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Abstract

Exosomes are small vesicles of 50-100 nm diameter that derive from intraluminal vesicles
(ILVs) and are secreted into the extracellular environment upon fusion of multiversicular
bodies (MVBs) with the plasma membrane. Release of exosomes is reported for a vari-
ety of cell types and serves numerous functions including the shuttle of RNA, proteins
and lipids for cell-to-cell communication, antigen presentation, and disposal of obsolete or
superfluous molecules. Exosomes display a cell type-specific lipid composition, for exam-
ple those released by B lymphocytes are enriched in cholesterol. Since a tight regulation
of cholesterol homeostasis is indispensable for the structural and functional integrity of
each cell, we asked whether exosomes contribute to this process by facilitating cholesterol
egress.

This study shows that generation and release of exosomes is regulated by cellular choles-
terol levels. While exosome release was decreased after methyl-5-cyclodextrin-mediated
cholesterol depletion of oligodendroglial cells, loading of cholesterol led to its increase. It is
further demonstrated that flotillin-2, a membrane associated protein enriched in exosomes,
is impaired in its exosomal secretion after mutating its putative cholesterol recognition/in-
teraction amino acid consensus (CRAC) sequences. SiRNA-mediated down-regulation of
flotillin-2 significantly reduced exosomal cholesterol release, highlighting flotillin’s impor-
tance for cholesterol trafficking.

Translocation of cholesterol from late endosomes/lysosomes to the ER and Golgi compart-
ments has previously been shown to depend on NPC1 and NPC2 proteins. In Niemann-
Pick type C disease (NPC), loss-of-function mutations of these proteins result in late
endosomal/lysosomal accumulation of unesterified cholesterol and sphingolipids, clinically
leading to progressive demyelination, neurodegeneration and eventually to death. Here, it
is shown that oligodendroglial cells upregulate their exosomal cholesterol secretion upon
induction of NPC-like late endosomal/lysosomal cholesterol trapping either by admin-
istration of U18666A or by siRNA-mediated down-regulation of NPC1. A comparable
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upregulation was seen in primary fibroblasts of NPC1 patients and in NPC1l-mutant Chi-
nese hamster ovary cells, where transient expression of wild-type NPC1 was able to reverse
the phenotype.

These findings indicate that exosomes may serve as molecular vehicles partially bypassing
the cholesterol traffic block in NPC1 that causes pathological accumulation of cholesterol
in late endosomal/lysosomal compartments. Moreover, they indicate a role for exosome

secretion in contributing to the maintenance of cellular cholesterol homeostasis.



Chapter 1

Introduction

1.1 Exosomes

A hallmark of all eukaryotic cells is their compartmentalization into complex, membrane-
enclosed organelles, which fulfill discrete tasks and work in concert to ensure cell viability.
To facilitate the communication between these compartments, the cell employs vesicular
structures trafficking through the cytosol. These molecular vehicles are not only used to
shuttle cargo between intracellular membranes. Cells also release a subpopulation of vesi-
cles into their environment for purposes of cargo degradation or cell-to-cell communication.
There is a variety of extracellular vesicles, whose release depends on type and condition of
the parent cell. One example are microvesicles, which have a heterogeneous size of 100 nm
- 1 pm and bud directly from the plasma membrane (1). In contrast, smaller vesicles with
a diameter of approximately 50 - 100 nm originate from the endosomal system and are
released as exosomes upon membrane fusion (see Figure 1.1) (2).

The existence of exosomes was first documented in 1983 by the group of Rose M. John-
stone. They described a process, in which transferrin receptors are selectively released via
small vesicles during the maturation of reticulocytes into erythrocytes (4; 5). A few years
later, it was proposed that these ‘exosomes’ are formed within the same pathway described
for the trafficking of transferrin receptors (6). According to the authors, exosomes corre-
spond to the intraluminal vesicles (ILVs) found in multivesicular bodies (MVBs), that are
generated by inward budding of endosomes. Upon fusion of MVBs with the plasma mem-
brane, exosomes are released into the extracellular space (7). This pathway was initially
assumed to be utilized for the release of obsolete material from cells (6). However, inten-
sive research on exosome biology over the past 20 years led to insights emphasizing their

