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Summaries

English summary of the thesis

Endocytosis is the process by which cells take up nutrients, solutes and components of
the plasma membrane. Internalized cargo reaches compartments called endosomes, which
are specialized for sorting of endocytosed material. One of the routes that internalized cargo
follows is the pathway to the lysosome, where proteins, lipids and other macromolecules are
degraded. This route is necessary for the downregulation of several transmembrane
proteins, such as signaling receptors. Within this pathway, the proteins destined for
degradation must be delivered to intraluminal vesicles (ILVs), which are eventually degraded
with cargo in the lysosomes. Endosomes that contain intraluminal membranes are called

multivesicular endosomes (MVES).

The endosomal sorting complexes required for transport (ESCRT) is a multiprotein
complex that participates in processes which require membrane deformation, such as
cytokinetic abscission, virus budding and MVE biogenesis. The canonical ESCRT pathway
for ILV formation requires four ESCRT complexes, ESCRT-0, -I, -Il and -lll, which
participate in cargo sorting and membrane remodeling. ESCRT-IIl has been extensively
described as a key player in the deformation and fission of membranes. Several ESCRT-
associated proteins participate in the ESCRT pathway, one of these being the apoptosis-
linked gene 2-interacting protein X (ALIX). Previous work in our lab has shown that ALIX
interacts with lysobisphosphatic acid (LBPA), also called bismonoacyl glycerophosphate
(BMP), a lipid that has been detected exclusively in late endosomes. ALIX also interacts with
two ESCRT proteins, tumor susceptibility gene 101 (TSG101) and charged multivesicular
body protein 4 (CHMP4), proteins of the ESCRT-I and —Ill complexes, respectively. ALIX
and LBPA participate in the formation of ILVs, yet the mechanism by which they act and their

link to the ESCRT machinery is unknown.

The aim of this work is to elucidate the role of ALIX in the recruitment of ESCRTSs to the

endosomal membranes and its effect on endosomal protein sorting.

We show that an active form of ALIX, lacking its proline rich region (ALIXAPRR), is highly
recruited (compared to full ALIX) to late endosomes. ALIXAPRR directly recruits ESCRT-III

proteins, mainly CHMP4, and this recruitment is dependent on the interaction of ALIX with



Summaries

LBPA. In vitro experiments also show that the presence of LBPA containing membranes and
ALIX alone is sufficient to recruit CHMP4. This recruitment is independent of ESCRT-O0, -I
and —Il, and is also independent of CHMPG6, a nucleation factor for CHMP4 membrane

recruitment and polymerization.

The expression of ALIXAPRR induces the accumulation of ubiquitinated proteins in
endosomes. By mass spectrometry, we found several hits of transmembrane proteins
accumulated in the endosomes of cells exogenously expressing ALIXAPRR. A subset of
these hits were selected and the role of ALIX with respect to the endosomal sorting of these
proteins was further investigated. Furthermore, the role of ALIXAPRR was also investigated

during autophagy and exosome biogenesis.

Altogether, the data presented here underlies the importance of ALIX and LBPA in the
endosomal recruitment of ESCRT-IIl and in the sorting of specific cargo. We describe a
route that permits the recruitment of the ESCRT-III machinery to late endosomes,

representing an ESCRT pathway alternative to the canonical pathway.
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Résumeé de la these en francais

L’endocytose est le procédé par lequel les cellules importent nutriments, solutés et
constituants de la membrane plasmique. Une fois internalisés, les cargos rejoignent des
compartiments spécialisés dans le tri du matériel endocyté, appelés endosomes. L’'un des
chemins que les cargos internalisés peuvent alors suivre est la voie menant au lysosome, ou
protéines, lipides et autres macromolécules sont dégradés. Ce processus est nécessaire a
la régulation négative de différentes protéines transmembranaires, comme les récepteurs de
la signalisation cellulaire. Au sein de cette voie, les protéines devant étre dégradées sont
acheminées jusqu’aux vésicules intraluminales (ILVs), qui seront finalement dégradées avec
leur cargos au sein des lysosomes. Les endosomes contenant des membranes

intraluminales sont appelés endosomes multivésiculaires (MVES).

Les complexes de tri endosomaux nécessaires au transport (ESCRT) sont des
complexes multiprotéiques participant aux processus cellulaires qui requiérent une
déformation de la membrane, comme I'abcission pendant la cytokinése, le bourgeonnement
des virus ou la biogenése des MVE. La voie ESCRT classique impliquée dans la formation
des ILVs comporte quatre complexes ESCRT, ESCRT-0, I, -1l, et —lll, qui participent au tri
des cargos et au remodelage de la membrane. ESCRT-III a été en particulier décrit en détail
comme un acteur essentiel dans les mécanismes de déformation et de fission des
membranes. Plusieurs protéines associées aux complexes ESCRT sont également
impliguées dans cette voie, et notamment ALIX (ALG-2-interacting protein X). Des travaux
précédents de notre groupe ont montré qu'ALIX interagissait avec I'acide lysobiphosphate
(LBPA), aussi appelé bimonoacyl-glycérophosphate (BMP), un lipide exclusivement présent
au niveau des endosomes tardifs. ALIX interagit également avec deux protéines ESCRT,
TSG101 (tumor susceptibility gene 101) et CHMP4 (charged multivesicular body protein 4),
faisant respectivement partie des complexes ESCRT-I et —lll. ALIX et le LBPA sont
impliqués dans la formation des ILVs, cependant leur mode d’action ainsi que leur lien précis

avec la machinerie ESCRT restent inconnus.

L’objectif de cette étude est ainsi de définir le role joué par ALIX dans le recrutement des
ESCRTs a la membrane des endosomes et dans le tri des protéines au niveau des

endosomes.

Nous avons démontré qu’une forme activée d’ALIX, dépourvue de son domaine riche en
proline (ALIXAPRR), est recrutée plus efficacement au niveau des endosomes tardifs que la

protéine entiére. ALIXAPRR recrute directement des protéines du complexe ESCRT-III,
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principalement CHMP4, et de de fagon dépendante de son interaction avec le LBPA. Des
expériences in vitro ont aussi montré que la présence d’ALIX et de membranes contenant du
LBPA est suffisante pour recruter CHMP4, indépendamment des ESCRT-0, -l et —II, mais
également de CHMP6, un facteur de nucléation pour le recrutement et la polymérisation de
CHMP4 a la membrane.

L’expression d’ALIXAPRR entraine une accumulation de protéines ubiquitinilées au
niveau des endosomes. Par spectrométrie de masse, nous avons détecté plusieurs
protéines transmembranaires accumulées dans les endosomes de cellules exprimant
ALIXAPRR de facon exogéne. Nous avons sélectionné certaines de ces protéines pour
examiner plus en détail le role joué par ALIX dans leur tri au niveau des endosomes. Par
ailleurs, nous avons également étudié de role d’ALIXAPRR dans lautophagie et la

biogenése des exosomes.

Les données présentées dans cette étude soulignent I'importance d’ALIX et du LBPA
dans le recrutement du ESCRT-III et le tri de cargos spécifiques. Nous décrivons une voie
permettant le recrutement de la machinerie ESCRT-Ill au niveau des endosomes tardifs,

constituant une alternative a la voie ESCRT classique.
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Introduction

1. The endocytic pathway

Cell sensing and response to its environment is a highly regulated process. The outer
leaflet of the plasma membrane, which is in direct contact with extracellular signals, has a
specific content of lipids and proteins that facilitate the activation of multiple intracellular
pathways. The internalization of proteins by invagination and fission of the plasma
membrane, called endocytosis, is the main process used by eukaryotic cells to regulate the
diversity and amount of receptors exposed to external signals. Additionally, many pathogens
use the endocytic routes to mediate their internalization into cells. The internalized plasma
membrane travels inside the cells as lipid vesicles that fuse with intracellular membrane

compartments called endosomes (Fig 1).

1.1.The endosomal-lysosomal system

Cells have developed a complex system of endosomes that are interconnected not only
between them, but also with other organelles, such as the trans-Golgi network (TGN) and
the vacuole/lysosomes [for review see (Scott et al. 2014)]. Cargo proteins and lipids
internalized from the plasma membrane reach a first compartment called early endosome
(EE). The EE is a tubulovesicular sorting station from where endocytosed molecules can be
recycled back to the plasma membrane, through a recycling endosomes/endocytic recycling
compartment (RE/ERC), or targeted to lysosomes. Lysosomal compartments contain a wide
variety of hydrolytic enzymes that break down molecules such as lipids, proteins and
polysaccharides. Before reaching the lysosomes, EEs maturate into late endosomes (LES)
[for review see (Huotari and Helenius 2011)]. Similarly to EEs, LEs also work as a sorting
station for lipids and proteins and can fuse with lysosomes for degradation of cargo. One
morphological characteristic of LEs, also called MVE, is that they are packed of luminal lipids
arranged as small vesicles (ILVs) [for review see (Helenius et al. 1983)]. ILVs are formed by
the invagination of the limiting membrane of EEs, and they are thought to travel and
accumulate in LEs. Together with the sorting of lipids to the lumen of endosomes during ILV
formation, some integral membrane proteins or membrane-associated proteins can also be

packed into ILVs. This process is crucial for the efficient downregulation of cell membrane
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receptors by lysosomal degradation, presumably by increasing the contact of the luminal
hydrolases with their substrates (Fig 1).
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Figure 1. Membrane trafficking pathways. Trafficking routes of lipid vesicles and a transmembrane protein

(cargo protein) within an eukaryotic cell. ER: Endoplasmic reticulum; EE: early endosome; LE: late endosome.

1.2. Specific lipid and protein markers in different

compartments: endosomal identity

Proteins and lipids are the main components that provide identity to endosomes. The
endosomal compartments are also characterized by their luminal pH. The endosomal
internal pH decreases along the endocytic pathway from EEs (pH 6.0), LEs (pH 5.0) to
lysosomes (pH 4.5) (Fig 2) (Yamashiro and Maxfield 1987a; Yamashiro and Maxfield
1987b). This acidification event regulates a big diversity of processes, such as enzymatic
activity, cargo protein and ligand affinity, virus escape to the cytosol and the biophysical

properties of lipid membranes.

Here | discuss the function of the RAB (Ras-related protein in brain) family, which are the

best known proteins that confer endosomal identity and play a crucial role in the biogenesis
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of the endosomal compartments. Additionally, | describe the functional and structural role of
several endosomal lipids.

1.2.1. RAB GTPases

The RAB small cytosolic guanosine triphosphate hydrolases (GTPases), a family
comprised of more than 70 proteins in humans, have been used as markers for the
endocytic pathway due to their binding specificity for different compartments (Fig 2). For
example, RAB5 and RAB7, which are the two best studied RAB proteins, bind to EEs and
LEs respectively (Chavrier et al. 1990). RABs, together with their effector proteins, regulate
endosomal movement along the cytoskeleton, endosomal tethering and fusion, among
others [for review see (Hutagalung and Novick 2011)]. RAB GTPases switch between
inactive/GDP- and active/GTP-bound forms (Ullrich et al. 1994). This process is regulated by
the GTPase-activating proteins (GAP, activates the RAB enzymatic activity inducing the
RAB-GDP state) and the GDP-GTP exchange factors (GEF, activates RAB proteins by the
exchange of GDP-GTP). This nucleotide-exchange cycle modulates the proteins
conformation and its membrane binding affinity. The activation of RAB5 (RAB5-GTP,
membrane-bound conformation) by the action of the GEF Rabex-5, regulates membrane
docking and fusion of EEs (Horiuchi et al. 1997). There are two key events necessary to
induce endosomal fusion. The first one is the tethering of the two compartments to be fused,
which allows stabilization of the membranes in close contact. The second one is the action
of the fusion machinery, which generates the force to overcome the energy barrier of lipid
bilayer merging. The soluble N-ethylmaleimide-sensitive factor attachment protein receptor
(SNARE) proteins are the engines that drive endosomal fusion. In addition, SNARE-
dependent membrane fusion requires the action of the SM (Sec1/Munc-18) family proteins,
which are thought to act as chaperones and trigger SNARE fusion. Among RAB5 effectors
that regulate membrane fusion there is EEA1, which has been suggested to tether EEs prior
fusion (Simonsen et al. 1998; Christoforidis et al. 1999; Dumas et al. 2001; Lawe et al.
2002). Similarly, Rabenosyn-5 also interacts with RAB5 and could act as a tether (Nielsen et
al. 2000). Furthermore, Rabenosyn-5 forms a complex with vacuolar protein sorting 45
(VPS45, a SM protein) which in turn stimulates SNAREs vesicle-associated protein 4
(VAMP4), Syntaxin 13, vesicle transport through interaction with t-SNAREs 1A (VTI1A) and
Syntaxin 6 for membrane fusion (Bucci et al. 1992; Nielsen et al. 2000; Bethani et al. 2007;
Ohya et al. 2009).
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Two other endosomal tethering complexes, the CORVET (class C core endosome
vacuole tethering) and the HOPS (homotypic vacuole fusion and protein sorting) complexes,
have been well characterized in yeast [for review see (Kummel and Ungermann 2014)].
CORVET and HOPS mechanism of action is similar to the RAB5-dependent fusion process
described before. Briefly, CORVET and HOPS complexes share a common core of four
subunits (VPS11, 16, 18 and 33) and bind to specific small GTPases. CORVET interacts
with the RAB5-like protein VPS21 (Peplowska et al. 2007) and HOPS binds to yeast protein
two 7 (YPT7), a RAB7-like protein (Seals et al. 2000; Wurmser et al. 2000). Furthermore,
both complexes share the SM protein VPS33, and thus they can regulate SNARE-
dependent membrane fusion (Ostrowicz et al. 2010; Zick and Wickner 2013). The specificity
of CORVET for its interaction with VPS21 makes the complex likely to act on the homotypic
fusion of EEs (Balderhaar et al. 2013; Cabrera et al. 2013), while HOPS complex regulates
the fusion of Golgi-derived vesicles, LEs and autophagosomes with the vacuole/lysosome
(Rieder and Emr 1997; Price et al. 2000; Seals et al. 2000; Wurmser et al. 2000).

1.2.2. Ptdins

The lipid composition of endosomal membranes is also specific for different
compartments. The phosphorylated derivatives of phosphatidylinositol (Ptdins), which
represent not more than 1% of the total phospholipids in cells, play an important role in
endosomal pathway membrane integrity [for review see (Schink et al. 2016)]. Several
kinases can phosphorylate the three, four and five hydroxyl groups of inositol, giving rise to
seven possible phosphorylated Ptdins (phosphatidylinositides, PIs). All of the seven Pls
have been found in cells, and are located in distinct cellular membranes (Yu et al. 2004). For
instance, Ptdins4P is highly enriched in Golgi membranes (Levine and Munro 2002),
PtdIins(4,5)P, and PtdIns(3,4,5)P; are plasma membrane Pls (Balla et al. 2000; Gillooly et al.
2003) and PtdIns3P is mainly located in EEs (Gillooly et al. 2000) (Fig 2). Pls recruit
cytosolic proteins to specific cell membranes at specific times, and by this mechanism they
participate in different cell processes such as lipid signaling, cell signaling and membrane
trafficking. The role of Pls in membrane trafficking includes their participation in exocytosis,
endocytosis, autophagy, cell division and cell migration (Rohde et al. 2002; Oikawa et al.
2004; Blumental-Perry et al. 2006; Funderburk et al. 2010; Lorente-Rodriguez and Barlowe
2011; Cauvin and Echard 2015; Schink et al. 2016). During endosome maturation, PtdIns3P
is accumulated in EEs by the action of several phosphatases that dephosphorylate the four

and five positions of Pls and by the phosphorylation of the three position by the
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phosphatidyilinositol-3 kinase type II (PI3K-1l) or PI3K-IIl (VPS34) (Raiborg et al. 2013).
Several cytosolic proteins contain PX (Phox homology) or FYVE
(FAB1p, YOTB, VAC1p, EEAl1) domains, which are PtdIns3P interacting domains, and
therefore they cycle from the cytosol to EEs. One example is the FYVE domain containing
protein is early endosome antigen 1 (EEAL), which by its interaction with EEs facilitates
vesicle tethering and finally endosomal fusion (Simonsen et al. 1998; Christoforidis et al.
1999; Dumas et al. 2001; Lawe et al. 2002). Other PtdIins3P effectors participate in several
endosomal processes, such as endosome maturation and dynamics, cargo sorting and
endosome-cell localization [for review see (Schink et al. 2016)]. Similarly to EEs, LEs also
contain highly enriched specific lipids. Ptdins(3,5)P, together with phosphatidylinositol-3-
phosphate 5-kinase type Il (PIKfyve, FAB1p in yeast), an enzyme that phosphorylates
Ptdins3P to generate Ptdins(3,5)P,, participate in the maturation of endolysosomes to
terminal storage lysosomes (Dove et al. 2009; Bissig et al. 2017). Epsin 3 (ENT3p), ENT5p,
VPS24p, and autophagy-related protein 18 (ATG18p) have been identified as
Ptdins(3,5)P, effectors in yeast, which participate in protein trafficking in the endosomal
pathway (Friant et al. 2003; Whitley et al. 2003; Eugster et al. 2004; Krick et al. 2008).

1.2.3. LBPA

Another lipid that has been shown to be a specific marker of LEs is LBPA, known also as
BMP. It represents less than 1% of the total phospholipids and it is a structural isomer of
phosphatidylglycerol. LBPA/BMP is highly enriched in the internal membranes (multilamellar
membranes and ILVs) of LEs and has not been found in other cellular membranes (Fig 2)
(Kobayashi et al. 1998). This unusual lipid comprises up to 10-15 mol% of the total
endosomal lipids (Kobayashi et al. 1998). Additionally, there is evidence that this lipid can
transiently reach the limiting membrane of the endosomes and get in contact with the
cytosolic environment (Bissig et al. 2013). Even though its localization and some of the
LBPA/BMP precursors are known, no biosynthetic enzymes have been identified, which
makes the study of the functional role of this lipid more difficult. LBPA/BMP is a negatively
charged and presumably cone-shaped lipid which induces the deformation of membrane
bilayers (Matsuo et al. 2004). It has the intrinsic capacity to induce the formation of internal
vesicles by the invagination of the limiting membrane of large liposomes in vitro, which also
depends on acidic pH (Matsuo et al. 2004). In cells, the back fusion of the ILVs with the
limiting membrane of endosomes, which also depends on LBPA/BMP, has been linked to

virus infection and the anthrax toxin release to the cytoplasm (Abrami et al. 2004; Bissig et
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al. 2013). Furthermore, LBPA/BMP levels are correlated with cholesterol endosomal levels,
and it has been suggested that LBPA/BMP controls the cholesterol capacity of endosomes
(Chevallier et al. 2008).

1.2.4. Sphingolipids

Sphingolipids are a class of lipids containing an 18-carbon amino alcohol backbone
called sphingosine. They are structural molecules of cellular membranes and also participate
in a high diversity of cell signaling processes [for review see (Zhou and Blom 2015)]. A
subclass of sphingolipids are the ceramides, which are synthetized by the N-acylation of the
sphingosine and serves as a substrate for making all other sphingolipids. About 85% of all
human sphingolipids and 10-20 mol% of plasma membrane lipids, correspond to
sphingomyelins (SPH), which consist of a ceramide and phosphocholine or a
phophoethanolamine head group. SPH is an important source for the rapid production of
ceramide, by the hydrolytic removal of the phosphocholine moiety of SPH by
sphingomyelinases (SMases) (Clarke et al. 2006). Endosomal ceramide generation is linked
with the formation of ILVs in cells. More specifically, ceramide has been shown to participate
in the production of internal vesicles that are released as exosomes to the extracellular
milieu by fusion of MVE with the plasma membrane (Trajkovic et al. 2008). Furthermore,
ceramide was found enriched in purified exosomes and the exosomal production was
dependent on SMases. In vitro experiments in giant unilamellar vesicles (GUV) containing

SPH also showed the formation of ILV upon addition of SMase (Trajkovic et al. 2008).

1.2.5. Phosphatidylserine

Phosphatidylserine (PtdSer) represents 5-10% of the total phospholipids in cells. It is a
negatively charged lipid, which allows electrostatic interaction with multiple proteins. PtdSer
is enriched in the luminal leaflet of the endoplasmic reticulum (ER), Golgi, mitochondria and
the cytosolic leaflet of the RE/ERC (Fairn et al. 2011). Some evidence suggests that PtdSer
can be found also in the ILVs of late endosomes (Fairn et al. 2011). The presence of PtdSer
in endosomes facilitates the recruitment of evectin-2, a protein which facilitates the RE/ERC
to TGN retrograde transport of cholera toxin B subunit, TGN integral protein 38 (TGN38) and
serum Golgi protein 73 (GP73) (Uchida et al. 2011; Okazaki et al. 2012). Furthermore, it was
recently shown that RE/ERC PtdSer plays a role in the signaling of the growth-promoting

transcription coactivator Yes-associated protein (YAP). Both nuclear localization of YAP

10



Introduction

and YAP-dependent transcription were impaired by silencing of the RE/ERC PtdSer-
flippase phospholipid-transporting ATPase IA (ATP8AL) or by masking the PtdSer in the
cytoplasmic leaflet of membranes (Matsudaira et al. 2017).

1.2.6. Cholesterol

Cholesterol consists of a steroid backbone which contains a hydroxyl group and a short
branched hydrophobic tail. It is an important component of mammalian cell membranes, and
therefore its cellular levels are tightly regulated. For instance, high cholesterol levels found in
plasma membrane regulate membrane rigidity and fluidity and also cellular processes such
as cell polarization, signal transduction and membrane trafficking (Simons and Ehehalt 2002;
Simons and Vaz 2004). Human cells can synthetize cholesterol by the action of multiple
enzymatic reactions, especially in liver cells, but most of the cells obtain it by the
internalization of serum cholesterol-rich particles, called lipoproteins. A well-studied
lipoprotein cell surface receptor is the low-density lipoprotein receptor (LDLR), which binds
to extracellular low-density lipoprotein (LDL) particles rich in cholesteryl esters (esterified
cholesterol) (Brown and Goldstein 1975). LDL binding to LDLR triggers the internalization of
the receptor. In EEs, LDL dissociates from its receptor due to the acidic pH of the
compartment (Anderson et al. 1977; Davis et al. 1987). While the receptor recycles to the
plasma membrane, LDL is sorted to lysosomes for its degradation and cholesterol is
hydrolyzed to release free cholesterol (non-esterified cholesterol) (Anderson et al. 1982).
Cholesterol export from lysosomes is mediated by the Niemann-Pick type C proteins (NPC1,
NPC2) by a mechanism that is still poorly understood. A mutation in NPC1 or NPC2 genes,
which is characteristic of the Niemann-Pick type C disease, causes an abnormal
accumulation of cholesterol in lysosomes (Maziere et al. 1986; Liscum et al. 1989; Carstea
et al. 1997; Naureckiene et al. 2000). From this pathological condition, some clear
endosomal cholesterol functions were revealed. Cholesterol accumulation in LEs/lysosomes
has a severe effect on endosome maoitility (Lebrand et al. 2002), ILV formation (Falguieres et
al. 2008) and back fusion (Sobo et al. 2007).
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Figure 2. pH, lipids and protein content in the endosomal pathway. ER: Endoplasmic reticulum; EE: early
endosome; LE: late endosome; PtdIns: phosphatidylinositol

2. The ESCRT proteins

Proteins belonging to the endosomal sorting complexes required for transport (ESCRT)
are known as membrane remodeling factors which regulate events such as cytokinesis, virus
budding and MVE formation, among others (Fig 3) [for review see, (Christ et al. 2017)]. They
bind to the cytosolic leaflet of the lipid bilayer and form large spiral polymers which induce
membrane constriction, deformation, and fission. In the endocytic pathway, ESCRTSs play a
crucial role in the sorting of activated, ubiquitinated receptors into ILVsS, which are then
transported to vacuole/lysosomes for their degradation. Here, | discuss the function of
ESCRT proteins in the formation of ILV and cargo sorting, starting from their discovery in
yeast, the diversity of proteins that make up this complex and their mechanism of action to

induce membrane deformation and cargo sorting into ILVs.
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Figure 3. Overview of ESCRT functions. Yeast (A) and mammalian cell (B). The ESCRT machinery is involved
in a variety of cellular events which all share a membrane deformation step away from the cytoplasm. ESCRTs
are necessary for both membrane deformation and fission. The ESCRT machinery is indicated as a grey spiral.

