b. Immunofluorescence images of EGFP-FSAB-GalT transfected cells and none-transfected
cells stained with the conditioned medium. Scale bar is 10um.

The experiment above confirmed that fusion antibody recognizes a Golgi enzyme. It also
verified that conditioned medium is a source of fusion antibody. This result revolutionizes the
antibody production: Highly specific, monoclonal antibody-like probe can be produced by
simply harvesting a conditioned medium.

Although conditioned medium is a source of fusion antibody, this method requires
continuous transfection and post-processing to ensure no carry-over of transfected cells. In order
to avoid the cumbersome processes, tetracycline-inducible Hek293 cells were used: Advantage
of the tetracycline inducible cells is that the expression of fusion antibody can be modulated by
tetracycline addition. Indeed, these cells upon induction showed fusion antibody expression that
could be observed by immunofluorescence and Western blot probed against FLAG (Fig. 3-8).
First, T-REx Hek293 EGFP-FSAB-GalT-RGS6His3FLAG cells were plated at 200,000cells/ml.
Expression of fusion antibody was induced with various concentrations of tetracycline ranging
from Opg/ml to 2pg/ml. After 24 hours of induction, conditioned media were saved, and the T-
REx Hek293 cells were fixed. Concurrently, non-transfected HelLa cells were plated on
coverslips, and they were fixed with 3% formaldehyde and permeabilized with 0.1% saponin/fish
skin gelatin/PBS. Conditioned media were spun down briefly to remove cellular debris before
adding 0.1% saponin. Subsequently, coverslips were incubated with the conditioned media for 1
hour. Immunofluorescence of T-REx Hek293 cells indicates that fusion antibody is produced by

tetracycline induction (Fig. 3-8a). Fluorescent signals seen in cells without tetracycline (Opg/ml)
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may be an auto-fluorescence or basal expression of fusion antibody due to tetracycline in fetal
bovine serum (Fig. 3-8a, left panel). Then, expression of fusion antibody was confirmed by
Western blot analysis (Fig. 3-8b). Conditioned media from T-REx Hek293 cells also contained
enough fusion antibody molecules to stain non-transfected cells (Fig. 3-8c). Fusion antibody
prepared in this way recognizes GalT enzyme because EGFP-FSAB-GalT co-localizes with a

monoclonal antibody against GalT (Fig. 3-8c).

Tetracycline (ug/ml)
0 005 010 025050 10 20

Anti-FLAG — — — —  — —

Anti-GAPDH

(Figure continues on the next page.)
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(Figure legend continues on the next page.)

Figure 3-8: Conditioned medium from the T-REx Hek293 cells is a source of fusion

antibody.

a. T-REx Hek293 cells inducibly expressing fusion antibody. After seeding cells at
200,000cells/ml, expression of EGFP-FSAB-GalT-RGS6His3FLAG was induced using
indicated concentrations of tetracycline for 24 hours. Upon fixation, cells were mounted
with Mowiol mounting media. Scale bar is 10um.

b. Western blot probed by FLAG antibody shows fusion antibody expression. T-REx
Hek293 cells were induced with the indicated concentrations of tetracycline for 24 hours
for EGFP-FSAB-GalT-RGS6His3FLAG expression. For each lane, 10ug of protein was
loaded. GAPDH is a loading control.
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c¢. T-REx Hek293 cells were induced with 0.10pg/ml tetracycline for inducing EGFP-
FSAB-GalT-RGS6His3FLAG, and the conditioned media from these cells were used to
stain fixed and permeablized HeLa cells. These cells were co-stained with mAb GalT-
Alexa 568 (Red). Scale bar is 10um.

Various concentrations of tetracycline triggered expression of fusion antibody, and
conditioned media from these cells can be used to stain endogenous Golgi enzyme (Fig. 3-
9). As seen previously (Fig. 3-7b), fusion antibody is seen in Golgi and plasma membrane

of T-REx Hek293 cells (Fig. 3-9, left row), indicating that fusion antibody is secreted.
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(Figure legend is found on the next page.)
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Figure 3-9: Conditioned media from T-REx Hek293 cells can be used to stain fixed and
permeablized HeLa cells.

Fusion antibody is secreted into the conditioned media of T-REx Hek293 cells, and it can be
used to stain fixed and permeabilized HeLa cells. After seeding T-REx Hek293 cells at pre-
determined density, expression of EGFP-FSAB-GalT-RGS6His3FLAG was induced using the
indicated concentrations of tetracycline. Conditioned media from these cells were used to stain
fixed and permeabilized HeLa cells. Scale bar is 10um.

Next, we wanted to find out whether or not affinity purified fusion antibody can be used
to stain endogenous Golgi enzyme. Advantage of affinity purification is that fusion antibody can
be applied to live cells. Also, amount of fusion antibody can be controlled (Fig. 3-9).

To carry out this experiment, three 150mm plates of T-REx Hek293 EGFP-FSAB-a-
GalT-RGS6HIS3FLAG cells were prepared, and they were induced with 1pg/ml tetracycline for
24 hours. To obtain purified fusion antibody, cleared lysate was first applied to Nickel resin to
1solate HIS-tagged proteins. Followed by imidazole elution, eluate was directly applied to ANTI-
FLAG® beads to purified FLAG-tagged proteins. This additional purification step ensures
removal of contamination and increase of yield. In this way, fusion antibody was purified
successfully (Fig. 3-10a). Fusion antibody purified in this way retains antigenic ability because it

highlighted Golgi enzyme in non-transfected, fixed, and permeablized HeLa cells (Fig. 3-10b).
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Figure 3-10: Affinity purified fusion antibody retains ability to recognize Golgi enzyme.

a. Tandem-affinity purification of fusion antibody. After T-REx Hek293 cells were induced
with 1pg/ml tetracycline for 24 hours, cells were lysed and fusion antibody was purified by
tandem-affinity purification. Lysate, flow through (FT), wash and eluate were analyzed by
Western blot against FLAG. Equal volume of each fraction was loaded to verify the
presence of fusion antibody.

b. Immunofluorescence is showing non-transfected HelLa cells that are fixed, permeabilized
and stained with the purified fusion antibody.

Collectively, conditioned media from fusion antibody-transfected cells and tandem-
affinity purified fusion antibody from cell lysate can be used to highlight antigens of non-
transfected cells. These experiments did not only fully characterize fusion antibody, but also
shows a potential that fusion antibody can be used in place of traditional IgG. Ultimately, these
experiments demonstrate that fusion antibody can be used to highlight behavior of endogenous
Golgi enzymes.

Additionally, these fusion antibody constructs have been transfected into T-REx HeLa
cells because HeLa cells are more adherent, and therefore they are more useful for future in vivo

correlative microscopy for studying behavior of endogenous Golgi enzymes.

3.5. Fusion antibody can be used as a tool to observe protein internalization

from the cell surface.

So far, we were able to fully characterize the fusion antibody for its antigenic ability. We
also discovered that conditioned media contains fusion antibody, which can be used to stain
fixed and permeabilized cells.

In order to determine whether or not the fusion antibody could be used as a tool to

monitor protein cycling from cell membrane, affinity purified fusion antibody from the T-REx
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Hek293 cells were added to live cells. Non-transfected HelLa cells were incubated with 1ug
affinity purified fusion antibody for 24 hours in 1% serum. After fixation, cells were stained with
monoclonal GalT antibody. Here, GalT antibody was raised against an epitope that is different
from that of the fusion antibody. Immunofluorescence images acquired from this experiment
shows that fusion antibody was internalized, and it partially co-localizes with endogenous GalT
(Fig. 3-11a).

In order to eliminate a possibility of non-specific internalization, HelLa cells were
incubated with 1pg of secondary antibody (anti-rabbit Alexa 568) for 24 hours in 1% serum.
While fusion antibody EGFP-FSAB-GalT-RGS6HIS3FLAG internalized to intracellular
environment, there was no obvious internalization of the secondary antibody (Fig. 3-11b).
Therefore, there must be a specific mechanism for uptake of fusion antibody from plasma

membrane.
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(Figure continues on the next page.)
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EGFP-FSAB-GalT-RG56His3FLAG anti-rabbit Alexa 568

Figure 3-11: Fusion antibody can be used as a tool to observe protein internalization from the

cell surface.

a. Affinity purified EGFP-FSAB-GalT-RGS6HIS3FLAG is internalized. Affinity purified
fusion antibody from the T-REx Hek293 cells was added to non-transfected HeLa cells for
24 hours. Upon fixation, cells were stained with monoclonal antibody GalT (Alexa 568, red).
Scale bar is 10pm.

b. Internalization of fusion antibody is specific. HeLa cells were incubated with 1pug of affinity
purified fusion antibody (left panel) or anti-rabbit Alexa 568 (right panel) for 24hours.
Subsequently, cells were fixed and mounted.

3.6. GalT cycles through plasma membrane before lysosomal degradation.

GalT is post-translationally modified, where the C-terminal tail is cleaved. As a result,
there are two forms of GalT enzyme: long form (wild-type) and short form (13 amino acids
shorter). Previously, it was shown that the two forms of GalT are localized at different locations.
Although both have galactose transferring activity, the long form (wild-type) was postulated to
travel to cell membrane: Research group led by Shur postulated that the wild type (WT) travels

to cell surface, and this cycling is dependent on phosphorylation (Hathaway et al., 2003). Fusion
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antibody is an adequate tool for testing this hypothesis because fusion antibody is highly specific
for GalT, and it can be added to live cells to monitor protein internalization. Furthermore, fusion
antibody was made from a luminal domain of the GalT monoclonal antibody; therefore, it can
recognize both WT and short form. Additionally, there are different populations of HeLa cells,
which stably express different variants of GalT: WT GalT-myc, phosphorylation mutant (serine
mutated to alanine) GalT-myc; and short GalT-myc. According to the hypothesis by Shur and
colleagues, this phosphorylation mutant of GalT (SA-GalT-myc) and the short form without the
cytoplasmic tail (short GalT-EGFP) would not be traveling to cell membrane. If fusion antibody
can highlight GalT internalization, SA-GalT-myc will have no or little fusion antibody uptake.
Similarly, there will be no internalization in short GalT-EGFP expressing cells.

In Figure 3-12, non-transfected cells were incubated with tandem-purified fusion
antibody for 24 hours, and fusion antibody was shown to be partially co-localizing with GalT.
Distribution of fusion antibody is not perfectly Golgi, and it resembles post-Golgi/endosomal
compartment: it is plausible that fusion antibody is taken up, and it has not yet reached the Golgi.
To facilitate fusion antibody uptake to Golgi, we used monensin, a reversible cationophore: It
exchanges luminal H™ for Na', causing swollen vesicles in post-Golgi/endosomal compartments.
Golgi enzymes, such as GalT and SialT (a 2,6-sialyltransferasel), were found in these swollen
vesicles after 30-60 minute treatment (Schaub et al., 2006). Monensin is reversible; after 30-60
minutes of the washout, Golgi starts to re-integrate (Berger et al., 1993).

For this experiment, four populations of HeLa cells expressing GalT (non-treated HelLa,
WT GalT-myc, and SA GalT-myc, and short GalT-myc) were plated at 200,000cells/ml. 1ug of
affinity purified GalT fusion antibody was added directly to HeLa cells for 24 hours. In addition,

1% fetal bovine serum was used instead of 10% because GalT in the serum (Madiyalakan et al.,
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1987) may cause depletion of fusion antibody reaching to cells. Then, monensin was added for
60 minutes at 2uM concentration, and cells were washed twice with DMEM before adding back
the fusion antibody for a recovery. After 2 hours of recovery, cells were fixed and stained against
GalT to determine whether or not fusion antibody has reached the Golgi. Immunofluorescence
images shown in Fig. 3-12 are maximum intensity Z-projections. In all cells, fusion antibody

(green) seems to have reached post-Golgi/endosomal/lysosomal compartment.

WT-GalT-myc

SA-GalT-myc

(Figure legend continues on the next page.)
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Figure 3-12: Fusion antibody uptake to Golgi/endosomal/lysosomal compartment.

HelLa WT GalT-myc, HeLa SA GalT-myc, and short GalT-myc were incubated with 1pg of
affinity purified fusion antibody for 24 hours and 2uM monensin for 60 minutes. Cells were
rinsed twice before adding back fusion antibody for 2hour recovery. After the experiment, cells
were fixed, permeabilized, and stained for GalT-Alexa 568 (red). Z-sections were taken in
0.39um increments from top to bottom, and max intensity projections were generated using
Imagel. Scale bar is 10um.

In order to enhance the amount of fusion antibody uptake, fusion antibody concentration,
and monensin concentration and treatment conditions were varied. Yet, some fusion antibody
was in post-Golgi/endosomal compartment; fusion antibody did not seem to reach fully to the
Golgi. It is plausible that GalT is presented on the cell surface, and not all of it cycles back to
Golgi: GalT on cell surface may be degraded by endosomal/lysosomal compartments, and
affinity purified fusion antibody taken from the cell curface binds to the cell surface GalT, and
follows GalT for degradation. In order to test this hypothesis, bafilomycin Al, a drug that
inhibits vacuolar H™ ATPase, was added to stop the lysosomal acidification and degradation.

To carry out this experiment, four populations of HeLa cells expressing GalT were plated
at pre-determined density and 2ug of affinity purified fusion antibody (EGFP-FSAB-GalT-
RGS6His3FLAG) was added for 24 hours. Four hours before fusion antibody incubation was
finished, 400nM Bafilomycin A1 was added. After the experiment, cells were harvested, and
proteins were analyzed by Western blot. To semi-quantify the fusion antibody internalization, the

blot was probed by FLAG (Fig. 3-13a).
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Figure 3-13: Internalization of fusion antibody.

a. Internalization of affinity purified fusion antibody is blocked by bafilomycin Al. HelLa
cells stably expressing WT GalT-myc, SA GalT-myc or short GalT-EGFP were
incubated with affinity purified fusion antibody for 24 hours and 400nM bafilomycin
A1l for 4 hours. Cell lysates with internalized fusion antibody (EGFP-FSAB-GalT-
RGS6His3FLAG) were analyzed by Western blot against FLAG. Different variants of
GalT were analyzed by GalT antibody, and GAPDH is a loading control. CM: control
media (no Bafilomycin A1), Baf: Bafilomycin Al.

b. Quantification of relative FLAG band intensity over GAPDH.
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Interestingly, the amount of internalized fusion antibody was different, and with
bafilomycin Al, there are increasing the amount of internalization (Fig. 3-13). Surprisingly,
HeLa stably expressing short GalT-myc have significant amount of fusion antibody uptake,
which was 2 to 7 times greater than other forms of GalT. If the fusion antibody uptake is
correlated with the GalT cycling from PM, this observation suggests that the GalT lacking the

cytoplasmic tail is localized on the PM and it may be internalized and degraded by lysosomes.
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Chapter 4: Endophilin B1—A novel lipid droplet protein essential

for EPA mediated lipophagy
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4.1. Endophilin B1 is located on lipid droplet surface.

