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Abstract

The sorting nexin (SNX) protein family comprises over 30 members, all of
which contain a lipid interacting PX domain. The mammalian SNXs have
been proposed to regulate different intracellular trafficking events such as
internalization, endosomal sorting and recycling. Within this diverse protein
family, three proteins make up the so-called SNX9-subfamily of sorting
nexins. These three proteins, SNX9, SNX18 and SNX33, are the only
proteins combining the PX domain with a membrane-remodeling BAR
domain and a protein-interacting SH3 domain.

SNXg is firmly established as a regulator of clathrin-mediated endocytosis as
it is closely linked to the core components of this process, including the
plasma membrane itself. The aims of this project were to investigate the
characteristics and functions of the SNX9-paralogs SNX18 and SNX33. We
have established that all three proteins are capable of membrane binding
and membrane remodeling in cultured cells. We have also demonstrated that
they interact with dynamin, a molecule that mediates the membrane scission
process that releases vesicular carriers from the parental membrane. By
means of immunofluorescence microscopy of cultured cells, we concluded
that SNX9, SNX18 and SNX33 localize to distinct intracellular structures,
suggesting diverse functions of the closely related proteins. Further studies
were directed at SNX18 only.

We found that SNX18 localizes together with AP-1 and PACS-1, markers of
vesicular endosomal transport, and this suggested that SNX18 mediates
budding of carriers in this pathway together with dynamin. In addition to
this, we have discovered that SNX18 is absolutely required for efficient
autophagy. In a knockdown screen of PX domain containing proteins, we
found that removal of SNX18 strongly inhibits autophagy. Autophagy is a
catabolic process by which cells degrade and recycle cellular components. It
is both a housekeeping pathway for degradation of long-lived proteins,
protein aggregates and damaged organelles and is a cellular response to
various stress conditions such as oxidative stress, nutrient deprivation and
infections. Autophagy is also implicated in cellular differentiation and
development as well as in several common diseases such as cancer and
neurodegenerative disorders. The components destined for degradation by
autophagy are sequestered into a double-membraned structure called the
autophagosome in which they are delivered to the lysosome.

Additionally, we found that SNXi18 interacts directly with LC3 and
GABARAP, proteins that decorate the membrane surface of



autophagosomes. Overexpression of SNXi18 increased formation of
autophagosomes, as seen by accumulation of GFP-LC3 spots in cells and we
demonstrated that binding of SNX18 to the membrane is required for
efficient autophagosome formation. By using mutants of SNX18, we were
also able to demonstrate that the membrane-remodeling capability of SNX18
is a prerequisite to normal autophagosome formation. Moreover, the kinase
TBK1 was identified in a cellular complex with SNX18. This kinase is both an
inducer of interferon production in innate immunity responses and, together
with several autophagy-related proteins, a key factor in the defense against
intracellular bacteria.

Taken together, our results lead to the conclusion that SNX18 is a positive

regulator of autophagy and that it is required for the formation of
autophagosomes.
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Abbreviations used

AP — adaptor protein complex

Atg — autophagy related gene
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SNX — sorting nexin

STxB — Shiga toxin B-subunit
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ub-like — ubiquitination-like



Sammanfattning pa svenska

Alla celler d4r omgivna av ett cellmembran som avgransar cellen och dess
innehall frén omgivningen. Inuti cellerna finns organeller som ocksa ar
inneslutna av membraner vilket gor att olika typer av biologiska reaktioner
kan paga pa flera stéllen i en cell samtidigt utan att storas av varandra. Varje
organell har sin unika funktion. De cellulira membranerna ar dynamiska
och kan omformas pé olika sitt; det kan knoppas av mindre bitar fran
organellerna likvdl som de kan sammansmélta med varandra. Den forsta
delen av den hir avhandlingen handlar om membranproteiner som kan
omforma membraner och bidrar till bildandet av sma membran-
avknoppningar. Dessa avknoppningar kallas vesiklar och anviands av cellen
for att transportera molekyler mellan olika organeller.

SNXg ar ett protein som tillsammans med flera andra proteiner bildar
vesiklar frdn cellmembranet. Denna process kallas endocytos och &r en
mekanism som celler anviander for att ta upp material frin utsidan, t.ex.
niring och hormoner. Den endocytiska vesikeln skickas vidare in i cellen och
sammansmalter med endosomer. I endosomerna sker en sortering av
materialet. Vissa molekyler skickas tillbaka till cellmembranet, t.ex.
receptorer som kan ateranvindas for att samla in mer material till cellen.
Andra molekyler ska forstéras och de sorteras till lysosomen, en organell
som innehéller enzymer som bryter ner andra molekyler i mindre
bestandsdelar, dessa delar kan sedan ateranvidndas av cellen for att bygga
ihop nya molekyler. Material kan ocksa sorteras in i andra transportvigar
som leder till andra organeller, t.ex. till Golgikomplexet. SNX9 var kidnd
sedan tidigare for sin roll i endocytos; syftet med den forsta studien var att
studera dess niarmaste sliktingar SNX18 och SNX33. Vi upptickte att SNX18
sitter pa endosomer och att den interagerar med flera proteiner som ar
involverat vid bildandet av vesiklar frdn denna organell. Nar SNX-
proteinerna binder till membraner s omformar de membranet till att bilda
en smal tub. Darefter sa rekryterar de ett enzym, dynamin, som kan knipsa
av den smala membrantuben och pa sa satt frisitts en transportvesikel som
skickas ivag till en annan organell. Vi sag att SNX33 ocksd kunde binda till
membraner och interagera med dynamin.

Den andra delen av avhandlingen handlar om SNX18 och dess roll vid
autofagi. Autofagi dr en process for nedbrytning och ateranvindning av
cellulara komponenter. Autofagi pagér pa en 1ag, basal niva hela tiden for att
omsitta gamla och skadade proteiner, aggregerade proteiner och &ven
utslitna organeller som annars riskerar att ansamlas och skada cellen.
Forekomsten av proteinaggregat ar typiskt forknippade med flera typer av

Vi



neurodegenerativa sjukdomar som t.ex. Parkinsons och Alzheimers
sjukdomar. Autofagiprocessen kan ocksa slis pa i storre skala nir cellerna
utsitts for stress, t.ex. oxidativ stress, naringsbrist eller infektioner. Det ar
aven en livsnodvandig process for normal utveckling och differentiering. I
djurmodeller har man sett att en stimulering av autofagi fir djuren att leva
langre.