ESCRT: endosomal sorting complex required for transport; ILV: intraluminal vesicle; NPC: nuclear pore complex.

2.1. Discovery of ESCRT proteins

Genes encoding ESCRT proteins came out of pioneering genetic screens in
Saccharomyces cerevisiae, designed to find novel components involved in vacuolar
biogenesis. Amongst the mutants that have been identified and that are collectively referred
to VPS mutants (Bankaitis et al. 1986; Rothman and Stevens 1986; Robinson et al. 1988;
Rothman et al. 1989), the class E vps mutants comprise 13 genes coding for ESCRT and
ESCRT-associated proteins (Raymond et al. 1992; Kranz et al. 2001; Bowers et al. 2004;
Bowers and Stevens 2005) (Table 1). Class E mutants have a relatively normal vacuolar
morphology, but show an accumulation of missorted vacuolar, late Golgi and plasma
membrane proteins in an aberrant structure referred to as the Class E compartment, with
some LE/MVE characteristics (Raymond et al. 1992; Davis et al. 1993; Piper et al. 1995;
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Rieder et al. 1996; Odorizzi et al. 1998; Coonrod and Stevens 2010). However, class E
compartments, which appear like stacks of curved cisternae, typically lack ILVs normally
found in LEs (Rieder et al. 1996; Babst et al. 1997; Odorizzi et al. 1998). These findings
were the first evidence that the ESCRT machinery is involved in protein sorting through
endolysosomal compartments, and in biological membrane remodeling. Additionally, in
mammalian cells ESCRT proteins participate in many other functions which require
membrane remodeling, including cytokinetic abscission, virus budding, nuclear envelope
reformation and repair, plasma membrane wound repair, microvesicle formation,

microautophagy and neuron pruning [for review see (Christ et al. 2017)].

5. cerevisiae H. sapiens C. elegans D. melanogaster Allases
ESCRT-0 Vps27 HCS hgrs-1 Hrs HRS
Hsel STAM1/STAMZ2 stam-1 Stam
ESCRT-1 Vps23 TSG101 tsg-101 Tsgl01
Vps28 VPS28 vps=28 Vps28
Vps37 VPS37A/VPS37B{VPS37G/VPSI7D vps-37 Vsp37a/Vps3i7h
Mvb12 UBAP/MVB12A/MVE12B mvh=12 Mvb12
ESCRT-II Vps25 VPS25 vps-25 Vps25 EAP20
Vps22 VPs22 vps-22 Vps22/Larsen (Lsn) EAP30
Vps36 VPS36 vps-36 Vps36 EAP45
ESCRT-III Did2{Vps46 CHMP1A/CHMP1B did-2 Chmpl
Vps2 CHMP2A/CHMP2B vps-2 Chmp2b
Vips24 CHMP3 vps-24 Vps24
Snf7 CHMP4A/CHMP4B/CHMP4C vps=32 shrub
Vps&0 CHMPS vps-60 Vps60
Vps20 CHMPE vps-20 Vps20
Chm7? CHMP7 T24B8.2 CG5498
Ist1 I5T1 istr-1 CG10103
ESCRT Brol PDCDGIP{PTPN23 alx-1/ego-2 ALiX ALIXfHD-PTP
Associated Doad UBPY/STAMBP usp-50 Usp8/CG2224 UBPYfAMSH
Vial VTAT T23G11.7 Vial LIPS
Vpsd VPS4AVPS4R vps-4 Vps4 SKD1 (VPS4B)
SPAST spas=1 Spastin Spastin
CC2D1A/CC2D1B Y37THOAZ Lethal (2] Giant Discs (Lgd)
MITD1 Y6601 2410 CC14085

Table 1. List of ESCRT genes from different organisms (Stoten and Carlton 2018).

2.2. Canonical ESCRT pathway for MVE biogenesis and

lysosomal cargo delivery in yeast

Soon after the discovery of ESCRTSs, their role in cellular trafficking was better
characterized and it was found that they assemble into five distinct complexes: ESCRT-0, -I,
-1, -lll and the VPS4 complex (Babst et al. 1997; Babst et al. 1998; Babst et al. 2000;
Katzmann et al. 2001; Babst et al. 2002a; Babst et al. 2002b; Bilodeau et al. 2002), which
function together in regulating protein trafficking towards the LE and the lysosome/vacuole
(Table 1). ESCRTs recognize cargo proteins destined for degradation on the limiting
membrane of endosomes, sort these cargos into membrane invaginations that form inwards

and eventually detach as free ILVs in the endosome lumen (Fig 4). In yeast cells, the MVE
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then fuses with the vacuole/lysosome, and the ILV together with its cargo is exposed to the
hydrolytic environment of the organelle and is degraded. ESCRT complexes interact in
numerous ways with each other (von Schwedler et al. 2003; Bowers et al. 2004) and with
membrane proteins and lipids. Additionally, their association with lipids and cargo proteins is
highly coordinated, and ESCRTs are presumably recruited in a sequential manner onto
endosomal membranes (Babst et al. 2002b; Katzmann et al. 2003; Teis et al. 2008).
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Figure 4. Canonical ESCRT pathway for ILV formation. Five protein complexes (ESCRT-0-lIl and VPS4)
participate in the ESCRT-dependent ILV formation and vacuolar/lysosomal cargo sorting. ESCRT: endosomal

sorting complex required for transport; ILV: intraluminal vesicle; Ub: ubiquitin

2.2.1. Ubiquitin: atag for ESCRT recruitment to endosomes

It has became apparent that ubiquitin serves as the primary recognition marker for
ESCRT recruitment onto endosomal membranes (Katzmann et al. 2001). Indeed, the
cytosolic domain of down-regulated transmembrane proteins destined for lysosomes is
initially ubiquitinated (Fig 4). Below, | discuss the importance of ubiquitin and ubiquitin
ligases in several cellular processes, with a special focus on their role through the
endosomal pathway.
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2.2.1.1. Ubiquitination

Ubiquitin is a small 76 amino acid cytosolic protein (8.5 kDa) which is used by cells as a
regulatory protein. It functions via conjugation to a large number of target proteins, a post-
translational modification called ubiquitination [For review see (Clague et al. 2015)]. The
ubiquitin C-terminus carboxyl group forms an isopeptide bond with the amino group of
lysines in the target protein, to give rise to a monoubiquitinated protein. The ubiquitin-tagging
reaction of proteins serves as a signal for protein degradation, affects the proteins activity
and its cellular location and alters protein interactions. To date, more than 20 different
ubiquitin-binding domains have been described, which allow information to be sensed and
transmitted from ubiquitinated proteins (Piper et al. 2014). Ubiquitination depends on
adenosine triphosphate (ATP) and three types of enzymes, ubiquitin-activating enzymes
(E1), ubiquitin-conjugating enzymes (E2) and ubiquitin ligases (E3), which catalyze a series
of reactions (Fig 5). The E3 enzymes confer substrate specificity to the ubiquitination
process. For this reason, they are the largest group of proteins involved in the ubiquitin
system (Deshaies and Joazeiro 2009; Rotin and Kumar 2009; Smit and Sixma 2014). The
E3 enzymes are grouped in three families depending on the ubiquitin-ligase domain they
contain: the homologous to E6-AP carboxyl terminus (HECT) domain E3s (29 genes in
humans), the really interesting new gene (RING) domain E3s (more than 600 genes in
humans) and the ring between ring fingers (RBR) domain E3s (13 genes in humans). They
participate in multiple processes during protein trafficking, such as the regulation of newly
synthesized membrane proteins in the secretary pathway, protein quality control through ER
and Golgi, at the plasma membrane, and through the endocytic pathway. (Piper et al. 2014;
Foot et al. 2017)

2.2.1.2. Role of ubiquitin in the endocytic pathway

Ubiquitination serves as an internalization signal from the plasma membrane (Egner and
Kuchler 1996; Hicke and Riezman 1996). For several proteins, ubiquitin acts as a sorting
signal into the clathrin-dependent internalization pathway, which is the major mechanism for
the removal of cell surface proteins in most cells. There are two endocytosis adaptors which
have been identified as key proteins to link ubiquitination and internalization: Epsin 1/2/3
(ENT1 and ENT2 in yeast) and epidermal growth factor receptor substrate 15 (EPS15,
EDE1/END3 in yeast) (Polo et al. 2002; Shih et al. 2002; Hawryluk et al. 2006). These
proteins interact with each other and also act as a bridge between some ubiquitinated

endocytic cargoes and clathrin (Benmerah et al. 1995; van Delft et al. 1997; Hawryluk et al.
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2006). Depletion of Epsin, EPS15 or expression of mutant proteins lacking the ubiquitin
binding domain impairs the internalization process (Hawryluk et al. 2006). In mammals,
ubiquitination seems to be important for the endocytosis of some cargos, such as notch
ligands (Dupre et al. 2004; Wang and Struhl 2004; Sen et al. 2012). However, for other
ubiquitinated proteins that are internalized from the plasma membrane, ubiquitin does not
act as an internalization signal, but instead participates later in the endosomal pathway
together with the ESCRT machinery (Shenoy et al. 2001; Huang et al. 2006; Huang et al.
2007).

2.2.1.3. Ubiquitin ligases in the endocytic pathway

Several ubiquitin ligases are known to play a role in the endocytic pathway. Reverses
SPT-phenotype protein 5 (RSP5) is a yeast HECT E3 enzyme that is responsible for the
ubiquitination of the majority of plasma membrane proteins that are sorted to ILVs for
vacuolar/lysosomal degradation (Belgareh-Touze et al. 2008). Casitas B-lineage lymphoma
(Cbl), a membrane-associated RING E3 ubiquitin ligase, is the best known mammalian
enzyme that functions in plasma membrane protein ubiquitination (Langdon et al. 1989a;
Langdon et al. 1989b). Cbl family is comprised of three members: c-Cbl, Cbl-b, and Cbl-c.
Several receptor tyrosine kinases (RTKs) are ubiquitinated by Cbl, which regulates their
traffic through the endocytic pathway (Mohapatra et al. 2013). Cbl substrates include EGFR,
platelet-derived growth factor receptor (PDGFR), vascular endothelial growth factor receptor
(VEGFR), fibroblast growth factor receptor (FGFR), and ephrin receptors (EphR) (Levkowitz
et al. 1999; Miyake et al. 1999; Duval et al. 2003; Marmor and Yarden 2004; Fasen et al.
2008). Another E3 ligase family that participates in membrane protein sorting is the neural
precursor cell expressed developmentally down-regulated protein 4 (NEDD4) family of
HECT E3s. This family is comprised of nine members in humans (NEDD4, NEDDA4-2/
NEDDA4L, Atrophin-1-interacting protein 4 (AlP4), SMAD ubiquitination regulatory factor 1
(SMURF1), SMURF2, WW domain containing E3 ubiquitin protein ligase 1 (WWP1), WWP2,
NEDDA4-like E3 ubiquitin-protein ligase 1 (NEDL1), and NEDL2 (Yang and Kumar 2010) and
cooperates in the endocytosis and degradation of multiple membrane proteins (Foot et al.
2017). The NEDD4 family downregulates various ion channels [e.g. Epithelial Na(+) channel
(ENaC), nuclear chloride ion channel (NCC), cystic fibrosis transmembrane conductance
regulator (CFTR)], G-protein-coupled receptors (GPCRSs) [e.g. Beta-2 adrenergic receptor
(B2-AR), C-X-C chemokine receptor type 4 (CXCR4), protease-activated receptor 1 (PAR1)]
and RTKs (e.g. Epidermal growth factor (EGFR), Insulin-like growth factor 1 (IGF-IR),
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VEGFR2). Many other E3 ligases have been identified in human cells, and are known to play
a role in protein cell surface downregulation and sorting to lysosomes [see review (Foot et al.
2017) for a detailed list of E3 ligases, their cell location and function]

2.2.1.4. Ubiquitin chains

In addition to monoubiquitination, proteins are also polyubiquitinated, a process which
consists in the addition of a ubiquitin chain on a single lysine residue of the target protein.
These chains are made by linking the ubiquitin C-terminus with one of the seven lysines
found in the ubiquitin protein sequence (K6, K11, K27, K29, K33, K48, K63). K48 and K63
are the best characterized ubiquitin-linked chains (Fig 5) (Swatek and Komander 2016).
Lysine 48-linked polyubiquitin chain is the canonical signal for targeting unrequired or
damaged proteins for degradation in the proteasome, which is a cytosolic protein complex
with proteolytic activity (Grice and Nathan 2016). Lysine 63-linked polyubiquitin chain, on the
other hand, modulates the sorting of proteins into ILVs and their lysosomal degradation
(Erpapazoglou et al. 2012). Other ubiquitin lysine-linked chains do not seem to participate in
this process (Erpapazoglou et al. 2012), but monoubiquitination has also been shown to be

sufficient for cargo delivery into ILVs (Stringer and Piper 2011).
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Figure 5. Enzymatic cascade that leads to substrate ubiquitylation. The activity of three enzymes is required
for ubiquitylation: a ubiquitin-activating enzyme (E1), a ubiquitin-conjugating enzyme (E2) and a ubiquitin-ligating
enzyme (E3), which recognizes the substrate. The completion of one ubiquitylation cycle results in a
monoubiquitylated substrate. However, the cycle can be repeated to form polyubiquitylated substrates. Additional
ubiquitin molecules can be ligated to a Lys residue (Lys6, Lys11, Lys27, Lys29, Lys33, Lys48 or Lys63) in a
previously attached ubiquitin to form Lys-linked chains. Alternatively, ubiquitin molecules can be linked head to

tail to form linear chains (Dikic et al. 2009).
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2.2.2. The canonical pathway for ESCRT assembly onto endosomal membranes

The endosomal ubiquitinated cargo is recognized by the cytosolic ESCRT-0 complex
[VPS27 and has symptoms of class E mutant (HSE1)], which is itself further stabilized on
membranes by interactions of the VPS27 FYVE domain with Ptdins3P (Raiborg et al. 2001b;
Katzmann et al. 2003). This process establishes a protein-lipid platform for cargo sorting
through the recruitment and activation of other ESCRTSs (Fig 4). Once ESCRT-0 is recruited,
ESCRT-I [(VPS23, VPS28, VPS37 and multivesicular body sorting factor 12 (MVB12)]
moves from the cytosol to endosomes through interactions with ESCRT-0 and the
ubiquitinated cargo (Katzmann et al. 2003), and then ESCRT-II (VPS22, VPS25 and VPS36)
is recruited via interactions with ESCRT-l. VPS36 facilitates endosomal binding by
interactions of its N-terminal GLUE [GRAM-like ubiquitin-binding in ELL-associated protein of
45 kDa (EAP45)] domain with ESCRT-I, PtdIins3P and ubiquitin (Meyer et al. 2002; Alam et
al. 2004; Slagsvold et al. 2005; Teo et al. 2006; Mageswaran et al. 2015). Eventually,
ESCRT-Ill proteins [VPS2, VPS20, VPS24, VPS32/Sucrose non fermenting protein 7
(SNF7)] are sequentially recruited from cytosol to endosomes (Teis et al. 2008). In this
process, the ESCRT-II protein VPS25 interacts with and activates the myristoylated ESCRT-
Il protein VPS20 (Teo et al. 2004; Im et al. 2009; Teis et al. 2010), which then acts as a
nucleation factor for membrane-recruitment and homo-oligomerization of SNF7, the most
abundant ESCRT-III protein and the key factor for membrane remodeling (Hanson et al.
2008; Teis et al. 2008; Im et al. 2009; Saksena et al. 2009; Teis et al. 2010). SNF7
polymerization into spirals on the surface of the lipid bilayer drives local membrane
deformation necessary for ILV formation (Hanson et al. 2008; Saksena et al. 2009; Wollert et
al. 2009; Wollert and Hurley 2010; Henne et al. 2012; Buchkovich et al. 2013; Chiaruttini et
al. 2015). In the final step of ILV formation, the ESCRT-IIl complex recruits the ATPase
associated with diverse cellular activities (AAA-ATPase) VPS4 (Babst et al. 2002a; Obita et
al. 2007; Adell et al. 2014), whose enzymatic activity induces unfolding of ESCRT-III
proteins, triggering their recycling to the cytosol (Babst et al. 1998; Obita et al. 2007;
Stuchell-Brereton et al. 2007; Kieffer et al. 2008; Yang et al. 2015) (Fig 4). Additionally,
VPS4 may also participate directly in membrane neck constriction during ILV formation
(Adell et al. 2014). Finally, during the final steps of cargo delivery into the vacuole, the cargo-
bound ubiquitin moiety is recycled to the cytosol by the action of degradation of alpha 4
(DOA4), an endosome-associated deubiquitinase (DUB) (Dupre and Haguenauer-Tsapis
2001; Katzmann et al. 2001; Wolters and Amerik 2015).
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2.2.3. ESCRT-llI-dependent membrane deformation

The first reports suggesting that ESCRT-III proteins participate in membrane remodeling
were performed in mammalian cells expressing charged multivesicular body proteins 4A and
4B (CHMP4A and CHMP4B), two human homologues of SNF7. CHMP4 assembled into flat
spirals at the cytosolic leaflet of the plasma membrane (Hanson et al. 2008). Furthermore,
the co-expression of CHMP4 and the ATP hydrolysis-deficient VPS4 (E235Q) mutant
induced the budding and tubulation of the plasma membrane, forming filopodia-like
protrusions, suggesting a membrane remodeling function for the ESCRT-III proteins.
Similarly, ESCRT-III spirals are found at the cytokinetic bridge of dividing cells and the neck
of HIV-like budding particles, where ESCRT proteins play a crucial role in membrane
constriction and fission (Guizetti et al. 2011; Cashikar et al. 2014) (Fig 6).

Cortical

Midbody Constriction
zone

TRENDS in Cefl Biology

Figure 6. ESCRT-lll-dependent filaments in cells. (Figure legend in next page).
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2.2.3.1. ESCRT-Ill proteins structure

There are six ESCRT-III proteins expressed in yeast, and they all share a similar
structure and a basic N-terminal and acidic C-terminal amino acid sequence. The secondary
structure is comprised of three regions: 4 a-helices (h1-h4) which participate in ESCRT-III
oligomerization, an auto-inhibitory h5 helix (Zamborlini et al. 2006; Shim et al. 2007; Bajorek
et al. 2009; Xiao et al. 2009; Tang et al. 2015) and finally, regulatory MIT (microtubule
interacting and transport) interaction motifs (MIM motifs) (Obita et al. 2007; Shim et al. 2007;
Stuchell-Brereton et al. 2007; Davies et al. 2010; Adell et al. 2014). SNF7, VPS20p, VPS2p,
and VPS24p are thought to form the core of ESCRT-Ill, whereas DOA4-independent
degradation protein 2 (DID2p) and VPS60p associate with the core complex and may play
regulatory roles (Babst et al. 2002a; Nickerson et al. 2006). The ESCRT-III family is
expanded to 12 proteins in humans, comprised of CHMP proteins and increased sodium
tolerance 1 (IST1) [for a review comparing ESCRTs from different organisms see (Stoten
and Carlton 2018)].

2.2.3.2. ESCRT-IIl proteins “activation” for membrane interaction

Several studies suggest that the ESCRT-III proteins cycle from a “closed/inactive” to an
“open/active” conformation. In the “open” form, which allows the ESCRT-IIl membrane
oligomerization, the inhibitory h5 helix is released from the other four helices and an
elongated structure is formed (Tang et al. 2015) (Fig 7). As it was mentioned previously
(section 2.2.2), VPS20 (CHMP6 in mammals) accelerates the SNF7 membrane nucleation
step, which allows polymerization. VPS20 has been suggested to induce the SNF7/CHMP4
‘open/active” conformation (Teis et al. 2008; Saksena et al. 2009; Tang et al. 2016).
Additionally, in vitro studies have shown that SNF7 alone have the capacity to polymerize
onto negatively charged membranes, suggesting that the “active” state of the protein can

also be induced by the protein-lipid interaction (Chiaruttini et al. 2015).

Figure 6. ESCRT-lll-dependent filaments in cells. (a) Electron micrograph of thin-sectioned 293T cells
transfected with HIV-1 proviral expression constructs. Arrows indicate thickened protein coats on plasma or
endosomal membranes. Scale bar: 100nm. (b) Thin-sectioned transmission electron micrograph of HIV-1
budding particles in 293T cells, arrested at budding stage by RNAi depletion of hVPS2-1/2. Arrows indicate
striations within virus bud necks. Scale bar: 100nm. (c) Electron tomographic Z-sections of high-pressure frozen
intercellular bridge at mid-abscission stage with cortical 17-nm-diameter filaments at the constriction zone. Scale
bar: 100nm. (d) 3D reconstructions of early- and late-stage abscission structures. Red, microtubules; green, 17-
nm-diameter filaments; gray, midbody; yellow, plasma membrane; white balls, open microtubule ends; blue balls,
closed microtubule ends. Scale bar: 200nm. (e) 3D anaglyphs of the inside of the plasma membrane of COS7
cells expressing FLAG-hSNF7-1 show curved filaments. Scale bar: 100nm. (f) 3D anaglyphs of cell cortex of
COS7 cells co-expressing hSNF7-1 and dominant-negative VPS4B (E235Q)-GFP reveal buds and tubules of
variable lengths. Scale bar: 100nm (Guizetti and Gerlich 2012).
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Figure 7. Dynamic CHMP4B Structure. Schematic representation of CHMP4B cycling between an inactive,
closed and an activated, open conformation enabling multimerization and interaction with effectors.

Abbreviations: MIM, MIT-interacting motif; MIT, microtubule interacting and transport domain (Christ et al. 2017).

2.2.3.3. ESCRT-Ill proteins membrane polymerization

ESCRT-Ill proteins are cytosolic, but they can interact with negatively charged
membranes by electrostatic forces and form large polymers with variable shapes: filaments,
rings, spirals, tubes or cones [for a review with the details of the structures see (Chiaruttini
and Roux 2017)]. All of these structures, which are observed in vitro and in vivo, are built by
single stranded ESCRT filaments which can interact laterally. The large variety of ESCRT-III
structures presumably emerges from the high flexibility present in the single-stranded
polymers. In addition, the possibility of the copolymerization of different ESCRTSs in the same
structure, or the dynamic exchange of subunits in a preformed oligomer, potentially allows
the system to increase the range of ESCRT-III structures (Fig 8). The ESCRT-IIl dependent
mechanism by which the membranes are deformed and break is not fully elucidated.
Membrane buckling has been suggested as a possibility for membrane remodeling. Buckling
is characterized by a sudden deflection of a structure in order to release a stressing energy.
It has been suggested that membrane-bound SNF7 spirals can buckle and deform
membranes. SNF7 filaments have a preferred angle of curvature, which is given by the
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protein structure and the way SNF7 monomers interact. SNF7 spirals formed on flat lipid

membranes have multiple angles of curvature and accumulate elastic stress, which in turn

can trigger buckling of the structure and membrane deformation (Fig 8) (Chiaruttini et al.

2015).
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Figure 8. Flexibilityin ESCRT-III
polymers (a) Sequential polymerization
of different subunits (first, the light
green one, second, the dark green
one), with different curvatures leads to
the growth of a conical structure with a
continuous gradient of subunits along
its axis. (b) Dynamical exchange of
subunits forming large helical tubes by
subunits having a smaller radius of
curvature leads to narrower cylinders if
the exchange is homogeneous or
narrower cones if the exchange is
inhomogeneous. (c) Growth of a stretch
filament into a spiral accumulates
elastic stress, which can be released by
buckling, forming a cone terminated by

a tubular structure (Chiaruttini and Roux

Current Opinion in Cell Biology 2017) .