First, to understand the mechanism of TAG accumulation in the human liver, we
determined the total protein profile of subcellular organelles from hepatocytes isolated from
human livers. These tissues were donated from over 100 NAFLD and cirrhotic liver patients.
Protein contents of the subcellular fractionations were analyzed by mass spectrometry, and
results were displayed as relative protein abundance in the heat map (Fig. 4-1a). Higher intensity
towards red indicates higher protein expression level. Many known LD-associated proteins and
novel proteins were detected in LD fractions. For instance, LD-associated proteins PLIN1-5 are
distributed over LD fractions. One of the proteins that came to our interests was endophilin B1,
an N-BAR domain-containing protein involved in endocytosis. Endophilin B1 is usually present
in the cytosol, plasma membrane, and Golgi. Indeed, our mass spectrometry detected endophilin
B1 specific tryptic peptides in homogenate (Hom), cytosol (Cyt), rough ER (rER) smooth ER
(sER), Golgi/endosome/lysosomes (GEL) and lipid droplet (denoted as cLD in this figure.
Otherwise LD). A pathologist examined each liver section, which was subsequently classified as
‘low NAFLD,' ‘NAFLD,' ‘NASH’ or ‘cirrhotic,' and these are denoted by green, yellow, red and
blue colours, respectively (Fig. 4-1a). Note that distributions of endophilin B1 are not uniform
between the livers. In order to make a better connection between the levels of endophilin B1 and
the disease states, the levels of endophilin B1 in LD fractions from mass spectrometry were
grouped to ‘low (ND and 2x)’ and ‘high (5x and 10x)’ (see table, Fig. 4-1b). The levels of
endophilin B1 was subsequently plotted as a bar graph in Fig. 1b. Interestingly, there was a
positive correlation between the expression level of endophilin B1 and the severity of fatty liver

disease state (Fig. 4-1b).
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To verify the relative protein level (tryptic peptide) seen by the mass spectrometry,
delipidated LD fractions from livers #4, #10 and #14 were further analyzed by Western blot.
High level of endophilin B1 was detected from LD fractions of liver #4 and #14 (Fig. 4-1c¢), and
it corresponded to relative abundance seen by the mass spectrometry (10x, Fig. 4-1a). Similarly,
Western blot band intensity from liver #10 was roughly half compared to livers #4 or #14, and
this also corresponded to relative abundance seen by the mass spectrometry (5x, Fig. 4-1a). For
subsequent experiments, liver #14 was used. To verify that endophilin Bl is present in LD
fraction, cryo-sectioned human livers have been stained with Bodipy green (Bodipy 493/503)
and endophilin B1 monoclonal antibody. Endophilin B1 is clearly around LD in liver #14 (Fig.
4-1d). Also, endophilin B1 co-localizes with a LD marker perilipin 1, proving the Bodipy green
staining structures, which endophilin B1 is localized, are indeed LDs (Fig. 4-1¢). As a negative
control, liver #57 was selected due to a low level of endophilin Bl manifested by mass
spectrometry (Fig. 4-1a). Furthermore, no specific endophilin B1 staining around LD was
confirmed by indirect immunofluorescence (Fig. 4-1d). Western blot and immunofluorescence

result shown here validate the mass spectrometry data.
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Perilipin 1 Endophilin B1

Figure 4-1: Endophilin B1 is enriched in LD fractions of human fatty livers.

a. Heat map shows that LD fractions of human fatty livers contain endophilin B1 (SH3GLBI).
Endophilin B1 is detected in homogenate (Hom), cytosol (Cyt), rough ER (rER) smooth ER
(sER), Golgi/endosome/lysosomes (GEL) and lipid droplet (cLD). LD-associated proteins
PLINI1-5 are distributed over LD fractions. Note that distributions of endophilin B1 are not
uniform between livers. Bar: Relative expression level set as not detected (ND), and times
(X) relative to the lowest expression such that 1X equals eight peptides for each protein.
Labels are liver homogenate (Hom); cytosol (Cyt); plasma membrane (PlsM); mitochondria
(Mit); smooth (SER) and rough (RER) endoplasmic reticulum; nuclei (Nuc); cytoplasmic
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lipid droplets (CLDs); and Golgi/endosome/lysosomes (GEL).

. A number of tissues with a high level of endophilin B1. From a, ND and 2x were grouped as
‘low,' and 5x and 10x were grouped to ‘high.' These values were represented as percentages
and a bar graph.

Western blot analysis with Hom, rER, sER, Mito (mitochondria) and LD fractions from Liver
#14. Different organellar markers are shown: PLIN3 for LD, Calnexin for ER, Tom20 for
mitochondria. It shows that LD fraction is enriched with endophilin B1.

. Indirect immunofluorescence of human fatty liver #14 shows that endophilin B1 localizes on
the surface of LD. Human liver cryo-sections were cut from isopentane frozen tissue with a
6-9 micron thickness. The tissue samples were fixed using 3% formaldehyde with 0.1mM
CaCl; and 0.1mM MgCl, for 20 minutes before washing in PBS. The fixed samples were
submerged in 6M guanidine hydrochloride for 10 minutes before being permeabilized by
0.2% Triton x100 for 20 minutes. These samples were blocked using 10% goat serum for 30
minutes. Primary antibody against endophilin B1, anti-mouse Alexa 568 (red) and Bodipy
green were diluted in 5% goat serum. Primary antibody was incubated for 60 minutes, and
secondary antibodies were incubated for 45 minutes. Following PBS and final wash with
water, coverslips were mounted by Mowiol. Endophilin B1 (red) localizes around LD (green)
of liver 14, but not of liver 57. Scale bar is 10um.

Frozen human fatty liver section from liver #14 was stained with LD marker perilipinl
(Alexa 488, green) and anti-endophilin B1 (Alexa 568, red). Endophilin B1 localizes around
LD. To prevent crosstalk of fluorescence emission, two individual lasers were used to scan
the tissue sequentially, and two separate detectors were used with different filter sets. Scale
bar is 10pum.

Our mass spectrometry data from subcellular fractionation shows that endophilin B1 is

present in plasma membrane and cytosol, and these observations are consistent with endophilin

B1’s previously suggested functions in endocytosis and autophagy. Also, a novel role of

endophilin B1 was proposed in lipid metabolism (Liu et al., 2016). Yet, its mechanism or

localization on LD was never investigated. Therefore, we were interested to find out how and

when endophilin Bl is involved in lipid metabolism. First, we observed that endogenous

endophilin B1 is present on LD surface under conditions that stimulate autophagy. In Figure 4-2,

HepG2 cells were treated with excess OA (0.5mM for 4hours), followed by rapamycin and

bafilomycin A. Rapamycin is an inhibitor of mTORI and its inhibition will ultimately enhance
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autophagy. That is, mMTORC (of which mTORI is a part of) acts as a clamp for autophagy, and
when it is inhibited, autophagy is promoted. Bafilomycin A is an inhibitor of lysosomal ATPase
pump, and it prevents the acidification of lysosome. Eventually, in bafilomycin A treated cells
autophagosomes cannot fuse with the lysosome, leading to disturbed autophagosome clearance.
Using rapamycin and bafilomycin A, autophagosome can be visualized. In the images taken by
wide-field fluorescent microscope, endophilin Bl stained by Alexa 488 is localized on LD
(identified by LD marker PLIN2-Alexa 594). Under basal conditions (top panel), endophilin Bl
is distributed in the cytosol. In contrast, when autophagy is enhanced by rapamycin and

bafilomycin A, endophilin B1 rather is observed on the LD surface (Fig. 4-2, bottom two panels).

Endophilin B1-Alexa 488 PLINZ-Alexa 594 Merge

Bafilomycin

(Figure legend is found on the next page.)
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Figure 4-2: Endogenous endophilin B1 is localized on LD in autophagy conditions.
Immunofluorescence shows endogenous endophilin Bl moves to LD in autophagy.
HepG2 cells were incubated with 0.4mM oleate for 4 hours and control media, rapamycin
(5uM) or bafilomycin (50nM) were added for 20 hours. Upon fixation, cells were stained
with endophilin B1-Alexa 488 and PLIN2-Alexa 594. Images were acquired by Zeiss
Axiovert wild field microscope. Note the endophilin B1 moves to PLIN2 positive LDs in
rapamycin and bafilomycin-treated cells. In control cells, endophilin B1 shows a global
distribution.

4.2. Endophilin B1 is involved in lipid breakdown.

Although functions of the endophilin family of proteins have been implicated in
endocytosis and autophagosome formation, endophilin B1 has never been seen on LD, nor the
role of endophilin B1 in lipid metabolism was elucidated. Here, in order to reveal functions of
endophilin Bl on LD, endophilin Bl was first overexpressed. To enhance endophilin Bl
expression in an inducible manner, we have generated T-REx HeLa cell line that inducibly
expresses endophilin BI-EGFP in the presence of tetracycline. The advantage of this inducible
system was that the amount of endophilin BI-EGFP could be carefully modulated depending on
the tetracycline concentration. This tetracycline-inducible system was widely used in this chapter.
After plating the cells, various concentrations of tetracycline were added for 24 hours.
Subsequently, oleic acid (OA) was also added for 16 hours at 0.2mM concentration. Upon
fixation, cells were stained with Nile red to highlight and assess LD size. Finally, cells were also
harvested for protein analysis. As expected, cells that were not induced of endophilin B1-EGFP
expression had the largest LDs with an average size of 1.30um in diameter whereas cells that
were expressing the most endophilin BI-EGFP produced the smallest LDs of 0.94um in

diameter (Fig. 4-3).
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Figure 4-3: Endophilin B1 expression decreases LD size.

In order to investigate whether expressing the greater amount of endophilin B1 causes LD
breakdown, T-REx HelLa EndoB1-EGFP cells were incubated with the indicated amount of
tetracycline for 24 hours and oleate was added for the last 16 hours.

a. Immunofluorescence of T-REx HeLLa EndoB1-EGFP cells. After the experiment, cells were
fixed and stained with Nile Red. Note that LDs becomes smaller progressively with more
endophilin expression (correlates with tetracycline concentration). Scale bar is 10pum.

b. Western blot analysis shows expression of endophilin BI-EGFP and endogenous endophilin
B1. Increase in the tetracycline concentration correlates with the amount of endophilin B1-
EGFP expression. GAPDH shows equal loading of proteins in all lanes.

c¢. Bar graph showing LD diameter (um). The diameter of LD decreases from 1.30um to
0.94um as tetracycline concentration is increased from Ong/ml to 1000ng/ml. Difference
between Ong/ml and 1000ng/ml is significant (p=1.21e-10). Error bar is the standard
deviation. More than ten cells and 500 LDs were counted per condition.

To better understand the function of endophilin B1 on LDs, endophilin B1 was knocked
down. After plating cells at pre-determined density, cells were transfected with 50pM of
endophilin B1 specific siRNA for two successive days. Then, OA was added at 0.2mM

concentration for 6 hours to induce LD formation. Following fixation and staining LDs with

Bodipy green, the effect of endophilin Bl KD on LD was observed. Interestingly, KD of

106



endophilin B1 resulted in enlarged LD in both cultured hepatocytes (HepG2) and cervical cancer

cells (HeLa) (Fig. 4-4).
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Figure 4-4: Endophilin B1 is involved in lipophagy

a. When endophilin Bl is knockdown in HepG2 and HeLa cells, the size of LD becomes
greater. Following siRNA transfection, oleate was added for 6 hours. Upon fixation, cells
were stained with Bodipy green. Scale bar is 10pum.

b. Western blot shows endophilin B1 was successfully knocked down in both HepG2 (84.1%)
and HeLa (97%) cells. GAPDH is a loading control.

¢. The relative intensity of each band was quantified and presented as a bar graph on the right.
Band intensities for no siRNA and scrambled were averaged and denoted as Control.

Enlarged LDs in endophilin B1 KD cells might be due to endophilin B1’s LD tubulating
activity. In fact, endophilin B1 has a unique N-BAR domain that inserts into the membrane to
cause membrane tubulation (Gallop et al., 2006; Masuda et al., 2006b). Similarly, recombinant
endophilin and Bax causes vesiculation of giant unilamellar vesicle (GUV) in a cell-free system
(Rostovtseva et al., 2009). If endophilin B1 causes mere LD fission, the amount of cellular
triacylglycerol, a major component of LD, would be similar regardless of endophilin B1’s
presence. To clarify this hypothesis, the amount of cellular triacylglycerol (TAG) was measured
after various hours of endophilin B1 expression. First, T-REx HeLa endophilin B1-EGFP cells
were plated. After 24 hours, 0.2mM OA and 1uCi/ml ["*C]-oleate were added to trigger LD
formation. To induce endophilin B1 expression, tetracycline was added for 2.5, 8, 10, 20, 24 and
28 hours. Following the experiment, radiolabeled lipids were extracted from the cells and
analyzed by Thin Layer Chromatography (TLC). Radioactivity from media was also measured.
Results show that cellular TAG is decreased drastically as endophilin B1 is expressed (Fig. 4-5a).
Notably, the amount of TAG after 8 hours of endophilin B1 expression was at least two-fold
lower than the control (Fig. 4-5b). Comparably, radioactivity in the media after the above
treatment was extremely low (Fig. 4-5a), precluding the possibility of FFA export (see
discussion for more detail). Therefore, endophilin B1 does not only localize onto LDs of human

fatty liver and cultured cells, but it also reduces cellular TAG.
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Figure 4-5: Endophilin B1 decreases cellular triacylglycerol.

Inducing endophilin B1 expression in T-REx HeLa cells caused a reduction of cellular
TAG level. To investigate whether endophilin B1 expression causes lipophagy, cells
were incubated with 0.2mM ["*CJ-oleate for 16 hours. Then tetracycline was added for
the indicated time to induce endophilin B1 expression. After all the time has elapsed,
radiolabeled lipids were extracted and analyzed by TLC. Radioactivity from media was
also measured to determine whether or not lipids were exported (SUP lipids). Counts per
minute from each sample were normalized by miligram of protein. All conditions were
performed in quadruplicate.

a. Average CMPA/mg protein for all time points.

b. TAG change after 8 hours of endophilin B1 induction.

It has been previously shown that endophilin B1 is involved in macroautophagy as it
binds to essential autophagy triggering proteins such as UVRAG and Beclinl. By doing so, it has
been postulated that endophilin B1 gathers membranes necessary for autophagosome formation.
LD breakdown that is seen in our experiment may be due to this membrane gathering activity
that eventually leads to autophagosome formation around LD. Similarly, endogenous endophilin
B1 moved to LD surface upon treatments that favored autophagosome formation (Fig. 4-2). In
order to observe how endophilin B1 behaves in an environment that enhances lipid breakdown,
T-REx HeLa Endophilin BI-EGFP cells were treated with eicosapentaenoic acid (EPA) (Fig. 4-
6). EPA is an omega-3 fatty acid that has been shown to reduce cellular TAG and lipotoxicity
(Chen et al., 2015). After seeding cells at pre-determined density, cells were incubated with
250ng/ml tetracycline and 0.2mM OA for 24 and 16 hours, respectively. Then cells were washed
once with PBS before adding EPA for 8 hours. After the EPA treatment, endophilin B1-EGFP

moved to LD (see arrow in Fig. 4-6).
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Figure 4-6: Endophilin B1 moves to lipid droplet in response to eicosapentaenoic acid (EPA).

EndoB1-EGFP moves to LD when cells are treated with EPA. T-REx HeLa EndoB1-EGFP
cells were firstly incubated with tetracycline and oleate for 24 and 16 hours, respectively. Cells
were washed once with PBS before adding EPA for 8 hours. Upon fixation, coverslips were
stained with Nile red (pseudo coloured to blue) and were mounted on a glass slide for imaging.
Cellular LDs are visible in blue. EndoB1-EGFP moves to LD after EPA (arrow). Scale bar is
10pm.

EPA has been shown to decreases cellular lipids, so we wanted to investigate what role
endophilin B1 plays in the presence of EPA. Firstly, we tested EPA’s lipid breakdown activity
by adding it to oleate loaded HepG2 cells for various time points. As seen in Fig. 4-7, EPA
gradually makes LD size smaller, where its effect was the most evident upon 6 hours. This
phenotype confirms previous findings and, hence, we will use EPA to highlight endophilin B1’s

behavior in subsequent experiments.
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Figure 4-7: EPA treatment causes lipid droplet to decrease in size.

a. In HepG?2 cells, EPA causes LD to decrease in size progressively. Cells were incubated with
OA for 16 hours followed by EPA for the indicated times. Upon fixation, cells were stained
with Bodipy green. Scale bar is 10um.

b. Bar graph shows LD diameter (um). For each condition, more than 200 cells were counted.
The difference between Control and 6 hour EPA is significant (p=1.70e-60).