Det material som ska brytas ner vid autofagi innesluts i en membranvesikel
som sammansmalter med lysosomen. Vi fann att om vi stoppade uttrycket av
SNX18-proteinet i vara cellodlingar sa kunde cellerna inte langre starta igang
autofagiprocessen. A andra sidan kunde vi inducera hdgre niver n normalt
av autofagi d& vi overuttryckte SNX18 i cellerna. Vi inférde mutationer i
SNX18 och sig att om vi skapar en mutant som inte lingre kan binda till
membraner s& forsvinner &dven paverkan pd autofagiprocessen. SNX18 ar
alltsd pa nagot satt associerad med de autofagosomala membranerna, de
molekylara detaljerna aterstar att utreda. Nar vi sokte efter fler proteiner
som interagerar med SNX18 fann vi TBK1, ett protein som ar viktigt for det
medfédda immunforsvaret och i skyddet mot bakterier som forsoker
infektera innandémet av vara celler. Intracellulara bakterier kan brytas ner
av autofagisystemet och TBK1 ar en faktor som oOkar effektiviteten for detta,
det ar mojligt att &ven SNX18 har en roll hir. Sammantaget sé ar SNX18 en
positiv reglerare av autofagi, den tycks vara absolut nodvandig for att denna
process ska fortlopa normalt.

vii
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1. Introduction

All cells are surrounded by a double layer of amphipathic lipids known
simply as the cell membrane. This membrane encloses all cellular contents,
creating an intracellular environment that is distinct from the outside.
Amphipathic lipids, defined by the presence of both a hydrophobic and
hydrophilic domain within the same molecule, spontaneously form lipid
bilayers in an aqueous environment. The lipids expose their hydrophilic head
groups to the water-based interior and exterior of the cells while their
hydrophobic fatty acid tails are oriented towards the middle of the
membrane, away from the water. As most biomolecules such as nucleic acids
and proteins contain charged groups, they cannot diffuse through the
hydrophobic core of biological membranes (1). This containment of
biomolecules is a prerequisite for life as we know it.

Eukaryotic cells have taken this concept one step further, as they utilize
membranes to divide their intracellular space into several smaller
compartments. This compartmentalization allows these membrane-enclosed
organelles to execute diverse enzymatic reactions separate from each other
and from the cytosol. However, this higher order also requires an intricate
network of specialized lipids and proteins to maintain organellar integrity
and to allow for interorganellar communication (2).

This thesis addresses the regulation of intracellular membrane dynamics via
investigations into the characteristics and functions of the membrane
proteins belonging to the SNX9-protein family.

2. Vesicular transport
The endomembrane system

The endomembrane system comprises the membrane-bound compartments
associated with endocytic, secretory and degradative processes in the cell.
These processes are critical for a wide range of cellular functions, including
nutrient uptake, signaling, and development. The organelles connected to
this system are the endoplasmic reticulum (ER), Golgi complex, endosomes
and lysosomes, each of which has its own unique identity and function. In
addition, the endomembrane system includes the membrane-enclosed
transport intermediates moving between these organelles and the plasma
membrane (see figure 1). The main roles of this system are to export
secretory cargo and to import and sort endocytic material.
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Figure 1. The endomembrane system of a mammalian cell. Arrows represent
diverse transport pathways. EE: early endosome, SE: sorting endosome, RE:
recycling endosome. Figure modified from (3).

To maintain each organelle’s identity amid this flow of material, the cell has
developed organelle-specific pathways for retrieval and recycling of
membrane and functional components. Export, import, sorting and retrieval
are mediated by vesicular or tubular membrane carriers containing lipids,
integral membrane proteins and soluble molecules (4).

Retrograde and anterograde transport pathways

Transport pathways between the Golgi complex and endosomes are termed
retrograde if they are moving towards the Golgi complex or anterograde if
they are moving away from it. Newly synthesized proteins translated into the
ER lumen are sorted through the Golgi complex and leave the trans-Golgi
network (TGN) in an anterograde fashion. Also, all transmembrane proteins
pass through the Golgi complex en route to their target organelles. On the
other hand, the retrograde transport pathway carries cargo from the
endosomes to the TGN. These cargoes originate from endocytic uptake from
the plasma membrane (5-7) or are retrieved from the anterograde sorting



route (8). Endocytic material that is not sorted into the retrograde routes is
delivered through the late endosomes to the lysosomes for degradation or
retrieved for transport back to the plasma membrane, either directly or
through the recycling compartment (9, 10).

Several distinct pathways for retrograde transport regulated by different
protein complexes have been identified and characterized. These emerge
from structures on early/sorting or late endosomes (11). Numerous
endogenous proteins are sorted through these pathways, e.g., SNAREs,
mannose 6-phosphate receptors (MPR), TGN46, mAtg9, sortilin, and furin.
It has also been shown that bacterial, viral, and plant toxins can hijack these
systems. After entering the cell via endocytosis, they follow the retrograde
transport route through the Golgi complex and into ER from which they are
retrotranslocated into the cytosol where they associate with their cellular
targets (12).

Essential proteins in vesicular transport and sorting
Dynamin

As an essential step in membrane carrier formation, the newly formed
membrane bud has to be released from the parental membrane. This process
includes drastic remodeling of the lipid bilayer and the subsequent
membrane fission is a thermodynamically unfavourable process that is
poorly understood at the molecular level (13). The large GTPase dynamin is
one of the proteins known to participate in membrane scission. Dynamin is
expressed in three different isoforms in mammals; dynamin-1 is found in the
brain, dynamin-2 is ubiquitously expressed and dynamin-3 is restricted to
the brain, lung, heart, and testis (14). This 100 kDa protein contains a
pleckstrin homology (PH) domain for binding to phosphoinositides in
membranes and a proline-rich domain (PRD) for binding to Src homology
(SH3) domains in accessory proteins (15). Dynamin also has a GTPase
domain where binding and hydrolysis of guanine nucleotides takes place.
Adjacent to this is a self-assembly domain simply referred to as the ‘middle’
domain. The C-terminally located GTPase effector domain also participates
in self-assembly as well as the allosteric regulation of the GTPase activity

(15).

Dynamin is well established as playing a role in the process of vesicle
formation at diverse cellular sites that involve the plasma membrane, TGN,
and endosomes. In addition, dynamin has been shown to play a role in
caveolae budding, phagocytosis, cytokinesis, and actin rearrangements (16).
Most studies, however, have focused on the role of dynamin in clathrin-



mediated endocytosis (CME), where it mediates membrane scission as it
assembles around the necks of invaginated clathrin-coated pits (CCP) and
pinches them off in a GTP hydrolysis-dependent mechanism (5, 17).

Dynamin is also required for budding and formation of transport carriers
from endosomes, as it has been shown to regulate the retrograde transport of
the bacterial Shiga toxin B-subunit (STxB) (18) and the recycling of
transferrin receptor to the plasma membrane from the recycling endosomal
compartment (19). Inhibition of dynamin in the cell results in endosomes
with protruding membrane buds and tubules that cannot be released. This
endosomal phenotype causes a block in endosomal maturation and
acidification (20).