2.2.4. BRO1 as an alternative pathway for the regulation of ESCRTSs in yeast ILV

formation

In addition to the ESCRT subunits, class E vps mutants also include Bro domain-

containing protein 1 (BRO1), originally called VPS31, a cytosolic protein which interacts via

its N-terminal domain with the ESCRT-IIl protein SNF7, and which also interacts with the
deubiquitinase DOA4 (Odorizzi et al. 2003; Bowers et al. 2004; Kim et al. 2005; Richter et al.
2007; Wemmer et al. 2011). The interaction with SNF7 facilitates BRO1 membrane

association and subsequently DOA4 recruitment (Odorizzi et al. 2003; Luhtala and Odorizzi

2004; Nikko and Andre 2007), which mediates cargo deubiquitination (Luhtala and Odorizzi

2004; Richter et al. 2007). Interestingly, BRO1 also seems to regulate early steps of the

ESCRT pathway by direct physical interactions with conjugated ubiquitin, and thus may also

contribute to the sorting of endosomal proteins to the vacuole (Pashkova et al. 2013).
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Recent studies show that BRO1 interaction with SNF7 induces the “active” SNF7
conformation, which increases SNF7 polymerization (Wemmer et al. 2011; Tang et al. 2016),
and thereby facilitates cargo sorting into ILVs (Tang et al. 2016). This process, which
depends on cargo ubiquitination and the ESCRT-0 complex, is independent of ESCRT-I, -l
and the SNF7 nucleation factor, VPS20 (Tang et al. 2016). Altogether, these observations
suggest the existence of two parallel pathways for SNF7 polymerization during endosomal
cargo sorting and membrane remodeling; the canonical pathway in which ESCRT-0, -I, -l
and VPS20 recruits and “activates” SNF7, and a parallel pathway in which BRO1 induces
SNF7 polymerization on the endosomal membranes (Tang et al. 2016) (Fig 9).

ESCRT-0 ESCRT-0
Cargo Recognition ESC(\ \
& Sorting +

Cargo Sequestration &
Membrane Deformation

Membrane Scission &
ESCRT-III Disassembly

Figure 9. Conceptual models of parallel ESCRT-IIl SNF7 activation pathways in MVE biogenesis.
Canonical ESCRT pathway (left) and BRO1-dependent pathway (right) (Tang et al. 2016).

2.3. ESCRTs in mammalian cells: ILV biogenesis

The ESCRT machinery is well conserved in all eukaryotes, indicating an early
evolutionary origin, and the gene complexity is increased in multicellular organisms. All the
yeast ESCRT subunits have at least one ortholog in mammals, where several ESCRT genes
are duplicated (Leung et al. 2008; Michelet et al. 2010; Sun et al. 2016) (Table 1). Even
though ESCRT functions in MVE biogenesis and cargo sorting are conserved in eukaryotes
(Michelet et al. 2010), the regulatory mechanisms are more complex in mammalian cells
than in yeast. When compared to yeast ESCRTs, mammalian subunits exhibit additional

interactions with each other, as well as with other proteins and lipids. In the canonical
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pathway of ILV formation, the ESCRT-0 subunit hepatocyte growth factor-regulated tyrosine
kinase substrate (HRS) also interacts with clathrin in mammalian cells (Raiborg et al. 2001a;
Raiborg et al. 2002), forming a bi-layered coat presumably involved in cargo sorting (Raiborg
et al. 2002; Sachse et al. 2002; Sachse et al. 2004; Myromslien et al. 2006; Raiborg et al.
2006).

I will discuss below the different mammalian non-canonical mechanisms that have been
reported for ILV formation and cargo protein sorting, giving special emphasis to the ESCRT-
associated proteins which participate in these processes.

2.3.1. Non-canonical ESCRT pathways for ILV formation: cargo-ubiquitination
independent

As mentioned above (section 2.2.1), cargo ubiquitination in the canonical ESCRT
pathway is the initial step necessary for the recruitment of the early ESCRT machinery and
thus for the efficient degradation of endocytosed plasma membrane receptors that need to
be downregulated (Katzmann et al. 2001; Shields and Piper 2011). Consequently, multiple
proteins belonging to ESCRT-0, -I and -1l bind ubiquitin (Shields and Piper 2011). However,
in mammalian cells, several receptors are also sorted into the lumen of the endosomes by a
mechanism independent of direct cargo ubiquitination (Tanowitz and Von Zastrow 2002;
Wolfe et al. 2007; Yamashita et al. 2008; daSilva et al. 2009; Dores and Trejo 2014,
Mageswaran et al. 2014; Tomas et al. 2015; Dores et al. 2016) (Fig 10). A mutant of the
interleukin-2 receptor B (IL-2RB) that cannot be ubiquitinated because it lacks all cytosolic
lysine residues, is still efficiently degraded in lysosomes. Surprisingly, this mutant keeps the
ability to bind the ESCRT-0 protein HRS, which normally recognizes the ubiquitinated cargo
(Yamashita et al. 2008), and thus the recruitment of the remaining ESCRT subunits occurs
normally. Similarly, ubiquitination is also dispensable for the negative factor (Nef)-induced
degradation of the human immunodeficiency virus type 1 (HIV-1) coreceptor cluster of
differentiation 4 (CD4) (daSilva et al. 2009). Finally, three GPCRs are sorted for lysosomal
degradation by ubiquitin-independent mechanisms: murine 0&-opioid receptor (DOR)
(Tanowitz and Von Zastrow 2002), PAR1 (Wolfe et al. 2007) and P2Y purinoreceptor 1
P2Y1 (Dores et al. 2016).
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Figure 10. Different mechanisms for ESCRT-lIl membrane recruitment in yeast and mammalian cells.
Schematic representation of the diversity of ESCRT-IIIl membrane recruitment mechanisms for cargo sorting into
ILVs. Two parallel mechanisms have been described for SNF7 membrane recruitment in yeast: the canonical
ESCRT pathway and the BRO1-dependent pathway. In mammalian cells, CHMP4 membrane recruitment
mechanisms are more complex than in yeast, and multiple mechanisms have been described for ILV cargo
sorting. In addition to the canonical ESCRT pathway, membrane proteins in mammalian cells can be sorted into
ILV independent of cargo ubiquitination or dependent on ALIX and HD-PTP. For simplicity, only SNF7/CHMP4
subunit of ESCRT-IIl is shown. ILV, intraluminal vesicles; UVC, ultraviolet C.

The mechanism for DOR delivery into ILVs and degradation differs from the canonical
ESCRT pathway. Much like with interleukin-2 receptor subunit beta (IL-2Rf3), a DOR lysine-
mutant that cannot be ubiquitinated is delivered into ILVs and degraded in lysosomes
(Tanowitz and Von Zastrow 2002; Henry et al. 2011). Moreover, ligand-induced DOR
degradation depends on the ESCRT proteins HRS and VPS4, but not TSG101 (Hislop et al.
2004). It has been suggested that DOR endosomal trafficking depends on G-protein
coupled receptor-associated sorting protein 1 (GASP1), a GPCR interacting protein, and
dysbindin, which are both involved in GPCR degradation. Dysbindin binds to GASP1 and
HRS, presumably promoting the connectivity between DOR and the ESCRT machinery and
thus facilitating receptor degradation. However, further studies will be needed to unravel the

details of this regulatory mechanism (Marley and von Zastrow 2010).
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These studies are consistent with findings of the Babst group in 2014, who reported that
cargo delivery into the yeast vacuole depends on the strength of the interactions between
the cargo protein and the ESCRT machinery, and not exclusively on cargo ubiquitination
(Mageswaran et al. 2014). They also showed that cargo interactions with early ESCRTs
(ESCRT-0, -1 or -Il) are not strictly required for sorting into ILVs, and that an artificial cargo
that interacts with ESCRT-III, but not with any other complex, is also efficiently sorted into
the yeast vacuole. Using artificial proteins that interact weakly or strongly with ESCRTSs,
authors conclude that in the end the strength of these interactions determines whether a
candidate protein exhibits ESCRT- (strong) or cargo-like (weak) behavior, and that ubiquitin
may function as temporary signal regulating the strength of cargo-ESCRT complexes

interactions (Mageswaran et al. 2014).

2.3.2. ESCRT-associated proteins: BRO1-domain proteins

In recent years, several studies have identified BRO1 domain-containing proteins ALIX
[official name PDCDG6IP (programmed cell death 6 interacting protein)] and His domain-
containing protein tyrosine phosphatase (HD-PTP), two mammalian homologs of the yeast
BRO1 protein, as important regulators of ESCRT functions (Fig 11). BRO1 domain- and
CAAX motif-containing protein (BROX), is a third BRO1 domain protein expressed in
mammals, but its function in the ESCRT pathway is still unexplored. As BRO1, the
mammalian BRO1 proteins are cytosolic and can be recruited to membranes and work in
multiple membrane deformation processes. The BRO1 domain seems to be the key player
that links these proteins to the ESCRT pathway, by its capacity to bind the ESCRT-III protein
SNF7/CHMP4 (Katoh et al. 2003; Strack et al. 2003; von Schwedler et al. 2003; Katoh et al.
2004a; Ichioka et al. 2007). Although the BRO1 domains of the yeast BRO1, ALIX, HD-PTP
and BROX do not share more than 25% of primary sequence identity, structural analysis
showed that they all have the same elongated, banana-shaped structure. The latter contains
a concave binding pocket which interacts with the C-terminal region of SNF7/CHMP4 (Sette
et al. 2011). ALIX and HD-PTP participate in the biogenesis of MVEs (Matsuo et al. 2004;
Doyotte et al. 2008) and additionally, ALIX regulates several other ESCRT-mediated
processes such as virus budding (Martin-Serrano et al. 2003), cytokinesis (Carlton and
Martin-Serrano 2007; Morita et al. 2007; Carlton et al. 2008; Christ et al. 2016), membrane
repair (Jimenez et al. 2014; Scheffer et al. 2014), autophagy (Murrow et al. 2015),
endosome-to-cytosol delivery of viral RNA (Le Blanc et al. 2005; Bissig et al. 2013) and

27



Introduction

anthrax toxin (Abrami et al. 2004), exosome biogenesis (Baietti et al. 2012; Abrami et al.
2013) and as vehicle for viral genomes (Nour and Modis 2014).

2.3.2.1. Structural domains of the mammalian BRO1 proteins: ALIX

ALIX is an 868 amino acid protein (96 kDa) that contains two protein domains: A N-
terminal BRO1 domain and a central V-shaped domain (Fisher et al. 2007). Also, ALIX has a
flexible C-terminal PRR which interacts with several proteins. ALIX interaction partners are
shown in Fig 11.
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Figure 11. Schematic representation of the protein domain structures of BRO1, ALIX, and HD-PTP. BRO1,
ALIX, and HD-PTP contain an N-terminal BRO1 domain which is followed by coiled-coils (CC) that build the V-
domain and by a proline-rich region (PRR). Although the structural features of the BRO1 domains are highly
conserved, this is less true for the V-domain and the PRR. The interaction partners of BRO1, ALIX, and HD-PTP
are indicated (Bissig and Gruenberg 2014).

Apart from the interaction of ALIX BRO1 domain with the ESCRT-Ill protein CHMP4,
ALIX can also bind to the ESCRT-I protein TSG101 through its PRR (Strack et al. 2003; von
Schwedler et al. 2003). The PRR also interacts with centrosomal protein of 55 kDa (CEP55)
(Carlton and Martin-Serrano 2007), a protein located at the bridge (midbody) of cells
undergoing mitosis near the end of cytokinesis. ALIX and its ESCRT-interacting partners
(TSG101 and CHMP4) localization at the midbody is important to coordinate cytokinetic
(Carlton and Martin-Serrano 2007; Morita et al. 2007; Carlton et al. 2008; Christ et al. 2016).
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Furthermore, CHMP4 membrane recruitment during cytokinesis is regulated by two parallel
pathways: One dependent on CEP55, ESCRT-I, -l and CHMP6, and a second one
dependent on the direct interaction between CEP55, ALIX and CHMP4 (Christ et al. 2016).

ALIX V-shaped domain binds to the late domain of HIV-1 p6 Gag and equine infectious
anemia virus (EIAV) Gag p9 by recognizing the LYPX(n)L motif (Strack et al. 2003). Thus,
ALIX promotes HIV-1 and EIAV budding from plasma membrane by recruiting components
of ESCRT-I and ESCRT-III to the viral budding necks (Martin-Serrano et al. 2003; Strack et
al. 2003; Usami et al. 2007). Moreover, the V-shaped domain and the PRR participate in
ALIX dimerization, which appears to be important for HIV-1 budding (Pires et al. 2009). ALIX
V-shaped domain also binds to ubiquitin, and this interaction is important for the release of
HIV-1 and EIAV (Joshi et al. 2008; Dowlatshahi et al. 2012; Keren-Kaplan et al. 2013).

2.3.2.1.1. ALIX auto-inhibition by its PRR

There is clear evidence that ALIX PRR auto-inhibits both the CHMP4 and HIV-1 binding
activities of ALIX (Zhou et al. 2008; Zhou et al. 2009; Zhou et al. 2010; Zhai et al. 2011; Sun
et al. 2015; Sun et al. 2016). The ALIX BRO1-V construct (ALIXAPRR) does not only have a
better affinity for the HIV-1 p6 Gag protein than the full length ALIX, but is also more efficient
in recovering the production of a mutant HIV-1 virus which has low interaction with the full
length ALIX (Strack et al. 2003). The mechanism of auto-inhibition involves the interaction
between the N-terminus of the PRR and a Src-phosphorylation site on the BRO1 domain
(Zhou et al. 2010). Therefore, ALIXAPRR possibly represents an active form of ALIX. In
addition, ALIX PRR phosphorylation has been suggested to release the interaction of the
PRR with the BRO1 domain, activating the ESCRT function of ALIX in cytokinesis and virus
budding (Sun et al. 2016).

2.3.2.1.2. ALIX interaction with LBPA

The ALIX BRO1 domain contains a flexible loop in its convex surface, opposite to the
CHMP4 interacting site, that interacts with LBPA/BMP (Bissig et al. 2013) (Fig 12). This loop
does not interact with other negatively charged lipids, such as Ptins, phosphatidic acid and
PtdSer. Upon binding, ALIX undergoes a conformational change that leads to the partial
insertion of its LBPA-interacting region into the membrane, a process that is dependent on
calcium binding (Bissig et al. 2013). The LBPA/BMP interacting loop is not conserved in

other BRO1-domain containing proteins, including BROL1 itself. This interaction has been
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proposed to facilitate ALIX recruitment to LEs, and also to mediate the delivery of viral
nucleocapsids to the cytosol during vesicular stomatitis virus (VSV) infection (Welsch et al.
2006; Bissig et al. 2013). In addition, ALIX was suggested to participate in the formation of
MVEs. ALIX-silenced cells showed a decrease in the number of ILVs per compartment when
compared to a mock condition (Matsuo et al. 2004). Moreover, ALIX participates in the
lysosomal degradation of some membrane receptors (discussed below). In vitro studies
reinforced the idea of an endosomal interplay between ALIX and LBPA/BMP by showing that
recombinant ALIX could regulate ILV formation of liposomes containing LBPA/BMP (Matsuo
et al. 2004).
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Figure 12. ALIX BRO1 domain LBPA-interacting loop. (A) Ribbon model of ALIX BRO1 domain using the
atomic coordinates derived from the X-ray diffraction analysis (PDB ID: 2R03). The N- and C-termini of the BRO1
domain are marked with N and C, respectively. The LBPA/BMP interacting residues are shown in brown (101-
KGSLFGGSVK-110) and orange (232-QYKD-235). The 1212 residue is involved in CHMP4 interaction. D97 and
D178 coordinate calcium binding. (B) Higher magnification view of the membrane-interacting region (Bissig et al.
2013)

2.3.2.2. Structural domains of the mammalian BRO1 proteins: HD-PTP

HD-PTP is a 1636 amino acid protein (179 kDa) which contains five domains: BRO1, V-
shaped domain, PRR, a catalytically inactive tyrosine phosphatase domain and a PEST
(proline-, glutamic acid-, serine-, and threonine-rich) domain (Fig 11). Similarly to ALIX, HD-
PTP BRO1 domain and the PRR, interact with CHMP4 (ESCRT-IIl) and TSG101 (ESCRT-I),
respectively (Ichioka et al. 2007). In addition, the BRO1 domain and the PRR interact with
signal transducing adapter molecule (STAM) 2, which is part of ESCRT-0 (Ali et al. 2013;
Lee et al. 2016). HD-PTP V-shaped domain binds directly to ubiquitin and also to K63-linked
polyubiquitin chains, as for ALIX and the yeast BRO1 (Pashkova et al. 2013). In contrast to
what is known for BRO1 and ALIX, until today there are no functions known for the HD-PTP

interaction with ubiquitin.
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2.3.2.3. BRO1 domain containing proteins function in ILV formation

In this part of the introduction | will review the functional role of the mammalian BRO1
proteins in the formation of ILV and cargo sorting to lysosomes.

2.3.2.3.1. EGFR lysosomal degradation: HD-PTP dependent

The epidermal growth factor receptor (EGFR) is a well-established example of signaling
receptor downregulation triggered by ligand binding and mediated ESCRT-dependent
sorting to lysosomes. Indeed, ligand-induced EGFR degradation depends on ubiquitination
of its cytosolic domain (Levkowitz et al. 1998; Umebayashi et al. 2008), and on ESCRT-O0,
ESCRT-I and ESCRT-III (Bishop et al. 2002; Bache et al. 2004; Doyotte et al. 2005; Bache
et al. 2006; Langelier et al. 2006; Razi and Futter 2006; Raiborg et al. 2008). The role of
ESCRT-Il in EGFR degradation has been debated (Bowers et al. 2006; Langelier et al. 2006;
Malerod et al. 2007), suggesting that ESCRT-Il sorting functions may be cargo-specific or
redundant (Bowers et al. 2006). This may also hint at another pathway for cargo sorting into

ILVs and degradation in mammalian cells, different from the canonical ESCRT pathway.

ALIX contribution in ESCRT recruitment during virus budding provided indirect evidence
that ALIX might also participate in MVE biogenesis and cargo sorting. However, several
studies showed that EGFR degradation was independent of ALIX, (Cabezas et al. 2005;
Bowers et al. 2006; Doyotte et al. 2008) and instead, HD-PTP was shown to be important.
HD-PTP was proposed to act in place of ESCRT-II during EGFR sorting into ILVs and
degradation (Doyotte et al. 2008), by facilitating EGFR transfer from ESCRT-0 to ESCRT-III
[together with the action of the DUB ubiquitin isopeptidase Y (UBPY)], presumably via
interactions with STAM2 and the ESCRT-III subunit CHMP4 (Doyotte et al. 2008; Ali et al.
2013) (Fig 13).
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Figure 13. A model for HD-PTP and UBPY function. HD-PTP first binds EGFR and ESCRT-0. Recruitment of
CHMP4B and UBPY to HD-PTP displaces STAM2/ ESCRT-0 from HD-PTP. In conjunction, STAM2 binding
facilitates UBPY-dependent deubiquitination of EGFR, supporting release of ESCRT-0 from EGFR in favor of
ESCRT-III (Ali et al. 2013).

2.3.2.3.2. MHC class |, Integrin a581, PDGFRB and TGFBR Ilysosomal degradation:
HD-PTP dependent

Similarly to EGFR degradation, major histocompatibility complex (MHC) class | down-
regulation, induced by the Kaposi’'s sarcoma-associated herpes virus (KSHV), also follows a
non-canonical HD-PTP-dependent and ESCRT-Il independent pathway (Bowers et al. 2006;
Parkinson et al. 2015). HD-PTP is also involved in integrin a5B1 and platelet-derived growth
factor receptor beta (PDGFRB) lysosomal degradation (Kharitidi et al. 2015; Ma et al. 2015).
Additionally, the degradation and signaling of the transforming growth factor B/bone
morphogenetic protein receptor (TGFBR), seems to be regulated by the interaction of HD-
PTP with the TGFBR-interacting complex smad anchor for receptor activation

(SARA)/Endofin, which regulates the signaling cascade of the receptor (Gahloth et al. 2017).

2.3.2.3.3. PAR1 and P2Y1 lysosomal degradation: ALIX dependent

Like HD-PTP, ALIX has also been identified as a factor necessary for the recruitment of
ESCRT-IIl during cargo sorting into ILVs (Dores et al. 2012; Dores et al. 2015). As was
mentioned previously, sorting into ILVs of the ligand-activated PAR1 and P2Y1 receptors is
independent of ubiquitination (Wolfe et al. 2007; Dores et al. 2016). Furthermore, lysosomal

sorting of these receptors depends on a subset of ESCRT proteins, but not on HRS (Wolfe
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et al. 2007; Dores et al. 2016), reinforcing the notion that multiple pathways of cargo sorting
to lysosomes may exist. Both receptors contain a cytoplasmic YPXs;L motif, which is
recognized by ALIX in response to ligand-induced activation of the receptors (Dores et al.
2012; Dores et al. 2016) (Fig 14). Furthermore, the interactions between ALIX and the
ESCRT-1ll subunit CHMP4 (von Schwedler et al. 2003) facilitate coupling of activated PAR1
to the ESCRT machinery (Dores et al. 2012). Interestingly, although PAR1 ubiquitination is
dispensable, ALIX ubiquitination, which is mediated by interactions with arrestin domain-
containing protein 3 (ARRDC3) and the E3 ubiquitin ligase WWP2, was shown to be

important for PAR1 sorting and degradation (Dores et al. 2015).

Fig 14. ALIX mediates the sorting of P2Y1 at the late endosome/MVE. ALIX interacts with a conserved YPXsL
motif of P2Y1, and facilitates sorting of the receptor at late endosomes into intraluminal vesicles (ILV) of the

multivesicular body (MVB/MVE), where the receptor is eventually degraded (Dores et al. 2016).

2.3.2.3.4. CD4 lysosomal degradation: ALIX dependent

CD4 is expressed in helper T-lymphocytes and other cells of the immune system. It acts
as a co-receptor for the recognition of MHC class Il molecules during adaptive immune
response. In addition, CD4 is the primary receptor for HIV-1 and HIV-2 and acts together
with two possible co-receptors: C-C chemokine receptor type 5 (CCR5) or CXCR4. Nef is an
accessory protein of HIV-1 and HIV-2 that enhances virus production and promotes disease
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progression. This protein also interacts with CD4 and induces its internalization by a clathrin-
mediated mechanism. Contrary to the typical plasma membrane recycling pathway followed
by CD4 after endocytosis, Nef-induced internalization triggers lysosomal degradation of the
receptor. CD4 degradation is independent of receptor ubiquitination and is dependent on the
ESCRT proteins TSG101 and VPS4. In addition, ALIX also participates in Nef-induced CD4
degradation, presumably by acting as an adaptor for ESCRT recruitment. Nef directly
interacts with the ALIX V-domain and the BRO1 domain, and they both localize in LE
together with the internalized CD4 (daSilva et al. 2009; Amorim et al. 2014)

2.3.2.3.5. EGFR internalization induced by UV-light: ALIX dependent

The high flexibility of the mammalian machinery required for cargo sorting into ILVSs, is
also illustrated by the differences in the molecular mechanisms used during the EGF-
induced and the stress-induced post-endocytic sorting of EGFR. Ultraviolet light (UV) C
induces ligand-independent EGFR internalization, and its accumulation into ILVs of
LBPA/BMP-containing MVESs, a process in which the receptor avoids lysosomal degradation
(Tomas et al. 2015). Interestingly, in stress-induced post-endocytic sorting of EGFR, EGFR
ubiquitination is not required and ALIX cooperates in EGFR sorting into ILVs, in marked
contrast to EGF-induced receptor degradation, which depends on ubiquitination but not on
ALIX (Umebayashi et al. 2008; Tomas et al. 2015).