It is already known that endophilin B1 is involved in the macroautophagy and starvation-
induced autophagy (Takahashi et al., 2011). Our results show that endophilin B1 translocated
from the cytosol and/or Golgi to LD when autophagy was enhanced (by Torinl and amino acid
starvation), and these results correspond to the previous finding. However, the function of
endophilin B1 has never been illustrated in EPA-treated cells. To determine if endophilin B1-

mediated LD breakdown is related to EPA, endophilin B1 expressing cells were treated with
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EPA. Indeed, upon induction of endophilin B1-EGFP expression, endophilin B1-EGFP
translocates progressively to LD surface (Fig. 4-8a). Moreover, increasing hours of EPA
treatment progressively decreases LD diameter. After 6 hours of EPA treatment, a significant

percentage of LDs falls below 0.5um in diameter (Fig. 4-8b).

a.
OA, 6hr No EPA OA, EndoB1, 6hr Ctl OA, EndoB1, 2hrEPA

OA, EndoB1, 4hr EPA OA, EndoB1, 6hr EPA

(Figure continues on the next page.)
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Figure 4-8: Time course expression of endophilin B1 and EPA causes LD breakdown.

a. Endophilin BI-EGFP in T-REx HeLa cells moves progressively to LD (See inset).
Expressing endophilin B1 (Tet) and EPA treatment cause LD size to decrease progressively.
After endophilin BI-EGFP expression had been induced by tetracycline, OA was added for
16 hours followed by EPA treatment for 6 hours. Upon fixation, cells were stained with Nile
Red.

b. Histogram for a percentage of LD diameter. The bin is described as a range of LD diameter,
and it is 0.25um. When endophilin B1 is overexpressed (Tet, red graph), the graph is skewed
to the right, and this denotes a decrease of LD size. Note that 39.8% of endophilin B1
overexpressing cells’ LDs are 0.5-0.75um in size. When EPA is added (Tet, EPA, green
graph), the graph is strongly skewed to the right. Peak size shifts from 0.5-0.75um to 0.25-
0.5pum. More than 500 LDs were counted, and experiments were performed for six times.
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It seems that endophilin B1 does not only decrease LD diameter in response to EPA, but
also it speeds up lipophagy because total level of TAG decreases with endophilin B1 expression
and EPA treatment (Fig. 4-9a). To observe time course response of EPA treatment in endophilin
B1 expressing cells, cells were incubated with radioactive OA (0.2mM OA and 1pCi/ml [14C]-
oleate) for 24 hours and tetracycline (100ng/ml) to induce endophilin B1 expression. Followed
by PBS wash, EPA was added for 2.5, 8, 10, 20, 24 and 28 hours. Media was also collected to
determine whether or not radiolabeled lipids were exported. Radioactive lipids were extracted
from the cell with hexane and analyzed by TLC. Compared to cells that only had OA and
tetracycline (endophilin B1 expression), EPA loaded cells had lower TAG (Fig. 4-9b). Media
from each well was centrifuged at 10,000rpm for 5 minutes, and 100ul of it was measured.
Compared to cellular lipids, there is a minuscule amount of radioactivity (Fig. 4-9b, SUP lipids).

This observation suggests that EPA does not increase lipid exocytosis.

116



Amount of TG; 14C-Oleate incorporated into TG

Amount of TG; 1*C-Oleate incorporated into TG

(Mean CPM/mg cell protein +SD)*10*%

(Mean CPM/mg cell protein £5D)*10°

10

5.0

4.0

3.0

2.0

1.0

0.0

B EndoB1 Control expression
B EndoB1 Overexpression
¥ EndoB1 Overexpression + EPA

«@=Control (Cell lipids)
«{»=Control (SUP lipids)
=@=EpA (Cell lipids)
@@d=EPA (SUP lipids)

10 15 20 25 30
Time of EPA treatment (h)

117



Figure 4-9: Endophilin B1 and EPA decrease cellular triacylglycerol.

a. Endophilin B1 and EPA decrease cellular lipids. Inducing endophilin B1 expression
in T-REx HeLa cells causes a reduction of total TAG level. Upon induction by
tetracycline, [ *C]-Oleate was added for 16 hours followed by 8 hour EPA incubation.
Radiolabeled lipids were extracted and measured. Counts per minute from each
sample were normalized by microgram of protein. The experiment was repeated two
times.

b. Time course EPA treatment decreases cellular triacylglycerol. Inducing endophilin
B1 expression in T-REx HeLa cells caused a decrease of cellular TAG level. To
observe the lipophagic effect of EPA and endophilin B1, cells were incubated with
['“C]-oleate and tetracycline for 24 hours. Then EPA was added for the indicated
time. After all the time has elapsed, radiolabeled lipids were extracted and analyzed
by TLC. Counts per minute from each sample were normalized by protein
concentration. All conditions were performed in quadruplicate.

Endophilin B1, as Bif-1, has been shown to bind BAX, initiating apoptosis. However, the
involvement of endophilin B1 in the apoptosis does not seem intuitive; while overexpression of
endophilin B1 leads to the initiation of apoptosis, knockdown does not affect apoptosis. In order
to test whether the conditions used in this thesis affect the cell viability, T-REx HeLa endophilin
B1-EGFP cells were seeded at a pre-determined density and were tested for cell viability using
trypan blue exclusion counts. One population of cells was not incubated with OA or tetracycline,
and this population represents control endophilin B1 expression. Other populations were either
tetracycline added (to induce endophilin B1 expression), OA loaded (to induce LD formation), or
EPA supplemented for 6 hours (to induce lipophagy). In these conditions, average percent cell
viability was 96.9%, 95.6%, 94.4%, and 95.5% with p-value greater than 0.33. Therefore, cell

viability was not affected by overexpression of endophilin B1, OA, or EPA.
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Figure 4-10: Overexpressing endophilin B1 or EPA treatment does not affect cell viability.

Bar graph showing average percent cell viability. T-REx HeLa endophilin B1-EGFP cells
were counted after mixing appropriate volumes of cells and trypan blue assay according to the
manufacturer’s instructions. Clear cells were marked viable, and blue cells were marked dead.
To overexpress endophilin B1, 100ng/ml tetracycline was added for 24 hours (Blue, green and
purple bars). To induce LD formation, 0.2mM OA was added for 16 hours (Green and purple
bars). To stimulate lipophagy, 0.4mM EPA was supplemented for 6 hours (Purple bar).
Endophilin B1 control expression (red bar) is without induction, OA or EPA. Differences
between the conditions are not significant as p>0.33. Measurements are in triplicate.

A Recent study showed that EPA reduces lipid accumulation within the liver cells,
lowering cytotoxicity (Chen et al., 2015). This group has also demonstrated that prolonged
incubation of EPA increased LC3 turnover. In order to see if we could replicate this finding, we
transfected HeLa cells with eGFP-RFP-LC3 plasmid, which allows visualization of lysosome-

fused autophagosomes (autophagolysosomes). The rationale is that this eGFP is pH-sensitive,
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and it does not fluoresce at low pH. On the other hand, mRFP is pH-insensitive. Therefore,
mRFP remains visible whereas eGFP is lost when autophagosome fuses with the lysosome.
HeLa cells transfected with this construct were incubated with or without EPA for 6 hours and
were observed by live cell imaging. Series of Z-stack images were captured with z distance of
0.2~0.4pum. All images were projected to one plane to count the total number of eGFP and mRFP

puncta per cell (Fig. 4-11a, b).

No EPA

EPA

(Figure continues on the next page.)
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Figure 4-11: EPA increases autophagosome fusion with acidic compartments.

a.

Immunofluorescence of Hela cells showing autophagosome fusion. HeLa cells were seeded
on glass bottom dish for 16 hours. Then, cells were transfected with 1pug of eGFP-mRFP-
LC3 construct for 24 hours and loaded with 0.2mM OA for 16 hours. Cells were washed
once with PBS before adding 0.4mM EPA for 6 hours. Following the incubation, EPA media
was removed, and cells were imaged with live cell imaging. All images were taken from top
to bottom of the cell with 0.2-0.4pum Z-distances. Images shown here are one plane amongst
all Z-stacks. Scale bar is 10um.

Quantification of mRFP/eGFP ratio. All eGFP and mRFP puncta were counted, and
mRFP/eGFP ratio was calculated for each cell. All mRFP/eGFP ratios were averaged and
presented as a bar graph. For each condition, more than ten cells per experiment were
counted, and this experiment was repeated for four times.

Collectively, these results in Figure 4-9 and 4-11 suggest that EPA treatment increases

autophagosome (monitored by LC3) and that it cooperates with endophilin B1 to reduce cellular

TAG.
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4.3. Endophilin B1 is involved in EPA mediated lipophagy.

In order to determine what steps within lipophagy endophilin Bl is involved in,
endophilin B1 was knocked down in HeLa cells, and subsequently Torinl or EPA was loaded for
6 hours. Coverslips were fixed and stained with Bodipy green to assess the size of LD. Cell
lysates were also prepared for Western blot analysis. Surprisingly, endophilin B1 knockdown did
not have any effect on LD size in Torinl. However, in EPA treated endophilin B1 KD cells, LDs
remained extremely large (Fig. 4-12a). The diameter of LDs was measured from
immunofluorescence images and summarized as bar graphs (Fig. 4-12b, c). It is evident that
knockdown of endophilin B1 did not affect the Torinl treatment as Torinl continues to enhance
macroautophagy in the form of LD breakdown (or lipophagy). However, KD of endophilin Bl
seems to block the lipophagy by EPA. From these observations, it is clear that the mechanism of
LD breakdown by EPA is different from that of Torinl. Similarly, the role of endophilin B1 in

macroautophagy (inhibited by Torinl) and in EPA mediated lipophagy is different.
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Figure 4-12: Endophilin B1 is involved in EPA mediated lipophagy.

a. Immunofluorescence of Torinl or EPA treated endophilin B1 KD cells. When
endophilin B1 is knockdown in HeLa cells, the size of LD becomes greater.
Following siRNA transfection, oleate was added for 16 hours and subsequently,
either Torinl or EPA was added for 6 hours. Amino acid starvation media was added
for 1.5hours. Upon fixation, cells were stained with Bodipy green. Scale bar is 10um.

b. Quantification of LD diameter changes in Torinl treated cell. The size of LDs was
measured and presented as bar graphs. There is negligible difference in Torinl
treated cells (p>0.11). Average LD diameter for each group is 0.71um, 0.72um, and
0.73um for No siRNA, scrambled and KD, respectively.

¢. Quantification of LD diameter changes in EPA treated cell. In EPA-treated cells,
differences between No siRNA and KD, scrambled and KD were both significant as
p values are 3.86e-60 and 4.30e-46, respectively. Average LD diameter for each
group is 0.71pum, 0.72um, and 1.60um for No siRNA, scrambled and KD,
respectively.

d. Western blot shows endophilin B1 was successfully knocked down in all three
conditions. GAPDH is a loading control.

In order to clarify the role of endophilin B1 in EPA-mediated lipophagy, HelLa and
HepG2 cells were knocked down for endophilin B1 and then they were treated with EPA. EPA
continues to trigger lipophagy in control cells, but not in endophilin B1 knockdown cells (Fig. 4-
13a-d). Moreover, endophilin B1 knockdown decreased the number of LDs per cell compared to
control (Fig. 4-13e). Yet, EPA treatment did not change the number of LDs per cell although
LDs became even larger than KD condition alone (Fig 4-13¢). These observations suggest that
endophilin B1 participates in LD fission, where EPA trigger LD shrinkage. Collectively, these

results imply that endophilin B1 is essential for EPA mediated lipophagy.
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Figure 4-13: Endophilin B1 knockdown blocks EPA mediated lipophagy.

a.

Immunofluorescence images of endophilin B1 KD cells with or without EPA. Following the
transfection with endophilin B1 specific siRNA, 0.2mM OA was added for 16 hours. Cells
were washed once with PBS before adding 0.4mM EPA for 6 hours. Cells were fixed before
being stained by Bodipy green. Scale bar is 10um.

Western blot analysis shows endophilin B1 knockdown was successful (84.1% for KD,
85.2% for EPA treated KD). The relative intensity of each band was quantified and presented
as a graph on the right. Band intensities for no siRNA and scrambled were averaged and
denoted as Control.

Percentages of LDs greater than 2.5um in diameter are following: No siRNA is 8.3%, KD is
11.2%, No siRNA EPA is 0.4%, and KD EPA is 21.6%. The p-value between No siRNA vs.
KD is 1.90e-06. The p-value between No siRNA vs. No siRNA EPA is 5.43e-03. The p-value
between KD and KD EPA is 1.17e-02. And p-value between No siRNA EPA and KD EPA is
8.19¢-08. For each group, more than 50 cells were counted over three experiments.
Endophilin B1 KD decreases LD number in both HeLa and HepG2 cells. For HepG2,
average LD number per cell for No siRNA is 100.1, KD is 49.2, No siRNA EPA is 83.2, and
KD EPA is 50.5. The p-value between No siRNA vs. KD is 7.14e-5, and the p-value between
No siRNA EPA vs. KD EPA is 9.06e-5. For HelLa, average LD number per cell for No
siRNA is 155.7, KD is 68.5, No siRNA EPA is 168.5, and KD EPA is 67.0. The p-value
between No siRNA vs. KD is 2.11e-19, and the p-value between No siRNA EPA vs. KD
EPA is 2.88e-16. For each group, more than 50 cells were counted over three experiments.

4.4. Endophilin B1 acts on a pathway different from macroautophagy and

lipolysis.

Atg 5 is a key protein for autophagosome elongation as it is required for lipidating LC3-I

to LC3-II (Otomo et al., 2013). Therefore, Atg5 is essential for macroautophagy. Knockdown of

Atg5 showed enlarged LDs, and this observation has led to the discovery that lipophagy requires

autophagic components (Singh et al., 2009). It is known that endophilin Bl is involved in

macroautophagy, especially in supplying membranes to contribute to autophagosome formation

(Takahashi et al., 2011). If EPA-mediated lipophagy is through macroautophagy machinery,
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knockdown of Atg5 would remove endophilin B1 from LD. This observation will also lead to

inhibition of EPA-mediated lipophagy.

To verify whether observations we have seen with endophilin Bl were due to mere
macroautophagy, Atg5 was knocked down by siRNA and cells were loaded with EPA. After T-
REx HeLa endophilin B1-EGFP cells had been plated in pre-determined density, siRNA specific
for Atg5 was transfected at 50 pM for 24 hours. Subsequently, 250ng/ml tetracycline and 0.2mM
OA were added for 16 hours. Cells were rinsed with PBS prior to 8 hours of EPA treatment.
After fixing cells and staining for LDs (Nile red), localization of endophilin BI-EGFP and
diameter of LDs were observed. Similarly, lysates were prepared to access protein level. In
conditions where Atg5 is successfully knocked down (Fig. 4-14c, d), endophilin B1 remains
tightly associated with the LD (Fig. 4-14a Ctl/OA/EndoB1 vs. AtgSKD/OA/EndoB1). Similarly,
endophilin BI-EGFP is localized on to the LD surface even in cells that were treated with EPA,
regardless of AtgS KD (Fig. 4-14a Ctl/OA/EndoB1/EPA vs. AtgS5KD/OA/EndoB1/EPA). As
well, endophilin B1 and EPA continues to drive LD breakdown as LD diameter decreases
regardless of Atg5 KD (Fig. 4-14b). It is plausible that lipophagy by endophilin B1 and EPA
compensates for the macroautophagy defects. Together, these observations suggest that

endophilin B1 participates in a pathway that is different from macroautophagy.
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Figure 4-14: Endophilin B1 is involved in a type of lipophagy distinct from macroautophagy.

a. Endophilin B1 decreases LD diameter regardless of Atg5 KD. After transfection with Atg5-
specific-siRNA, T-REx HeLa EndoB1-EGFP cells were incubated with oleate for 16 hours
followed by EPA for 8 hours. Upon fixation, cells were stained with Nile red to visualize LD.

Scale bar is 10pm.

b. Quantification of LD diameter (um) in Control and Atg5 KD cells. In Control condition,
expression of EndoB1 continues to decrease LD diameter as seen in previous figures (p-value
between No siRNA OA (blue bar) and No siRNA OA EndoB1 (red bar) is 0.00863, p-value
between No siRNA OA EndoBI1 (red bar) and No siRNA OA EndoB1 EPA (green bar) is
0.02308). In Atg5 KD condition, expression of EndoB1 and addition of EPA still result in
LD breakdown (p-value between Atg5 KD OA (light blue bar) and Atg5 KD OA EndoBlI
(orange bar) is 0.009032, p-value between Atg5 KD OA EndoBI1 (orange bar) and Atg5 KD

OA EndoB1 EPA (navy bar) is 0.047996).
¢. Western blot analysis shows successful Atg5 knockdown.
d. Western blot band intensity was quantified and reported as a bar graph.