The exact mechanism of dynamin-mediated membrane fission is still a
matter of debate and three different models have been proposed. All three
models take into account the fact that dynamin undergoes major nucleotide-
and membrane binding-dependent conformational changes (21-23).
Dynamin oligomerizes as a spiral around tubular membranes and, upon GTP
hydrolysis, has been observed to constrict the tube (24, 25), possibly leading
to hemifusion of the inner lipid layer and subsequent membrane fission.
GTP hydrolysis also leads to a lengthwise expansion of the dynamin spiral
(21). Additionally, the conformational changes within the dynamin oligomer
might exert a twisting force on the underlying membrane (26). These actions
could possibly generate a mechanochemical force that drives vesicle release.
In another proposed mechanism, dynamin serves as a PtdIns(4,5)P-
sequester, which, together with the GTP hydrolysis-dependent constriction
of the vesicle neck, might cause membrane destabilization between different
lipid phases and lead to spontaneous fission (27-29). The third model
suggests that dynamin works as an effector recruiter in the same manner as
most other classical GTPases (e.g., Rab, Ras). Such GTPases are considered
active in the GTP-bound form and inactive when they are bound to GDP.
Auxilin, for instance, binds only the GTP-bound form of dynamin (30) and
SNXg stabilizes the dynamin-membrane interaction only in the presence of
GTP, not GDP (31). Taken together, this model suggests that dynamin
functions as a molecular switch stabilizing and/or recruiting downstream
effectors necessary for membrane fission.

Recruitment of dynamin is dependent on PRD-mediated interactions with
accessory proteins containing SH3 domains. SH3 domains are found in
many different proteins such as actin binding proteins and membrane active
proteins (32).



Adaptor proteins

There are several types of adaptor proteins that sequester cargo and form the
protein networks that orchestrate the production of intracellular transport
vesicles in the endocytic and late secretory pathways. Adaptors relay signals
between phosphoinositides in the membrane, the sorting signal of the
sequestered cargo and accessory proteins found in the coat surrounding the
forming vesicle.

Adaptor proteins in mammalian cells include the five adaptor protein (AP)
complexes AP-1 through AP-5, the GGA family of monomeric adaptors, and
several cargo-specific types of adaptors.

Adaptor protein complexes

AP complexes are tetramers made up of two large and two small subunits
called adaptins. The small subunits are termed p1 to pu4 and o1 to o4 with the
number corresponding to the AP complex to which they belong. The large
adaptin subunits found in AP-1 to AP-4 are termed v, a, J, &, respectively,
and B1 to B4. AP-5 has only recently been identified and its specific role and
subunit structure are yet to be determined (33). Some subunits exist in
several isoforms, e.g., uib and y2 are associated with the AP-1 complex (34-
36). The subunit organization of an AP complex is shown in figure 2A.

AP complexes are capable of membrane binding since they harbor
phosphoinositide-binding motifs in their ‘core’ domains (figure 2A). The
‘core’ also mediates recognition and interaction with cargo whereas motifs
for interactions with accessory proteins are located in the ‘hinge’ and ‘ear’
domains of the large adaptins (34, 36, 37).

Clathrin is a major binding partner of AP-1 and AP-2 at the TGN and plasma
membrane, respectively. The connection between clathrin and AP-3 is
unclear in physiological settings and AP-4 seems to be clathrin-independent.
AP-1 and AP-3 have the ability to interact with an isoform of the clathrin
heavy chain (38, 39) that primarily localizes to endosomal compartments
and has been implicated in retrograde trafficking of MPRs and STxB (40).

The AP complexes in mammalian cells regulate distinct transport pathways
(figure 2B). AP-1 is a clathrin-recruiter at the TGN and also coats
tubulovesicular carriers at endosomes in retrograde pathways (41-43). The
variant of AP-1 with the pib subunit is found in the basolateral sorting
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Figure 2. Structure of AP complexes and localization of adaptor proteins. A) The
general structure of AP complexes as exemplified by AP-1 and its subunits. The ‘ear’,
‘hinge’ and ‘core’ domains are as indicated. B) The cellular localizations of adaptor
proteins, modified from (33).

machinery of polarized epithelial cells (44). AP-2 mediates clathrin-
mediated endocytosis (45). AP-3 sorts proteins between endosomes,
lysosomes and lysosome-related organelles such as melanosomes (46). AP-4
mediates TGN-to-endosome transport (47).

As described in Paper I, we found that our main protein of interest, SNX18,
interacts directly with AP-1 (48). AP-1 primarily localizes to the TGN and
incorporates MPRs into clathrin-coated vesicles (CCV) at the Golgi interface
(49, 50). The small GTPase Arf1 recruits AP-1 to Golgi membranes in a GTP-
dependent manner (51). In addition to this, AP-1 is also found on endosomal
structures and important clues to its endosomal function were provided by
AP-1 knockout mice. In cells from these mice, MPRs were clustered in
endosomes and unable to cycle through the retrograde transport pathway,
arguing for a retrieval role for AP-1 in retrograde transport (42). Strong
support for this idea was recently provided by knockdown of GCCi185, a
tethering factor for incoming vesicles at the TGN, which caused an
accumulation of AP-1 coated, MPR-containing transport intermediates in the
cell periphery (43). It is not clear how AP-1 is recruited to non-Golgi
membranes. This may also be Arfi-dependent with organelle specificity
being defined by the Arfi-activating GEFs involved (52, 53).



GGAs

The GGA (Golgi-localized, y-ear containing, Arf binding protein) proteins are
monomeric adaptors containing a domain homologous to the y-subunit of
AP-1. Mammals express three isoforms of GGAs: GGA1, GGA2 and GGAS3.
Their localizations in cells overlap with each other and to some extent with
AP-1 (41, 49, 54, 55). GGAs participate in the budding of clathrin-coated
carriers at the Golgi and mediate the binding between cargo, clathrin, and
other accessory proteins (41). GGAs also interact with AP-1, but it is not clear
whether GGAs work together with, or in parallel/anti-parallel pathways to,
AP-1. Recent data suggests that GGAs and AP-1 function independently of
each other, although all of them are recruited by Arfi to membranes and
interact with the same type of cargo and with clathrin (56).

PACS adaptors

PACS proteins are sorting proteins that work together with AP complexes
and interact directly with cargo via phosphorylated acidic sequences, a type
of sorting motif found in the cytosolic tail domains of several
transmembrane proteins (57). PACS-1 was identified as an adaptor in
retrograde sorting of furin and MPR (58). PACS-1 interacts with AP-1 and
AP-3, but not clathrin, and it is absent in clathrin-enriched cell fractions (59,
60).

EpsinR

EpsinR is a cargo adaptor in the TGN-endosomal interface. It interacts with
AP-1 (61, 62), GGA2 and clathrin (63, 64). Using STxB as a marker of
retrograde transport, EpsinR was shown to be part of a clathrin-dependent
endosome-to-TGN pathway that is also utilized by the endogenous proteins
TGN46 and MPR (65).