general importance for a variety of cell biological processes. Exosomes have been reported
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Figure 1.1: Generation and release of exosomes. Cells release different membranous vesicles
into their environment. Among those are microvesicles with a heterogeneous size of 100 nm -
1 um, which bud from the plasma membrane. Exosomes with a size of 50 - 100 nm correspond to
intraluminal vesicles of multivesicular endosomes, which are generated by membrane invagination
of endosomes. They are released upon fusion of multivesicular endosomes with the plasma
membrane. 50 - 100 nm large exosome-like vesicles can also immediately bud from the plasma
membrane. The figure is adapted from Théry et al., 2009 (3). Reprinted by permission from
Macmillan Publishers Ltd: Nature Reviews Immunology, copyright 2009.
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to mediate immunological responses in acceptor cells (8). They selectively carry subsets
of proteins, lipids, and RNAs (9; 10; 11) and thus can be involved in signal transduction
processes (12; 13; 14). Moreover, they were recently associated with disease progression
(15; 16; 17).

Exosome secretion is known for numerous cell types in culture, including hematopoetic
cells, e.g. B cells, T cells, and mast cells (8; 18; 19), but also cells of non-hematopoetic
origin, such as neurons, oligodendrocytes, and epithelial cells (20; 21; 22). Comprehen-
sive investigations of exosome function and destination further led to their discovery in
mammalian body fluids such as blood plasma, urine, cerebrospinal fluid, and malignant

effusions (23; 24; 25; 26) indicating their biological relevance in vivo.

1.1.1  Morphology and composition

Morphology

Exosomes have a characteristic size, density, morphology, and cargo composition. Us-
ing these hallmarks, they can be discriminated from other vesicular structures in several
assays. Exosomes are purified from conditioned medium and biological fluids by ultra-
centrifugation at 100,000 g (27). With this protocol however, other small vesicles with a
similar size might simultaneously be collected. To validate the purity of the preparation
subsequent methods may be used in addition. Flotation of the vesicle preparation in su-
crose gradient ultracentrifugation allows the separation of exosomes and vesicles derived
from the endoplasmatic reticulum (ER) and the Golgi apparatus as well as the separation
from protein aggregates and other contaminations. Within the gradient, exosomes float at
densities of 1.13 - 1.19 g/ml (8; 28). In contrast, vesicles from the Golgi apparatus float at
1.05 - 1.12 g/ml whereas ER vesicles are found at 1.18 - 1.25 g/ml (27). Vesicles released
during apoptosis float at higher densities between 1.3 - 2 g/ml (29). Exosome-like vesicles
with a size of 50-100 nm can also immediately bud from the plasma membrane instead of
being released by MVB-fusion with the plasma membrane in a delayed pathway (30). The
discrimination between immediately released exosome-like vesicles and delayed released
exosomes is however difficult since both vesicle types are found at densities of 1.13 g/ml
(31). Exosome morphology can further be studied by electron microscopy, where they ap-
pear in a typical ’cup shaped’ structure as flattened spheres with a lipid bilayer boundary
and a size of 50 - 100 nm in diameter (20; 32). This is consistent with the morphology
and size of ILVs within MVBs (8).
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Protein composition

The protein content of exosomes has been analyzed with mass spectrometry, Western
blotting, immuno-electron microscopy, and flow cytometry (9; 33; 20; 34). In general,
the protein profile of exosomes is determined by their parent cells, their origin from the
endosomal system and their specific physiological functions. It is not yet completely
understood, which roles the resident proteins fulfill. However, many of them seem to be
involved in the initial formation of exosomes.

Some subsets of proteins are conserved in all exosomes. This includes members of the ES-
CRT (endosomal sorting complex required for transport) machinery, e.g. alix and tsg-101,
which are essential for MVB generation. Other conserved proteins are members of the cy-
toskeleton, such as actin and tubulin, and proteins that facilitate vesicle generation, fusion
and mobility, e.g. clathrin, annexins, Rab1B, Rab7, and Rab35. Proteins ubiquitously
appearing in exosomes also include metabolic enzymes, e.g. peroxidases and enolase-1,
the chaperons Hsc70, Hsp70 and Hsp90, and proteins mediating signal transduction, e.g.
heterotrimeric G proteins and several kinases. In addition, adhesion molecules such as
integrins and the teraspanins CD9, CD63, CD81, and CD82 are remarkably enriched in
exosomes of all cell types (35; 9; 27; 36). Recent studies further used flotillins - proteins
associated with lipid-enriched membrane microdomains - as markers for exosomes derived
from several cell types (37; 32; 38).