Aside from macroautophagy or lipophagy, cellular LDs can be metabolized by lipases

such as ATGL. ATGL initiates the degradation of TAG from LD, where it cleaves FA from TAG.

A DAG formed in this way is quickly degraded to glycerol and FFAs. Subsequently, FFAs are

released into energy through beta-oxidation in mitochondria. It is plausible that LD breakdown

after endophilin BI and EPA treatment was through actions of ATGL. In order to test this

possibility, the lipolytic pathway was blocked by Atglistatin. Atglistatin competitively inhibits

ATGL activity, but it does not displace ATGL from LD of adipocytes or interfere with ATGL’s
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binding to CGI-58 (Mayer et al., 2013; Zagani et al., 2015). In addition, treatment of Atglistatin
at 50uM concentration for 8 hour does not affect cell viability (Mayer et al., 2013). For our
experiments, T-REx HeLa endophilin B1-EGFP cells were plated at pre-determined density, and
250ng/ml tetracycline and 0.2mM OA were added for 24 and 16 hours, respectively. After
washing cells once with PBS, cells were treated with 50uM Atglistatin for 8 hours, and cells
were fixed and stained for LDs. Immunofluorescence images were taken and size of LDs was
measured (Fig. 4-15). Firstly, LDs from OA/Atglistatin condition has slightly larger LD than OA
condition (Fig. 4-15b, p=8.03e-05), confirming that Atglistatin works to inhibit ATGL activity.
Note that ATGL does not leave LD after Atglistatin treatment (Fig. 4-16), verifying previous
findings on ATGL localizations. Secondly, when endophilin B1 expression was induced in the
presence of Atglistatin, endophilin B1 did not fall off from the LD. Instead, it remained tightly
bound to LD (Fig. 4-15a). On the other hand, the size of LDs did not increase, suggesting that
endophilin B1 may be compensating for the loss of lipolysis (Fig. 4-15b, EndoB1 (red bar) vs.
EndoB1/Atglistatin (orange bar), p>0.05). When EPA was added along with Atglistatin, however,
LDs did not decrease in size. In fact, LDs increased in size from 0.79um to 0.97um (Fig. 4-15b,
EndoB1/EPA (green bar) vs. EndoB1/EPA/Atglistatin (navy bar)). These observations show that
endophilin BI may be compensating for the loss of ATGL activity, but EPA may not. It is
possible that ATGL plays a role in the EPA mediated lipophagy as well as the macroautophagy
(see discussion 5.2.3.). However, it should be noted that endophilin BI-EGFP remains tightly on

the surface of LD even when ATGL activity is blocked.

131



No Atglistatin

Atglistatin

LD diameter +SD (um)

OA

0.30

0.00

EndoB1
EPA
Atglistatin

QA EndoB1

OA EndoB1 EPA

1.16
0.85
0.79
+ - + +
+ - - +
z + + +

(Figure legend continues on the next page.)
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Figure 4-15: Lipophagy by endophilin B1 is independent of ATGL.

a. Immunofluorescence of T-REx HeLa EndoB1-EGFP cells after Atglistatin treatment. A
diameter of LD continues to decrease with tetracycline (EndoB1 expression) and EPA
treatment regardless of Atglistatin treatment (except OA EndoB1 EPA Atglistatin. See
text for details). Note that association of LD and endophilin B1 is not affected by ATGL
activity (See inset). To induce EndoB1-EGFP expression and LD formation, tetracycline
was added for 24 hours and oleate was added for 16 hours. To prevent ATGL activity,
50uM Atglistatin was added (in no serum media) for 8 hours. Upon fixation, cells were
stained with Nile red. Scale bar is 10um.

b. Lipophagy by endophilin B1 is not affected by ATGL inhibition. The diameter of LD in
all conditions was measured and reported as bar graph shown here. The addition of
Atglistatin increased the LD size, confirming the effect of ATGL inhibition (with and
without Atglistatin, p=8.03e-05). Differences between all groups are significant
(p<2.24e-03). All cells were loaded with OA. See texts for more details.

OA EndoB1 OA EndoB1 EPA

No Atglistatin

Atglistatin

(Figure legend continues on the next page.)
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Figure 4-16: Atglistatin does not displace ATGL from LD

T-REx HeLa endophilin BI-EGFP cells were treated with Atglistatin to inhibit ATGL function.
To induce EndoB1-EGFP expression and LD formation, tetracycline was added for 24 hours and
oleate was added for 16 hours. To prevent ATGL activity, S0uM Atglistatin was added (in no
serum media) for 8 hours. Upon fixation, cells were stained with Nile Red and ATGL-Alexa 647
(pseudo coloured to cyan). Scale bar is 10um.

4.5. Lipophagy by endophilin B1 involves LD-Lysosome relationship.

So far, we have determined that endophilin Bl participates in a novel type of LD
breakdown mediated by EPA and in this kind of lipophagy endophilin B1 acts differently than in
macroautophagy or lipolysis. To clarify such mechanism, we investigated into what organelles
LDs associate when EPA is added. Previously, it has been shown that making direct contact with
lysosomes may result in LD break down (Schroeder et al., 2015). This non-canonical type of
lipophagy indicates that lysosome directly fuses with LD, and there is no necessity for
autophagosome involvement. There is a quick sampling of cargo into lysosome; therefore,
physical interaction of the two organelles is the key. In fact, one LD may be bombarded by
multiple lysosomes, and this LD-lysosome relationship is referred to as Kiss-and-run (Schroeder
et al., 2015). We enquired whether endophilin B1 and EPA make this type of lipophagy. To do
so, cryosection of human fatty liver #14 was stained with endophilin B1 and a lysosome marker
LAMPI. It is clearly shown that subdomains of endophilin B1 around LD co-localize with
LAMP1 (Fig. 4-17), proposing that certain proportion of LDs in the human fatty liver may

undergo Kiss-and-Run lipophagy and endophilin B1 may be involved in this process.
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Bodipy Green Endophilin B1

Figure 4-17: Endophilin B1 colocalizes with LAMP1 on human fatty liver #14.

Frozen human fatty liver section was stained with Bodipy green (pseudo coloured to blue),
anti-endophilin B1 (Alexa 568, red) and anti-LAMP1 (Alexa 647, green). Arrows indicate
endophilin B1 colocalizing with LAMP1. Scale bar is 10um.

To investigate what happens to the LD-lysosome relationship when endophilin B1 is
absent, the expression of endophilin B1 has been silenced using siRNA. Upon seeding cells at
pre-determined density, cells were transfected with 50pM endophilin B1 siRNA in two
successive days. Then, OA was added for 16 hours followed by EPA or Torinl treatment for 6
hours. Coverslips were fixed, and cell lysates were prepared. Upon fixation, cells were stained to
highlight endogenous LAMP1 (red) and LC3 (pseudo coloured to magenta). LDs were stained

with Bodipy green. Immunofluorescence images shown are a single plane from the z-stack
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acquisition, and the number of LAMPI1 associated LDs were counted from max projected z-
stacks. Interestingly, Torinl and EPA-treated cells in control conditions (No siRNA) showed
many LDs positioned next to or entirely co-localizing with LAMP1 staining lysosomes (See
arrow, Fig. 4-18a, b). There were 5.32 and 5.35 LDs associated with LAMPI in each cell of
Torinl and EPA-treated cells, respectively (Fig. 4-18c). However, when endophilin B1 was
knocked down, this LD-LAMP1 association decreased drastically. Especially, EPA-treated cells
did not have any LAMP1 associated LDs (Fig. 4-18 b). Notice that endogenous LC3 is globally
localized in Torinl treated cells regardless of endophilin B1’s presence. However, endogenous
LC3 is around LD in EPA treated endophilin B1 KD cells, and this indicates that cell is utilizing
the macroautophagy machinery in an attempt to compensate for the loss of Kiss-and-run
although there is no reduction in LD size (Endophilin B1’s absence renders cell unable to form
autophagosome). Collectively, these observations strongly support that EPA mediates a
lipophagy in Kiss-and-run manner and that endophilin B1 plays a crucial role in LD-lysosome

relationship.
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Figure 4-18: Endophilin B1 KD abolishes LD-LAMP1 association in EPA-treated cells.

a. Immunofluorescence of EndoB1 KD cells after Torinl treatment. After transfection with
siRNA, cells were incubated with OA for 16 hours followed by Torinl for 8 hours. Upon
fixation, cells were stained with Bodipy green. LAMP1 was labeled with Alexa 568 (red),
and LC3 was labeled with Alexa 647 (magenta). Arrows indicate an LD-LAMP1 association.
Arrowhead shows LAMP1 remote from LD. Scale bar is 10pum.

b. Immunofluorescence of EndoB1 KD cells after EPA treatment. The experiment was done in
the same way as in a.

¢. The number of LAMP1 associated LD per cell is denoted as a bar graph.

In order to preclude macroautophagy and lipolysis from the Kiss-and-run,

macroautophagy was blocked through AtgS KD and Atglistatin treatment. Subsequently, the
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effect of macroautophagy and lipolysis block was observed on LD-LAMP1. After cells had been
transfected with 50pM Atg5 specific siRNA, 250ng/ml tetracycline and 0.2mM OA was added
for 24 and 16 hours, respectively. After washing cells once with PBS, 50uM Atglistatin was
added with or without EPA. Immunofluorescence images clearly show that LD continues to
associate with LAMPI1 regardless of Atg5 KD or Atglistatin (Fig. 4-19). This observation
strongly suggests that Kiss-and-run lipophagy by endophilin B1 and EPA is distinct from

macroautophagy or lipolysis.
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(Figure continues on the next page.)
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Figure 4-19: Association of LD-LAMPI is independent of macroautophagy and ATGL.

a. Immunofluorescence of T-REx HelLa EndoB1-EGFP cells after AtgS5 KD and ATGL
inhibition. After transfection with siRNA, endophilin Bl expression was induced with
tetracycline for 24 hours. Then cells were incubated with OA for 16 hours followed by EPA
and/or Atglistatin for 8 hours. Upon fixation, cells were stained with Nile red for LD (pseudo
coloured to blue), and LAMP1-Alexa647 (pseudo coloured to red). Note that LD and
LAMP1 associate regardless of Atg5 KD and ATGL inhibition. Scale bar is 10um.

b. Number of LD-LAMP1 association per cell. From No siRNA to Atg5 KD, a number of
LAMP1 associated LDs does not change significantly (p>0.052). The addition of EPA in
both No siRNA and Atg5 KD conditions increases the number of LAMP1 associated LDs
(p<4.77e-04). For each group, more than 20 cells were counted. This experiment was
repeated for three times.
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4.6. Endophilin B1 binds with proteins involved in Kiss-and-Run lipophagy.

Recently, Rab7 has been shown indispensable for lipophagy in hepatocytes (Schroeder et
al., 2015). Under starvation conditions, Rab7 is highly active, and this activation is shown to be
essential for the transient interaction between the LD and lysosome referred to as Kiss-and-run
lipophagy (Schroeder et al., 2015). If endophilin B1 participates in Kiss-and-Run lipophagy, it
may interact with Kiss-and-Run proteins such as Rab7. First, cells were transfected with 1.0ug of
CFP-Rab7 plasmid for 24hours, and subsequently, tetracycline and OA were added for
endophilin B1-EGFP induction and LD formation, respectively. Indeed, Rab7 localized onto the
lysosome (colocalizes with LAMP1) and onto the LD (Fig. 4-20). Moreover, in conditions where
EPA is added, Rab7 localizes on LDs that endophilin Bl is located (Fig. 4-20). These

observations support that endophilin B1 is involved in Kiss-and-Run lipophagy.
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Figure 4-20: Endophilin B1 associates with Rab 7 in EPA mediated lipophagy.

After induction of endophilin B1-EGFP, CFP-Rab7 was transfected for 24 hours. Cells were
then incubated with oleate for 16 hours followed by 8 hours EPA treatment. After fixation,
cells were stained with Nile red (pseudo coloured to blue), and LAMPI1-Alexa 647 (pseudo
coloured to red). For merge with endophilin B1, Rab7 is shown in red. Scale bar is 10pum.

In order to visualize Kiss-and-run lipophagy, which is characterized by transient docking
of lysosome to LD surface, cells were observed by time-lapse microscopy using spinning disk
microscope, and images were acquired at 1.25sec (or 1.50) intervals for at least 1 min. Firstly,
cells were plated on a glass-bottom dish, and they were transfected with Rab7, a central regulator
of Kiss-and-run lipophagy that localizes on lysosome and LD surface (Schroeder et al., 2015).
Next, 0.15mM OA was added for 16 hours to induce LD formation. Followed by PBS wash,
EPA was added at 0.4mM for 6 hours. Images were acquired in 37°C live cell chamber. For
HelLa cells, images were acquired for every 1.25s for at least 1 minute, and this corresponds to
48 frames. In these cells, many Rab7-positive lysosomes were in close proximity to LDs, and
there were many occasions where LD and lysosome come together and separate. Schroeder and
colleagues demonstrate that Rab7 localizes in sub-domain of LD, and lysosomes contact these
domains for Kiss-and-run lipophagy (Schroeder et al., 2015). In Fig 4-21a, LD (red) is
surrounded by Rab7 (green) (see arrow), and Rab7-positive lysosome comes in proximity, and
finally merges with LD at 31.50s. After a brief encounter, the two organelles disjoin at 49.50s.
Notice, Rab7-positive LD stains faintly with Bodipy. HelLa cells were also transfected with
mCherry-FYVE, a domain found in Fabl, YOTB, Vacl, and EEAI. It binds to PtdIns3P, and it
is involved in vacuolar protein sorting and endosome function (Lee et al., 2005a). In EPA treated
HeLa cells, FYVE-positive organelle (green) associated with LD (red) (Fig. 4-21b). When the

number of Kiss-and-run was counted per cell per minute, Rab7-EPA-treated cells had 4.25
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whereas no-EPA cells had 3.49 incidents. Similarly, FYVE-EPA-treated cells had a higher
number of overlapping pixels and more Kiss-and-run event than no-EPA cells (Fig. 4-21c, d). T-
REx HeLa endophilin BI-EGFP cells were also imaged to determine number Kiss-and-
run/cell/min. Cells were transfected with CFP-Rab7, and tetracycline was added to induce
endophilin B1-EGFP expression. Subsequently, EPA was added for 6 hours. In Fig. 4-21e, LDs
are shown in red, and Rab7 is shown in green. In EPA added cells, Rab7-positive lysosome and
LD come close to each other and are joined at 43.5sec (Fig. 4-21e). In these cells, the number of
overlapping pixels (Fig. 4-21f), and numbers of Kiss-and-run were quantified as earlier (Fig. 4-
21g). In Rab7-transfected cells, the presence of endophilin Bl did not make a noticeable
difference in the number of Kiss-and-run (2.22 vs. 2.20) (Fig. 4-21g). However, by adding EPA,
the number of Kiss-and-run increased (2.20 vs. 2.98). It is clear that EPA treatment enhances the

LD-lysosome association per cell, and this strongly supports the Kiss-and-run lipophagy.
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Figure 4-21: EPA increases lipid droplet-lysosome association.

a. Time-lapse series of OA (0.15mM, 16hours) loaded HeLa cells expressing YFP-Rab7 (1nug,
24hours). EPA was added for 6 hours prior to imaging. Cells were imaged in HEPES
supplemented media within 37°C live cell chamber, and each image was captured in 1.25sec
interval. LDs are shown in red (Bodipy 558/568). There was an association of Rab7-positive
lysosome and the surface of LD (arrow). Evidence of association is shown by the increased
intensity at 31.50s and 40.50s, and the two organelles are taken off at 45.00s.

b. Time-lapse series of OA loaded HeLa cells expressing mCherry-FYVE (1pg, 24hours). EPA
was added for 6 hours prior to imaging. LDs are shown in green (Bodipy 493/503). Putative
acidic compartment (highlighted by mCherry-FY VE) associates with LD (arrow) and the two
organelles are taken off at 52.50s.