Retromer

The retromer is a heteropentameric protein complex that mediates
retrograde endosome-to-TGN transport. It is built up of a homo- or
heterodimer of SNX1, SNX2, SNX5 or SNX6 that assembles with Vps26,
Vps29 and Vps35. The SNX dimers form tubular protrusions at the
endosome and recruit the cargo-sequestering complex made up of the three
Vps proteins (66). These tubular carriers emanate from endosomal
compartments that exhibit signatures of both early and late endosomes, and
likely represent an intermediate between the two (67-69). Important cargoes



of these carriers are sortilins and MPRs, and STxB has been shown to hijack
this system as well (70).

Cargo recognition by the adaptors

Sorting signals in the cytoplasmic tail of transmembrane proteins mediate
the cargo selection for transport vesicles. The tyrosine-based signal YXX® (®
represents a bulky hydrophobic residue) is a well-characterized
internalization signal. The YXX® motif docks into a hydrophobic pocket on
p-adaptins in AP complexes and can also act as a signal for basolateral
sorting and lysosomal targeting. All p-subunits bind YXX® signals but with
slightly different preferences depending on the residues in the XX and @
positions (71, 72). Other important sorting signals within the endosomal
system include the dileucine-based motifs [DE]XXXL[LI] and DXXLL. GGAs
recognize DXXLL, which is found in proteins cycling between the TGN and
endosomes (73, 74). AP complexes bind the [DE]JXXXL[LI] sorting motif at
the interface between the ¢ and the y/o/8-subunits in AP-1, AP-2 and AP-3,
respectively (75). The dileucine-based motifs are often preceded by an acidic
cluster containing one or several serine residues. Phosphorylations mediated
by casein kinase-2 (CK2) at these serines provide additional sorting
information, as in the case of PACS-1 mediated furin sorting where proper
sorting is dependent on CK2-phosphorylations of both the cargo and the
adaptor (74, 76, 77). Cargo recognition by the retromer is distinct from the
sorting motifs discussed above and seems to depend on interactions between
hydrophobic patches with aromatic amino acid residues (78). Another mode
of cargo recognition is the EpsinR-cargo interaction, which occurs through
folded domains and surface-surface interactions (79).

Sorting nexins

The SNX protein family consists of 33 rather diverse proteins. They all
contain a 100-140 residue PX domain, a phox homology domain known for
its ability to bind phosphorylated inositides. In addition to the PX domain,
many of the SNXs contain other protein domains (80, 81). Within this
diverse family of peripheral membrane proteins, a group of 12 proteins
contain a C-terminal BAR domain (Bin/amphiphysin/Rvs-domain) (Table
1). BAR domains form crescent-shaped dimers (homo- or heterodimers) with
a positive net charge on the concave surface that allows the dimer to form
electrostatic interactions with negatively charged surfaces such as membrane
patches enriched with phospholipids (82, 83). BAR domains can both sense
and generate curved membranes through their own intrinsic curvature (84).
The PX and BAR domains in SNXs sit closely together generating a
membrane modulatory superdomain (83). In addition, the PX-BAR



superdomain is capable of oligomerization on membrane surfaces yielding

highly curved membrane tubules (83).

Domain structure Protein | Function
SNX1 Retromer; endosome-to-
BAR TGN trafficking
SNX2 Retromer; endosome-to-
TGN trafficking
SNX4 Recycling from
endosomes to RE/PM
SNX5 Retromer; endosome-to-
TGN trafficking
SNX6 Retromer; endosome-to-
TGN trafficking
SNX7 Unknown; possibly
recycling
SNX8 Regulator of retromer-
mediated trafficking?
SNX30 | Unknown; possibly
recycling
SNX32 Unknown; possibly
endosome-to-TGN
trafficking
SNXo9 Clathrin-mediated
@ BAR endocytosis
SNX18 Endosome-to-TGN
trafficking
SNX33 Unknown

Table 1. Mammalian PX-BAR proteins. RE: recycling endosome, PM: plasma

membrane (81, 85).

The SNX9-family

SNX9, SNX18 and SNX33 (formerly known as SNX30) make up a discrete
subgroup within the PX-BAR family. These three proteins contain an N-
terminal SH3 domain and a long low-complexity (LC) domain that is
predicted to possess little secondary structure. Simpler organisms such as
Drosophila melanogaster and Caenorhabditis elegans carry a single gene
representing the ancestor of this protein family whereas higher metazoans




express all three as a result of gene duplication. Sequence homology analysis
reveals that the first duplication generated SNX9 and a SNX18/SNX33
predecessor, which was later functionally duplicated into SNX18 and SNX33
generating the three paralogs that we know of today. Unicellular eukaryotes
lack apparent SNX9 homologues.

Of these three proteins, SNX9 is the most studied. SNX9 is strongly
connected to the core components of clathrin-mediated endocytosis (CME).
CME is an important and highly conserved uptake pathway for a wide range
of cell surface exposed receptors. Interactions between SNX9 and the core
components dynamin-2, AP-2, and clathrin have been observed and
characterized (86-90). SNXg is also connected to the actin cytoskeleton as its
SH3 domain binds and stimulates N-WASP activity and its LC domain binds
the Arp2/3 complex (91, 92).

As mentioned above, PX-BAR domains make up a very efficient membrane-
binding and membrane-remodeling unit. The PX domain harbors a binding
pocket for phosphoinositides with the amino acids in this pocket
determining the phosphoinositide binding specificity of the PX domain.
Since most SNXs are part of the endosomal system, their PX domains
interact with those phosphoinositides that are typically enriched at
endosomal membranes such as PtdIns3P and to some extent PtdIns(3,5)P.
(81, 85). In line with SNX9’s role in endocytosis, however, the PX domain of
this protein preferentially, but not exclusively, interacts with the plasma
membrane lipid PtdIns(4,5)P. (83, 86, 90). SNX9 readily remodels
PtdIns(4,5)P.-containing liposomes into narrow, tubular structures through
the combined action of the PX and BAR domains (83, 90). It is known that
BAR domains can induce membrane curvature, but the membrane
remodeling action of SNX9 is also dependent on an amphipathic helix
located upstream of the PX domain, called helix 0 (83). Amphipathic helices
are partially inserted into the membrane, forcing the lipids apart and
creating a wedging effect that leads to increased membrane curvature (93).
Experimental data are lacking, but all three SNX9 family proteins contain
sequences that are predicted to form an amphipathic helix 0. In any case, as
shown in Paper I, the three proteins are fully capable of membrane
tubulation in a cell-based system (48).