2.4. ESCRT function in exosome biogenesis

Previously, | discussed the formation of MVEs and its importance for cargo degradation
in lysosomes. In addition to fusion with lysosomes, MVEs can also fuse with the plasma
membrane, which results in the release of ILVs to the extracellular milieu (Raposo et al.
1996). These extracellular vesicles were called exosomes, and participate in intercellular
communication by transferring membrane and cytoplasmic components between cells.
During the past few years, secreted vesicles were demonstrated to be involved in
physiological processes such as coagulation, inflammation, angiogenesis, waste
management and physiopathological processes like tumor progression, neurodegeneration
and cardiovascular diseases [for review see (Simons and Raposo 2009)]. The capacity to
secrete exosomes differs from cell type to cell type and can occur on a constitutive or
inducible basis (Raposo et al. 1997; Zitvogel et al. 1998). The mechanism involved in MVE

fusion with plasma membrane has not been fully elucidated; however, RAB proteins
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(RAB11, RAB35, RAB27A and RAB27B) are known to regulate this process (Savina et al.
2005; Hsu et al. 2010; Ostrowski et al. 2010). Exosomes contain specific lipid and protein
content, which arise from the plasma membrane, the endocytic pathway and the cytosol
(Thery et al. 1999; Thery et al. 2001; Wubbolts et al. 2003; Subra et al. 2007). The ESCRT-I
protein TSG101 and ALIX, were found enriched in exosomes (Thery et al. 2001), which
made ESCRTs a possible machinery involved in exosome biogenesis. A gene silencing-
based screening targeting 23 ESCRT and ESCRT-associated proteins, showed that only a
subset of these proteins (HRS, STAM1, TSG101, ALIX, VPS4B) participate in the secretion
of exosomes (Colombo et al. 2013), implying that a pathway different from the canonical
ESCRT pathway is presumably involved in exosome biogenesis. As it was discussed
previously (section 1.2.4), a mechanism for exosomes formation independent of ESCRTS,
but dependent on ceramide, has been described (Trajkovic et al. 2008). Additionally, the late
endosomal protein CD63 was also suggested to participate in cargo sorting into ILVs

destined for secretion as exosomes (van Niel et al. 2011).

2.4.1. ALIX function in exosome biogenesis

The interaction of three proteins, syndecan, syntenin and ALIX, has been shown to be
important for the recruitment of the ESCRT-III machinery on the limiting membrane of
endosomes for exosome biogenesis (Fig 15) (Baietti et al. 2012; Ghossoub et al. 2014;
Roucourt et al. 2015; lavello et al. 2016). Syndecan, a transmembrane heparan sulfate
proteoglycan, interacts with PDZ (PSD-95, Discs Large, Zo-1 domain) domains of the
cytosolic protein syntenin (Grootjans et al. 2000). In addition, syntenin N-terminal domain
interacts with ALIX via three LYP(X)nL motifs (Baietti et al. 2012). Gain and loss of function
experiments established that syndecan, syntenin and ALIX work together to control the
exosomal release of CD63, Heat Shock Protein 70 (HSP70) and their own exosomal
secretion. Moreover, the cleavage of heparan sulfate chains in syndecan, which is catalyzed
by heparanase intracellularly, is necessary for syndecan-syntenin-ALIX exosome formation
(Roucourt et al. 2015). This pathway is also dependent on the ESCRT-I component
TSG101, ESCRT-Il VPS22 and ESCRT-IIl proteins CHMP4A,B,C and CHMP2A, but not
CHMP3 and CHMP6 (Baietti et al. 2012). Furthermore, neutral SMase2, which catalyzes
sphingomyelin breakdown and ceramide production, might also regulate syndecan-syntenin-
ALIX-dependent pathway (Baietti et al. 2012). Phospholipase D2 (PLD2) and the adenosine
5'-diphosphate (ADP)-ribosylation factor 6 (ARF6) small GTPase, which regulates syntenin-

syndecan recycling to the plasma membrane (Zimmermann et al. 2005), are necessary for
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syntenin exosome production (Ghossoub et al. 2014). The PLD2 and ARF6 mechanism for
exosome production is unknown. However, ARF6 is known to stimulate phospholipase D2

(PLD2) activity (Hiroyama and Exton 2005), inducing an increase in the cone-shaped lipid
phosphatidic acid, which might control ILV formation.
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Fig 15. Syndecan-syntenin-ALIX and associated regulators in exosome biogenesis (Friand et al. 2015).
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3. Aim of the project

The ESCRT-associated protein ALIX acts in multiple ESCRT-mediated processes, such
as virus budding, cytosolic release of the viral capsid, cytokinesis, membrane repair,
autophagy and exosome biogenesis. The capacity of ALIX to interact with the ESCRT
proteins TSG101 and CHMP4 facilitates the recruitment of the ESCRT machinery during
virus budding, cytokinesis and membrane repair. Additionally, some evidence shows that
ALIX participates in ILV formation and cargo sorting to lysosomes. ALIX association with
endosomes depends on the interaction of its BRO1 domain with LBPA/BMP. As it was
discussed before, LBPA/BMP induces ILV formation in large acidic liposomes, a process
which is regulated by ALIX. Therefore, it is tempting to think that ALIX could serve as a
nucleation factor for the ESCRT proteins, through its ability to bind both the LBPA/BMP
endosomal membranes and the ESCRT proteins (CHMP4 and TSG101). In other words,
LBPA/BMP and ALIX may play a direct role in ESCRT-dependent ILV formation and cargo

sorting within LEs.

The aim of this study is to investigate the role of ALIX in the recruitment of ESCRTSs to
the endosomal membranes and its effect on endosomal protein sorting. Some of the raised
guestions regarding the link between ALIX and the ESCRTs endosomal function are the

following:
Is ALIX regulating the ESCRTs endosomal association?

If ALIX associates with LE, can ALIX also recruit ESCRTSs to this compartment?
Which ESCRT proteins are regulated by ALIX?
What is the mechanism by which ALIX regulates the ESCRT endosomal interaction?

O DR

Is ALIX-LBPA/BMP interaction important for ALIX-dependent recruitment of
ESCRTSs?

Is ALIX participating in cargo sorting in the MVE?

1. Which proteins traffic through endosomes in an ALIX-dependent manner? Is this
pathway cargo-specific?

2. Is ALIX affecting other endosomal processes which also require ESCRTs
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SUMMARY

The endosomal sorting complexes required for transport (ESCRT) is a multiprotein
complex that participates in processes which require membrane deformation, such as
cytokinetic abscission, virus budding and multivesicular body (MVB) biogenesis. MVBs
contain intraluminal vesicles (ILV), the formation of which plays a key role in the delivery of
ubiquitinated cargo to the lysosomes for degradation. The canonical ESCRT pathway for
MVB formation requires four complexes, ESCRT-O0, -I, -1l and —III, which participate in cargo
sorting and membrane remodeling. Amidst these complexes, ESCRT-IIl has been
extensively described as a key player in the deformation and fission of membranes. ALIX is
an ESCRT-associated protein known to interact with TSG101 (ESCRT-I), CHMP4 (ESCRT-
), and a late endosomal lipid, LBPA. ALIX and LBPA participate in the formation of ILVs,
yet the mechanism by which they act and their link to the ESCRT machinery is unknown.
Here, we show that an active form of ALIX, lacking its proline rich region (ALIXAPRR),
recruits ESCRT-Ill proteins, mainly CHMP4, to late endosomes, in an LBPA-dependent
manner. This recruitment occurs independently of ESCRT-0, -1 and —ll, and of CHMPG6.
Additionally, ALIXAPRR induces the accumulation of ubiquitinated proteins, providing
evidence that the endosomal sorting of several specific transmembrane proteins depends on
ALIX. Altogether, we illustrate the importance of ALIX and LBPA in the recruitment of
ESCRT-III proteins and in the sorting of specific cargo. We describe a route that permits the
recruitment of the ESCRT-IIl machinery to late endosomes, representing an ESCRT

pathway alternative to the canonical pathway.
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INTRODUCTION

Signaling receptors and other cell surface proteins that need to be downregulated are
endocytosed into early endosomes, from where they are sent to the lysosomes for
degradation. First, in the endosomes, they are sorted from molecules that are destined to be
recycled to the plasma membrane or transported to the trans-Golgi network (Scott et al.
2014). Second, they are selectively incorporated into ILVs within multivesicular regions of
the early endosome. This nascent endosomal carrier vesicle (ECV)/MVB then matures and
transports endocytosed materials towards late endosomes and lysosomes (Scott et al.
2014). There, ILVs are degraded together with their signaling receptor cargo. However, ILVs
can also have different fates, such as secretion into the extracellular milieu as exosomes
(Kowal et al. 2014).

Sorting of proteins targeted for lysosomal degradation into ILVs depends on the addition
of ubiquitin (Kolling and Hollenberg 1994; Hicke and Riezman 1996; Katzmann et al. 2001)
by triggering the sequential recruitment of ESCRTs onto the endosomal membranes (Babst
et al. 2002a; Babst et al. 2002b; Katzmann et al. 2003; Teis et al. 2008; Saksena et al.
2009). ESCRTs are organized in four complexes, ESCRT-0, -I, -Il and —llIl (Williams and
Urbe 2007), with ESCRT-O0, -l and —II having multiple ubiquitin-binding domains (Shields and
Piper 2011). In addition to cargo sorting, ESCRTs are also believed to play a direct role in
membrane remodeling processes leading to ILV formation. Specifically, ESCRT-IIl is
recruited to the membrane by ESCRT-II (Babst et al. 2002b), which acts as a nucleator and
activator of ESCRT-IIl polymerization (Teis et al. 2010). Membrane polymerization of the
ESCRT-III protein CHMP4 (SNF7 in yeast) in spiral-shaped structures (Chiaruttini and Roux
2017), has been suggested to be the main contributor for membrane deformation not only in
ILV biogenesis, but also in other ESCRT mediated processes (Wollert et al. 2009; Chiaruttini
et al. 2015). Consistently, ESCRT-IIl, is proposed to be a general fission machinery for
budding processes with the same orientation away from the cytoplasm, as it is required for
cytokinesis (Carlton and Martin-Serrano 2007; Morita et al. 2007; Mierzwa et al. 2017), virus
budding (Garrus et al. 2001; Martin-Serrano et al. 2001; Strack et al. 2003), plasma
membrane (Jimenez et al. 2014; Scheffer et al. 2014) and nuclear envelope repair (Denais
et al. 2016; Raab et al. 2016), nuclear envelope reassembly following mitosis (Olmos et al.
2015; Vietri et al. 2015; Olmos et al. 2016; Gu et al. 2017) and autophagy (Filimonenko et al.
2007; Lee et al. 2007).
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In addition to the classical ESCRT-0, -I, -Il pathway, other mechanisms for ESCRT-III
recruitment have been suggested (Jimenez et al. 2014; Scheffer et al. 2014 Vietri, 2015 #44;
Christ et al. 2016; Tang et al. 2016; Gu et al. 2017). In yeast, the ESCRT-associated protein
BROL1 interacts with SNF7 (Kim et al. 2005), and together with ESCRT-0, induces SNF7
polymerization on membranes in an ESCRT-I and —IlI independent manner (Tang et al.
2016). In mammals, there are three BRO1-domain containing proteins, which all interact with
SNF7/CHMP4: HD-PTP, ALIX and BROX (Katoh et al. 2003; Strack et al. 2003; Ichioka et
al. 2007; Ichioka et al. 2008). By linking ESCRT-0 and —IIl, HD-PTP may participate in the
ILV sorting and lysosomal targeting of EGFR in an ESCRT-Il independent mechanism
(Doyotte et al. 2008; Ali et al. 2013). Similarly, ALIX is believed to mediate the ubiquitin-
independent sorting of specific G protein-coupled receptors (GPCRs) into ILVs for
degradation (Dores et al. 2012; Dores et al. 2016). ALIX is also required for other ESCRT-
dependent processes such as HIV budding (Strack et al. 2003), plasma membrane repair
(Jimenez et al. 2014), cytokinetic abscission (Carlton and Martin-Serrano 2007; Morita et al.
2007; Christ et al. 2016) and autophagy (Murrow and Debnath 2015).

ALIX has an N-terminal BRO1 domain, a central V-shaped domain and a flexible C-
terminal PRR (Fisher et al. 2007). ALIX BRO1 domain interacts with CHMP4 (Katoh et al.
2003; Strack et al. 2003), and the PRR binds TSG101 in ESCRT-I (Strack et al. 2003). In
addition, the PRR region interacts with the BRO1 domain, keeping ALIX in a closed, auto-
inhibited conformation (Strack et al. 2003; Zhou et al. 2008; Zhou et al. 2009; Zhou et al.
2010; Zhai et al. 2011). The V-domain binds to the YPXs;L motif present in the cytosolic
region of the GPCRs PAR1 and P2Y1 and is required for their lysosomal degradation (Dores
et al. 2012; Dores et al. 2016). We previously reported that the BRO1 domain interacts with
lysobisphosphatidic acid/bis(monoacylglycero)phosphate (LBPA/BMP) (Bissig et al. 2013),
an unconventional phospholipid found only in late endosomes and not detected in other
cellular membranes (Kobayashi et al. 1998). LBPA patrticipates in the specific recruitment of
ALIX to late endosomes (Matsuo et al. 2004; Bissig et al. 2013). While these interactions
have been partially characterized, their importance for the lysosomal degradation of specific
membrane proteins remains unclear. In particular, whether the ALIX pathway acts as a
bypass for specific cargo degradation is unknown. Here, we studied ALIX-dependent
mechanisms of ESCRTs recruitment to endosomes. We find that ALIXAPRR massively
recruits CHMP4 to the late endosomes, through an ALIX-LBPA interaction. The massive
recruitment of CHMP4 is correlated with the accumulation of ubiquitinated proteins in late
endocytic compartments, and an abnormal endosomal accumulation of specific

transmembrane proteins.
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RESULTS

ALIX is confined to late endosomes containing LBPA

ALIX-PRR presumably functions as an auto-inhibitory domain that can interact with the
BRO1 domain via the flexible V-domain (Zhou et al. 2008). When expressed in HelLa cells,
both full-length ALIX and ALIX without the PRR (ALIXAPRR) tagged with mCherry, showed
both a cytosolic and punctate distribution (Fig 1B). However, the proportion of ALIXAPRR in
punctae was more important than wild-type ALIX. Because the deletion of the auto-inhibitory
domain in ALIXAPRR could promote membrane association, we studied the possible
colocalization of ALIXAPRR punctae with endosomal structures. ALIXAPRR-mCherry
colocalized to a very large extent with the late endosomal lipid LBPA, contrary to the poor
colocalization with the early endosomal marker EEALl (Fig 1C; quantification in Fig 1D),
consistent with the notion that ALIX membrane-association is LBPA dependent (Matsuo et
al. 2004; Bissig et al. 2013). Thus, the PRR of ALIX is inhibitory to its association with late

endosomal membranes.

ALIX recruits ESCRT-IIl on late endosomes

Since ESCRT-IIl binds to ALIX through the BRO1 domain (Katoh et al. 2003), we
investigated whether ALIXAPRR-mCherry was able to interact with ESCRT-III in vivo. To this
end, we used cells stably expressing GFP-CHMP4B at low levels (Poser et al. 2008)
equivalent to endogenous protein levels (Fig 2B). In these cells, GFP-CHMP4B was found
primarily in the cytosol and nucleoplasm (Fig 2A), but also on intracellular punctae. Upon
ALIXAPRR expression, the intensity (Fig 2C) and number (Fig 2C-D) of CHMP4B-labeled
punctae increased severalfold, and CHMP4B then co-localized with ALIXAPRR-mCherry.
Triple-labeling experiments confirmed that CHMP4B was recruited onto late endosomes
containing both ALIXAPRR and LBPA (Fig 2E). Consistent with these observations, both
CHMP4B and GFP-CHMP4B also increased severalfold on light membranes (endosomal-
enriched fraction) prepared from cells expressing ALIXAPRR-mCherry (Fig 2G-H), when
compared to the post-nuclear supernatant (Fig 2F). Moreover, overexpression of the RAB7
effector RILP (RAB-interacting lysosomal protein), which clusters late endosomes at the
microtubule-organizing center (MTOC) (Cantalupo et al. 2001), also clustered ALIXAPRR in
the perinuclear region of Hela cells (Fig 3A). These punctae contained RILP itself, GFP-
CHMP4B, ALIXAPRR and the late endocytic marker LAMP1 (Fig 3C). We also investigated
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whether ALIX also recruited other ESCRT-III subunits onto endosomes. CHMP1A-V5 and
CHMP1B-Flag exhibited primarily a cytosolic distribution without ALIX (Fig 4A-B). Much like
CHMPA4B, both proteins were efficiently recruited onto endosomes containing ALIXAPRR-
mCherry (Fig 4C-D). Similarly, both CHMP4A and CHMP3 were enriched in light membrane
fractions prepared from cells expressing ALIXAPRR (Fig 4E-F; our antibodies against
CHMP4A and CHMP3 do not work by immunofluorescence). Additionally, VPS22 and
VPS4B, other ESCRT components, were also increased in light membranes upon
ALIXAPRR expression. It has been previously described that a dynamic subunit turnover in
ESCRT-Ill assembly is necessary to induce membrane deformation, which is regulated by
VPS4 (Adell et al. 2014; Adell et al. 2017; Mierzwa et al. 2017). Fluorescence of GFP-
CHMP4B and ALIXAPRR-mCherry on endosomes was partially recovered after
photobleaching, showing that the binding of both proteins to the compartments is dynamic,
and suggesting that VPS4 participates in the remodeling of the endosomal ESCRT-III
polymers formed by ALIXAPRR expression (Fig S1). Altogether, these data demonstrate
that ALIXAPRR causes the constitutive recruitment of ESCRT subunits on the late

endosomes containing both LBPA and LAMP1, and that the process is highly selective.

ESCRT-lIl membrane association depends on LBPA and ESCRT-IIl binding sites of
ALIX

Given that it was previously established that ALIX binding to ESCRT-III is abolished by
the 1212D mutation in ALIX BRO1 domain (Fisher et al. 2007; McCullough et al. 2008), we
investigated whether this binding site was required for CHMP4B recruitment. In contrast to
ALIXAPRR, the ALIXAPRR-1212D mutant exhibited a strictly cytosolic distribution in cells
expressing GFP-CHMP4B (Fig 5A) and was thus unable to recruit GFP-CHMP4B onto
endosomal membranes, as monitored by fluorescence microscopy (Fig 5A; quantification in
Fig 5B) and subcellular fractionation (Fig 5C-D, quantification in Fig 5E). These observations
indicate not only that ALIX recruits ESCRT-III highly specifically, but also that interactions

with ESCRT-III are necessary to stabilize ALIX onto endosomal membranes.

Similarly, we previously showed that ALIX association to LBPA-containing membranes
depends on a flexible loop on the side of the BRO1 domain opposite to the ESCRT-III
binding site, and that mutation of the exposed hydrophobic residues L104 and F105 to
glutamines (ALIXAPRR-QQ) abolishes membrane association (Bissig et al. 2013). Much like
ALIXAPRR-I1212D, ALIXAPRR-QQ remained strictly cytosolic in cells expressing GFP-
CHMP4B (Fig 5A), as expected (Bissig et al. 2013), and was unable to recruit GFP-
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CHMP4B onto endosomes, as monitored by fluorescence microscopy (Fig 5A; quantification
in Fig 5B) and subcellular fractionation (Fig 5C-D, quantification in Fig 5E). Hence, intact
binding sites for both LBPA and ESCRT-III are required for the ALIX-dependent recruitment
of ESCRT-III onto late endosomal membranes in vivo.

Both LBPA and ALIX are necessary to support ESCRT-Ill binding in vitro

Having shown that LBPA is required for ALIX binding to endosomes and that ALIX
membrane association in turn mediates ESCRT-III recruitment in vivo, we then investigated
whether the process could be reconstituted in vitro using purified components. In these
experiments, giant unilamellar vesicles (GUV) were prepared with a phospholipid
composition mimicking the one of endosomes, enriched in LBPA (Kobayashi et al. 1998) and
labeled with trace amounts of N-rhodamine PE (DOPC:DOPE:PI:LBPA:Rhod-PE-
4.99:2:1:2:0.01 molar ratio). We then used our previously established method to prepare
supported bilayers upon GUV deposition onto glass (Chiaruttini et al. 2015; Mierzwa et al.
2017). Supported bilayers were then sequentially incubated with purified recombinant ALIX
BRO1 domain, and then with purified recombinant Alexa-488 CHMP4B (Fig S2).

In the absence of LBPA, no CHMP4B was bound onto the bilayer, whether ALIX-BRO1
was present or not. However, hardly detectable levels of CHMP4B could be recruited in the
presence of ALIX-BRO1, when PS, another negatively-charge lipid, replaced LBPA in the
same molar ratio (DOPC:DOPE:PI:DOPS - 5:2:1:2). By contrast, CHMP4B was massively
recruited onto LBPA-containing bilayers, but only when ALIX-BRO1 was present (Fig 6A,
guantification in Fig 6C). CHMP4B recruitment occurred with relatively rapid kinetics in vitro,
with an apparent t1/2 of approximately 5 min (Fig 6B, boxed area in Fig 6A). Altogether,
these observations demonstrate that CHMP4B recruitment onto the bilayer can be fully

recapitulated in vitro, provided that LBPA and ALIX-BRO1 are present.

Other ESCRT or ESCRT-related proteins are dispensable for the ALIX-dependent

membrane association of CHMP4B

Our in vivo (Fig 4-5) and in vitro (Fig 6) analysis strongly suggests that CHMP4B
recruitment onto late endosomal membranes strictly depends on LBPA and ALIX. We thus
decided to investigate whether other factors, which had been previously linked to ESCRT-III
physically or functionally, also played a role in ALIX-dependent CHMP4B membrane

association. In particular, we tested the possible role of the ESCRT-0 subunits STAM1/2 and
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the ESCRT-I subunit TSG101, which binds ALIX, as well as the role of VPS22, which
initiates ESCRT-IIl polymerization on membranes, and of the ESCRT-III subunit CHMP3 and
CHMP6. Finally, we tested the possible involvement of other BRO1 domain-containing
proteins HD-PTP and BROX (Fig 7). Each individual protein except ALIX was depleted using
a pool of siRNA target sequences to limit the danger of off-target effects, while ALIX was
depleted using a well-characterized single siRNA (Bissig et al. 2013). After knock-down,
each protein was reduced 5-10 times, except perhaps STAM1, which was reduced
approximately 3 times (Fig 7C).

ALIXAPRR was fully capable of redistributing GFP-CHMP4B from cytosol to endosomal
membranes upon depletion of any individual protein candidate (Fig 7A). Indeed, CHMP4B-
GFP exhibited the same characteristic punctate pattern as shown in Fig 1, after each KD
much like in mock-treated controls (Fig 7A) and the quantification confirmed that none of the
KDs had any effect of GFP-CHMP4B membrane association (Fig 7B). Only a slight increase
in GFP-CHMP4B recruitment was observed in CHMP3 KD cells, which could be related to
CHMPS function in ESCRTs membrane disassembly. Altogether, our in vitro and in vivo data
show that the extensive recruitment of ESCRT-III onto late endosomal membranes strictly
depends on LBPA and ALIX and does not require other factors. We conclude that, in
addition to the canonical mechanism dependent on ESCRT-0, ESCRT-I and ESCRT-II, ALIX
functions as an alternative mechanism to recruit ESCRT-III selectively onto late endosomes

containing LBPA.

ALIX participates in the endosomal sorting of cargo proteins

If ALIX provides an alternative mechanism for ESCRT-III recruitment, this ALIX-ESCRT-
Il pathway is likely used by cargo proteins trafficking to the late endosomes. Relatively little
is known about the possible role of ALIX in protein sorting into multivescular endosomes.
ALIX does not seem to play a role in the downregulation of the EGF receptor, a canonical
ESCRT cargo protein (Cabezas et al. 2005), but is involved in the ubiquitin-independent,
ESCRT-dependent sorting of two GPCRs to the lysosomes (Dores et al. 2012; Dores et al.
2016).