¢. An average number of overlapping pixels per cell per minute for HeLa cells. Cells were
imaged for at least 1 minute. Images were converted to binary and were thresholded from 0-
30. Then, thresholded images from LD and Rab7 (or FYVE) channels were overlaid. A
number of overlaid pixels was measured, and these values were plotted as a bar graph.
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Overlapping pixels represent the association of LD and lysosome. For each group, more than
ten cells were quantified.

. A number of Kiss-and-run events per cell per minute for HeLa cells. Images were quantified
as in ¢. An average number of overlapping pixels was plotted in function of time. Changes in
pixel number greater than the average were considered as ‘kiss’ and the changes lower than
the average were considered ‘run.” Number of Kiss-and-run was recorded for each cell, and
these values were plotted as a scatter plot presented here. Coloured dots represent the
average. The average number of Kiss-and-run event per cell per min for Rab7, Rab7-EPA,
FYVE, and FYVE-EPA cells are 3.49, 4.25, 3.34, and 3.92, respectively.

Time-lapse series of OA loaded T-REx HeLa cells expressing CFP-Rab7 (1ug, 24hours) and
endophilin-EGFP (induced with 500ug/ml tetracycline, not shown). EPA was added for 6
hours prior to imaging. Rab7 is shown in green, and LDs are shown in red (Bodipy 558/568).
Rab7-positive lysosome (yellow arrow) and LD (white arrow) move close to each other.
Association of the two organelles (white arrow at 43.50s) is observed by the increased signal.
Then they have departed from each other shortly after. The background was subtracted from
these images by using ImageJ (1.491) and rolling ball background subtraction of 100 was
used.

A number of Kiss-and-run measured per cell per minute for T-REx HeLa endophilin B1-
EGFP cells. EPA (0.4mM, 6hours) was added after rinsing cells once with PBS. Number of
Kiss-and-run was measured as described in d. Value marked by a triangle is considered an
outlier because it is greater than average + 2*(standard deviation). Average number of Kiss-
and-run per cell per min for no EndoB1-Rab7, EndoB1-Rab7, and EndoB1-Rab7-EPA are
2.22,2.20, and 2.98, respectively.

. An average number of overlapping pixels per cell per minute for T-REx HeLa cells. Cells

were imaged for at least 1 minute. All cells were transfected with Rab7, and expression of
endophilin B1 was induced for the last two groups. Images were processed as in ¢. A number
of overlaid pixels was plotted as a bar graph. Overlapping pixels represent the association of
LD and lysosome. For each group, more than ten cells were quantified.

In order to confirm that endophilin B1 binds with proteins known for the direct LD-

lysosome interaction, Bio-ID analysis was performed. Bio-ID, an approach described by Roux et

al., is a high-throughput analysis of protein binding partners, and it is suitable for the detection of

low abundance protein and transient interactions (Roux et al., 2012). To begin, endophilin B1-

BirA construct was stably transfected into tetracycline inducible HeLa cells. In these cells,

endophilin B1-BirA behaves the same way as endophilin B1-EGFP because upon EPA induction,
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endophilin B1-BirA translocates to LD (Fig. 4-22a). In the same tetracycline system, FLAG-

BirA does not behave the same as endophilin B1-BirA (Fig. 4-22b).
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Figure 4-22: Interacting partners of endophilin B1 in EPA mediated lipophagy.

a. T-REx HeLa cells inducibly expressing endophilin B1-BirA construct. Endophilin B1-BirA
behaves the same as endophilin B1-EGFP because it moves to LD after EPA incubation.
Western blot probed with endophilin B1 antibody shows the expression of the construct and

endogenous endophilin B1. Scale bar is 10pum.

b. T-REx HelLa cells inducibly expressing FLAG-BirA construct. This serves as a control for
BirA. FLAG-BirA does not behave as endophilin BI-EGFP as it does not translocate to LD
in the presence of EPA. Western blot probed with FLAG antibody shows the expression of
the construct. Scale bar is 10um.
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c¢. Potential interactors of endophilin B1 identified by Bio-ID. Bio-ID identified retromer-
related proteins, lysosome-related proteins, motor proteins, exosome-related proteins, and
clathrin-related proteins.

From Bio-ID experiment, a number of candidates have been identified: proteins involved
in CDP-choline pathway, endocytosis, mitochondrial function, SNAREs, BLOC, retromer, and
PIK3C2B. Identification of cytidylyltransferase supports that endophilin B1 plays a role in
membrane fission. Similarly, it agrees with our results shown in Fig. 4-3 and previously shown
functions of endophilin B1 in membrane tubulation (Farsad et al., 2001; Rostovtseva et al., 2009).
Identification of SNAREs and BLOC supports the role of endophilin B1 and EPA in the Kiss-
and-run lipophagy (See Discussion 5.2.4.).

One protein, PIK3C2p, came to our interest because it was never seen in Bio-ID of other
proteins that our laboratory works on. PIK3C2, as a member of PI3K family, is recruited to a
membrane where it catalyzes the synthesis of PtdIns3P. Sorting nexins (SNX) bind to PtdIns3P,
and several SNXs (SNXI1, 2, 5, 6) were detected along with members of Vps trimer (Vps26 and
Vps 29), and TBC1DS5. These proteins make up retromer complex, which is used to mediate
endosome-TGN transport. It is plausible that endophilin B1 binds to PIK3C2fB, and also
participates in retromer carrier formation by binding to SNX1/2, Vps26, and Vps29. Or, it is
possible that endophilin Bl binds to TBCIDS5 to balance between retromer formation and
autophagy induction because TBC1DS5 has been implicated as a switch for autophagy (Popovic
etal., 2012).

Subunits of a motor protein dynein, which acts in intracellular transport, were detected.
Similarly, members of BLOC complex and Arl8b, proteins involved in the lysosomal movement,
have been detected. Identification of these proteins suggests that endophilin B1 may also be

physically engaged in the lysosomal movement.
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Interestingly, Bio-ID experiment identified proteins that are involved in exosome
assembly. Exosomes are extracellular vesicles secreted by a variety of cell types, and their role
has been suggested in intracellular communication (Raposo and Stoorvogel, 2013). Exosomes
enable transfer of membranes, cytosolic proteins, lipids, and RNAs between cells, and they
require series of proteins to coordinate their assembly (Raposo and Stoorvogel, 2013). In
particular, key proteins for membrane transport, SDCBP (also known as syntenin), and its
partner PDCD6IP (also known as ALIX) have been identified in the Bio-ID (Fig. 22c¢). SDCBP
1s a multifunctional adaptor for trafficking of transmembrane proteins, and PDCDG6IP participates
in budding and abscission processes (Baietti et al., 2012). Additionally, PDCD6IP binds to
endophilin in the C-terminus (Baietti et al., 2012). HNRNPA2B1, a nuclear ribonucleoprotein
involved in sorting of miRNA into exosome (Villarroya-Beltri et al., 2013), has also been
identified (Fig. 4-22¢). These results suggest that endophilin B1 may be involved in exosome
assembly, and it may be contributing to the assembly through introducing curvature to
membranes.

Bio-ID experiment identified possible interactions of endophilin B1. Due to its sensitive
nature, weak or transient interactions are also detected. Therefore, possible candidates identified
from the Bio-ID results are preliminary, and careful observation may open new doors in

endophilin B1's functional elucidation (See Discussion 5.2.4.).
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Chapter S: Discussions
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5.1. Development of tools to understand how Golgi maintains its

homeostasis

In this thesis, a fusion antibody was fully characterized. Fusion antibody accurately
represents the behavior of endogenous Golgi-resident enzyme. Results from this study can help
understand how endogenous Golgi enzymes traverse the Golgi and how the movement of these
enzymes contribute to maintaining structural homeostasis of the Golgi. Furthermore, this work
also presented potentials to use fusion antibody for monitoring protein internalization. Other

applications are envisaged.

5.1.1 Full characterization and advantages of fusion antibody

A fusion antibody was generated from taking the variable fragment of a monoclonal
antibody and adding a fluorescent tag, and its use and characteristics have been fully examined.
It is expressed in various cellular systems, recognizes respective antigen, and goes through the
secretory pathway. Furthermore, conditioned media and affinity purified fusion antibodies can
recognize antigens of non-transfected cells. They truly represent endogenous glycosylation
enzymes in vivo without affecting the steady-state distribution of enzymes. Advantages of fusion
antibody over monoclonal antibody include the following: 1) it can fluorescently monitor Golgi
enzyme within fusion antibody expressing cell in vivo; 2) it is recombinantly expressed from
cDNA, so it can be more easily manipulated than exogenously applied antibody; and 3) since it
1s made with single-chain-variable-fragment only, size (including fluorescent tag) is significantly

smaller (around 58kDa) than IgG (~150kDa) and secondary antibody; 4) Fusion antibody
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behaves as a biosynthetic cargo that is expressed and goes through the early secretory pathway,
but it also acts a probe that illuminates the location of endogenous Golgi enzyme; 5) expressing
fusion antibody (transiently, stably or tetracycline-inducibly) does not affect cell viability or
cause ER stress; Therefore, compared to traditional immunofluorescence method that requires
primary antibody and secondary antibody tagged with a fluorophore, fusion antibody can
overcome the issues of antigen inaccessibility, and it will illuminate the most precise location of

the enzyme in the secretory pathway.

Although fusion antibodies were characterized in terms of their antigen recognition and
they represent the behavior of endogenous Golgi enzymes, they may not be accurate tools to
study the activity of Golgi-resident enzymes. This is because the activity of Golgi-resident
enzyme was not tested upon fusion antibody binding. In order to confirm whether fusion
antibody affects the activity of GalT, cells can be transfected with FSAB-GalT (or FSAB-GalT
expression can be induced with tetracycline in T-REx Hek293 cells). From the transfected cells’
lysate, the rate of [’H]-UDP-galactose transferred to ovomucoid can be measured. Here,
ovomucoid, trypsin inhibitor, is used as an acceptor for radioactive galactose. To assay the
enzymatic activity, the whole cell lysate can be mixed with sodium cacodylate buffer, which
contains ovomucoid, beta-mercaptoethanol, Triton X-100, ATP, MnCl,, UDP-galactose, and
[*H]-UDP-galactose. After 30minute incubation, the reaction can be terminated by adding ice-
cold phosphotungsic acid/HCl. Samples can be centrifuged to remove unbound [*H]-UDP-
galactose, and the resulting pellet can be solubilized by 2M Tris and 1% SDS before
radioactivity (dissociation per minute, dpm) can be measured. From the dpm, the amount of
galactose transferred per hour can be calculated. If this value in fusion antibody transfected cells

is lower than non-transfected cells, then the activity of GalT is affected by fusion antibody.
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5.1.2. Potential to use fusion antibody to highlight another cells’ antigen

To verify the specificity of the fusion antibody, one of the experiments performed was to
work with conditioned media. Cells that express fusion antibody also secrete fusion antibody to
the media, which we call conditioned media. By using the conditioned media as an antibody,
antigen in non-transfected cells was highlighted. This experiment did not only confirm that
fusion antibody was made specifically for its respective antigen, but also showed that highly
specific, a monoclonal-like antibody can be harvested from conditioned media. Similarly, fusion
antibody could be affinity purified, and eluate from this experiment maintains the characteristics
fusion antibody: it is fluorescent, and it recognizes respective antigen (Fig. 3-10). Furthermore,
fusion antibody is tagged with a fluorophore itself, so there is no need to utilize secondary
antibody: eliminating the need for secondary antibody reduces the significant distance from an
antigen to a fluorophore that is normally attached to the secondary antibody. This is an advantage
that will be extremely valuable for visualizing contents within minutely sized COPI vesicles.
Previously, two laboratories with prestigious electron microscopy techniques produced opposite
findings, even when both labs used the same probe and method. Although both groups used the
same antibody against MannlI for immune-EM, one group showed that MannlI was incorporated
in peri-Golgi vesicles (Martinez-Menarguez et al., 2001) while the other group revealed the
opposite (Cosson et al., 2002). One explanation for the discrepancy is a relatively long distance
between antigen and a colloidal-gold that is conjugated to a secondary antibody, and this
distance may have misled the distribution of Mannll within small structures like COPI vesicles
(30-50nm). Since fusion antibody eliminates a need for a secondary antibody, it will significantly

reduce this type of artifact.
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In order to accurately determine the size of fusion antibody at the nanometer level, we
can perform dynamic light scattering assay. Affinity purified fusion antibody can be shined by
direct light, and the angles of light scattering can be measured. The rationale is that the smaller
the particle, the smaller will be the angle of the scattered light. Proteins of known nanometer size
can be used as a standard, so that size of fusion antibody can be determined empirically.
Similarly, affinity purified fusion antibody can be prepared for EM by rotary shadowing or
negative stain. By observing the fusion antibody by EM, diameter of fusion antibody molecule
can be resolved at the nanometer level. The advantage of this method is that we can also

determine the shape of a fusion antibody as well.

5.1.3. Fusion antibody as a tool to study protein internalization

Series of experiments conducted with the affinity purified fusion antibody revealed that
fusion antibody could be used as a tool to study protein internalization: Affinity purified EGFP-
FSAB-GalT was internalized in non-transfected, live cells, and it colocalized with endogenous
GalT in Golgi (Fig. 3-11, 3-12). This observation suggested that GalT is present on PM. Indeed,
it is present on plasma membranes of different cell types where it plays a role in gamete
recognition (Miller et al., 1992), cell-to-ECM interaction (Steffgen et al., 2002), and metastasis
(Zhu et al., 2005). Furthermore, examination of long-, short-, and phosphorylation mutant-GalT
showed that GalT might have differential localization depending on the presence of the cytosolic
tail. This is because the amount of fusion antibody internalization was different when it was
added to these cells (Fig. 3-13). Short form of GalT had the most internalized fusion antibody,

suggesting that short form of GalT may be the one present on PM. Although the long form of
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GalT was shown to be localized in PM (Hathaway et al., 2003), it is plausible that both short and

long form are present and only the short form dynamically cycles between PM and Golgi.

In order to confirm the hypothesis that GalT cycles between plasma membrane (PM) and
Golgi/endosome/lysosome compartment, more experiments must be done to ensure the
internalized fusion antibody represents the GalT’s itinerary from the PM. In this thesis, whole
cell lysates were used for Western blot analysis, and this only highlighted the internalized fusion
antibody, and it does not necessarily mean that GalT traveled internally from the PM along with
the fusion antibody. To address this concern, fusion antibody must be co-immunoprecipitated
with GalT in a native condition. If fusion antibody co-immunoprecipitated with GalT, then this
GalT may be representative of cell surface GalT that cycled back to the cell interior. Since there
1s not a significant amount of fusion antibody internalized under normal conditions (Fig. 3-13)

and the turnover of GalT at PM is unknown, bafilomycin A may be added.

As for the mechanism of internalization, whole cell lysate has been analyzed by density
gradient and cell surface GalT was shown to be in the same fraction as lipid rafts (Hathaway et
al., 2003). However, the exact molecular mechanism of how GalT travels to the cell surface and

back to the cell interior has not been investigated.

Additionally, GalT may be presented to cell surface before being degraded by the
lysosomal pathway. This is because the amount of fusion antibody uptake is different, and the
amount of internalization is greater in the presence of lysosomal inhibitor bafilomycin Al (Fig.
3-13). We determined that fusion antibody was not internalized by random, bulk uptake because

non-specific a-rabbit IgG (H+L) Alexa 568 did not travel inside of the cell (Fig. 3-11). From this
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observation, we can safely deduce that internalization was not triggered by fluorophore or

immunoglobulin.