Whereas the PX-BAR domains stabilize the protein’s membrane interaction,
the SH3 and LC domains harbor protein-protein interaction motifs. After the
PX domain, the SH3 domain is the most highly conserved domain within the
SNXg family. The SH3 domain of SNX9 has several known interaction
partners (summarized in (94)) and most of these have been demonstrated
for SNX18 and SNX33 as well (48, 95, 96 and unpublished data). The most
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prominent ones are dynamin-2 and N-WASP, which mediate membrane
fission and actin assembly, respectively. The activities of these proteins are
stimulated by the presence of SNXo9, pointing to a regulatory role of the
SNXg family members (87, 91). The LC domain, located between the SH3
and PX-BAR domains, differs the most between SNX9, SNX18 and SNX33
with less than 25% sequence homology between the three proteins. This
domain mediates the binding between clathrin and AP-2 in SNX9 (86) and
AP-1 in SNX18 and SNX33 (48 and unpublished data). The association of
actin-nucleating factor Arp2/3 to the LC domain provides an additional
connection to the regulation of the actin cytoskeleton (92). The Arp2/3
binding sequence in SNXg is also present in SNX18 and SNX33.

A functional model for SNX9 activity has been proposed by Lundmark and
Carlsson (94) in which SNXg is recruited to newly forming clathrin-coated
buds at the plasma membrane through protein-protein interactions together
with the affinity of SNX9’s PX domain for PtdIns(4,5)P.. As it oligomerizes
around the vesicle neck, SNX9 recruits dynamin-2 and creates a narrow
membrane tubule around which dynamin forms a collar and undergoes GTP
hydrolysis resulting in vesicle scission (figure 3). N-WASP-mediated actin
polymerization exerts an additional force as the membrane separates. This
model may also be applicable to SNX18 and SNX33, but in a different
cellular context as they do not associate with AP-2 or clathrin, and they
localize to distinct membrane structures.

¢
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= SNX9 @ Dynamin @ N-WASP ——— Actin polymer

Figure 3. Vesicle budding mediated by SNX9 proteins together with dynamin and
N-WASP. Modified from (94).
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3. Autophagy

Eukaryotic cells have two systems for proteolytic degradation: the lysosome
and the proteasome. The proteasome degrades ubiquitinated proteins that
are targeted to the barrel-shaped proteasomal complex, whereas
extracellular components and transmembrane proteins are sorted as
endocytic cargo into the lysosome. Additionally, intracellular proteins and
organelles can be targeted for lysosomal degradation through autophagy
(97). Autophagy can be divided into three main types: macroautophagy,
microautophagy and chaperone-mediated autophagy. During
macroautophagy, an expanding double membrane cup engulfs cytoplasmic
material either selectively or unselectively. After closure, the autophagosome
matures either through fusion with endosomes followed by lysosomes or
directly with lysosomes, creating the autolysosome. In microautophagy,
cytoplasmic material is engulfed directly by the lysosome itself. Chaperone-
mediated autophagy targets proteins into the lysosome without membrane
reorganization; the substrate is simply translocated into the lysosome (98).
Hereafter, the term autophagy will refer to macroautophagy only.

Autophagy serves, in parallel with the proteasome, as a mechanism for the
constant turnover of intracellular components. Basal autophagy acts as a
quality-control system for cytoplasmic material, selectively degrading old
components and providing the building blocks to synthesize new ones.
Cellular stress, such as nutrient limitation and lack of growth factors or
oxygen, induces higher levels of autophagy, which promotes survival under
starvation conditions. Moreover, autophagy is also a defense mechanism
against cytoplasmic pathogens. A general decline in autophagosomal activity
is correlated with the cellular accumulation of damaged proteins and
organelles that is a hallmark of ageing. Similarly, upregulation of autophagy
is positively correlated to longevity, at least in model organisms.

Autophagy plays an essential role during development and differentiation.
Knockout mice lacking key regulatory autophagic proteins die shortly after
birth. In addition to this, autophagy has implications in a wide range of
diseases including cancer and neurodegenerative syndromes (98-101).

Initial mappings of the autophagic molecular machinery were carried out in
yeast model systems. As autophagy is conserved among eukaryotes, the yeast
mutant screens were of great value in understanding the mammalian
autophagic process. The genes that were found to affect protein turnover in
yeast are referred to as autophagy-related genes (Atg) and mammalian
homologues have been identified for many of the yeast Atg proteins. Atg1, for
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instance, is the yeast homologue of ULK1 and ULK2. Atg1 and ULK1/2 are,
together with a number of other factors, part of the core molecular
machinery essential for autophagosome formation in both yeast and
mammals. The class III PtdIns3-kinase (PtdIns3K) complex is another of
these factors. During autophagosome formation, two essential
ubiquitination-like (ub-like) conjugation reactions are elicited involving
Atgi2 and Atg8, the latter having several identified mammalian counterparts
in the LC3 and GATE16/GABARAP-protein families. Atg8 is conjugated to a
membrane lipid in this highly conserved reaction. The only transmembrane
protein found to be essential for autophagosome formation is Atgg, or mAtgg
as it is called in mammals (100). The control of the autophagic pathway and
the formation of the autophagosome are discussed in greater detail below
and are briefly summarized in figure 4.

Activation of autophagy through mTORCI1 inhibition

mTOR (mammalian target of rapamycin) is a master regulator of a wide
range of cellular activities including cell growth and proliferation,
transcription and translation, cytoskeletal reorganization, and autophagy
(102). The mTOR pathway is the most studied regulatory mechanism of
autophagy. Nutrient limitation or rapamycin treatment result in induction of
autophagy by inhibition of mTOR, more specifically the mTOR complex 1
(mTORC1), via a mechanism that is conserved from yeast to mammals (103-
105).

Active mTOR is part of a complex consisting of ULK1/2, Atg13, and FIP200
in which it mediates phosphorylation-dependent inhibition of the kinases
Atg13 and ULKi. Upon induction of the autophagic process, mTOR
dissociates from these proteins, which allows for dephosphorylation of ULK1
to occur. Active ULK1 then phosphorylates Atgi3, FIP200 and
autophosphorylates ifself, eliciting the steps in the autophagic pathway
downstream of mTORC1 (106-108). FIP200 translocates to pre-
autophagosomal structures (PAS) and is essential for autophagosome
formation (109). ULK1/2 also translocates to PAS in a FIP200-dependent
manner and is responsible for the subsequent recruitment of the class III
PtdIns3K-complex (109, 110). This complex, and its lipid kinase acitivity, is
essential in the autophagic process.
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Formation of the autophagosome
Initiation

The origin of the phagophore, also known as PAS or the isolation membrane,
has been debated as it is unclear whether it is formed de novo or from pre-
existing membranes. Cellular membranes suggested to constitute the base
for the initial phagophore formation include the ER (111-113), mitochondria
(114) and the plasma membrane (115).

The class III PtdIns3K complex consists of the PtdIns3-kinase Vps34, Beclin
1, Atg14L and p150/Vps15. Vps34 kinase activity is regulated through Beclin
1 and its binding partners: Ambra-1, UVRAG and Bif-1 (inducers of
autophagy), and Rubicon and the anti-apoptotic proteins Bcl-2 and Bel-XL
(inhibitors of autophagy) (reviewed in (101)). Vps34 activity results in local
enrichment of PtdIns3P in the phagophore membrane; this lipid is required
for progress of the autophagy pathway, although its role is not completely
understood (116).