As a first step to investigate the possible role of ALIX in cargo sorting, we followed the
fate of proteins originally biotinylated at the cell surface. We used a membrane-impermeable
biotinylation reagent containing a disulfide bridge, so that biotinylated proteins remaining at

the cell surface at the end of the incubation period could be released upon reduction. After

46



Results

18h incubation, labeling with streptavidin-Cy5 showed that the biotinylated proteins
distributed within structures dispersed over the cell cytoplasm (Fig 8A-B). These elements
correspond primarily to early and recycling endosomes, as previously shown (Steinman et
al. 1983). Endocytosed biotinylated proteins were also found in structures labelled with
ALIXAPRR-mCherry (Fig 8A-B), presumably corresponding to endocytosed proteins sent to
late endosomes and lysosomes (Scott et al. 2014). Interestingly, careful observations
showed that biotinylated proteins accumulated significantly in the ALIXAPRR-containing
endosomes, when compared to untransfected cells (Fig 8B; quantification in Fig 8C). Since
EGF receptor degradation in cells challenged with EGF was not perturbed by ALIXAPRR
expression, we concluded that the expression of ALIXAPRR did not induce a general block
of the late endosomal pathway, but rather of specific cargos labelled for degradation (Fig
S3).

As protein sorting into the ILVs occurs mostly upon ubiquitination (Kolling and Hollenberg
1994; Hicke and Riezman 1996; Katzmann et al. 2001), we investigated whether
ubiquitinated proteins were present in ALIXAPRR-containing late endosomes. Strikingly,
immunofluorescences revealed that conjugated ubiquitin accumulated within endosomes
containing both ALIXAPRR and GFP-CHMPA4B (Fig 8D-F), and conjugated ubiquitin was
hardly detected, if at all, in cells that did not express ALIXAPRR (Fig 8E). In addition, cell
fractionation showed accumulation of ubiquitinated proteins in light membranes in cells
expressing ALIXAPRR (Fig S4). These observations demonstrate that massive recruitment
of ALIXAPRR and ESCRT-IIl causes the selective accumulation of specific ubiquitinated
cargoes, including cell surface proteins, in late endosomes. Presumably, the constitutive
recruitment of ESCRT-III mediated by ALIXAPRR leads to unbalanced ESCRT-III kinetics,

eventually leading to cargo capture and accumulation within the endosome.

Cargo proteins which follow an ALIX-dependent sorting in endosomes

Having shown that ALIXAPRR expression affects the sorting of ubiquitinated proteins in
endosomes, we designed a strategy to identify the missorted proteins. After ALIXAPRR
expression in HelLa cells, or the transfection of an empty vector (control), a subcellular
fractionation was carried out and the protein content of the endosomal-enriched fractions
was processed by mass spectrometry and label-free quantification (Fig 9A). As expected,
several proteins were accumulated in the ALIXAPRR endosomes when compared with the
control condition (Fig 9 and Fig S5). Multiple transmembrane proteins and proteins linked to

ubiquitination, autophagy, endosome and actin function were identified (Fig 9B). The top hits
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were in majority ESCRTs, and ESCRT-IIl proteins showed the highest accumulation upon
ALIXAPRR expression, with a 15-fold increase for CHMP4B, 7-fold increase for CHMP2A-B
and at least 2.5-fold increase in other ESCRT-III proteins (Fig 9C). As CHMP6 (VPS20 in
yeast) has been proposed to initiate CHMP4/SNF7 polymerization onto endosomal
membranes, we wondered if ALIXAPRR could affect its endosomal-association. CHMP6
was more difficult to detect by mass spectrometry and was only identified in the ALIXAPRR
transfected condition. Surprisingly, western blot analysis of the light membranes did not
show any difference in CHMP6 levels between ALIXAPRR and the control condition (Fig
S6), suggesting a specific ALIX-dependent and CHMP6-independent pathway for ESCRT-III
endosomal recruitment. Although autophagy-linked proteins were accumulated, the basal
number of LC3 or P62 autophagosomes was not affected by ALIXAPRR expression (Fig
S7), which implies that the general basal autophagy pathway is not affected. Within the list of
proteins accumulated in endosomes by ALIXAPRR expression, 55 corresponded to
transmembrane proteins. Endosomal EGFR levels were not affected by ALIXAPRR
expression, which was corroborated by western blot (Fig S3), suggesting ALIX participation

in the endosomal sorting of specific cargo.
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DISCUSSION

ALIX recruits the ESCRT proteins to late endosomes

There is accumulating evidence that ALIX binds to endosomes and plays an important
role in ILV formation and back-fusion (Matsuo et al. 2004; Falguieres et al. 2008; Bissig et al.
2013). We previously demonstrated that the ALIX BRO1 domain contains a lipid-binding loop
that interacts with LBPA/BMP, and this interaction is important for ALIX binding to
endosomes (Bissig et al. 2013). Our results show that ALIXAPRR binds more efficiently to
endosomes than the full length protein, and that more than 70% of the endosome-associated
ALIX localizes to LBPA/BMP-positive late endosomes. ALIXAPRR has been suggested to be
an ALIX “active” form, in which the BRO1 domain is no longer blocked by the flexible PRR
and is more accessible to interact with CHMP4 (Zhou et al. 2009; Zhou et al. 2010).
Likewise, ALIX V-domain interaction with the HIV-1 p6 Gag late domain is also increased in
ALIXAPRR (Strack et al. 2003; Zhou et al. 2008). From this piece of evidence and other
structural analysis, a model for ALIX “activation” has been proposed, in which the PRR loses
its interaction with the BRO1 domain and the V-domain elongates allowing ALIX dimerization
(Pires et al. 2009). Thus, one may hypothesize that ALIXAPRR BRO1 domain is also more
exposed for the interaction with LBPA, or that the global protein conformation has a better
interaction with the lipid membrane, resulting in an increase in endosomal ALIX. Additionally,
the mechanism by which ALIX dissociates from membranes is unknown, so the dynamics of

ALIXAPRR membrane dissociation could also be different than the full length protein.

Using fluorescence microscopy, biochemistry analysis and mass spectrometry, we find
that ALIXAPRR expression induces massive ESCRT protein recruitment to endosomes.
ESCRT-III proteins are accumulated the most on endosomes upon ALIXAPRR expression,
where CHMP4B expression is increased 15 times. In addition, both CHMP4B and
ALIXAPRR localize to late endosomes. Several studies show that the AAA-ATPase VPS4,
which regulates ESCRT-III polymers disassembly and remodeling, plays a crucial role during
ESCRT-dependent membrane deformation and fission (Adell et al. 2014; Adell et al. 2017;
Mierzwa et al. 2017). Even though CHMP4B is highly redistributed from the cytosol to
endosomes in ALIXAPRR expressing cells, we show that GFP-CHMP4B fluorescence is
partly recovered after photobleaching, which indicates that endosomal ESCRT-III turns over

CHMPA4B subunits with cytoplasmic pools. Furthermore, ALIXAPRR expression also induces
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the endosomal recruitment of VPS4A and VPS4B, which further supports that ESCRT-III

recruited proteins are functional and could participate in endosomal membrane deformation.

Mechanism for ALIX-dependent ESCRT-IIl endosomal recruitment

ALIX has been shown to participate in the recruitment of ESCRT-III proteins during virus
budding, cytokinesis and plasma membrane repair (Strack et al. 2003; Carlton and Martin-
Serrano 2007; Morita et al. 2007; Jimenez et al. 2014) and has been suggested to
participate in an alternative pathway for ESCRT-III activation and membrane polymerization
(McCullough et al. 2008; Pires et al. 2009; Jimenez et al. 2014; Meng et al. 2015; Christ et
al. 2016). Furthermore, the ALIX yeast homolog, BRO1, induces ESCRT-IIl protein SNF7
“activation” and membrane polymerization during cargo sorting into ILVs. Two parallel
pathways were proposed for ESCRT-IIl endosomal recruitment in yeast: one dependent on
ESCRT-I/ll (canonical pathway) and a second one dependent on ESCRT-0/BROL1 (Tang et
al. 2016). Our results show that ALIXAPRR-dependent CHMP4B recruitment to endosomes
is coordinated by the dual capacity of ALIX BRO1 domain to interact with CHMP4 and LBPA;
in this regard, it is important to highlight that CHMP4 and LBPA interact with opposite
regions in the BRO1 domain, which suggests that both interactions might take place at the
same time. Interestingly, our results show that CHMP6 (VPS20 in yeast), which has been
proposed to act as the initial nucleation factor for membrane recruitment and polymerization
of SNF7/CHMP4 (Teis et al. 2008; Saksena et al. 2009; Tang et al. 2015), is not recruited to
endosomes upon ALIXAPRR expression. In addition, silencing of ESCRT-0, -I, -ll or
ESCRT-III proteins (CHMP3 and CHMP6) did not prevent CHMP4B endosomal recruitment
induced by ALIXAPRR expression. Our in vitro experiments clearly show that ALIX BRO1
strongly recruits CHMP4B to lipid bilayers containing LBPA, and that ALIX binding is specific
to this lipid and not to other negatively charged lipids, which confirms our previous results
(Bissig et al. 2013). All this strongly suggests that ALIX directly recruits CHMP4 to LBPA-
containing endosomes, as an alternative pathway for the canonical ESCRT-0, -I, -lI-
dependent ESCRT-III recruitment, as it was previously shown for cytokinesis (Christ et al.
2016).

ALIX participates in the endosomal sorting of specific transmembrane proteins

Endosomal sorting and degradation of two GPCRs, PAR1 and P2Y1, the primary HIV-1
receptor, CD4, and EGFR (UVC-induced internalization) are regulated by ALIX (Dores et al.
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2012; Tomas et al. 2015; Dores et al. 2016). We find that ALIXAPRR expression induces the
accumulation of plasma membrane proteins in endosomes. In addition, high levels of
ubiquitinated proteins localize to ALIXAPRR and CHMP4B positive endosomes in
ALIXAPRR expressing cells. Interestingly, the accumulation of ubiquitinated proteins by the
knock down or overexpression of ESCRT proteins HRS, TSG101 and VPS28 has been
previously described (Bishop et al. 2002). Our mass spectrometry analysis of endosomal-
enriched fraction show that several transmembrane proteins accumulate in endosomes
isolated from ALIXAPRR expressing. However, EGFR and other proteins that are sorted in
endosomes do not accumulate, suggesting that ALIX regulates the sorting of a specific pool
of proteins. Furthermore, the global integrity of the endosomal pathway is not affected, which
is supported by the results showing that ligand-induced EGFR degradation is not affected in
ALIXAPRR expressing cells.

The evidence presented elucidates a role for ALIX in a non-canonical ESCRT-III
endosomal recruitment. We showed that ALIX recruits ESCRT-III proteins, primarily CHMPA4,
in an LBPA dependent and ESCRT-0, -lI, —ll, and CHMP6 independent manner.
Furthermore, data provides evidence that ALIX participates in the endosomal sorting of
ubiquitinated cargo, as shown by accumulation of transmembrane and ubiquitinated proteins

in endosomes in the presence of ALIX lacking its PRR.
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MATERIALS AND METHODS

Cells, Antibodies and Reagents

We obtained HelLa-MZ cells from Marino Zerial (MPI-CBG, Dresden), HelLa Kyoto cells
stably expressing GFP-CHMP4B from Anthony Hyman (MPI-CBG, Dresden) (Poser et al.
2008), and HelLa Kyoto cells stably expressing CHMP1A-V5 or CHMP1B-FLAG from Harald
Stenmark (Christ et al. 2016). All cells were grown in Minimum Essential Media Eagle (MEM)
(Sigma-Aldrich, St. Louis, MO) supplemented with 10% fetal bovine serum (FBS) (Thermo
Fisher Scientific, Waltham, MA), 1% MEM Non-Essential Amino Acids (Thermo Fisher
Scientific, Waltham, MA), 2 mM L- Glutamine (Thermo Fisher Scientific, Waltham, MA), 100
pg/mL penicillin and 100 units/mL streptomycin (Thermo Fisher Scientific, Waltham, MA) in a
37 °C, 5% CO, incubator. HeLa Kyoto cells stably expressing GFP-CHMP4B were
additionally supplemented with 0.5 mg/mL Geneticin (Millipore, Billerica, MA) and cells
expressing CHMP1A-V5 or CHMP1B-FLAG were maintained with 0.5 pg/mL puromycin
(Thermo Fisher Scientific, Waltham, MA).

The anti-LBPA monoclonal antibody (6C4) has been described (Kobayashi et al. 1998)
and the anti-RAB5 monoclonal antibody was a gift from Reinhard Jahn (Gottingen,
Germany). The antibodies against STAM1 (12434-1-AP), HD-PTP (10472-1-AP), TSG101
(14497-1-AP), CHMP6 (16278-1-AP) and CHMP3 (15472-1-AP) were from Proteintech
(Chicago, IL), against FLAG (F3165) and tubulin (T9026) from Sigma-Aldrich (St. Louis,
MO), against CHMP4A (H-52) and VPS22 (EAP30 C-11) from Santa Cruz Biotechnology
(Dallas, TX), against P62 (ab109012), CHMP4B (ab105767) and BROX (ab193008) from
Abcam (Cambridge, UK), against EEA1 (ALX-210-239-C100) and conjugated ubiquitin (FK2)
from Enzo Life Sciences (Farmingdale, NY), against Lampl (D2D11) from Cell Signaling
Technology (Danvers, MA), against V5 (R960-25) from Thermo Fisher Scientific (Waltham,
MA), against EGFR (20-ES04, for western blot) from Fitzgerald (Acton, MA), against EGFR
(555996, for immunofluorescence) from BD biosciences (Franklin lakes, NJ), against LC3
(M152-3) from MBL international (Woburn, MA) and against ALIX (pab0204) from Covalab
(Villeurbanne, France). The Cy2-, Cy3-, and Cy5-conjugated fluorescent antibodies were
from Jackson ImmunoResearch (West Grove, PA) and the peroxidase-conjugated
secondary antibodies from Bio-Rad Laboratories (Hercules, CA). Streptavidin-Cy5, EZ-Link
Sulfo-NHS-SS-Biotin, Alexa Fluor 488 TFP ester, Ni-NTA Agarose, 7 kDa MWCO Zeba Spin

Desalting Columns and Hoechst 33342 were from Thermo Fisher Scientific (Waltham, MA).

52



Results

MBPTrap HD 5 mL columns, Glutathione Sepharose 4B and Dextrin Sepharose High
Performance were from GE Healthcare (Anaheim, CA). The cOmplete Protease Inhibitor
Cocktail was from Roche (Basel, Switzerland). Restriction enzymes were obtained from New
England Biolabs (Ipswich, MA).

LBPA [(S,S) Bisoleoyl-lysobisphosphatidic acid] was from Echelon Biosciences (Salt
Lake City, UT). DOPC, DOPE, DOPS, Liver Pl and lissamine rhodamine B sulfonyl (18:1
Rhod PE) were from Avanti Polar Lipids (Alabaster, AL). The lysosomotropic reagent L-
leucyl-L-leucine methyl ester (LLOMe) was from Sigma-Aldrich (St. Louis, MO). Other
reagents and chemicals were obtained from Sigma-Aldrich (St. Louis, MO).

Plasmids, RNA Interference and Transfection

RILP plasmids were obtained from C. Bucci (Lecce, Italy). pmCherry vector was obtained
from Clontech (Mountain View, CA). Myc-ALIX-mCherry plasmid was generated by cloning
ALIX cDNA into a pCMV-Tag3C vector (Agilent Technologies, Santa Clara, CA) using Xhol
site. Then, the mCherry cDNA was cloned in ALIX C-terminus using Xhol and Apal sites. A
mutagenesis in ALIX stop codon was generated using the following primers: forward,
CTATCCACAGCAGTTACCTCGAGGGGGGGCCC and reverse,
GGGCCCCCCCTCGAGGTAACTGCTGTGGATAG. The Myc-ALIXAPRR-mCherry plasmid
was generated by replacing ALIX cDNA from the Myc-ALIX-mCherry plasmid, cloned in Xhol
site, with the ALIXAPRR cDNA (ALIX BRO1 domain and V-domain, which corresponds to
the first 702 amino acids). The following primers were used to generate the mutants Myc-
ALIXAPRR-1212D-mCherry, Myc-ALIXAPRR-QQ-mCherry (mutation LF 104/105 to QQ) and
the sSiRNA resistant Myc-ALIXAPRR-mCherry mutant: 1212D forward primer,
GATAAGATGAAAGATGCCGACATAGCTAAGCTGGCAAATC and reverse,
GATTTGCCAGCTTAGCTATGTCGGCATCTTTCATCTTATC. LF104/105QQ forward primer,
GCTTTTGATAAAGGTTCCCAGCAAGGAGGGTCTGTAAAATTGG and reverse,
CCAATTTTACAGACCCTCCTTGCTGGGAACCTTTATCAAAAGC. siRNA resistant forward
primer, GCCAAGCCGCTCGTCAAATTCATCCAGCAGACGTAC and reverse,
GTACGTCTGCTGGATGAATTTGACGAGCGGCTTGGC. The CHMP4B expression plasmid
for recombinant protein purification was generated by replacing SNF7 from pMBP-HIS2-
SNF7 plasmid (Addgene no. 21492) for the CHMP4B cDNA, using BamHI and Notl sites.
Before cloning CHMP4B into the plasmid, a silent mutation was generated in the CHMP4B
sequence in order to remove an internal BamHI cutting site. The primers used for the
mutation were the following: forward, AACTGGGCTGGGTCCATGTAACCAGCTTTCTTG
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and reverse, CAAGAAAGCTGGTTACATGGACCCAGCCCAGTT. The ALIX BRO1 domain
plasmid for recombinant protein production was generated by cloning the BRO1 domain (1-
359 amino acids) into a pGEX-6P-2 vector.

The siRNA sequences against STAM1, STAM2, TSG101, VPS22, CHMP3, CHMP6, HD-
PTP and BROX were from siTOOLs Biotech (Planegg, Germany). For each gene, a pool of
30 different siRNA sequences was designed. A pool of 30 siRNA sequences, which do not
interact with human genes, was used as a negative control. Each pool was used at a low 3
nM concentration in order to reduce the danger of off-target effects in knockdown
experiments. The single siRNA sequence against ALIX (A AGCCGCTGGTGAAGTTCATC)
had been previously characterized and its effects are fully rescued by RNAi-resistant ALIX
(Bissig et al. 2013); the negative control siRNA (AllStars) was from Qiagen (Hilden,
Germany). Single siRNAs were used at 20 nM. The sequences are listed in the 5-to-3’

direction.

DNA and siRNA were transfected in cells according to the manufacturer’s instructions
using FUGENE HD (Promega Corporation, Madison, WI) and Lipofectamine RNAIMAX
(Thermo Fisher Scientific, Waltham, MA), respectively. Unless indicated otherwise,

experiments were performed after transfection with DNA for 7 h and siRNA for 72 h.

Fluorescent light microscopy: Immunofluorescence and cell surface biotinylation

Immunofluorescence was performed after fixing cells grown on glass coverslips, or
directly in 96-well dish plates for high throughput microscopy, for 20 min with 3% PFA in
PBS. All steps of the immunofluorescence procedure were performed at room temperature.
When indicated, cells were permeabilized for 5 min with 0.01% saponin in PBS prior to PFA
fixation. After fixation, cells were incubated for 45 min in 1% fish skin gelatin, 0.1% saponin
in PBS, followed by 30 min incubation with the primary antibody in 1% fish gelatin in PBS.
After washing the primary antibody with PBS, the cells were incubated for 30 min with the
secondary antibody (Cy2-, Cy3-, or Cy5-conjugated fluorescent antibodies) in 1% fish gelatin
in PBS, followed by PBS washes. The cells were mounted in Mowiol 40-88 medium
containing 10 pg/mL Hoechst and imaged with a Zeiss 700 confocal microscope (Carl Zeiss
AG; Oberkochen, Germany) using a 63x objective. For high throughput microscopy, 96-well
plates were imaged with an ImageXpress Micro XLS Widefield High-content microscope
(Molecular Devices; CA, USA) or an ImageXpress Micro Confocal High-content microscope

(Molecular Devices; CA, USA) (used in the widefield mode) using a 40x objective.
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To biotinylate the cell surface, cells grown on glass coverslips were washed with ice cold
PBS 0.9 mM CacCl,, 0.5 mM MgCl, (PBS™) and incubated for 30 min with 1.5 mg/mL EZ-Link
Sulfo-NHS-SS-Biotin in PBS™ at 4 °C. The cells were washed once with 50 mM glycine in
PBS™, followed by three washes with PBS™ at 4 °C. Fresh medium was added to the cells
and the Myc-ALIXAPRR-mCherry plasmid was transfected for 18 h. Cells were washed four
times with PBS™ at 4 °C and incubated twice 20 min with 50 mM Tris pH 8.6, 75 mM NacCl,
0.9 mM CaCl,, 0.5 mM MgCl, and 50 mM sodium 2-mercaptoethanesulfonate (MesNA).
After washing the cells with 5 mg/mL iodoacetamide in ice cold PBS™ and three washes with
PBS™, cells were fixed with 3% PFA in PBS for 20 min at 4 °C.

GUV electroformation

GUV electroformation was performed as described in (Chiaruttini et al. 2015). Briefly,
lipids were mixed in chloroform at a final concentration of 1 mg/mL. Then, 20 pL lipids were
spread on two indium tin oxide coated glass slides. After 1 h incubation in a vacuum oven at
30 °C, a rubber ring was placed between the two slides and the space between the glasses
was filled with 500 mM sucrose solution (500 mOsmol). GUVs were formed by applying 1 V

AC-current (10 Hz sinusoidal) for 1 h at room temperature.

Live imaging of protein binding to supported lipid bilayers

Supported lipid bilayers were prepared in a glass bottom flow chamber sticky-slide VI 0.4
from ibidi (Planegg, Germany). The chamber was filled with 150 yL of 20 mM Hepes pH 8,
250 mM NaCl (500 mOsmol) and 10 uL of GUVs. After mixing, in order to obtain a lipid
bilayer attached to the glass, the solution was incubated for 10 min followed by 3 washes
with 120 pL ALIX buffer: 25 mM Hepes pH 7.4, 0.3 mM BAPTA, 0.3 mM NTA, 0.3 mM
HEDTA and 686 uM CaCl, (20 uM free calcium, calculated using WEBMAXC STANDARD
software: http://www.stanford.edu/~cpatton/webmaxcS.htm). The chamber was incubated for
10 min with a mix of 4 mg/mL casein in 20 mM Hepes pH 8 and ALIX buffer (volume ratio,
1:1), followed by 15 washes with ALIX buffer. When ALIX BRO1 domain was added, the
protein was incubated for 40 min in ALIX buffer at a final concentration of 3.7 uM, and the
unbound protein was removed with ALIX buffer. The chamber was placed in an inverted
microscope assembled by 3i (Intelligent Imaging Innovation, Denver, USA) and Nikon
(Eclipse C1, Nikon, Tokyo, Japan) for imaging. One of the entries of the chamber was

connected to a syringe pump. The other entry was used to add CHMP4B-488, which was
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incubated for 25 min in ALIX buffer at a final concentration of 0.64 yM. The chamber was
imaged every minute during the incubation with CHMP4B-488 and a 2-pm-thick volume
stack (1 um above and below the supported membrane) was acquired. The stacks were

converted into 2D images by maximum intensity projection.

Image analysis

CHMP4B clusters were quantified in ALIXAPRR-mCherry expressing cells using
CellProfiler (Kamentsky et al. 2011). Briefly, the cell periphery was selected manually and
the images were processed with the enhanced edges module. The object identification
module was used to identify and quantify the CHMP4B clusters per cell. Coloc 2 plugin from

ImageJ (National Institutes of Health, Bethesda, MD) was used for colocalization analysis.

LC-MS/MS sample preparation

Protein concentration was determined using the Bradford assay (Bio-Rad Laboratories,
Hercules, CA). Samples were denatured with 6 M urea in 50 mM NH4HCO; , reduced with
10 mM TCEP for 30 min and alkylated with 25 mM iodoacetamide for 30 min in the dark.
Samples were diluted to 2 M urea with 50 mM NH4HCO3;, and digested with trypsin (1 pL of
0.5 pg/pL) in the presence of 1 mM CaCl, for 12 hours at 37 °C. Samples were acidified to a
final concentration of 5% acetic acid, desalted over a self-packed C18 spin column and
lyophilized. Samples were analyzed by LC-MS/MS (see below) and the MS data was
processed with MaxQuant (see below).