However, conclusions should be drawn carefully because a number of assumptions were
made: We assumed that fusion antibody remained tightly bound to cell surface GalT and that it
followed the trajectory of the cell surface GalT. Similarly, we assumed that the internalization of
EGFP represents uptake of entire fusion antibody molecule, and internalized fusion antibody was
intact. It is probable that EGFP has been detached from the fusion antibody during the uptake
process, and it has been taken up alone. Although fusion antibody was tandem affinity purified
by His and FLAG tag, we did not verify if EGFP remained bound to the fusion antibody. To
confirm whether fusion antibody was intact, the eluate from tandem affinity purification may be
analyzed by Western blot against EGFP. Since the eluate was able to highlight GalT in non-
transfected cells and colocalize with monoclonal GalT antibody, the antigen recognition was
confirmed. In this experiment, GalT was highlighted with EGFP-FSAB-GalT, so EGFP of the
affinity purified fusion antibody was intact. So if EGFP or any other parts of the fusion antibody
has fallen, it would be during the uptake process. Additionally, it is plausible that the
conformation of fusion antibody was disturbed by the purification method or by low pH of
endosome or lysosome. In order to test whether or not exposure to lower pH dissociates fusion
antibody, affinity purified fusion antibody can be resuspended in various pH ranging from 4.5
(pH of endosome). Then, the fusion antibody can be analyzed by Coomassie blue stained SDS-

PAGE or Western blot probed by EGFP and FLAG.

Interestingly, bafilomycin Al treated cells revealed greater internalization of the fusion
antibody. In order to understand why fusion antibody uptake increased with bafilomycin Al, we

have to consider the possibility as to why and when lysosome degrades GalT. One possibility is
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that GalT is presented on the cell surface, and then become internalized for lysosomal
degradation: this may be a way to get rid of old GalT. According to the cisternal maturation
model, Golgi is under a constant turnover where it is taken apart at the frans side, and
constituents are trafficked to the cis- Golgi in a retrograde direction. For any reason, GalT may
have not entered the retrograde trafficking, continued the secretory pathway, and eventually
reached to PM. Any mislocalized Golgi protein that escaped this transport may be degraded by
the lysosome, supported by the bafilomycin Al experiment (Fig. 3-13). Indeed, lysosomal acid
phosphatase (LAP) has been shown to be transported from the Golgi to PM, eventually to the
lysosome (Braun et al., 1989). Newly synthesized LAP from Golgi travels to the PM where it
gets rapidly endocytosed by a mechanism that decreases upon reduced temperature, chloroquine,

NH4CI or primaquine (Braun et al., 1989).

It 1s possible that the journey of GalT from Golgi to PM, and to lysosome is a way to
degrade defective GalT. In order to test this possibility, we can test whether or not defective
GalT is transported to the cell surface. Similar to determining enzymatic activity of GalT in
fusion antibody transfected cells, cell surface GalT’s activity can be measured. Instead of
preparing whole cell lysate, we can work with cell surface GalT without lysing cells. To do this,
T-REx Hek293 cells can be washed once with warm PBS, and ice-cold PBS can be added
directly onto cells before cells are being scraped carefully. To detach cells, trypsin may not be
used since it can deactivate proteins of the cell surface. Similarly, EDTA may not be used

because GalT enzymatic activity is inhibited (Fleischer et al., 1969).

For cell surface GalT to travel back to Golgi, it is plausible that retromer complex is
involved. Retromer complex is a protein complex that mediates retrograde transport of

transmembrane proteins from endosomes to TGN, and it is comprised of sorting nexins (SNX,
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membrane-binding coat subcomplex), and Vps trimer consists of Vps26, Vps29, and Vps35.
After endocytosed into an endosome, Vps trimer associates with cargos located at endosomal
membrane. Here, Rab7-GTP would be involved. SNX-BAR subcomplex (comprised of SNX1/2),
upon dimerization, senses the curved membrane and its nucleation will introduce more curvature,
and this will eventually induce tubule formation. Finally, matured retromer tubule undergoes
scission by dynamin, and Vps trimer and SNX-BAR subcomplex are taken off upon GTP
hydrolysis of Rab7. Now, the released tubule is transported to TGN by dynein motor protein.
Clathrin adaptors are involved in this process because Shiga toxin B-subunit and transferrin
receptor accumulate in endosomes in clathrin-depleted cells (Popoft et al., 2007). However, the
introduction of dominant-negative clathrin or knockdown of clathrin did not affect retromer
tubulation by SNX-BARs (McGough and Cullen, 2013). If cell surface GalT travels to Golgi, it
will be endocytosed, shuttled to TGN by retromer, and it will travel to trans-Golgi cisterna by
COPI retrograde vesicles. In our observation, however, internalized fusion antibody seemed to
occupy the lysosomal region, as it appeared juxta-Golgi (Fig. 3-12). In order to test whether or
not GalT has traveled to Golgi by retromer complex, it can be immuno-precipitated with Vps
trimers. As well, its association with ESCRT can be examined for the possible itinerary to the

lysosome.

5.1.4. Visualization of glycosyltransferases with fusion antibody

To visualize the Golgi enzymes in vivo, fusion antibody will be introduced to GRAB
technique (see section 1.2.7.a) (in collaboration with Dr. Julia Fernadez-Rodriguez, University of

Gothenburg, Sweden). GRAB technique utilizes free radicals generated upon EGFP or
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mTurquoise excitation, and these can be used to precipitate 3,3’ diaminobenzidine hexahydrate
(DAB) into visible and highly localized precipitates when viewed at the ultrastructural level
(Grabenbauer et al., 2005). The density of the DAB product is linear to the initial fluorescence
exhibited by the fluorophore (Grabenbauer et al., 2005). Previously, EGFP-GalNacT2 was
shown to be incorporated into budding COPI vesicles by using GRAB and EM tomography,
(Grabenbauer et al., 2005). However, the disadvantage of the GRAB method is that it relies on
overexpressed protein, and this can inevitably affect stoichiometric ratios and true steady-state
distribution. To overcome possible issues of over-expressing antigens (i.e. those of Golgi-
resident glycosylation enzymes), we have to develop a readily detectable probe that can
accurately represent the location of endogenous Golgi glycosylation enzyme. The fusion
antibody fulfills this requirement because, after proper expression in mammalian cells, it reflects
endogenous Golgi enzyme at its true steady state distribution. Additionally, it can overcome the
issues of antigen inaccessibility, which was highlighted in previous studies (See section 1.1.6.).
Therefore, images in two and three dimensions obtained from combining GRAB with fusion
antibody will precisely reveal the ultrastructural location of the Golgi-resident enzyme. Since it
first begins at the light microscopy level, retention and recycling of corresponding Golgi-resident

glycosyltransferases in vivo can be visualized.

5.1.5. Fusion antibody as a biosynthetic cargo and a Golgi-resident protein

After being expressed, fusion antibody goes through the secretory pathway, traverses the

Golgi, and recognizes the Golgi-resident enzymes by acting as a probe. However, when its
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respective glycosyltransferase is absent, it will be a biosynthetic protein that simply passes

through the early secretory pathway.

Therefore, the fusion antibody has dual roles: it is a probe that illuminates the location of
its respective antigen (i.e. either GalNacT2 or GalT), but it also behaves as a biosynthetic cargo
that goes through the early secretory pathway. Consequently, its localization either in Golgi
cisternae or COPI vesicle (or tubules) will provide answers to clarify the early secretory pathway.
The following figure demonstrates how fusion antibody can help understand the early secretory

pathway.
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Figure 5-1: Expected observations in the secretory pathway

Localization of fusion antibody will be different depending on the Golgi model and presence of
the antigen (Golgi-resident enzyme). See texts for details.

Given this unique characteristic of the fusion antibody, I expect that the behavior of the
fusion antibody will be different depending on which of the two Golgi models holds true (Fig. 5-
1). Based on VTM, biosynthetic proteins are transported from one cisterna to the next by COPI
vesicles, and their glycosylation is performed by Golgi-resident enzymes within stationary
cisternae. Therefore, when fusion antibody binds to Golgi enzyme, it will be contained within
cisternae. Contrarily, CMPM suggests that Golgi enzyme is packaged into COPI vesicles (or
tubules) for retrograde transport. Therefore, according to CMPM, the fusion antibody will follow
Golgi-resident enzyme, and it will be found within COPI vesicle (or tubules). Alternatively, in an
environment where the fusion antibody's antigen (i.e. Golgi-resident enzyme) is absent, the
observation will change. In this case, fusion antibody will no longer act as a probe that highlights
Golgi-resident enzyme. Instead, it will be a biosynthetic protein that goes through the secretory
pathway. According to VITM, which suggests that biosynthetic proteins are packaged into
transport vesicles, fusion antibody will be found within COPI vesicles (or tubules). In
accordance with the CMPM, vesicles are going to be devoid of the fusion antibody. Therefore,

fusion antibody will stay in the cisternae.

In order to carry out this experiment, glycosylation enzyme must be completely knocked
out. The previous siRNA-mediated GalT KD did not result in sufficient KD level. Therefore, we

need to generate GalT knockout cell lines by CRISPR/Cas genome editing system.
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After proper expression and optimization, results of this experiment will be analyzed by
the GRAB method. In place of EGFP tagged Golgi-resident enzyme (Grabenbauer et al., 2005),
the fusion antibody will be highlighting the location of endogenous Golgi enzyme. Also,
mTurquoise fusion antibody will be used in place of EGFP because this dye generates more free
radicals that are useful for DAB precipitation (Goedhart et al., 2010). These mTurquoise tagged
fusion antibody has already been incorporated into tetracycline inducible system, as this will
facilitate modulation of fusion antibody expression. In addition to T-REx Hek 293 cells, T-REx
HelLa cells have also been generated to express the fusion antibody inducibly. The advantage of
T-REx HelLa cells over Hek293 is that HeLa cells are more adherent, and they withstand sample
preparation steps. To carry out this experiment, fusion antibody expression will be induced by
tetracycline. Next, CHX will be added to remove residual fusion antibody from the ER and to
remove unbound fusion antibody. After this, subcellular localization of the fusion antibody will

be analyzed by the modified GRAB.
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5.2. Functional elucidation of endophilin B1 in specialized LD
breakdown

5.2.1. Endophilin B1 participates in lipid droplet breakdown

Work presented in this thesis demonstrates a novel function of endophilin B1 in lipid
droplet breakdown, and it provides the first observation that endophilin Bl is present on LD
surface. Moreover, the abundance of endophilin B1 in LDs of NAFLD patient livers suggests

that endophilin B1 is clinically significant.

The amount of endophilin B1 detected by mass spectrometry seems to correlate with the
progression of the disease (Fig. 4-1b): 1.5 folds of NASH livers had a high level of endophilin
B1 in their LD fractions, compared to NAFLD livers. Similarly, endophilin B1 was shown to be
overexpressed in hepatocellular carcinoma (Fan et al., 2012). However, it may be premature to
conclude that high level of endophilin Bl is the biomarker for worsened fatty liver disease
because NAFLD is a complicated, multi-causal disease, which develops over a period of decades.
To fully determine the state of fatty liver disease, a liver biopsy must be taken for histological

assessment.

Perhaps, the presence of endophilin B1 may represent a process of the disease
progression or a symptom of the disease. That is, endophilin BI may be recruited to LDs of
advanced fatty liver patients and function in LD breakdown to alleviate the symptom. Work
presented in this thesis surely indicate that endophilin B1 functions in lipophagy, particularly of

the kiss-and-run type.

In OA treated cells, enhanced endophilin B1 expression has led to a decrease in LD

diameter and an increase in LD number (Fig. 4-3). One explanation for this phenotype is that
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endophilin B1 causes LD fission. Indeed, unique structures of endophilin B1 and previously
shown functions strengthen this argument; Endophilin B1 contains an N-BAR domain that gets
inserted into phospholipid membrane, and this action introduces curvature to a membrane.
Similarly, membrane binding and tubulating activity of endophilin Bl have been seen on
numerous occasions. The in vitro experiment of purified endophilin B1 incubated together with
Bax and giant unilamellar vesicle (GUV) revealed that endophilin B1 binds to GUV and causes
tubulation into smaller liposomes (Rostovtseva et al., 2009). Similarly, endophilin B1 directly
binds to the synaptic membrane when incubated with brain cytosol and dynamin (Farsad et al.,
2001). Likewise, endophilin B1 has been shown to interact with dynamin that pinches off the
neck of vesicles (Farsad et al., 2001). Given these observations, it is possible that endophilin B1
binds to LD and oligomerizes to pinch off LD, leading to LD fission. Indeed, knockdown of
endophilin B1 resulted in enlarged and fewer LDs compared to the control condition (Fig. 4-4),
and this observation certainly reinforces the possibility of LD fission. However, endophilin B1's
function may not be mere LD fission; time course expression of endophilin B1 caused a drastic
decrease of cellular TAG compared to non-induced cells (Fig. 4-4). If endophilin B1 functions in
LD fission only, the amount of TAG before and after the experiment must be similar (or with and
without endophilin Bl overexpression), if not the same (more on this later). However, the
substantial consumption of TAG after endophilin B1 expression suggests that endophilin B1 may
not only function to cause LD fission, but also in LD breakdown. Surely, endophilin B1 may act
to prime LD for lipophagy by causing initial LD fission. Now, smaller LDs may be more favored

for lipophagy.

Additional evidence for LD fission may be provided by measuring changes in the level of

phosphatidylcholine (PC) or phosphatidylethanolamine (PE) because these are main components
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of LD monolayer, and increased fission would require more PC and PE to accommodate
increased surface area. Also, if endophilin B1 is seen on tubulated LD surface by electron
microscopy, it can undoubtedly reinforce this hypothesis on LD fission. In order to observe the
LD fission activity of endophilin Bl in a direct way, it would be efficient to measure the light
scattering profile of LDs after incubation with recombinant endophilin B1 in vitro. The rationale
is that large LDs will cause greater angles of light scattering, whereas smaller LDs will cause
less scattering. If endophilin B1 does participate in fission of LDs, a condition with endophilin
B1 will cause LD fission and yield less light scattering compared to a condition without
endophilin B1. Final results can be negatively stained and confirmed by an electron microscope.
Furthermore, increased endophilin B1 expression facilitated LD breakdown (Fig. 4-3) and the
loss of endophilin Bl attenuated LD clearance (Fig. 4-4, 4-11, 4-12). This observation, in
addition to possible LD fission function, strongly suggests that endophilin B1 is essential for LD

breakdown.

5.2.2. Endophilin B1 is essential for EPA mediated lipophagy.

Endophilin B1 is involved in the early stages of macroautophagy, where it binds to
UVRAG through SH3 domain and become a part of UVRAG-Beclinl-VPS34 complex
(Takahashi et al., 2007). This complex may participate in membrane gathering from the Golgi
(Takahashi et al., 2011; He et al., 2013). Given this function of endophilin B1, we enquired about
the mechanism of endophilin B1 in the LD breakdown. Initially, endogenous endophilin Bl
translocated to LD in the presence of rapamycin and bafilomycin A (Fig. 4-2). Similarly,

endophilin BI-EGFP also translocated to LD after an omega-3 fatty acid, EPA treatment (Fig. 4-
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6). These observations opened up the possibility that endophilin B1 participates in lipophagy that
is triggered by global autophagy signal. However, attenuation of endophilin B1 expression in the
presence of Torinl, or EPA has resulted in a surprising conclusion that endophilin B1 acts
differently depending on the lipophagy stimuli (Fig. 4-12). Endophilin B1 knockdown indeed
blocked EPA mediated lipophagy whereas classical macroautophagy by mTOR block (mTOR
inhibited by Torinl) was unaffected. This observation strongly suggests that endophilin B1 does
not only act in the mTOR-related classical macroautophagy (and maybe endophilin Bl is

dispensable from macroautophagy (Liu et al., 2016)), but also in the EPA mediated lipophagy.