Plasma membrane
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Figure 4. Schematic depiction of autophagosome formation, modified from (100).
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Proteins binding to PtdIns3P have been described, mostly as part of
endosomal machineries where this lipid is enriched. There are, however, a
number of autophagic PtdIns3P effector proteins described as well. The
WIPI-proteins are recruited early in the autophagic process due to their
affinity for PtdIns3P in the phagophore (110, 117, 118). WIPI1 and WIPI2 act
upstream of the ub-like conjugation systems described below and
knockdown of WIPI-proteins results in a block of LC3 lipidation and
inhibition of autophagosome formation (110, 118, 119). WIPI1 is only
detected on early autophagosomal structures and seems to be excluded from
the mature autophagosome (120).

Another PtdIns3P binding protein recruited to the phagophores originating
from the ER is the double-FYVE containing protein, DFCP1 (111). FYVE
domains interact with PtdIns3P and are found in many proteins related to
endosomal sorting and autophagy. DFCP1 also contains an ER-targeting
signal (111). DFCP1 localizes to structures in close proximity to WIPIz,
Atg16L, Atgi4L and LC3 during starvation-induced autophagy (110). Its
exact role is not clear but temporal analyses show that DFCP1 puncta
formation precedes accumulation of LC3 on the phagophore and DFCP1
disappears from these structures prior to the final maturation of the
autophagosome (110, 111).

Atg16L is targeted to early phagophore structures as it participates in one of
two ub-like conjugation systems that function during elongation of the
phagophore. The first ub-like reaction creates an Atgi2-Atgs-Atgi6L
complex, which localizes to the phagophore (121, 122). The second ub-like
reaction results in targeting of LC3 to the autophagosomal membrane as
cytosolic LC3-I becomes conjugated to phosphatidylethanolamine (PE) (123,
124). This lipidated form of LC3, called LC3-II, is anchored to the
autophagosome throughout the elongation and maturation process.
Luminally anchored LC3-II eventually becomes degraded together with the
inner membrane of the autolysosome, whereas LC3-II on the cytoplasmic
face can be de-lipidated before lysosomal fusion and recycled (125). The lipid
modification and degradation of LC3 have proven to be very useful tools for
monitoring the progress of the autophagosomal pathway. The PE-conjugated
form of LC3 is detectable by a size shift on SDS-PAGE gels and its turnover
can be detected in Western blotting. Fluorescently labeled LC3, such as GFP-
LC3, is a useful marker for visualizing autophagosomal structures in
microscopy as it is incorporated into these membranes as the endogenous
protein (126).
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The accumulation of PtdIns3P and recruitment of PtdIns3P-binding effector
proteins is counteracted by PtdIns3P-phosphatases such as Jumpy and
MTMR3 (127, 128).

Elongation and maturation

The phagophore expands by incorporation of additional membranes, both
through addition of lipids from the parental organellar membrane and also
through docking and fusion of vesicular membranes. One of the factors
participating in the fusion process is Atg8, the yeast homolog of LC3, which
has been shown to mediate vesicle tethering and hemifusion in vitro (129).
Additionally, several studies have shown that Atg8 is involved in the
expansion phase of the autophagosomal membrane in yeast cells (129, 130).
The mammalian counterparts of Atg8, LC3 and GATE-16/GABARAP, are
also capable of promoting membrane tethering and fusion (131). Silencing of
LC3 in mammalian cells results in an accumulation of small, Atgs-labeled
structures that likely represents a block in the early stages of phagophore
expansion (132). Efficient membrane fusion, both as expansion and closure
events, also requires SNARE proteins (133, 134). The Atg8/LC3 homologues
in the GATE-16/GABARAP family are suggested to participate in later stages
of autophagosome formation, possibly mediating closure of the autophagic
membrane (132).

The transmembrane protein mAtgg is required for autophagy in all species
examined to date (135). Under nutrient-rich conditions, mAtgg mostly
resides in the TGN but is also found in peripheral endosomal structures
(136). During autophagy, mAtgg-positive vesicles are formed at the TGN by
the aid of the BAR domain containing Bif-1, after which mAtgg becomes
dispersed and co-localizes with LC3-positive structures (136, 137). These
Golgi-derived vesicles likely fuse with the phagophore and/or the
autophagosome, as these structures become Atgg-positive. In yeast, it has
been shown that Atgg is retracted from the double-membrane structure and
is thought to cycle between the different membrane compartments (138,
139). Such a retrieval pathway may also exist in mammalian cells, as the
starvation-induced dispersion of Atgg can be reversed upon re-addition of
nutrients (136). The trafficking events mediating the dispersion of mAtgg
during autophagy are dependent on a functional PtdIns3K complex (136).
Inhibition of mAtgg trafficking results in an autophagic block (140) and less
LC3 lipidation is observed and autophagosomes are significantly smaller in
size following mAtgg depletion (136, 141). mAtgg may act as an effector
recruiter at early stages of autophagosome formation, but its exact function
is not yet determined.
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The autophagosome maturation process is also dependent on an intact
microtubule system (142). Bidirectional movement along microtubules is
important for efficient maturation of the forming autophagosome. FYCO1
links LC3-positive membrane structures to the plus end of microtubules via
kinesin motor proteins (143), whereas minus-end directed dyneins transport
autophagosomes to the centrally located microtubule-organizing center
where late endosomes and lysosomes are clustered (144, 145). The
autophagosome fuses with endosomes and later with lysosomes, creating the
autolysosome in which the inner membrane and all protein contents are
degraded, including the LC3-II that is still attached to the luminal
membrane surface. The fusion step and final maturation rely on several
groups of proteins that are also involved in the normal biogenesis of
endosomes, such as ESCRT, SNAREs, Raby, and class C Vps proteins, as
reviewed in (101). The degradative function of the lysosomes can be inhibited
by administration of Bafilomycin A1 (bafA1), which inhibits the H+-ATPase
and thus inhibits the proper luminal acidification and activity of lysosomal
enzymes (146).

Autophagic receptors

The cargo for the selective autophagy of protein aggregates, organelles, and
intracellular pathogens has been found to be ubiquitinated and this
ubiquitination is recognized by receptors that connect the cargo to the
autophagosomal membrane. The most studied receptor is p62, which was
identified in LC3- and ubiquitin-positive cytoplasmic aggregates (147). It
contains a ubiquitin recognition domain, a domain for oligomerization and a
LIR (LC3 interacting region) sequence (148). p62 links components destined
for autophagic degradation with the autophagic machinery (147, 149). p62
itself is also degraded in the process and, as such, is useful for measurements
of autophagic flux in general (126). p62 has been shown to be required for
efficient autophagic clearance of ubiquitinated proteins (149).