LC-MS/MS analysis

Peptides were resuspended in water with 0.1% formic acid (FA) and analyzed using
Proxeon EASY-nLC 1000 nano-UHPLC coupled to QExactive Plus Quadrupole-Orbitrap
mass spectrometer (Thermo Fisher Scientific, Waltham, MA). The chromatography column
consisted of a 30 cm long, 75 pm i.d. microcapillary capped by a 5 um tip and packed with
ReproSil-Pur 120 C18-AQ 2.4 ym beads (Dr. Maisch HPLC GmbH, Ammerbuch, Germany).
LC solvents were 0.1% FA in H,O (Buffer A) and 0.1% FA in MeCN (Buffer B). Peptides
were eluted into the mass spectrometer at a flow rate of 300 nL/min over a 240 min linear

gradient (3-35% Buffer B) at 55 °C. Data was acquired in data-dependent mode (top-20,
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NCE 30, R = 17°500) after full MS scan (R = 70’000, m/z 400-1’300). Dynamic exclusion was
setto 10 s, peptide match to prefer and isotope exclusion was enabled.

MaxQuant analysis

The MS data was analyzed with MaxQuant 1 (V1.5.2.8) and searched against the human
proteome (Uniprot) and a common list of contaminants (included in MaxQuant). The first
peptide search tolerance was set at 20 ppm, 10 ppm was used for the main peptide search
and fragment mass tolerance was set to 0.02 Da. The false discovery rate for peptides,
proteins and sites identification was set to 1%. The minimum peptide length was set to 6
amino acids and peptide re-quantification, label-free quantification (MaxLFQ) and “match
between runs” were enabled. The minimal number of peptides per protein was set to two.
Methionine oxidation was searched as a variable modification and carbamidomethylation of

cysteines was searched as a fixed modification.

Other experimental procedures

Subcellular fractionation was carried out by flotation in sucrose gradients as described
(Muriel et al. 2017). Cell lysis was performed with 50 mM Tris, pH 7.4, 1% NP-40, 0.25%
sodium deoxycholate, 150 mM NaCl, 1mM EDTA, 1mM PMSF, 1 yg/mL aprotinin, 1 pg/mL
leupeptin, 1 pg/mL pepstatin. Western blot analysis was preformed using WesternBright
ECL from Advansta (Menlo Park, CA).
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LEGENDS OF THE FIGURES

Figure 1 Subcellular distribution of ALIXAPRD

(A). Outline of ALIX organization into three structural domains: the BRO1 domain, the V-
domain and the auto-inhibitory proline rich region (PRR). Experiments were typically carried
out using an ALIX mutant lacking this auto-inhibitory region (ALIXAPRR).

(B). HeLa-MZ cells were transfected with ALIX-mCherry or ALIXAPRR-mCherry, and
imaged by confocal microscopy. Scale bar: 10 um.

(C-D). HeLa-MZ cells were transfected with ALIXAPRR-mCherry, double-labeled with
antibodies against LBPA and EEAL, and processed for triple-channel immunofluorescence
microscopy (C). Each individual channel is shown on the left and merged micrographs of
ALIXAPRR-mCherry with EEAL1 or LBPA on the right. The boxed area is shown in higher
magnification. The fraction of endosomes containing ALIXAPRR-mCherry that colocalizes
with EEAL or LBPA was quantified by calculating the Manders overlap coefficients (D). Box
plot, median (box central line); 25% and 75% percentiles (box edges); 10% and 90%
percentiles (whiskers); outliers (black circles). ***p < 0.001; n = 50 cells from three

independent experiments. Scale bar: 10 pum.

Figure 2 ALIXAPRR recruits the ESCRTIII protein CHMP4B to late endosomes

(A-B). HelLa Kyoto cells stably expressing GFP-CHMP4B (HeLa GFP-CHMP4B cells) were
imaged (A) by confocal microscopy and analyzed by western blotting (B) using anti-
CHMPA4B antibody. (A) Scale bar: 10 pm.

(C-D). HeLa GFP-CHMP4B cells transfected with ALIXAPRR-mCherry were imaged (C) by
confocal microscopy. The number of CHMP4B granules was quantified (D) in cells
expressing ALIXAPRR-mCherry (APRR) as compared to untransfected cells (-). Box plot,
median (box central line); 25% and 75% percentiles (box edges); 10% and 90% percentiles
(whiskers); outliers (black circles). ***p < 0.001; n = 90 cells from three independent
experiments (C) Scale bar. 10 um. The pearson correlation coefficient for ALIX and
CHMP4B in (C): 0.72, n=50 cells.
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(E). HeLa GFP-CHMP4B cells transfected with ALIXAPRR-mCherry were stained with anti-
LBPA antibody and analyzed by triple-channel fluorescence microscopy. The boxed areas
show higher magnification views. Scale bar: 10 pm.

(F-H). HeLa GFP-CHMP4B cells transfected for 18 h with ALIXAPRR (APRR) or an empty
vector as control (ctrl) were fractionated by flotation in a sucrose density gradient. The post-
nuclear supernatant (PNS in F) and the light membranes (LM in G) were analyzed by
western blotting using antibodies against CHMP4B and ALIX, as well as tubulin and RAB5
(equal loading controls). The relative amounts of CHMP4B in LM fractions was quantified by
densitometry (H), using RABS5 intensity for the normalization of the CHMP4B signal. Boxes,
mean; bars, £ SD (n = 3); ctrl vs APRR, *p < 0.05.

Figure 3 ALIX-induced endosomal recruitment of CHMP4B colocalize with RILP

(A). HeLa-MZ cells transfected with ALIXAPRR-mCherry and GFP-RILP were analyzed by
double-channel fluorescence microscopy. The boxed area in the merged micrograph is

shown in higher magnification.

(B-C). HeLa GFP-CHMP4B cells transfected with RILP alone (B) or with RILP together with
ALIXAPRR-mCherry (C), were labeled with antibodies against Lampl and analyzed by
double (B) and triple (C) channel fluorescence confocal microscopy. The boxed area is

shown in higher magnification. Scale bar (A-C): 10 pum.

Figure 4 ALIXAPRR recruits multiple ESCRT proteins

(A-D). Hela cells stably expressing CHMP1B-Flag (A and C) or CHMP1A-V5 (B and D)
were transfected (C-D) or not (A-B) with ALIXAPRR-mCherry. The cells were labeled with
antibodies against the Flag (A and C) and V5 (B and D) epitopes and analyzed by single (A-
B) or double (C-D) channel confocal microscopy. The boxed areas are shown in higher

magnification. Scale bar: 10 pm.

(E-F). HeLa GFP-CHMP4B cells transfected with ALIXAPRR for 18 h were fractionated by
flotation in a sucrose density gradient as in Fig 2F. The PNS and the LM fractions were
analyzed by western blotting with antibodies against ALIX, VPS4B, CHMP1A, CHMP4A,
VPS22 and CHMP3. RAB5 was used as an equal loading control. The relative amounts of
each protein in LM was quantified by densitometry (F), using RABS5 intensity to normalize
each signal. Boxes, mean; bars, + SD (n = 3); *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 5 CHMP4B recruitment to endosomes depends on ALIX BRO1 domain

(A-B). HeLa GFP-CHMP4B cells transfected with ALIXAPRR-mCherry, ALIXAPRR-1212D-
mCherry and ALIXAPRR-QQ-mCherry as indicated, were analyzed by double channel
confocal microscopy. The boxed areas are shown in higher magnification. Scale bar: 10 um.
The number of CHMP4B granules was quantified (B) as in Fig 2D. Box plot, median (box
central line); 25% and 75% percentiles (box edges); 10% and 90% percentiles (whiskers);
outliers (black circles). *p < 0.05; n = 90 cells from three independent experiments.

(C-E). HeLa GFP-CHMP4B cells transfected with ALIXAPRR (APRR), ALIXAPRR-1212D
(APRR-1212D), ALIXAPRR-QQ (ALIXAPRR-QQ) or an empty vector as control (ctrl) were
fractionated by flotation in a sucrose density gradient as in Fig 2F. The PNS (C) and LM (D)
fractions were analyzed by western blotting with antibodies against CHMP4B and ALIX.
Tubulin and RAB5 were used as loading controls for PNS and LM, respectively. The relative
amounts of CHMP4B in LM were quantified by densitometry, using RAB5 intensity to

normalize the signal. Boxes, mean; bars, + SD (n = 3); ***p < 0.001.

Figure 6 ALIX BRO1 domain recruits CHMP4B to artificial membranes in vitro

(A-C). Supported bilayers were prepared with the following lipid composition:
DOPC:DOPE:PI (PC:PE:PI, 6.99:2:1 mol), DOPC:DOPE:PI:DOPS (PC:PE:PI:PS, 4.99:2:1:2
mol) and DOPC:DOPE:PI:LBPA (PC:PE:PI:LBPA, 4.99:2:1:2 mol), and all were labeled with
trace (0.01 mol) amounts of N-Rhodamine PE (red). The supported bilayers were
preincubated (A, right column) or not (A, left column) with ALIX BRO1 domain for 40 min,
subsequently incubated for 25 min with CHMP4B-488 (green), and analyzed by time-lapse
double channel confocal microscopy. Each panel in A corresponds to a view in the green
(CHMP4B-488) channel after 40min incubation, while the boxed areas corresponds to
smaller view of the same field in the red channel (N-Rhodamine PE). The time-course of
CHMP4B-488 association to LBPA-containing bilayers pre-incubated with ALIX is shown in
(B), corresponding to a magnified view of the area marked with a white square in the bottom
right panel in (A). The intensity of CHMP4B-488 fluorescence was quantified on the lipid
supported bilayers after 25 min incubation (C). Box plot, median (box central line); 25% and
75% percentiles (box edges); 10% and 90% percentiles (whiskers); outliers (black circles).
***p < 0.001; n = 20 lipid patches from two independent experiments. ns: not significant.
Scale bar (A): 30 pm.
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Figure 7 CHMP4B recruitment induced by ALIXAPRR expression is independent of
other ESCRT proteins

(A-B). HeLa GFP-CHMP4B (green) cells were transfected with a siRNA resistant mutant of
ALIXAPRR-mCherry (red), treated with siRNAs against the indicated proteins and analyzed
by double channel confocal microscopy. Two negative control siRNAs were used. siCtrl 1
corresponds to a pool of siRNA sequences used as a control for the siRNA pools used
against STAM1+2, TSG101, VPS22, CHMP3, CHMP6, HD-PTP and BROX. siCtrl 2
corresponds to a single siRNA sequence used as a control for the single siRNA used to
knockdown endogenous ALIX. Scale bar: 10 ym. The number of CHMP4B granules was
guantified (B) as in Fig 2D. Box plot, median (box central line); 25% and 75% percentiles
(box edges); 10% and 90% percentiles (whiskers); outliers (black circles). *p < 0.05; n = 83

cells from three independent experiments. ns: not significant.

(C). The knockdown efficiency of the different condition in (A-B) was analyzed by western
blotting using antibodies against the indicated proteins. Tubulin was used as an equal

loading control.

Figure 8 ALIXAPRR expression induces plasma membrane cargo and ubiquitinated

proteins intracellular accumulation

(A). The proteins of HeLa cell surface were labeled with biotin using a reagent cleavable
upon reduction, and the cells were then transfected with ALIXAPRR-mCherry. After 18 h, the
biotin still present on the cell surface was removed with the reducing agent MesNa. The
cells were then fixed, permeabilized, labeled with streptavidin-Cy5 to detect internalized
biotin and analyzed by double channel confocal microscopy. Scale bar: 10 ym. The boxed

area is shown in higher magnification. Scale bar: 2 ym.

(B-C). The nuclei of HelLa cells treated as in (A) were stained with Hoechst (B). The
intensity of the streptavidin-Cy5 labeling (internalized biotinylated proteins) was then
quantified (C) in cells expressing ALIXAPRR-mCherry (APRR) and compared with non-
transfected cells (-). Box plot, median (box central line); 25% and 75% percentiles (box
edges); 10% and 90% percentiles (whiskers); outliers (black circles). ***p < 0.001; n = 95
cells. Scale bar (B): 10 ym

(D). HeLa GFP-CHMP4B cells were transfected with ALIXAPRR-mCherry, permeabilized
with saponin 0.01% in PBS prior to PFA fixation, labeled with an antibody against conjugated

ubiquitin, and analyzed by triple channel fluorescence microscopy. Scale bar: 10 ym. The
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boxed area is shown in higher magnification. Arrows point at endosomes containing
ALIXAPRR, CHMP4B and conjugated ubiquitin. Scale bar 1 ym.

(E-F). The nuclei of HelLa cells treated as in (D) were stained with Hoechst, to illustrate the
accumulation of ubiquitinated proteins in cells expressing ALIXAPRR-mCherry, when
compared to non-transfected cells. Scale bar: 10 um (E). The ubiquitin intensity per cell was
quantified (F) in cells expressing ALIXAPRR-mCherry (APRR) and compared with non-
transfected cells (-).

Figure 9 ALIXAPRR expression induces the endosomal accumulation of multiple

transmembrane proteins and proteins involved in endosomal cargo sorting

(A). Schematic representation of the steps followed for the identification of proteins
accumulated in endosomes upon ALIXAPRR expression. HeLa GFP-CHMP4B cells were
transfected with ALIXAPRR or an empty vector (control) and were fractionated by flotation in
a sucrose density gradient. The LM (endosome-enriched fraction) was analyzed by mass
spectrometry and label-free quantification. For each protein identified, the average ratio
ALIXAPRR/control was calculated from the signal obtained from two independent

experiments.

(B). 189 proteins were accumulated in endosomes upon ALIXAPRR expression
(quantification ratio ALIXAPRR/control, >1.4). From this list, proteins were categorized in
four groups: transmembrane proteins, ub-linked proteins, autophagy and other proteins that

participate in endosomal and actin-associated functions.

(C). Table with a list of all the ESCRT and ESCRT-associated proteins, and their mass
spectrometry  quantification values for two independent experiments (ratio
ALIXAPRR/control). In addition to the massive recruitment of several ESCRT-III proteins to
endosomes, ALIXAPRR expression seems to induce the recruitment of ESCRT-0 proteins,
TSG101 and other ESCRT-associated proteins. -: not detected by mass spectrometry; +:
detected only in the ALIXAPRR condition.
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SUPPLEMENTARY MATERIALS AND METHODS

Recombinant protein purification

Human CHMP4B was expressed in bacteria and purified as described (Mierzwa et al.
2017). Briefly, pMBP-HIS2-CHMP4B was expressed in Escherichia coli Rosetta cells. At
ODgoonm=0.7, protein expression was induced with 0.5 mM IPTG for 3 h at 30 °C. Bacteria
were lysed and sonicated in lysis buffer containing 20 mM Hepes pH 8, 100 mM NaCl, 1%
Triton X-100, and cOmplete Protease Inhibitor Cocktail at 4 °C. The fusion protein 6xHis-
MBP-CHMP4B was purified by affinity chromatography using an MBPTrap HP 5 mL column.
The column was first washed with 20 mM Hepes pH 8, 250 mM NaCl, 0.1% Triton X-100,
followed by a second wash with 20 mM Hepes pH 8 and proteins bound to the column were
eluted in 20mM Hepes pH8, 10mM maltose. The 6xHis-MBP region was removed by
cleavage with TEV protease, followed by incubation with Ni-NTA Agarose resin and with
Dextrin Sepharose media. CHMP4B fluorescent-labeling was performed by incubating the
protein with Alexa Fluor 488 TFP ester in a 1:2 molar ratio (protein:dye), in the presence of
100 mM NaHCO; pH 9, 1h at room temperature. The free dye was removed by overnight
dialysis against 20mM Hepes pH8 at 4 °C, using a membrane of 12-14kDa MWCO,
followed by size-exclusion chromatography using 7 kDa MWCO Zeba Spin Desalting
Columns. Finally, the protein was centrifuge at 100,000 g for 10 min, 4 °C. The supernatant

was aliquoted, snap frozen using liquid N, and stored at -80 °C.

Human ALIX BRO1 domain was expressed and purified from Escherichia coli Rosetta
cells transformed with the pGEX-ALIX BRO1 domain. At ODgyonm=0.5, protein expression
was induced with 0.4 mM IPTG for 18 h at 18 °C. Bacteria were lysed and sonicated in lysis
buffer containing PBS, 1 mM EDTA, 1 mM DTT, 1% Triton X-100, and cOmplete Protease
Inhibitor Cocktail at 4 °C. The lysate was centrifuged at 10,000 g for 30 min at 4 °C and the
supernatant was filtered through a 0.22 um filter. The lysate was incubated with Glutathione
Sepharose beads for 2 h at 4 °C. The beads were first washed with PBS, followed by a
second wash with 50 mM Tris pH 7.5, 150 mM NaCl, 1 mM EDTA and 1 mM DTT. ALIX
BRO1 domain was release from the Glutathione Sepharose beads by the cleavage of GST-
ALIX BRO1 domain using PreScission protease. The supernatant was loaded into a size-
exclusion chromatography Zeba Spin Desalting Column (7 kDa MW CO) for buffer exchange.
The final buffer was 25 mM Hepes pH 7.4, 0.3 mM BAPTA, 0.3 mM NTA and 0.3 mM
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HEDTA. After centrifugation at 100,000 g for 10 min, 4 °C, the supernatant was aliquoted,
snap frozen using liquid N, and stored at -80 °C.

EGF treatment and EGFR degradation analysis: biochemistry and microscopy

assays

HelLa cells stably expressing GFP-CHMP4B were transfected for 18 h with myc-
ALIXAPRR or an empty pCMV-Tag3C vector as a control, and then incubated for 3 h in
serum-free medium, followed by 1 h incubation with 10 ug/mL cycloheximide in serum-free
medium. Then, cells were treated for 1 h, 2 h or 4 h with 100 ng/mL EGF, 10 ug/mL
cycloheximide in serum-free medium. All the treatments were performed in a 37 °C, 5% CO,
incubator. Cells were harvested, lysed, and analyzed by SDS-PAGE and western blot.
EGFR degradation measured by immunofluorescence was performed in HeLa-MZ cells
transfected 18 h with myc-ALIXAPRR-mCherry, and then incubated for 3 h in serum-free
medium, followed by 1 h incubation with 10 ug/mL cycloheximide in serum-free medium.
Then, cells were treated for 15 min, 60 min, 120 min or 240 min with 100 ng/mL EGF, 10
pMg/mL cycloheximide in serum-free medium. All the treatments were performed in a 37 °C,
5% CO, incubator.

Basal autophagy levels analysis

HelLa MZ cells were transfected for 18 h with myc-ALIXAPRR-mCherry or pmCherry
vector as a control. In addition, cells were treated for 4 h with 500 uM LLOMe, a
lysosomotropic reagent which has been shown to recruit the autophagy machinery to
lysosomes (Maejima et al. 2013). All the treatments were performed in a 37 °C, 5% CO,

incubator.

FRAP

HelLa GFP-CHMP4B cells were transfected with ALIXAPRR-mCherry for 8 h and were
treated or not with 10 pM nocodazole for 2 h (to depolymerize microtubules and avoid
endosome movement) and rinsed using FluoroBrite DMEM Media (Thermo Fisher Scientific,
Waltham, MA) before imaging. Endosomes were imaged using a 100x 1.4 NA oil DIC Plan-

Apochromat VC objective (Nikon; Tokyo, Japan) with a Nikon Al scanning confocal
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microscope. Photobleaching were performed in circular regions with 4 iterations of 488 nm at
100% laser intensity.

Image analysis

High throughput image analysis was performed using custom module editor MetaXpress
software, from Molecular Devices (CA, USA). Briefly, cells were segmented and the nucleus,
cytoplasm and granules (endosomal EGFR, LC3 or P62) were identified. The average
intensity of the granules per cell or the number of granules was quantified in cells expressing
ALIXAPRR-mCherry and compared with non-expressing cells.

For FRAP analysis, background fluorescence was subtracted to ROIls intensity values.
Those values were subsequently normalized by a non-bleached area and the value of
intensity of the first frame after bleaching was subtracted. Finally, FRAP curves were

normalized with the pre-bleach fluorescence intensity value.
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LEGENDS OF THE SUPPLEMENTARY FIGURES

Fig S1 Endosomal assembly of ALIXAPRR and CHMP4B is dynamic

(A-B). HeLa GFP-CHMP4B cells were transfected with ALIXAPRR-mCherry. Fluorescence
recovery after photobleaching (FRAP) of endosomes containing GFP-CHMP4B (green) and
ALIXAPRR-mCherry (red) was analysed. White circles indicate photobleached regions. The
first column (time: O s) corresponds to the time before photobleaching. Fluorescence
recovery curves of endosomes for GFP-CHMP4B and ALIXAPRR-mCherry were calculated
(B). Dots, mean; shaded area, = SD (n = 17 endosomes).

(C-D). HeLa GFP-CHMP4B cells were transfected with ALIXAPRR-mCherry and analyzed
as in A and B. Cells were treated with 10 uM nocodazole for 2 h (to avoid endosomes

movements) prior FRAP. Dots, mean; shaded area, + SD (n = 28 endosomes).

Fig S2 Recombinant CHMP4B and ALIX BRO1 domain protein purification

(A-B). A typical SDS-PAGE gel of recombinant human CHMP4B purification was stained
with Coomassie brilliant blue (A). The gel compares aliquots taken at sequential steps of the
purification: 1. Bacterial lysate expressing His-MBP-CHMP4B. 2. Protein elution from an
MBPTrap column which shows the His-MBP-CHMP4B purified protein. 3. Protein fragments
obtained after the incubation with TEV protease (His-MBP and CHMP4B). During the final
step of the protein purification procedure, the protein was centrifuged to remove protein
aggregates. Aliguots of the supernatant (4) and resuspended pellet (5) are shown. The same
gel was exposed to UV light at 320 nm wavelength (B). Fluorescently labeled CHMP4B-488

is visible in wells 4 and 5.

(C). A typical SDS-PAGE gel of the purification of human ALIX BRO1 domain was stained
with Coomassie brilliant blue. The gel compares aliquots taken at sequential steps of the
purification: 1. Bacterial lysate expressing GST-ALIX BRO1 domain. 2. GST-ALIX BRO1
domain purified with Glutathione Sepharose beads. 3. Protein fragments obtained after the
incubation with PreScission protease (ALIX BRO1 domain and GST). During the final step of
the protein purification procedure, the protein was centrifuged to remove protein aggregates.

An aliquot of the supernatant (4) and the resuspended pellet (5) are shown.
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Fig S3 ALIXAPRR does not affect ligand-induced EGFR degradation or its endosomal

levels

(A-B). HeLa GFP-CHMP4B cells were transfected for 18 h with myc-ALIXAPRR or an empty
vector as a control (Ctrl). Cells were sequentially incubated at 37 °C for 3 h in serum-free
medium, for 1 h with 10 yg/mL cycloheximide, and finally for 1, 2 or 4 h with 100 ng/mL EGF.
Samples were collected and analyzed by western blotting with antibodies against EGFR,
ALIX and myc. Tubulin was used as an equal loading control. The relative amounts of EGFR
in control cells (ctrl) and in cells expressing myc-ALIXAPRR (APRR) were quantified by
densitometry (B), using tubulin intensity to normalize the signal. Circles, mean; bars, + SD (n
= 3). There is no significant difference between Ctrl and APRR for the different time points.
(C-D). Ligand-induced EGFR degradation was analyzed by high throughput microscopy in
HelLa-MZ cells transfected with ALIXAPRR-mCherry. CHX (10 ug/mL) and EGF (100 ng/mL)
incubation was performed as in (A), and an additional 15 min time point was included. After
fixation, cells were labeled with an antibody against EGFR and processed for triple-channel
immunofluorescence microscopy. Each row represents the imaged area obtained from one
96-well plate, EGFR (green), ALIXAPRR-mCherry (red) and nuclear staining Hoescht (blue)
(C). For each time point, a total of 12000 cells were imaged and ALIXAPRR-mCherry
positive (APRR) or negative (no APRR) cells were segmented using mCherry signal (D, cell
segmentation image). Similarly, the endosomal EGFR was also segmented (EGFR
granules) and the average EGFR granule intensity per cell was plotted for each time point
(D). As at time 0 min, EGFR is mostly at the plasma membrane, 15 min was used as the first
time point to measure EGFR endosomal signal. Circles, mean; bars, £ SD. There is no
significant difference between non-transfected and ALIXAPRR-mCherry transfected cells for
the different time points.