EPA, along with another omega-3 fatty acids such as DHA and ALA, is known to lower
elevated TAG levels, and it has been regarded as a health supplement to take every day.
Similarly, U.S. Food and Drug Administration stated that EPA might reduce coronary heart
disease. Recently, EPA was shown to attenuate oxidative stress in cardiomyocyte by activating
autophagic responses (Hsu et al., 2014). Moreover, prolonged incubation with EPA was shown
to reduce lipotoxicity (Chen et al., 2015). Although the mechanism of EPA in TAG reduction has
not been elucidated extensively, publications mentioned above have shown that prolonged
incubation of EPA induces LC3-I to LC3-II conversion, which is a marker for macroautophagy.
Similarly, our result on EPA also demonstrated a decrease in the size of LD (Fig. 4-7, 4-8) and
reduced the amount of TAG (Fig. 4-9). In EPA-treated cells, endophilin B1 was localized closely
with LDs, suggesting that endophilin B1 acts in EPA stimulated lipophagy by being directly
associated with LDs (Fig. 4-6). Also, when cells are transfected with mRFP-eGFP-LC3 construct
where mRFP is acid-insensitive, and eGFP is acid-sensitive, the number of eGFP disappearance
is increased (Fig. 4-11): This observation is indicative of the LC3-positive autophagosome

digestion by acidic compartment (such as lysosome). However, EPA mediated autophagy must
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be independent of the mTOR-regulated autophagy because under the H,O, oxidative stress, EPA
and autophagy repressor (mTOR enhancer 3-methyladenine) LC3-I was still converted to LC3-II
(Hsu et al., 2014). Moreover, in EPA treated endophilin B1 KD cells endogenous LC3 was still
around LD (Fig. 4-18b), and in EPA treated endophilin BI-EGFP expressing cells, mCherry-
LC3 was not around LD (Fig. 4-6). Similarly, knockdown of Atg5 (an essential protein in the
macroautophagy) does not hinder endophilin BI-EPA mediated lipophagy (Fig. 4-14). From
these observations, it is possible to formulate a hypothesis that EPA acts in two different ways:
under the mTOR inhibition it can trigger macroautophagy indicated by LC3; and under lipid-rich
conditions, it triggers lipophagy, which requires endophilin B1. Also, this latter type of
lipophagy involves a relationship between the LD and lysosome (Fig. 4-18 and Fig. 4-19). It is
plausible that endophilin B1 is a determining factor for EPA mediated lipophagy: excess
endophilin B1 (induced T-Rex HeLa endophilin B1-EGFP cells) and EPA favors Kiss-and-run,
and with normal (or low) level of endophilin B1 (HeLa cells and uninduced T-Rex HelLa

endophilin B1-EGFP cells) macroautophagy is favored.

5.2.3. Endophilin B1 mediated lipophagy is distinct from macroautophagy or
lipolysis.

So far, expression of endophilin B1 decreased LD diameter, and those observations
suggest that endophilin B1 is involved in lipid breakdown. However, there are many types of

lipid breakdown, including lipolysis by lipases, lipophagy through a macroautophagic pathway,

and lipophagy through Kiss-and-run. In this study, lipolysis and macroautophagy were blocked
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separately and together in the presence of endophilin B1 expression and EPA treatment. Results

of these experiments provided clues to investigate the role of endophilin B1 in lipid breakdown.

So far, we have established that endophilin B1 mediated lipophagy in the presence of
EPA is different from the macroautophagy. However, there is a possibility that LD breakdown
we observed was due to lipases such as ATGL. Therefore, to distinguish the Kiss-and-run
lipophagy by endophilin B1 against the lipolysis, Atglistatin was used. Atglistatin is a
competitive inhibitor of ATGL, which is an enzyme that triggers a rate-limiting step of TAG
breakdown. Therefore, inhibiting ATGL in the presence of endophilin B1 should demonstrate the
effect of endophilin B1 in conditions, where TAG hydrolysis by ATGL is blocked. Under the
ATGL inhibition, endophilin B1 expression continues to mediate LD lipophagy, and endophilin
B1 remains tightly around LD (Fig. 4-15). This phenotype was true even in the absence of Atg5
(Fig. 4-14). At the same time, endophilin B1 remains colocalized with LAMPI, and the number
of LAMPI1 associated LDs increases (Fig. 4-19). Collectively, these observations strongly
suggest that endophilin B1 is compensating for the loss of lipolysis in a mechanism of Kiss-and-

run lipophagy.

However, lipid breakdown by ATGL may not only be a simple lipolysis since ATGL
requires LC3 for its lipolytic activity in brown adipose tissue (Martinez-Lopez et al., 2016). It
was shown that ATGL contains an LC3 interacting region (LIR) that its deletion hinders
macroautophagy (Martinez-Lopez et al., 2016). Similarly, in yeast it was shown that OA loading
causes autophagy and vacuolar uptake of LDs, and this phenotype was not dependent on Atgl
(autophagy regulator) but dependent on Atgl5 (vacuolar lipases) (van Zutphen et al., 2014).

Therefore, it is plausible that macroautophagy is also affected in Atglistatin treated cells, which
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is probably a reason why LD size increased in EndoB1/EPA/Atglistatin treated cells (Fig. 4-15b,

navy bar).

Furthermore, endophilin B1 localizes on LD surface of fatty liver cryosection (Fig. 4-17),
there is increased LD association with LAMPI in conditions, where macroautophagy and
lipolysis are blocked (Fig. 4-19). It should be noted, however, that the size of LD can grow
indefinitely in cells with lipid metabolism defect (such as in NAFLD patient's hepatocyte) and
lysosomes can vary from 0.1~1.0um in diameter (Liillmann-Rauch, 2005). Therefore,
observation of endophilin Bl on LAMP1-positive LD allowed us to postulate that the lipophagy
mediated by endophilin BI may involve LD-lysosome relationship; Kiss-and-run lipophagy.
Transient fusion between LD and lysosome, a characteristic of Kiss-and-run lipophagy, is easily
observed in this condition (Fig. 4-17, Fig. 4-18 see arrows, and Fig. 4-19). Endophilin BI1-
positive LD is in proximity with LAMPI1-positive lysosomes, and this occurrence seems
exaggerated when both macroautophagy and lipolysis are inhibited (Fig. 4-19). Collectively,
endophilin B1 translocates to LD to mediate Kiss-and-run lipophagy, and it may be the last mode

of lipophagy when macroautophagy and lipolysis are defective.

Mechanism of cellular TAG degradation by endophilin B1

There are three ways for the TAG to be degraded. One is that fatty acids get cleaved off
from the glycerol by triacylglycerol lipase, hormone-sensitive lipase, and monoacylglycerol
lipase. These free fatty acids are shuttled to mitochondria for beta-oxidation, which can be

measured by the amount of radioactive CO, emitted from the cell.
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Another fate for fatty acid is to be re-esterified back to TAG by either monoacylglycerol
pathway or glycerol-3-phosphate pathway (also called Kennedy pathway). Fatty acid-CoA
(Acyl-CoA) may be added to monoacylglycerol by monoacylglycerol acyltransferase (MGAT) to
produce diacylglycerol (DAG), which is quickly converted to TAG by diacylglycerol
acyltransferase (DGAT). Alternatively, Acyl-CoA may be added to glycerol-3-phosphate by
glycerol-3-phosphate acyltransferase (GPAT) to produce lysophosphatidic acid (LPA). The
addition of acyl-CoA can continue by 1-acylglycerol-3-phosphate-acyltransferase (AGPAT) and
yield phosphatidic acid. The phosphate group is then removed by phosphatidic phosphatase (or
Lipin) to form DAG. DAG is then converted to TAG. In this way, fatty acids and TAG are

continuously turned over within a cell.

During these fatty acid re-esterification steps, the cell does not discriminate a fatty acid
from the radiolabeled one. Therefore, the amount of none-labeled TAG, as well as radiolabeled
TAG, may be increased. In Fig. 4-5 and Fig. 4-9, our results only reflect the amount of
radiolabeled TAG, and we were able to observe the lipophagic effect of endophilin B1 and EPA.
Our result shows a sharp decrease from the beginning to the end without any escalation.
Therefore, we can assume that the lipophagic activity of endophilin B1 and EPA overrides the

rate at which FA gets re-esterified.

Fatty acids diffuse across phospholipid bilayers (but LD is monolayer). It has been shown
that fatty acids spontaneously flip-flop in small and large unilamellar vesicles (from
25nm~100nm) at millisecond range (Kamp et al., 1995). Flip-flop rate depends on FFA structure,
vesicle type and free volume within the bilayer (Kampf et al., 2006). Also, FFA transport may be
dependent on cell type as adipocyte has a different mechanism of the transport across lipid

bilayers (Kampf and Kleinfeld, 2007). FFAs that have been exported are accepted to an external
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FFA sink such as BSA. FFA-BSA is then dissociated, and FFA is flip-flopped back into the
membrane. This flip-flopping of FFA continues spontaneously, and the rate of OA partitioning
may be increased when the membrane strain is increased (Mally et al., 2013). In our experiment,
the amount of cellular radioactive triacylglycerol decreased rapidly as endophilin B1 was
expressed (Fig. 4-5) and EPA was added (Fig. 4-9). At the same time, extracellular radioactivity
increased slowly. Given that FFA spontaneously flip-flops to the extracellular environment and
OA’s carbon length is favourable for the flip-flop, it is plausible that the extracellular
radioactivity reflects the radioactive OA that has been flip-flopped. After radioactive OA loading
was finished (24 hours), cells were washed with PBS and tetracycline was added for endophilin
B1 induction. This media was analyzed for possible radioactive TAG efflux. Since cells were
washed after the OA loading, it is less likely that radioactive OA was carried over from the
loading, and therefore the radioactivity from the media would reflect what has been exported
from the cell. Similarly, Bio-ID result (Fig. 4-22) suggests that endophilin B1 binds to exosome-
related proteins. It is plausible that endophilin B1 and EPA do not only mediate lipophagy in a
lipotoxic environment, but also cooperate to push lipids to the extracellular environment.
However, the radioactivity of the media normalized by protein concentration was extremely
small (189 to 8 times less than cellular radioactivity), so it is unlikely that TAG exocytosis by
endophilin B1 is significant, if there is any. Also, when the rest of media was analyzed after

resuspending cell debris, there was barely any radioactivity.

In this thesis, the amount of TAG measured by the radioactive OA loading experiment
(Fig. 4-5 and Fig. 4-9) was reported as counts per minute (CPM) rather than disintegration per
minute (DPM). CPM is a rate of detection events registered by the measuring instrument, not the

rate of emission from the source of radiation. Therefore, it is not an absolute measurement of the
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radiation strength. DPM, on the other hand, is a rate of atomic disintegration event at the source
of radiation, and this value can be presented as Curie or Becquerel. In order to convert CPM to
DPM, counting efficiency by the instrument must be considered. In this experiment, however, all
the samples were measured at the same time using the same instrument. Hence, we assumed that
counting efficiencies of all the samples were the same, eliminating the need to convert CPM to
DPM. Similarly, the goal of the experiment was to observe whether endophilin B1 expression
decreases cellular TAG compared to the control. Therefore, the comparison between the two

conditions by CPM was sufficient.

Mechanism of EPA in lipophagy

To explain the mechanism of EPA in cellular TAG reduction, some pathways have been
proposed, and they are mostly owing to the bulky, double-bonded structure of the EPA; EPA
contains 20 carbons and five double bonds, and these double bonds introduce high
conformational flexibility. The long carbon chain of the EPA can be accommodated in the lipid
rafts, where relatively longer fatty acids and proteins reside to form a functional network.
However, high flexibility in the chain hinders the acyl chain packing and molecular order within
the rafts (Shaikh, 2012). In fact, EPA and other Omega-3 fatty acids have low affinity for
cholesterol and saturated acyl-chains, and this consequently forces cholesterol to move outside of
the rafts. Since saturated acyl chains and cholesterol are critical for maintaining the rafts,
deletion of these lipids disturbs the rafts and causes raft proteins to be moved outside of the rafts.
For example, CXCR4, a chemokine receptor that normally resides in the raft, was displaced off

the membrane upon incubation with EPA and DHA, and this affected the organization of rafts
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(Altenburg and Siddiqui, 2009). It is plausible that signals mediated by the rafts are also
disturbed by the disorganization (Shaikh, 2012), and these signals may include gene expression

for LD breakdown.

Similarly, EPA may directly alter gene expression. N-3 PUFA and fatty acids are ligands
for PPARa, peroxisome proliferator-activated receptor alpha. Activation of PPARa induces gene
expression, and it is plausible that transcription of genes involved in LD breakdown is enhanced.
Indeed, prolonged exposure to EPA or DHA (0.1mM for 36hours) resulted in alteration of genes
that are directly regulated by PPARa (Fernandez-Alvarez et al., 2011): it lowered mRNA level
of SREBPIc (sterol regulatory element-binding protein, involved in synthesis of fatty acids and
sterols) and increased LXR (liver X receptor; it regulates cholesterol, fatty acid, and glucose
homeostasis) (Chen et al., 2015). When hepatocytes were incubated with free fatty acids and
either EPA or DHA, genes related to lipid metabolism, such as ChREBP (carbohydrate-response
element-binding protein) and SCD1 (stearoyl-CoA desaturase 1) were down-regulated (Chen et

al., 2015).

While EPA presumably results in alteration of gene expression through PPARs, the effect
of EPA seen in this thesis is after 4-8 hours. This time frame is very short to have a tremendous
change in the gene transcription and protein translation. Therefore, EPA would also mediate
changes that respond more quickly, such as GTPase activity, phosphorylation behavior, or direct
impact on LD content. Highly flexible acyl chains of EPA make EPA hard to be packaged into
TAG. Therefore, EPA may not be easily incorporated into TAG, and TAG made with EPA may
not be stable. Consequently, EPA would be tossed around from one place to another, and it may
become accumulated in the intracellular environment. To cope with the increased level of lipids,

a cell would have to initiate LD breakdown mechanisms such as lipolysis or lipophagy.

179



An alternative mechanism is that the membrane perturbation by EPA could happen to LD
membrane. Indeed, EPA is inserted directly into LD, as shown by Mclntosh and colleagues:
When fluorescent analog of EPA was added into a cell for 3 hours at 1.25mM concentration, it
was seen at LD (Mclntosh et al., 2010). In membrane that contains high curvature, such as LD,
EPA would not be packed well with the rest of phospholipids. It is likely that this disturbance
creates some signal (either physically causing fission or indirect signal) for the LD breakdown.
LD comes in proximity with a number of organelles such as mitochondria, so it is plausible that
TAG from LD is directly shunted to mitochondria for beta-oxidation. Since endophilin Bl is
indispensable for EPA mediated lipophagy and endophilin B1 localizes specifically to LD upon
EPA treatment, it is plausible that endophilin B1 primes LD for EPA mediated lipophagy.
Notably, endophilin BI may bind to EPA-positive LD (Fig. 5-2 B, C). Now, endophilin B1-
positive LDs may be ready for Kiss-and-run, which will help release energy quickly. In order to
visualize this further, endophilin B1 must co-localize with a fluorescent analog of EPA on LD
surface, and the LDs that participate in Kiss-and-run must have endophilin B1 and EPA on their
surfaces. Moreover, endophilin B’s membrane bending activity may have a direct impact on

EPA mediated Kiss-and-run lipophagy (Fig. 5-2 C).

5.2.4. Role of endophilin B1 in Kiss-and-run lipophagy

In this thesis, we have demonstrated that endophilin B1 and EPA trigger Kiss-and-run
lipophagy, which brings LD and lysosome together. This transient docking of lysosome to the
LD surface was seen in live cells (Fig. 4-21). The interaction between the Rab7-positive

lysosomes and LDs seems brief in nature: Lysosomes and LDs docks for a short period, and then
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they eventually depart from each other (Fig. 4-21). Schroeder and colleagues demonstrated the
Kiss-and-run lipophagy by showing LAMP1-positive lysosome was recruited to Rab7-positive
sub-domains of LDs (Schroeder et al., 2015). Moreover, direct contact between lysosome and
LD membrane was visualized by mRFP-eGFP-PLIN2, an acid-insensitive mRFP and acid-
sensitive eGFP probe that localizes on LD membrane. When lysosome contacted LD, red-green-
PLIN2 turned red, and this was an indication that the two organelles indeed fused their
membranes through ‘kiss' (Schroeder et al., 2015). By doing these experiments, Schroeder and
colleagues demonstrated Kiss-and-run accurately. In order to further confirm that endophilin B1
and EPA regulates Kiss-and-run lipophagy, utilizing LAMP1 and mRFP-eGFP-PLIN2 constructs
i1s necessary because these will indeed highlight LD and the contact site between the two
organelles. Since the encounter between the two organelles is brief in nature, it would not be
feasible to co-precipitate them but to observe their movement by microscopy. To visualize the
association of the two organelles better, it would be helpful to slow down the movement of the
organelles by utilizing microtubule depolymerization drug nocodazole, or by lowering the
temperature, which slows down the microtubule assembly. Indeed, it has been shown that Rab7
drives movement of vesicles (such as phagosomes, LDs, and lysosomes) through microtubules:
centripetal direction with its adaptor RILP, and centrifugal direction with another adaptor
FYCOI1 (FYVE and coiled-coil domain-containing 1) (Pankiv et al., 2010). LDs also move
through microtubules. For movement towards microtubule organizing center (MTOC), dynein
motor is used with Halo, a specific adaptor to LD. For movements towards cell periphery,
kinesinl motor is connected to Halo, which acts in a complex with Klar and LSD2 (Shubeita et
al., 2008). Klar is a regulatory protein, and it is coordinated by LSD2, which a perilipin like

protein. LSD2 is responsible for regulating lipid homeostasis, and it also coordinates Klar. It is a
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central player in the LD motion. LDs tend to oscillate even in steady-state cells (Walther et al.,
2012), and these factors may be constitutively working at an opposite direction. In our live cell
imaging, both LD and lysosome showed movement toward each other (Fig. 4-21). Therefore, it
was difficult to determine which protein motors or adaptors that EPA targets the most, if it does.
Nonetheless, Shubeita and colleagues demonstrated that having higher copy numbers of motor
protein does not affect the velocity of LD transport (Shubeita et al., 2008).