Another autophagic receptor connecting ubiquitinated cargo and
autophagosome-associated Atg8/LC3-family proteins is NBR1, which both
cooperates with and works independently of p62 (150). Mitophagy, the
selective autophagy of mitochondria, is mediated by Nix, which links
Atg8/LC3-family members to the autophagic cargo, which in this case is
damaged mitochondria (151). Selective autophagy is also mediated by
NDP52, identified by Randow and colleagues as an adapter between
ubiquitinated cytosolic bacteria and the autophagosomal machinery (152), a
role that it shares with p62 (153). However, NDP52 and p62 seem to, at least
in part, act independently of each other as they localize to distinct
microdomains on the bacterial surface (154). Additionally, they can be
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recruited independently of each other (154, 155). Besides their affinity for
LC3 proteins and ubiquitin, p62 and NDP52 are part of distinct protein
complexes. A unique feature of NDP52 is that it links a TBK1/Nap1/Sintbad-
complex to cytosolic Salmonella (152).

Innate immunity and autophagy

TBK1 is a well-known signal transducer in innate immunity responses
(reviewed in (156, 157)) and is also known to be involved in the defense
against cytosolic bacteria (158). Recently, TBK1 has been shown to
phosphorylate, and thereby enhance the efficiency of, autophagic receptor
optineurin, which connects ubiquitinated bacteria to LC3 and GABARAP
(159). Another connection between the innate immunity and autophagy
through TBK1 was made by Akira and colleagues (160). They showed that
STING, a double-stranded DNA (dsDNA)-induced mediator for interferon
production, assembles in cytosolic TBKi-positive membrane-bound
structures together with LC3 and mAtgg upon dsDNA stimulation of
cultured cells. This stimulation by dsDNA was shown to induce autophagy by
monitoring the degradation of p62 (160). In line with this, the TBK1-related
IxB kinase IKK has been shown to participate in the induction of starvation-
induced autophagy in a pathway unrelated to its more well known function
as an inducer of the NF-xB transcription factor (161). The connection
between autophagy and innate immunity has attracted increased attention
lately and will likely develop into a new immunological paradigm (162).
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4. Results and discussion

Paper I: SNX18 is an SNX9 paralog that acts as a membrane
tubulator in AP-1-positive endosomal trafficking

The aim of this study was to provide the first functional comparisons
between the three proteins SNX9, SNX18 and SNX33 that make up the
SNXg protein family. SNXg itself has been rather extensively investigated
and shown to be a dynamin-recruiter and membrane-remodeler in clathrin-
mediated endocytosis (94), whereas the functions of SNX18 and SNX33 (or
SNX3o0 as it was previously known) were unknown.

The common denominators that we found within this protein family were
the interactions between their SH3 domains and dynamin-2, and the ability
of their PX-BAR domains to tubulate cellular membranes. The tubulation
ability of SNX9, SNX18, and SNX33 were measured upon overexpression of
their PX-BAR domains in HeLa cells. This had been demonstrated with
SNX9o-PX-BAR earlier (83), and we demonstrated similar activities for
SNX18 and SNX33. SNX18 was also tested for phosphoinositide specificity
and it almost exclusively interacted with bis-phosphorylated
phosphoinositides, most notably PtdIns(4,5)P-.

An important question to answer was whether or not these related proteins
could form functional units together, as has been reported for other BAR
domain containing proteins. BAR domains always assemble as dimers and
closely related BAR proteins can heterodimerize, e.g., SNX1 and SNX2 with
each other as well as with SNX5 and SNX6. BAR domains within other
protein families can also heterodimerize, such as is seen with amphiphysin 1
and 2 (66, 163, 164). In immunoprecipitations from cell lysates using
affinity-purified antibodies against the individual SNX9 family proteins, we
saw that SNX9, SNX18 and SNX33 precipitated independently of each other.
Furthermore, immunofluorescent labeling of cells revealed that the three
proteins localized differently within the cells. Both results indicated that
these proteins act independently of each other. Subsequent studies from
other labs questioned our results, as one group claimed that SNX9 and
SNX18 are redundant in clathrin-mediated endocytosis and form
heterodimers (165), and another study described interactions between SNXg
and SNX33 (96). However, thorough biochemical mapping of the dimer
interface regions of the BAR domains in the SNX9 family strongly suggests
that heterodimerization cannot happen; the lack of conservation of amino
acid residues at the dimerization interfaces do not allow for the necessary
intermolecular bonds to form (166). In addition to this, Dislich and
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colleagues repeated and confirmed our immunoprecipitation results,
strengthening the view that these proteins function in distinct complexes.
Interestingly, artificial complexes can form if the proteins are present in
non-physiological concentrations, for instance during high-level
overexpression in cultured cells (166), which was the experimental setup
used in both (165) and (96).

In order to limit the scope of this project, we decided to focus our efforts on
SNX18. We screened the adaptor protein complexes AP-1 through AP-4 for
SNX18 binding and found an interaction with y-adaptin of AP-1. Co-
localization studies in HeLa cells confirmed an in vivo association between
AP-1 and SNXi18 that preferentially occurred at endosomal structures.
Treatment of cells with Brefeldin A (BFA) increased co-localization and
enabled a co-immunoprecipitation of an AP-1/SNX18 complex from cell
lysates. BFA inhibits Arfi-dependent recruitment of AP-1 to TGN (167). BFA
is said to disperse AP-1 into the cytosol, but it also seems to increase AP-1’s
localization to endosomes.

Since AP-1 is a clathrin adaptor and SNX9 is associated with the clathrin
machinery at the plasma membrane, we investigated whether or not there is
an association between SNX18 and clathrin. In pull-down experiments, we
were not able to see a direct interaction between clathrin and SNXi8.
Moreover, by immunofluorescent double labeling, we also concluded that
there is no apparent in vivo association. Thus we speculate that SNX18 and
AP-1 regulate a trafficking pathway independent of clathrin. However, it
should be noted that we only investigated one type of clathrin. There is
another isoform of clathrin that has been described as strictly endosomal,
regulating transport from endosomes to TGN (40). This isoform is known
from earlier studies to interact only with AP-1 and AP-3, not AP-2 (38, 39).

SNX18-positive structures seen under the microscope rarely overlap with
markers for early endosomes (EEA1), recycling endosomes (labeled by
endocytosed transferrin), late endosomes (MPR), lysosomes (LAMP2) or
overexpressed endosomal markers Rabs, Raby, Rabg and Rabui
(unpublished data). However, a study from the Gary Thomas laboratory
demonstrated that AP-1 participates in an endosomal transport pathway
together with the adaptor PACS-1, a pathway directing membrane carriers
from late endosomal structures to the TGN in a retrograde manner (59). We
saw that there was a partial overlap between SNX18 and PACS-1 in double
labeled cells. We concluded, therefore, that SNX18 functions in AP-1/PACS-
1-positive endosomal trafficking.
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The retrograde trafficking route that is dependent on PACS-1 has been
described as the major retrieval route for furin (58, 77). Furin is a type I
membrane protein with an enzymatic luminal domain. This proprotein
convertase mainly localizes to the TGN where it activates a wide range of
proteins in the secretory pathway as they pass through the Golgi complex.
Furin also associates with elements of the endocytic pathway including the
plasma membrane and endosomes (77). We investigated whether SNX18 was
associated with the retrieval pathway for furin by double labeling of cells and
immunofluorescence microscopy (previously unpublished work). Indeed, we
saw a partial co-localization between furin and SNX18 in the cell periphery,
at structures we interpret as endosomal (figure 5).