(E-F). HeLa GFP-CHMP4B cells transfected for 18 h with ALIXAPRR (APRR) or an empty
vector as a control (ctrl) were fractionated by flotation in a sucrose density gradient as in Fig
2F. The total cell lysate and LM (E) were analyzed by western blotting with antibodies
against EGFR and ALIX. RAB5 was used as equal loading control. The relative amounts of
EGFR in total cell lysate and LM was quantified by densitometry (F), using RAB5 intensity to

normalize the signal. Boxes, mean; bars, + SD (n = 3); ns: not significant.
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Fig S4 ALIXAPRR expression induces intracellular accumulation of ubiquitinated

proteins

(A-B). HeLa GFP-CHMPA4B cells transfected with ALIXAPRR (APRR) or an empty vector as
a control (ctrl) were fractionated by flotation in a sucrose density gradient as in Fig 2F. The
PNS and the LM fractions were analyzed by western blotting (A) with antibodies against
conjugated ubiquitin and ALIX. RAB5 was used as an equal loading control. The relative
amounts of conjugated ubiquitin in PNS and LM was quantified by densitometry (B), using
RABS intensity to normalize the signal. Boxes, mean; bars, + SD (n = 3); **p < 0.01.

Fig S5 ALIXAPRR expression induces the accumulation of multiple proteins in the

endosomes

List of proteins detected by mass spectrometry in light membranes of HeLa GFP-CHMP4B
cells transfected with ALIXAPRR or an empty vector (control). Proteins were quantified for
two independent experiments (A and B) by label-free mass spectrometry quantification, and
the ratio ALIXAPRR/control (A, B and mean) is shown in the table. Transmembrane proteins:
green; ESCRT and ESCRT-associated proteins: blue; Ubiquitination-linked proteins: red. ---:
not detected by mass spectrometry; +++: detected by mass spectrometry only in ALIXAPRR

transfected cells.

Fig S6 CHMP6 endosomal levels are not affected by ALIXAPRR expression

(A-B). HeLa GFP-CHMPA4B cells transfected with ALIXAPRR for 18 h were fractionated by
flotation in a sucrose density gradient as in Fig 2F. The PNS and the LM fractions were
analyzed by western blotting with antibodies against CHMP6 and ALIX. RAB5 was used as
an equal loading control (A). The relative amount of CHMP6 in LM was quantified by
densitometry (B), using RABS5 intensity to normalize each signal. Boxes, mean; bars, £ SD (n

= 3); ns: not significant.

Fig S7 Basal number of autophagosomes is not affected by ALIXAPRR expression

(A-C). Basal autophagy was analyzed by high throughput microscopy in HeLa MZ cells. Four
conditions were analyzed: Non treated cells (-), ALIXAPRR-mCherry or mCherry transfected
cells and 4 h treatment with 500 pM L-leucyl-L-leucine methyl ester (LLOMe), as a

lysosomal autophagy positive control. After fixation, cells were labeled with an antibody
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against LC3 (green, A) or P62 (green, C) and processed for triple-channel
immunofluorescence microscopy. Each row represents the imaged area obtained from one
96-well plate. Nuclear staining, Hoechst, is shown in blue. An amplified view of LC3- or P62-
labeled cells is shown in the bottom row (A, C). Cells were segmented as explained in Fig
S2. ALIXAPRR-mCherry or mCherry transfected cells were classify in three groups
according to their mCherry signal intensity: no expression, low expression and high
expression. For each condition, approximately 35000 cells were analyzed, and the average
number of LC3 or P62 granules per cell was quantified (B, D). Boxes, mean; bars, + SD. ***p
< 0.001; ns: not significant. Scale bar: 10 pm.
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Larios et al., Figure 3
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Larios et al., Figure 4

C.Fhx B-Flag ALIXAPRR-mCherry

CHMP1B-Flag

A. CHMP{B-Flag

=} CHMP1A-V5 BN CHMP1A-V5 ALIXAPRR-mCherry

PNS LM

kDa Ctrl APRR Ctrl APRR

ALIXAPRR F.

75- e

- —— Vps4B Ctrl
50-

37 -

o
= APRR
25
- - we - CHMP1A
| — —— A— 20-
37- '
— o - - CHMP4A £ 15
*
e
*
e — i
-

Relative intensity

2 — —
5-

37 -

il
Vps22 104
Rab5 X
) i
CHMP3 0

w® \AN\?\ \e\\\!\?m 9

— —

_7
[
\‘Za

%
)

25-

— — | Rab5

82



Results

ALIXAPRR-I212D ALIXAPRR

ALIXAPRR-QQ

Larios et al., Figure 5

ALIXAPRR-mCherry GFP-CHMP4B C. PNS
: - 6FP-CHVP4B (L@o o
& Qe
kDa c}\\ QQ‘ QQ‘ VQQ‘
= — GFP-CHVP4B

— — — .| CHMP4B

ALIXAPRR-1212D-mCherry] GFP-CHMP4B 100 { #e | ALIX endogenous
75 s =—|ALIXAPR
50 [ —l Tubulin
D.
LM S
o
§ & &
D2 & & &
ALIXAPRR-QQ-mCherry |GFP-CHMP4B — GFP-CHMP4B
GFP-CHMP4B
37
= | — @ - —|cHvres
. 75 ==  |ALIXAPRR
50 | s s« wn|Rab5
9 k%
B. * ] *kk *kk
350 ; x * 84
8 30 N
3 = 61
4 (72}
é 250 g é 5 |
£ 200 . =5 4/
) ¢ 5=
m 150 = 3/
3 £,
% 100 - 5 1 1
© . : i 1
%01 * i i O,J i
0 N o © (e
¢ & P e
Q& > ,00 v & &
A & S
R Q
$ v

83



Results

A

DOPC / DOPE / PI/ DOPS DOPC / DOPE / PI

DOPC / DOPE / PI/ LBPA

CHMP4B-488

ALIX 40 min preincubation

25000 -
*k%
=)
< 20000
=
2
£ 15000
©
£
o 10000 K%k
Q
< ns
S 5000
e R e o=
0 . . . . .
- ALIX ALIX - ALIX
PC/PE/ PC/PE/ PC/PE/
Pl PI/PS Pl /LBPA

o

Larios et al., Figure 6

0 min 13 min

1 min 15 min

17 min

3 min

19 min

5 min

21 min

7 min

23 min

9 min

11 min 25 min



Results

Larios et al., Figure 7

GFP-CHMP4B

siCtrl 1 i — | SsiSTAM 1 +2 — | siTsg101

siVps22 siCHMP3
B.
. ) Da & & X &
* ns ns ns ns ns ns ns 100 { o= == -~ == =—|ALIX
_ i [ : 75 — — — e — STANH
5 20 : . o .
8 ° N ° 37 |- - a» - CHMP3
8 . ° ° s hd b
8 H ] e o H b P e —— Tubulin
< 1501 ¢ .« ° s Q
2 ' o
s : T S F S
O £S5
2 10 oa & & &
% 250 — —— =— HD-PTP
o e o
. 50 Tamn e - Tsg101
50 $ ¢ s 37 -
i ; : IR . —
¢ —— .
0 : . S Tubulin

NN A LS VR LR G NGy
O PO M USRI S NS
PP F S é\§ N Cb@%\@\ Q@Q é,g% kDa £ Ny
> — BROX
ALIXAPRR-mCherry J— == \ps22
25

e s | TUbUIN

85



Results

Larios et al., Figure 8
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Larios et al., Figure S1
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Larios et al., Figure S3
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Larios et al., Figure S5
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Results

2. Ongoing Research

In this section, | present the current work | performed for the identification and
characterization of ALIX-dependent cargo sorting in endosomes. In addition, | show some
structural aspects of the recombinant purified proteins CHMP4B and ALIX BRO1.

2.1. Identification and characterization of ALIX-dependent cargo

sorting in endosomes

Within the mass spectrometry list of proteins accumulated in endosomes by ALIXAPRR
expression (Fig S4. Results, section 1), 55 corresponded to transmembrane proteins (Fig 9,
Results, section 1), which suggest that ALIX participates in endosomal sorting. As discussed
before, endosomal EGFR levels were not affected by ALIXAPRR expression, which was

confirmed by western blot (Fig S2. Results, section 1).

2.1.1. CI-M6PR and ANTXR1 endosomal accumulation in ALIXAPRR expressing

cells

The ESCRT proteins play a role in the sorting of acid hydrolases (e.g CPY, CPS) from
Golgi to lysosomes (Bankaitis et al. 1986; Rothman and Stevens 1986). In mammals,
M6PRs bind to hydrolytic enzymes in the biosynthetic pathway and target them to
lysosomes. Cation-independent mannose 6-phosphate receptor (CI-M6PR, also called
insulin-like growth factor 2 receptor, IGFR2) cellular levels and distribution are regulated by
ESCRTs and the ESCRT-associated protein ubiquitin-specific-processing protease 8 (USP8)
(Raiborg et al. 2008; MacDonald et al. 2014), however, a role of ALIX in M6PR trafficking
has not been explored. ALIXAPRR expression induced a 1.4 fold increase in endosomal ClI-
M6PR (Fig 9 and Fig S4, Results, section 1). This accumulation was not evident by western
blot analysis of the endosomal fractions (Fig 16A-B), which may well be due to the high
sensitivity of mass spectrometry compared to western blot technique. Similarly, the mass
spectrometry results showed that the anthrax toxin receptor 1 (ANTXR1) accumulates in
endosomes upon ALIXAPRR expression (Fig S4. Results, section 1), which is not observed
by western blot (Fig 16C-D). ANTXR1 allows the entry of the anthrax toxin into host cells

(Bradley et al. 2001) and ALIX is known to participate in the endosome to cytosol delivery of
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the anthrax toxin during cell intoxication (Abrami et al. 2013), which makes ANTXR1 an
interesting candidate for further studies.
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Figure 16. ALIXAPRR expression does not affect CI-M6PR nor ANTXR1 endosomal levels. (A-D). HeLa
GFP-CHMP4B cells transfected for 18 h with ALIXAPRR (APRR) or an empty vector as control (Ctrl) were
fractionated by flotation in a sucrose density gradient. The post-nuclear supernatant (PNS) and the light
membranes (LM) were analyzed by western blotting using antibodies against CI-M6PR (A) and ANTXR1 (C) and
ALIX, as well as EEA1 and RAB5 (equal loading controls) (A). The relative amounts of CI-M6PR (B) and
ANTXR1 (D) in PNS and LM fractions was quantified by densitometry, using EEA1 and RAB5 intensity for the

normalization of CI-M6PR and ANTXR1 signal, respectively. Boxes, mean; bars, + SD (n = 3); ns: not significant.
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Figure 17. ALIXAPRR expression induces APP endosomal accumulation. (A-B). HeLa GFP-CHMP4B cells
transfected for 18 h with ALIXAPRR (APRR) or an empty vector as control (ctrl) were fractionated by flotation in a
sucrose density gradient. The post-nuclear supernatant (PNS) and the light membranes (LM) were analyzed by
western blotting using antibodies against APP and ALIX, as well as RAB5 (equal loading controls) (A). The
relative amounts of APP in LM fractions was quantified by densitometry (B), using RAB5 intensity for the
normalization of APP signal. Boxes, mean; bars, + SD (n = 3); ctrl vs APRR, *p < 0.05; ns: not significant; x:
unglycosylated APP; xx: glycosylated APP. (C). HeLa-MZ cells stably expressing APP-GFP transfected with
ALIXAPRR-mCherry. The boxed area is shown in higher magnification. Scale bar: 10 um and 2 pm (magnified
area). (D-F). Lysates from HeLa GFP-CHMP4B cells co-transfected with ALIXAPRR (APRR) and ubiquitin-FLAG
or an empty vector (vector) together with ubiquitin-FLAG, were incubated with an antibody against FLAG epitope
for immunoprecipitation (IP). A control condition without transfection was included (-). The lysates (D, before and
after IP) and the immunoprecipitated proteins (E and F) were analyzed by western blotting using antibodies
against APP and ALIX.
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2.1.2. APP endosomal accumulation in ALIXAPRR expressing cells

The sorting of two proteins belonging to the amyloid precursor protein (APP) family, APP
and amyloid-like protein 2 precursor (APLP2), was impaired by ALIXAPRR expression (Fig
S4. Results, section 1). Three transmembrane proteins form part of the APP family in
mammals: APP, APLP1 and APLP2. They are highly express in neurons and participate in
numerous neuronal and synaptic processes (Muller and Zheng 2012). However, the
mechanisms of action remain unknown and often controversial. Furthermore, deposition of
the amyloid beta (AB) peptide, which is produced by the proteolytic processing of APP, is a
hallmark feature of Alzheimer’s disease (Murphy and LeVine 2010). APP has been localized
to MVEs, and its sorting into ILVs (Morel et al. 2013), lysosomal delivery and A levels are
regulated by HRS (ESCRT-0) and TSG101 (ESCRT-I) (Edgar et al. 2015). Interestingly, two
transmembrane proteins which participate in APP processing, beta-site APP cleaving
enzyme 2 (BACE2) and Nicastrin (NCSTN), were also accumulated upon ALIXAPRR
expression suggesting that ALIX could be involved in APP cleavage (Fig S4, Results,

section 1).

The APP endosomal accumulation upon ALIXAPRR expression was confirmed by
western blot analysis of the endosomal fractions (Fig 17A-B). In addition, endosomal APP-
GFP colocalized with ALIXAPRR-mCherry in HelLa cells (Fig 17C). However, ALIXAPRR
expression did not affect APP-GFP distribution between EEs and LEs, which was analyzed
by high throughput fluorescence microscopy (Fig 18). APP ubiquitination has been shown to
regulate the sorting of the protein into ILVs, its cleavage and the secretion of APP fragments
in exosomes (Williamson et al. 2017). APP ubiquitination levels were evaluated by
immunoprecipitation of cells expressing ubiquitin-FLAG and ALIXAPRR (Fig 17D-E).
Although APP ubiquitination was not detected, two bands (75 kDa and 100 kDa
approximately) corresponding to ubiquitinated ALIXAPRR were observed (Fig 17D-E), which
suggest that ALIXAPRR ubiquitination might be involved in endosomal cargo sorting.
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Figure 18. ALIXAPRR expression does not affect APP distribution in early nor late endosomes. (A-C).
HelLa-MZ cells stably expressing APP-GFP were transfected with ALIXAPRR-mCherry (APRR-mCherry) for 18 h.
After fixation, cells were labeled with an antibody against EEAL1 or LAMP1 and processed for quadruple-channel
immunofluorescence microscopy (A). Each row represents the imaged area obtained from one 96-well plate.
Nuclear staining, Hoechst, is shown in blue. A higher magnification is shown in the last two columns. Cells were
segmented and the nucleus, cytoplasm, together with EEA1, LAMP1 and APP-GFP granules were identified.
ALIXAPRR-mCherry transfected cells were classify in three groups according to their mCherry signal intensity: no
expression (-), low expression (low) and high expression (high). For each condition, approximately 35000 cells
were analyzed, and the average APP-GFP intensity within EEA1 (B) or LAMP1 (C) compartments was quantified.
Boxes, mean; bars, £ SD. ns: not significant. Scale bar: 10 pm.
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2.1.3. ALIXAPRR is secreted in exosomes

ALIX participates in the biogenesis of exosomes and contributes to exosomal cargo
sorting (Baietti et al. 2012). Our results showing that ALIXAPRR expression induces the
accumulation of APP in endosomes, led us to evaluate the participation of ALIX in protein
packing into exosomes. ALIXAPRR was secreted in exosomes when expressed in HelLa
cells (Fig 19). The percentage of secreted ALIXAPRR (approximately 0.4%) from the total
cell lysate was at least 20 times higher than the endogenous full length protein (Fig 19B).
Contrary to ALIX, full length APP-GFP was not detected in exosomes (control or ALIXAPRR
transfected cells) and the exosomal levels of APP carboxy-terminal fragment (CTF), which
correspond to an APP membrane-associated cleavage product, does not seem to be
affected by the expression of ALIXAPRR (Fig 19B). Furthermore, the exosomal sorting of
CD63, an endosome-resident tetraspanin that is packed into exosomes and has been
classically used as an exosome marker, was not impaired upon ALIXAPRR expression (Fig
19B-C).
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"iETX‘KSEL"" APPGEP with ALIXAPRR (APRR) or GFP as a
- 150{ &= &= -
l/lsh control and incubated with an
exosome-free medium for 24 h. The
Incubation with .
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2.2. CHMP4B forms circular and spiral-shaped polymers that
are modify by ALIX BRO1 domain

Human full length CHMP4B (FL-CHMP4B) has not been characterized in vitro
before. Several studies use “active” forms of CHMPs, which lack the auto-inhibitory C-
terminal region, in order to trigger the polymerization of the proteins [for review of in vitro
CHMP structures see (Chiaruttini and Roux 2017)]. Recombinant CHMP4BAC (CHMP4B
lacking the C-terminal region) and CHMP4BAC-ALIX (CHMP4B lacking the C-terminal
region, but with the ALIX-interacting region intact) form multiple structures in solution, from
ring-shaped to curly or spiral-shaped polymers (Pires et al. 2009). Recombinant FL-
CHMP4B (Fig S1. results, section 1) analyzed by negative staining transmission electron
microscopy (Fig 20A-C), formed filaments that curl into 50 nm ring-shaped structures in
addition to spiral polymers. Furthermore, addition of recombinant ALIX BRO1 (Fig S1.
Results, section 1) induced a two-fold increase in CHMP4B ring thickness (Fig 20D-E),
which resembles the double ring structures described for SNF7 during MVE formation
(Henne et al. 2012)

Figure 20. CHMP4B forms ring-shaped polymers which
are modified by ALIX. (A-C). Negative staining of human
CHMP4B analyzed by TEM. The boxed areas are shown in
higher magnification (B-C). (D-E). Negative staining of
human CHMP4B or a mix of CHMP4B and ALIX BRO1
domain (CHMP4B:ALIX BRO1, 1:1 mol) analyzed by TEM
(D). Filaments thickness was quantified (E). Boxes, mean;
bars, £ SD (n = 12); *p < 0.05.
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2.3. Materials and Methods

Cells, Antibodies and Reagents

We obtained HelLa-MZ cells from Marino Zerial (MPI-CBG, Dresden) and HelLa Kyoto
cells stably expressing GFP-CHMP4B from Anthony Hyman (MPI-CBG, Dresden) (Poser et
al. 2008). HeLa-MZ cells stably expressing APP-GFP were generated with ViraPower
lentiviral packing mix (Thermo Fisher Scientific, Waltham, MA) according to manufacturer’s
instructions. All cells were grown in Minimum Essential Media Eagle (MEM) (Sigma-Aldrich,
St. Louis, MO) supplemented with 10% fetal bovine serum (FBS) (Thermo Fisher Scientific,
Waltham, MA), 1% MEM Non-Essential Amino Acids (Thermo Fisher Scientific, Waltham,
MA), 2 mM L- Glutamine (Thermo Fisher Scientific, Waltham, MA), 100 pg/mL penicillin and
100 units/mL streptomycin (Thermo Fisher Scientific, Waltham, MA) in a 37 °C, 5% CO,
incubator. HeLa Kyoto cells stably expressing GFP-CHMP4B and HelLa-MZ cells stably
expressing APP-GFP, were additionally supplemented with 0.5 mg/mL Geneticin (Millipore,
Billerica, MA) and 3 pg/mL Blasticidin (Thermo Fisher Scientific, Waltham, MA), respectively.

The anti-RAB5 monoclonal antibody was a gift from Reinhard Jahn (Gottingen,
Germany). The antibodies against CI-M6PR (EPR6599), CHMP4B (abl105767), CD63
(ab59479) were obtained from Abcam (Cambridge, UK), against GFP (11814460001) from
Roche (Basel, Switzerland), against APP (A8717), ANTXR1 (SAB2501028) and FLAG from
Sigma-Aldrich (St. Louis, MO), against EEA1 (ALX-210-239-C100) from Enzo Life Sciences
(Farmingdale, NY), against Lampl (D2D11) from Cell Signaling Technology (Danvers, MA)
against ALIX (pab0204) from Covalab (Villeurbanne, France). The Cy5-conjugated
fluorescent antibodies were from Jackson ImmunoResearch (West Grove, PA) and the
peroxidase-conjugated secondary antibodies from Bio-Rad Laboratories (Hercules, CA). Ni-
NTA Agarose, 7 kDa MWCO Zeba Spin Desalting Columns and Hoechst 33342 were from
Thermo Fisher Scientific (Waltham, MA). MBPTrap HD 5 mL columns, Glutathione
Sepharose 4B and Dextrin Sepharose High Performance were from GE Healthcare
(Anaheim, CA). The cOmplete Protease Inhibitor Cocktail was from Roche (Basel,
Switzerland). Restriction enzymes were obtained from New England Biolabs (Ipswich, MA).

Other reagents and chemicals were obtained from Sigma-Aldrich (St. Louis, MO).
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Plasmids and Transfection

Ubiquitin-FLAG plasmid was obtained from Ivan Dikic (Frankfurt, Germany), APP-GFP
from Addgene (no. 69924) and pEGFP-C2 from Clontech (Mountain View, CA). Myc-
ALIXAPRR-mCherry plasmid was generated by cloning ALIX ALIXAPRR cDNA (ALIX BRO1
domain and V-domain, which corresponds to the first 702 amino acids) into a pCMV-Tag3C
vector (Agilent Technologies, Santa Clara, CA) using Xhol site. Then, the mCherry cDNA
was cloned in ALIX C-terminus using Xhol and Apal sites. The CHMP4B expression plasmid
for recombinant protein purification was generated by replacing SNF7 from pMBP-HIS2-
SNF7 plasmid (Addgene no. 21492) for the CHMP4B cDNA, using BamHI and Notl sites.
Before cloning CHMP4B into the plasmid, a silent mutation was generated in the CHMP4B
sequence in order to remove an internal BamHI cutting site. The primers used for the
mutation were the following: forward, AACTGGGCTGGGTCCATGTAACCAGCTTTCTTG
and reverse, CAAGAAAGCTGGTTACATGGACCCAGCCCAGTT. The ALIX BRO1 domain
plasmid for recombinant protein production was generated by cloning the BRO1 domain (1-

359 amino acids) into a pGEX-6P-2 vector.

DNA was transfected in cells according to the manufacturer’s instructions using FUGENE HD
(Promega Corporation, Madison, WI). Experiments were performed after 18 h transfection
with DNA.

Recombinant protein purification

Human CHMP4B was expressed in bacteria and purified as described (Mierzwa et al.
2017). Briefly, pMBP-HIS2-CHMP4B was expressed in Escherichia coli Rosetta cells. At
ODgoonm=0.7, protein expression was induced with 0.5 mM IPTG for 3 h at 30 °C. Bacteria
were lysed and sonicated in lysis buffer containing 20 mM Hepes pH 8, 100 mM NaCl, 1%
Triton X-100, and cOmplete Protease Inhibitor Cocktail at 4 °C. The fusion protein 6xHis-
MBP-CHMP4B was purified by affinity chromatography using an MBPTrap HP 5 mL column.
The column was first washed with 20 mM Hepes pH 8, 250 mM NacCl, 0.1% Triton X-100,
followed by a second wash with 20 mM Hepes pH 8 and proteins bound to the column were
eluted in 20mM Hepes pH8, 10mM maltose. The 6xHis-MBP region was removed by
cleavage with TEV protease, followed by incubation with Ni-NTA Agarose resin and with
Dextrin Sepharose media. CHMP4B fluorescent-labeling was performed by incubating the
protein with Alexa Fluor 488 TFP ester in a 1:2 molar ratio (protein:dye), in the presence of

100 mM NaHCO; pH9, 1h at room temperature. The free dye was removed by overnight
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dialysis against 20 mM Hepes pH8 at 4 °C, using a membrane of 12-14kDa MWCO,
followed by size-exclusion chromatography using 7 kDa MWCO Zeba Spin Desalting
Columns. Finally, the protein was centrifuge at 100,000 g for 10 min, 4 °C. The supernatant
was aliquoted, snap frozen using liquid N, and stored at -80 °C.