Certainly, transient docking of lysosome to the LD surface may provide a quicker release
of LD contents because there is no need for autophagosome formation (Schroeder et al., 2015).
This process may certainly be less energy-costly. However, the mechanism, in which the two
organelles comprised of a phospholipid bilayer and a phospholipid monolayer fusing very
quickly and departing is unknown. During ‘kiss,' lipids from LD must be liberated into
lysosomal lumen. For LD and lysosome to ‘run,' the two organelles must be separated quickly.
Technically, hydrophobic lipids within LD cannot be released into the lysosomal lumen that is
aqueous. Therefore, lipids released from LD must be encased by phospholipid monolayer:
Hydrophilic head groups face aqueous lumen whereas hydrophobic tails face LD lipids. After
this lipid particle surrounded by phospholipid monolayer is released into the lysosomal lumen,
lipases, and different enzymes can metabolize phospholipids and enclosed lipid content.
Therefore, during a brief encounter, LD must be budded off and released quickly into lysosomal
lumen. The region of membrane tubulation may be a site where endophilin B1 functions (Fig. 5-
2C) because endophilin B1 bends and tubulates membranes, and it can cause fission of vesicle by
working with dynamin (Sundborger et al., 2011). Membrane budding and sampling of LD
content must occur for the Kiss-and-run, and this explains why the presence of endophilin B1 is

obligatory (Fig. 4-12, 4-13, 4-18). In order to test the hypothesis for endophilin B1's membrane
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tubulation in EPA mediated Kiss-and-run, it would be best to utilize electron microscopy and
capture the budding event where endophilin B1 is around the bud.

Similarly, how the two organelles are brought together for the Kiss-and-run lipophagy
has not been elucidated fully. Yet, some proteins that govern the movement of lysosome and LD
may be involved. For example, BORC complex, a multi-subunit complex involved in lysosomal
positioning, recruits a small GTPase, Arl8b to the lysosome and is held in place (Pu et al., 2015).
Subsequently, BORC couples lysosome to kinesin motor, so it becomes plus-end microtubule-
directed (Pu et al., 2015). Later, SKIP and kinesin are recruited to this site, and they ultimately
move lysosome towards LD (Pu et al., 2015), and this is probably where RAB7-positive domains
within LD makes contact with lysosomes. Endophilin Bl may be interacting with these

components, as indicated by Bio-ID experiment (Fig. 4-22).
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Figure 5-2: Possible mechanisms of endophilin B1

A. Endophilin Bl's role in macroautophagy. Atg9 is endocytosed by AP2. This Atg9-positive
endosome is trafficked to Golgi by a mechanism dependent on retromer, TBCIDS, and
endophilinB1 (because KD of endophilin B1 or AP2 retains Atg9 to plasma membrane). Then,
endophilin B1 tubulates Atg9-positive Golgi membrane to make autophagosome. This
mechanism requires AP2 since AP2 KD keeps Atg9 to TGN. Endophilin Bl's interaction with
AP2, Atg9, retromer, and TBC1DS5 supports this hypothesis.

B. Endophilin B1 in LD fission. Endophilin B1 causes fission of LD, and this may be facilitated
by insertion of EPA-containing TAG into LD monolayer. It is plausible that endophilin Bl
directly binds to EPA-containing TAG. Now smaller LDs may be favourable for Kiss-and-run,
lipolysis, or macroautophagy.

C. Endophilin B1 in Kiss-and-run. Smaller LDs generated by endophilin B1 may undergo Kiss-
and-run when Rab7 is recruited. LD and lysosome may be brought together through actions of
Halo, Klar, Lsd2, dynein, and kinesin (for LD), and Rab7-RILP-dynactin-dynein or FYCO-
kinesin (for lysosome). When the two organelles are brought together, endophilin B1 may cause
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tubulation of LD to aid in the sampling of LD contents into lysosomal lumen.

Potential interactors of endophilin B1

Bio-ID provides a high-throughput screening of physiologically relevant protein
interactions, and it is based on BirA, a promiscuous biotin ligase that biotinylates proximal
proteins (Roux et al., 2013). Biotinylated proteins are subsequently isolated by biotin-affinity
purification, and they are identified by mass spectrometry. Weak or transient interactions can be
detected, and therefore it provides a list of candidate interactors for the protein of interest (Roux
et al.,, 2013). From Endophilin Bl's Bio-ID experiment (Fig. 4-22), a number of known and
novel interactors has been identified. Endophilin family of proteins are known to be involved in
clathrin-dependent endocytosis, clathrin-independent endocytosis (FEME), maintenance of
mitochondrial membranes, and macroautophagy. Therefore, it was not surprising to detect
clathrin complex subunits, mitochondrial membrane proteins, and Atg9. However, several
protein complexes detected were unanticipated: Retromer subunits, PIK3C2p3, BLOC/BORC
complex subunits, and exosome-related proteins.

Retromer is a protein complex that functions in retrograde transport of transmembrane
proteins from endosomes to the trans-Golgi network (TGN). It is also shown to mediate
endosome-to-PM transport for protein recycling. Retromer complex is comprised of SNXs
(sorting nexins), and Vps trimer (Vps26, Vps29, Vps35). SNX1/2 makes one component of the
SNX subcomplex, and SNX5/6 is a candidate for the other (Hong et al., 2009). In particular,
SNX1/2 interacts with membranes that contain PtdIns3P or PtdIns(3,5)P, (Cozier et al., 2002),
and it is a component of SNX-BAR sub-complex that causes membrane deformation. From

endophilin B1's Bio-ID experiment, SNX 1, 2, 5, 6, Vps26 and Vps29 were detected. TBC1DS, a
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two-LIRs (LC3 Interacting Region) containing protein, was also detected. TBC1D5 binds to
Vps29 through one of its two LIRs, and this binding can be titrated out by the addition of LC3
(Popovic et al., 2012). Therefore, TBC1D5 may be a molecular switch between endosome and
autophagosome (Goold et al., 2013). In addition, retromer complex is shown to be required for
autophagy because knockdown of retromer subunits lowered autophagic activity (Dengjel et al.,
2012). Also, TBCI1D5 and AP2 complex play important regulatory roles to translocate Atg9
containing vesicles towards sites of autophagosome formation (Popovic et al., 2012). In plasma
membrane, Atg9, an essential protein for autophagosome formation (Webber et al., 2007), goes
into AP2-positive clathrin-coated pits (and endophilin B1 may be found here) (Popovic and
Dikic, 2014). Then, the endocytosed Atg9-positive endosome traffics to Golgi apparatus through
a process, which is dependent on TBCIDS5 and retromer (Popovic and Dikic, 2014). This
trafficking of Atg9 to TGN requires endophilin B1 since KD of endophilin B1 abolishes it
(Takahashi et al., 2011). Then, endophilin B1 is also necessary for tubulation of Atg9-positive
TGN to form autophagosome because endoB1 KD eliminates this process (Takahashi et al.,
2011; He et al., 2013). As well, AP2 must be involved in this trafficking because AP2 KD during
autophagy induction retains Atg9 in TGN (Popovic and Dikic, 2014). AP2 subunits were
identified in endophilin B1’s Bio-ID. In addition, TBC1D5 KD results in mislocalization of Atg9
into late endosome during autophagy induction (Popovic and Dikic, 2014). PI3KC2b produces
PI3P, to which retromer subunits (SNX1/2) have an affinity, so its interaction with endophilin B1
confirms the involvement of retromer-TBCI1DS5 in this process. Also, it is plausible that
endophilin B1 firstly binds to PIK3C2p, and it links retromer and autophagic machinery through
Atg9 by cooperating with TBC1DS5. Endophilin B1’s mechanism in macroautophagy is

summarized in Fig. 5-2 A.
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In endophilin B1's Bio-ID, members of BLOC complex, subunits of dynein motor, and
LAMTOR 1/2 were detected, and the detection level was higher in cells treated with EPA.
BLOC complex is required for biogenesis of lysosome-related organelles, and its function has
been suggested in the cargo-specific trafficking from endosomes to melanocytes, the lysosome-
related organelles (Setty et al., 2007). Setty and colleagues proposed that BLOC-1, a subunit of
BLOC complex, interacts with syntaxin 13 and SNAP23/25, and this will lead to fusion of
lysosome-related organelles (Setty et al., 2007). BLOC complex is comprised of 8 subunits
including BLOC-1S, BLOC-2S, snapin, BLOC-3, cappuccino, muted, dysbindin, and pallidin
(Pu et al., 2015). The first three members are also components of BORC (BLOC-one-related
complex) which is a multi-subunit complex that regulates lysosomal positioning (Pu et al., 2015).
It has been shown that BORC recruits Arl8b to lysosomal membrane and couples it to SKIP-
kinesin-1 complex, which will drive movement of lysosome towards the cell periphery (Pu et al.,
2015). Dynein facilitates translocation of late endosomes, lysosomes and autophagosomes
towards perinuclear region together with dynactin, PIII spectrin, and RILP-Rab7-ORPI1L
(Johansson et al., 2007; Pu et al., 2015). In particular, Rab7 has been shown as a key regulator of
LD-lysosome interactions (Schroeder et al., 2015). LAMTOR is a multimeric complex that
regulates activation of mTORCI1 kinase at the lysosomal membrane (Bar-Peled et al., 2012;
Efeyan et al., 2012). Inactivation of mTOR leads to deinhibition of ULKI1, and this directly
stimulates autophagosome formation (Velikkakath et al., 2012). The mTOR inhibition also
causes nuclear translocation of TFEB, which subsequently enhances lysosomal activity (Efeyan
etal., 2012).

Identification of BLOC/BORC complex, dynein subunits, and LAMTOR supports that

endophilin B1 and EPA must be involved in the lysosomal movement. As well, endophilin B1 is
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essential for LD-LAMP1 association in the presence of EPA (Fig. 4-18), and endophilin B1 is in
the same compartment as Rab7, the central mediator of Kiss-and-run lipophagy (Fig. 4-20).
Also, endophilin B1 and EPA, not endophilin B1 alone, increases the number of Kiss-and-run
(Fig. 4-21). Collectively, these observations support that endophilin B1 plays a critical role in
Kiss-and-run lipophagy, perhaps by directly priming LD (Fig. 5-2 B) or by balancing
macroautophagy and Kiss-and-run (Fig. 5-2 A, C). Endophilin B1's Bio-ID experiment did not
identify CGI-58 or perilipinl, so regulation of lipophagy by endophilin B1 does not work
through manipulating perilipin 1 (protective coat of LD). In support of this, endophilin B1 co-
localizes partially with perilipinl on a fatty liver tissue (Fig. 4-1d).

Identification of exosome-related proteins in endophilin B1's Bio-ID experiment confirms
its involvement in exosome formation. Exosome formation requires inward budding of
multivesicular body (MVB) membrane, and this process is regulated by syndecan-SDCBP-
PDCDG6IP (Baietti et al., 2012). MVBs with intraluminal vesicles (ILVs) formed in this way
travel to the cell membrane and open up to release ILVs as exosomes, which are then
pinocytosed (or phagocytosed) by target cells (Feng et al., 2010; Raposo and Stoorvogel, 2013).
Bio-ID results, which identified SDCBP and PDCDG6IP as endophilin Bl's potential partner, are
assured since binding of endophilin A to PDCD6IP was already shown in the literature (Baietti et
al., 2012; Mercier et al., 2016). However, endophilin B1 mediated lipophagy did not yield
significant TAG secretion (Fig. 4-5, 4-9), and this observation suggests that endophilin B1 is not
involved in lipid exocytosis. Endophilin B1 might be specifically involved in miRNA exocytosis,
as it was proposed to interact with HNRNPA2B1 (Fig. 4-22c). HNRNPA2BI is a nuclear
ribonucleoprotein involved in sorting of miRNA into exosome (Villarroya-Beltri et al., 2013).

After sumoylated, it binds to EXOmotif and enters the ILV (Villarroya-Beltri et al., 2013). Given
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endophilin B1’s function in other systems, it may contribute to exosome assembly through
introducing curvature to membranes.

Bio-ID results confirm endophilin B1’s previously known interactors and pathways. In
addition, it identifies candidate proteins that endophilin B1 may interact with, and it opens doors
to novel pathways for endophilin B1. Since endophilin B1 may be involved in many different
processes, results obtained from Bio-ID experiment must be analyzed carefully, and hypothesis
must be formulated based on comprehensive understanding of multiple cellular
processes. Subsequently, candidate interactors of endophilin B1 must be confirmed by various

other methods such as co-immunoprecipitation.

In summary, endophilin Bl is involved in different stages of lipophagy: 1)
macroautophagy by mediating transport of Atg9 via retromer complex to Golgi, and then
forming autophagosome by utilizing Golgi membranes with Atg9; 2) fission of LD in the
presence or absence of EPA. In short hours of EPA treatment (4-8hours), EPA introduces
perturbation of LD membrane, and endophilin B1 directly binds to LD and causes fission. 3)
Finally, endophilin B1 may directly cause deformation of LD at lysosomal contact site, which is

crucial for the sampling of LD content.

189



Chapter 6: General conclusions
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In this thesis, we developed tools to understand how Golgi maintains its homeostasis and

elucidated functions of novel lipid droplet protein in a specialized lipid droplet turnover.

A prediction of the CMPM is that, via COPI vesicles, Golgi resident enzymes retrograde
to earlier cisternae as matured cisternae are pushed forward. Therefore, visualization of Golgi
resident enzymes in and around COPI vesicles holds the key to the long debated topic of intra-
Golgi transport. So far, previous fluorescence, immuno-EM, and correlative imaging provided
limited structural details during observation of small vesicular structures. At the same time,
localization of native enzymes has not been analyzed at their undisturbed stoichiometric ratio.
The in vivo correlative photo-oxidation microscopy integrates specificity of fusion antibodies
against native enzymes and capacity to reveal detailed spatial information from the photo-
oxidative product. I believe this in vivo photo-oxidation microscopy and the new generation of
an antibody-based probe will reveal the ultrastructural location of the Golgi enzymes and provide

fundamental information required to establish the mechanism of intra-Golgi transport firmly.

We provide new insights into the lipophagic pathway that involves close interactions
between lysosomes and LDs. Endophilin B1 appears to be a fundamental component in this
Kiss-and-run lipophagy that is facilitated by omega-3 fatty acid, EPA. Endophilin Bl is
indispensable for Kiss-and-run, and it may serve as the last tool for lipophagy when
macroautophagy and lipolysis machinery are defective. Lipophagic effect of endophilin Bl
highlighted in this thesis may also provide answers for facilitating lipid breakdown in metabolic
diseases such as Non-Alcoholic Fatty Liver Disease. There is no known treatment or
preventative measure whose efficacy does not depend on dietary or fitness interventions.

Therefore, speeding up lipid liberation by non-invasive yet effective methods involving
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endophilin B1 will not only prevent the disease progression but also result in higher efficacy than

existing methods.
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