Figure 5. Partial co-localization between SNX18 and furin. MDBK cells were fixed in
paraformaldehyde, permeabilized, labeled with antibodies against SNX18 and
furin, and visualized by confocal microscopy. The white box is magnified in the
right panel. The cell nucleus is labeled with DAPI (blue). Scale bar is 10 gm.

In conclusion, SNX18 interacts with and localizes together with several
components involved in endosomal trafficking and has the ability to remodel
membranes in this system. Based on similarities to SNX9, we conclude that
SNX18 is part of a budding system of membrane carriers that functions at
late endosomal structures. In support of our conclusions, SNX18 was
recently reported to function in FIP5/Rab11-regulated polarized endosomal
transport during endothelial lumen formation (168). The role of AP-1 was
not investigated here, but it is known to participate in polarized sorting as
well (44). Pursuing these results will undoubtedly clarify the role of SNX18
in the endosomal system.

21



Paper I1: The membrane-remodeling PX-BAR protein SNX18 is
required for autophagy

As an essential part of autophagy, the membrane-remodeling and lipid
composition of the autophagosomal structures have to be strictly controlled
and regulated. Several membrane binding proteins and the lipid PtdIns3P
have already been identified as essential in this process. In an attempt to
identify additional membrane proteins in the autophagic process, we
performed an siRNA knockdown screen targeting PX domain containing
proteins in mammalian cells. PX domains are found in proteins interacting
with phosphoinositides. A large fraction of human PX domain proteins
belong to the SNX-family and several of these are known to mediate
membrane-dependent cellular mechanisms. We used high-content
immunofluorescence microscopy to monitor the knockdown effects in the
siRNA screen by scoring the numbers of autophagosomes marked by GFP-
LC3 in cultured mammalian cells, an established method to monitor
autophagy (126).

In the siRNA screen, one set of siRNA oligonucleotides targeting the
expression of SNX18 resulted in cells with less GFP-LC3 positive structures
than the ULK1 knockdown cells (positive control). This drastic effect was
confirmed in a follow-up experiment with individually distributed siRNA
oligonucleotides. Apart from diminishing the amount of autophagosomes, as
seen by the number of GFP-LC3 spots in cells, biochemical analysis of cell
lysates showed an inhibition of the LC3-I to LC3-II conversion. Also, the
amount of the autophagy receptor p62 remained high even after autophagy
induction, which pointed to a severe degradation block caused by the lack of
SNX18.

Using the same type of GFP-LC3 scoring system, SNX18 mutants were
introduced into the cells to determine which properties of SNX18 that are
important for autophagy. Wild-type SNX18 was also overexpressed as a
control and we noted that in levels higher than normal SNX18 induced the
formation of more autophagosomes and also increased the lipidation of LC3
resulting in higher amounts of LC3-II. In contrast to this, overexpressed
SNX18 that had been mutated in a membrane interaction motif was
incapable of autophagy induction. In addition to membrane binding, SNX18
might mediate membrane remodeling through insertion of an amphipathic
helix into the lipid bilayer generating higher membrane curvature, as
suggested from studies on SNX9 (83). This putative amphipathic helix in
SNX18 contains a serine residue that is phosphorylated following rapamycin
treatment of HeLa cells (169). To investigate its role in autophagosome
formation, we mutated this serine and the resulting SNX18 mutant failed to
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induce GFP-LC3 positive structures. We concluded that both the membrane
binding and membrane remodeling capability of SNX18 are of importance
for normal autophagosome biogenesis during starvation-induced autophagy.

The association between SNX18 and autophagy was further strengthened as
we found direct interactions between the Atg8 homologues LC3/GABARAP
and SNX18. Double labeling of cells also revealed co-localization between
LC3 and SNXi8 on peripheral punctate structures. In searching for
additional protein interactions, we found that TBK1, a kinase mostly known
for its implication in innate immune responses, co-immunoprecipitated with
SNX18. This kinase is also connected to autophagy-mediated clearance of
intracellular pathogens (159).

The indispensable role of SNX18 during autophagy in our experimental
setting is striking, although the mechanism for this is still elusive.
Nonetheless, it is clear that membrane association of this PX-BAR protein is
of utmost importance for its function in this context. It is noteworthy to
point out that SNX9 and SNX33 did not have any effect on autophagy in the
siRNA screen of PX proteins. SNX18 is the first mammalian sorting nexin
found to play a regulatory role in autophagy, while a yeast homolog of SNX4
has been shown to mediate membrane fusion during selective autophagy
(170). It is possible that SNX4 or any of the other mammalian PX proteins in
our siRNA screen are involved in other types of autophagy than the
starvation-induced macroautophagy monitored in our study.

Concluding remarks and future perspectives

Shortly after the discovery of the first SNX in 1996 (171), this protein family
attracted much attention and the mapping of these proteins quickly resulted
in important insights into the internal membrane dynamics of cells. Paper I
in this thesis was the first published article with a focus on SNX18 and, as for
many of the other SNXs described, we located this protein in the
endomembrane system. Because of the close relationship between SNXo,
SNX18, and SNX33, initial investigations were aimed at characterizing both
apparent similarities and conceivable differences between the proteins. We
now consider these proteins as separate entities based on the results both
from our and others’ laboratories. Future studies of SNX18 should aim for an
extended understanding of its role in formation of endosomal membrane
carriers. Use of selected markers for distinct endosomal pathways will reveal
if SNX18 directs retrograde, polarized or perhaps both types of trafficking in
conjunction with AP-1.
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In addition to its role in endosomal carrier formation, it was very intriguing
to find that SNX18 is a positive regulator of autophagy. This makes SNX18
yet another protein with dual roles in membrane trafficking connected to
both endosomal and autophagic pathways. As so many question marks
remain around the regulation of autophagic membranes, our findings
regarding SNX18 will hopefully shed more light on these mechanisms. The
membrane deformations during the assembly of the autophagic cup, its
subsequent fission, and its final fusion with another organelle are complex
processes that must be executed by several protein complexes.
Understanding of this process also provides insights into many aspects of
life, as autophagy controls development, homeostasis and ageing. As the
research field around autophagy is rather young, the use of high-content
screenings is a valuable tool that can quickly generate data in regards to the
molecular regulation of this degradative pathway.
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