Human ALIX BRO1 domain was expressed and purified from Escherichia coli Rosetta
cells transformed with the pGEX-ALIX BRO1 domain. At ODgyonm=0.5, protein expression
was induced with 0.4 mM IPTG for 18 h at 18 °C. Bacteria were lysed and sonicated in lysis
buffer containing PBS, 1 mM EDTA, 1 mM DTT, 1% Triton X-100, and cOmplete Protease
Inhibitor Cocktail at 4 °C. The lysate was centrifuged at 10,000 g for 30 min at 4 °C and the
supernatant was filtered through a 0.22 um filter. The lysate was incubated with Glutathione
Sepharose beads for 2 h at 4 °C. The beads were first washed with PBS, followed by a
second wash with 50 mM Tris pH 7.5, 150 mM NaCl, 1 mM EDTA and 1 mM DTT. ALIX
BRO1 domain was release from the Glutathione Sepharose beads by the cleavage of GST-
ALIX BRO1 domain using PreScission protease. The supernatant was loaded into a size-
exclusion chromatography Zeba Spin Desalting Column (7 kDa MWCO) for buffer exchange.
The final buffer was 25 mM Hepes pH 7.4, 0.3 mM BAPTA, 0.3 mM NTA and 0.3 mM
HEDTA. After centrifugation at 100,000 g for 10 min, 4 °C, the supernatant was aliquoted,

snap frozen using liquid N, and stored at -80 °C.

Fluorescent light microscopy

Immunofluorescence was performed after fixing cells grown on glass coverslips, or
directly in 96-well dish plates for high throughput microscopy, for 20 min with 3% PFA in
PBS. All steps of the immunofluorescence procedure were performed at room temperature.
After fixation, cells were incubated for 45 min in 1% fish skin gelatin, 0.1% saponin in PBS,
followed by 30 min incubation with the primary antibody in 1% fish gelatin in PBS. After
washing the primary antibody with PBS, the cells were incubated for 30 min with the
secondary antibody (Cy5-conjugated fluorescent antibody) in 1% fish gelatin in PBS,
followed by PBS washes. The cells were mounted in Mowiol 40-88 medium containing 10
pug/mL Hoechst and imaged with a Zeiss 700 confocal microscope (Carl Zeiss AG;
Oberkochen, Germany) using a 63x objective. For high throughput microscopy, 96-well
plates were imaged with an ImageXpress Micro Confocal High-content microscope

(Molecular Devices; CA, USA) (used in the widefield mode) using a 40x objective.
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Image analysis

High throughput image analysis was performed using custom module editor MetaXpress
software, from Molecular Devices (CA, USA). Briefly, cells were segmented and the nucleus,
cytoplasm and granules (LAMP1, EEA1, APP-GFP) were identified. The average APP-GFP
intensity within EEA1 and LAMP1 was quantified in cells expressing ALIXAPRR-mCherry

and compared with non-expressing cells.

Immunoprecipitation

HelLa Kyoto cells stably expressing GFP-CHMP4B were transfected with pCMV-Tag3C
and ubiquitin-FLAG or ALIXAPRR together with ubiquitin-FLAG for 18 h. Cells were
collected and lysed with 0.5% Triton X-100 in PBS. The cell lysate was centrifuged at 14000
rpm for 5 min and 1.5 mg of supernatant was incubated with 50 pyL of protein G agarose
beads for 1 h at 4°C (lysate pre-clearance). Then, the supernatant was incubated with 30 g
of anti-FLAG antibody for 2 h at 4°C, followed by incubation with 50 pL of protein G agarose
beads for 1 h at 4°C. The beads were washed three times with 0.5% Triton X-100 in PBS

and resuspended in Laemmli sample buffer.

Exosomes Isolation

Exosome isolation was carried out by differential centrifugation as described (Thery et al.
2006). Briefly, two square dishes (500cm? square growth area) of 80% confluency HeLa-MZ
cells stably expressing APP-GFP were transfected with Myc-ALIXAPRR or pEGFP-C2 for 18
h. Then, cells were washed with PBS and incubated for 24 h with an exosome-free medium
(Thery et al. 2006). The medium was collected and centrifuged at 300 g for 10 min at 4°C. In
order to remove cell debris, the supernatant was centrifuged two more times at 2000 g for 20
min and 10000 g for 30 min at 4°C. Exosomes were sedimented by high-speed
centrifugation at 100000 g for 2 h at 4°C. The pellet was washed with PBS, re-sedimented
by centrifugation at 100000 g for 2 h at 4°C and finally resuspended in 80 uL of PBS.

Negative staining and electron microscopy

5 pL of recombinant CHMP4B (2.7 pM, 100 mM NaCl, 20 mM Hepes pH 8) or a mix of
CHMP4B and ALIX BRO1 domain (each protein at a final concentration of 2.7 uM) was

placed on a plasma pre-cleaned carbon grid [CF300H-CU-UL, from Electron Microscopy
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Sciences (Hatfield, PA)]. The excess of liquid was removed with a Whatman filter paper and
the grid was incubated 1 s and 30 s in 2% uranyl acetate. The excess of liquid was removed,
the grid was dried at RT and it was imaged with a Tecnai G2 Sphera (FEI; Hillsboro, OR)

transmission electron microscope.

Other experimental procedures

Subcellular fractionation was carried out by flotation in sucrose gradients as described
(Muriel et al. 2017). Cell lysis was performed with 50 mM Tris, pH 7.4, 1% NP-40, 0.25%
sodium deoxycholate, 150 mM NaCl, 1mM EDTA, 1mM PMSF, 1 ug/mL aprotinin, 1 pg/mL
leupeptin, 1 ug/mL pepstatin. Before loading the samples for SDS-PAGE, they were mixed
with Laemmli sample buffer. Western blot analysis was preformed using WesternBright ECL
from Advansta (Menlo Park, CA)
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Discussion

The ESCRT machinery plays an important role in the sorting of proteins to the
vacuole/lysosome. In addition to ESCRTSs participation in the delivery of proteins from the
biosynthetic route to the vacuole/lysosomes, they coordinate the lysosomal sorting and
degradation of transmembrane proteins coming from the plasma membrane. More
specifically, ESCRT binding to the limiting membrane of endosomes promotes the sorting of
cargo proteins into ILVs, which is important for the efficient lysosomal degradation of
proteins. ESCRT endosomal association and cargo sorting is a highly regulated process, in
which temporal and spatial membrane recruitment of ESCRTSs are coordinated. In mammals,
the ESCRT-associated protein, ALIX, has been suggested to facilitate protein targeting to
lysosomes, but the mechanism remains poorly understood. In order to address this open
guestion, we first analyzed the in vivo and in vitro participation of ALIX in the recruitment of
ESCRT proteins to lipid membranes, and then aimed to identify new cargo proteins which
follow an ALIX-dependent endosomal sorting.

The discussion of the first part of the results of the thesis (results, section 1, paper in
preparation: Regulation of ESCRT Endosomal Recruitment by the Lipid-binding Protein
ALIX) was already presented. Here | discuss the ongoing research (Results, section 2) and |
present a model for ALIX-LBPA-dependent ILV formation and cargo sorting.

1. ALIXAPRR expression induces endosomal
accumulation of  specific transmembrane proteins

and could participate in exosome biogenesis

Two proteins from the APP family, APP and APLP2, appear in the mass spectrometry list
of transmembrane proteins accumulated in endosomes by ALIXAPRR expression. In
addition, APP proteases BACE and NCSTN, and two other transmembrane proteins that
regulate APP cleavage, transmembrane protein 59 (TMEM59) (Ullrich et al. 2010) and
integral membrane protein 2B (ITM2B) (Fotinopoulou et al. 2005), are also accumulated
upon ALIXAPRR expression. The latter observation, together with the well-studied link
between APP cleavage, which results in the accumulation of neurotoxic extracellular AR

plaques, and Alzheimer’s disease (Reiss et al. 2018) led us to study a possible role of ALIX
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in APP endosomal sorting. ALIXAPRR expression affects APP endosomal levels, but does
not seems to impair the protein distribution between early and late endosomes. In addition,
even though we do not see a direct effect on APP endosomal localization, we consider that
other aspects should be evaluated in future studies, like APP cleavage and AR production,
which has been shown already to take place in endosomes (Haass et al. 1992; Koo and
Squazzo 1994; Zhang and Song 2013).

PAR1 and P2Y1 are YP(X)nL motif-containing proteins, which confers them the capacity
to directly bind to ALIX V-domain (Dores et al. 2012; Dores et al. 2016). Four proteins
containing YP(X)nL motifs are accumulated in endosomes upon ALIXAPRR expression:
TMEMS9, chloride intracellular channel protein 1 (CLIC1), NEDD4 family-interacting protein
2 (NDFIP2) and LDLR. As we mentioned before TMEM59 regulates APP cleavage and is
also involved in endosomal autophagy (Boada-Romero et al. 2013). CLIC1 is a chloride
channel which participates in macrophages phagosomal acidification (Jiang et al. 2012).
NDFIP2 interacts and regulates the activity of several HECT-type E3 ligases (Mund and
Pelham 2009), and therefore its endosomal sorting could also be important for the
ubiquitination and ILV delivery of other protein cargos. All of them traffic through endosomes,

and are interesting candidates for further studies.

In addition to ILV and cargo delivery to lysosomes for degradation, MVEs can fuse with
the plasma membrane and release ILVs to the extracellular medium as exosomes. The
syndecan-syntenin-ALIX complex has been suggested as one of the mechanisms for
exosome biogenesis (Baietti et al. 2012). Syndecan 4 (SDC4) is accumulated in endosomes
upon ALIXAPRR expression (mass spectrometry), which suggest that ALIXAPRR could
promote the sorting and secretion of proteins in exosomes by the syndecan-syntenin-ALIX
pathway. Furthermore, we find high amounts of ALIXAPRR present in exosomes compared
with the endogenous full length ALIX, which may be due to the lack of the auto-inhibitory
PRR. The tetraspanin CD81, which is a protein enriched in exosomes and has been largely
used as an exosomal marker, is also accumulated in endosomes isolated from ALIXAPRR
expressing cells. APP and APP cleavage products are present in multivesicular structures
and are secreted in exosomes (Rajendran et al. 2006; Vingtdeux et al. 2007; Miranda et al.
2018). We could not detect APP-GFP in exosomes, and the levels of APP-CTF do not seem
affected by ALIXAPRR expression. Thus, ALIXAPRR expression might regulate exosome
formation, and could be used as a tool to identify the cargo proteins which follow the ALIX-

dependent pathway for exosome biogenesis and secretion.
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2. ALIX recruits actin remodeling factors and autophagy

proteins to endosomes

Actin polymerization plays an important role in endosomes movement and maturation,
protein sorting and MVE biogenesis (Durrbach et al. 1996; Taunton et al. 2000; Derivery et
al. 2009; Gomez and Billadeau 2009; Morel et al. 2009; Duleh and Welch 2010;
Puthenveedu et al. 2010; Carnell et al. 2011; Derivery et al. 2012; Muriel et al. 2016).
AnnexinA2, a lipid-binding protein, is a nucleation factor for actin recruitment and
polymerization on the endosomal membranes (Morel et al. 2009), and the WASP and SCAR
homologue (WASH) complex regulates actin branching in this compartment by the activation
of the actin nucleation complex Arp 2/3 (Derivery et al. 2009; Derivery and Gautreau 2010).
ALIX has also been suggested to regulate cortical actin and endosomal distribution, however
the mechanism of action is still unknown (Cabezas et al. 2005). ALIXAPRR expression
induces the endosomal accumulation of three subunits of the Arp 2/3 complex, actin-related
protein 2/3 complex subunits 2 and 3 (ARPC2 and ARPC3) and actin-related protein 3
(ACTR3). Furthermore, WD repeat-containing protein 1 (WDR1), cofilin 1 and 2 (CFL1, 2)
and destrin (DSTN), which are actin-depolymerizing factors (Nishida et al. 1985; Yonezawa
et al. 1985; Yeoh et al. 2002; Ono 2017) are also increased upon ALIXAPRR expression.
Thus, this suggests that ALIX could be an important factor for actin filament remodeling on

endosomal membranes.

Two LC3 homologs, gamma-aminobutyric acid type A receptor associated protein
(GABARAP) and GABARAP like 2 (GABARAPL2), sequestosome 1 (SQSTM1), tool-
interacting protein (TOLLIP), TMEM59 and Unc-51-like kinase 3 (ULK3), are accumulated in
endosomes upon ALIXAPRR expression, and are known to participate in autophagy
(Kabeya et al. 2004; Bjorkoy et al. 2005; Young et al. 2009; Chakrama et al. 2010; Weidberg
et al. 2010; Boada-Romero et al. 2013; Shimizu et al. 2014). Furthermore, ESCRT proteins
and ALIX have been suggested to play a role during autophagy (Rusten and Simonsen
2008; Murrow et al. 2015). Basal autophagy (number of autophagosomes) is not affected in
ALIXAPRR expressing cells, which might suggest that the autophagy proteins that we find
accumulated in endosomes, could be playing functions unrelated to autophagy, as it has
been shown for GABARAP, ULK3, TOLLIP and TMEM59 (Burns et al. 2000; Katoh et al.
2004b; Ullrich et al. 2010; Zhu et al. 2012; Caballe et al. 2015; Schaaf et al. 2016).
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3. Model for endosomal ESCRT-IIl recruitment and
cargo sorting by ALIX and LBPA

Our results provide first insights into the molecular mechanism of how ALIX and its
interaction with LBPA/BMP regulate the endosomal ESCRT pathway. We propose a model
in which initially cytosolic ALIX is “activated” prior to its recruitment to LBPA/BMP-containing
endosomes. ALIX PRR acts as an auto-inhibitory region for the BRO1 domain interaction
with CHMP4 (Zhou et al. 2009), and presumably also LBPA. ALIX “open or active”
conformation can be induced by phosphorylation of the PRR or the interaction with ALG-2
(Sun et al. 2015; Sun et al. 2016). After ALIX activation, the flexible loop present in ALIX
BRO1 domain is partially inserted into the cytoplasmic leaflet of the lipid bilayer (Bissig et al.
2013). This interaction could stabilize LBPA/BMP at the limiting membrane of late
endosomes, which is normally found accumulated in the lumen of the compartment
(Kobayashi et al. 1998), and induce the formation of membrane domains rich in LBPA/BMP.
This negatively-charged lipid has membrane deformation properties, and patrticipates in ILV
formation (Matsuo et al. 2004). In addition, SNF7/CHMP4 membrane nucleation is faster in
concave (negatively-curved) negatively-charged membrane surfaces (Lee et al. 2015). Thus,
two factors will promote CHMP4 endosomal recruitment in the ALIX-LBPA/BMP pathway;
the first one is the direct interaction of CHMP4 with ALIX BRO1 domain, and the second one
is the negative membrane curvature induced by LBPA/BMP membrane domains. Right after
CHMP4 nucleation, ALIX-CHMP4 interaction could activate CHMP4 polymerization on
membranes, as it is for BRO1-SNF7 in yeast (Tang et al. 2016), and consequently induce
membrane deformation. In this regard, membrane remodeling depends on a dynamic
subunit turnover in ESCRT-III assemblies (Adell et al. 2017; Mierzwa et al. 2017), which
indicates that VPS4 could also participate in the ALIX-LBPA/BMP pathway (Fig. 22).

In our model, cargo protein sorting into ILVs can be achieved by different mechanisms.
First, ALIX V-domain could interact directly with the YP(X)nL motif of transmembrane (e.g
PAR1 and P2Y1) proteins (and non-transmembrane proteins e.g. syntenin), acting as a
bridge between the cargo and the ESCRT-IIl machinery. Second, ALIX could indirectly bind
to the cargo by the assistance of other proteins. A third possibility is the direct interaction of
ALIX V-domain to the conjugated ubiquitin in the cargo. Any of these possible interactions
will presumably promote the clustering of the cargo protein in specific membrane regions
enriched in LBPA/BMP and ESCRT-III, and trigger its sorting into ILVs.
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3. ESCRT-Il recruitment and
polymerization

& s

1. ALIX "activation” 2. Cargo and LBPA clustering

Figure 21. Model for ALIX-LBPA-dependent ESCRT recruitment and cargo sorting into ILVs. 1. ALIX is
“activated” and interacts with LBPA and specific cargo proteins on the limiting membrane of late endosomes. 2.
LBPA micro-domains are formed, which promotes membrane invagination. 3. ALIX, together with the negative
membrane curvature, facilitates ESCRT-III recruitment, nucleation and polymerization on the membranes, which

is necessary for cargo sorting into ILVs. ILV: intraluminal vesicle; Ub: ubiquitin.
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4. Conclusion

The evidence presented in this thesis elucidates a role for ALIX in a non-canonical
ESCRT-Ill endosomal recruitment. We showed that ALIX recruits ESCRT-IIl proteins,
primarily CHMP4, in an LBPA dependent and ESCRT-O, -I, —Il, and CHMP6 independent
manner. Furthermore, data provides evidence that ALIX participates in the endosomal
sorting of ubiquitinated cargo, as shown by accumulation of transmembrane and
ubiquitinated proteins in endosomes in the presence of ALIX lacking its PRR.
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Abbreviations

AAA-ATPase ATPase associated with diverse cellular activities

ACTR3 Actin-related protein 3
AlP4 Atrophin-1-interacting protein 4
ALIX Apoptosis-linked gene 2-interacting protein X

ANTXR1 Anthrax toxin receptor 1

APLP Amyloid-like protein precursor

APP Amyloid precursor protein

ARF6 Adenosine 5'-diphosphate (ADP)-ribosylation factor 6
ARPC Actin-related protein 2/3 complex

ARRDC3 Arrestin domain-containing protein 3

ATG Autophagy-related

ATP Adenosine triphosphate

ATP8AL Phospholipid-transporting ATPase |A

AB Amyloid beta

BACE Beta-site APP cleaving enzyme

BMP Bismonoacyl glycerophosphate

BRO1 Bro domain-containing protein 1

BROX BRO1 domain- and CAAX motif-containing protein
Cbl Casitas B-lineage lymphoma

CCR5 C-C chemokine receptor type 5

CD4 Cluster of differentiation 4

CEP55 Centrosomal protein of 55 kDa

CFL Cofilin

CFTR Cystic fibrosis transmembrane conductance regulator
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CHMP
CI-M6PR
CLIC1
CORVET
CTF
CXCR4
DID2
DOA4
DOPC
DOPE
DOPS
DOR
DSTN
DuUB
EAP45
ECV
EE
EEA1l
EGF
EGFR
EIAV
ENaC
ENT
EphR
EPS15
ER

ERC

Charged multivesicular body protein
Cation-independent mannose 6-phosphate receptor
Chloride intracellular channel protein 1

Class C core endosome vacuole tethering
Carboxy-terminal fragment

C-X-C chemokine receptor type 4
DOA4-independent degradation protein 2
Degradation of alpha 4

1, 2-Dioleoyl-sn-glycerol-3-phosphocholine

1, 2-Dioleoyl-sn-glycerol-3-phosphoethanolamine
1, 2-Dioleoyl-sn-glycerol-3-phospho-L-serine
0-opioid receptor

Destrin

Deubiquitinating enzyme

ELL-associated protein of 45 kDa

Endosomal carrier vesicle

Early endosome

Endosome antigen 1

Epidermal growth factor

EGF receptor

Equine infectious anemia virus
Epithelial Na(+) channel

Epsin

Ephrin receptor

Epidermal growth factor receptor substrate 15
Endoplasmic reticulum

Endocytic recycling compartment
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ESCRT

FGFR

FRAP

FYVE

GABARAP

Endosomal sorting complexes required for transport
Fibroblast growth factor receptor

Fluorescence recovery after photobleaching

Fablp, YOTB, Vaclp, EEAl

Gamma-aminobutyric acid type A receptor associated protein

GABARAPL2 GABARAP like 2

GAP
GASP1
GDP
GEF
GLUE
GP73
GPCR
GTP
GUV
HD-PTP
HECT
HIV-1
HOPS
HRS
HSE1
HSP70
IGF-IR
IGFR2
IL-2RB
ILV

IST1

GTPase-activating protein

G-protein coupled receptor-associated sorting protein 1
Guanosine diphosphate

GDP-GTP exchange factor

GRAM-like ubiquitin-binding in EAP45

Serum Golgi protein 73

G-protein-coupled receptor

Guanosine triphosphate

Giant unilamellar vesicles

His domain-containing protein tyrosine phosphatase
Homologous to E6-AP carboxyl terminus

Human immunodeficiency virus type 1

Homotypic vacuole fusion and protein sorting
Hepatocyte growth factor-regulated tyrosine kinase substrate
Has symptoms of class E mutant

Heat Shock Protein 70

Insulin-like growth factor 1

Insulin-like growth factor 2 receptor, IGFR2
Interleukin-2 receptor subunit beta

Intraluminal vesicle

Increased sodium tolerance 1
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Abbreviations

ITM2B Integral membrane protein 2B

KSHV Kaposi’s sarcoma-associated herpes virus
LBPA Lysobisphosphatic acid

LDL Low-density lipoprotein

LDLR Low-density lipoprotein receptor

LE Late endosome

MHC Major histocompatibility complex

MIM MIT-interacting motif

MIT Microtubule interacting and transport domain
MTOC Microtubule-organizing center

MVB Multivesciular body

MvVB12 Multivesicular body sorting factor 12

MVE Multivesicular endosome

NCC Nuclear chloride ion channel

NCSTN Nicastrin

NDFIP2 NEDD4 family-interacting protein 2
NEDD4 Neural precursor cell expressed developmentally down-regulated protein 4
NEDL NEDDA4-like E3 ubiquitin-protein ligase
Nef Negative factor

NPC Niemann-Pick type C

P2Y1 P2Y purinoreceptor 1

PAR1 Protease-activated receptor 1

PDGFR Platelet-derived growth factor receptor

PDGFRB platelet-derived growth factor receptor beta

PDZ PSD-95, Discs Large, Zo-1
PEST Proline-, glutamic acid-, serine-, and threonine-rich
PI L-a-phosphatidylinositol
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Abbreviations

PI Phosphatidylinositide

PI3K Phosphatidyilinositol-3 kinase
PIKfyve Phosphatidylinositol-3-phosphate 5-kinase type Ili
PLD2 Phospholipase D2

PRR Proline rich region

Ptdins Phosphatidylinositol

PtdSer Phosphatidylserine

PX Phox homology

RAB Rab-related protein in brain

RBR Ring between ring fingers

RE Recycling endosome

RILP RAB-interacting lysosomal protein
RING Really interesting new gene

RSP5 Reverses SPT-phenotype protein 5
RTK Receptor tyrosine kinase

SARA Smad anchor for receptor activation
SDC4 Syndecan 4

SM Secl/Munc-18

SMases Sphingomyelinases

SMURF SMAD ubiquitination regulatory factor
SNARE Soluble N-ethylmaleimide-sensitive factor attachment protein receptor
SNF7 Sucrose non fermenting protein 7
SPH Sphingomyelins

SQSTM1 Sequestosome 1

STAM Signal transducing adapter molecule
TGFBR Transforming growth factor /bone morphogenetic protein receptor
TGN Trans-Golgi network
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TGN38
TMEM59
TOLLIP
TSG101
UBPY
ULK3
USP8
uv
VAMP4
VEGFR
VPS
VSV
VTI1A
WASH
WDR1
WWP
YAP
YPT7

B2-AR

TGN integral protein 38

Transmembrane protein 59

Tool-interacting protein

Tumor susceptibility gene 101

Ubiquitin isopeptidase Y

Unc-51-like kinase 3
Ubiquitin-specific-processing protease 8
Ultraviolet

Vesicle-associated protein 4

Vascular endothelial growth factor receptor
Vacuolar protein sorting

Vesicular stomatitis virus

Vesicle transport through interaction with t-SNAREs 1A
WASP and SCAR homolog

WD repeat-containing protein 1

WW domain containing E3 ubiquitin protein ligase
Yes-associated protein

Yeast protein two 7

Beta-2 adrenergic receptor
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