In contrast, other proteins are selective for exosomes released from a distinct subpopulation
of cells. These are most probably involved in cell type specific functions (see Section 1.1.4)
and directed into exosomes in a regulated fashion. The transferrin receptor was reported
to be released from maturing reticulocytes via exosomes (6). MHC class I and II molecules
are most abundant in exosomes derived from cells of the immune system (33). Exosomes
from neurons are enriched in glutamate receptor 2/3 (20), and dendritic cells as well as
some tumor cell lines release exosomes containing high amounts of the milk-fat-globule
EGF-factor VIII (MFGES), which is proposed to direct exosomes to their target cells
(39; 35). In addition to proteins, also ribonucleic acids can be specifically incorporated
into exosomes. Studies on mast cell derived exosomes identified a subset of approximately
1300 mRNAs and another 120 miRNAs (11).

Lipid composition
With regard to their lipid composition, exosomes generally seem to resemble the plasma

membrane of their donor cells (6). Their membranes are comprised of cholesterol, lysophos-
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phatidylcholine, phosphatidylcholine, phosphatidylethanolamine, sphingomyelin, diglyc-
eride, and phosphatidylserine (PS) (40) and harbor lipid-rich microdomains (37). PS was
proposed to promote ‘reverse budding’ events, in which the outer membrane leaflet corre-
sponds to the extracellular membrane site (35). In line with this, exosomes derived from
platelets were found to expose PS at their outer leaflets (41). Lysobisphosphatidic acid
(LBPA), a negatively charged lipid abundant in late endosomal compartments, seems to
be essential for the formation of ILVs and was found in exosomes released by B lympho-
cytes (42; 43). Depending on their origin, exosomes may be enriched in certain lipids
compared to the plasma membrane of the respective parent cells. In exosomes derived
from B lymphocytes, the ratio of cholesterol to phospholipids was found to be increased
(10). However, this was not seen for exosomes of mast cells and dendritic cells, which

instead displayed higher abundance of sphingomyelin and phosphatidylethanolamine (40).

1.1.2 Biogenesis of exosomes

Exosomes correspond to intraluminal vesicles of MBVs

Exosomes are assumed to be generated by inward budding of vesicles from the limiting
membrane of late endosomes, giving rise to ILVs within MVBs. Consistent with this
model, their membrane orientation reflects that of the plasma membrane and antibod-
ies directed against the extracellular domains of membrane proteins, e.g MHC II, CD9
or CD63, can specifically bind to exosomes (8; 39; 34). In contrast, proteins within the
membrane-enclosed cytosolic core are not detectable with antibodies in exosome whole
mounts without prior permeabilization (39). Further verifying their endosomal origin,
exosomes contain LAMP-1, tsg-101, and Rab7, but lack proteins of the nucleus, mito-
chondria, ER and Golgi apparatus. Pulse chase BSAG-labeling and subsequent imaging
in electron microscopy allowed to directly track MVBs in the cytoplasm and at their
plasma membrane-fusion sites, illustrating the events that result in exosome release (8; 2).
Nevertheless, the exact mechanisms required for regulation of exosome generation and

selective integration of proteins into these structures are yet poorly understood.

ESCRT-dependent protein sorting

Proteins destined for sorting into specific intracellular structures, such as the plasma mem-
brane or nucleus, exhibit a characteristic signal included in their amino acid sequence (44).
For protein sequestration into exosomes however, no unifying sorting sequence has been

reported so far. A number of sorting mechanisms are instead suggested to be involved in
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this process. One key pathway seems to use the ESCRT machinery (45; 46). In this pro-
cess, ubiquitin-tagged proteins are recognized by Hrs, which forms a complex with STAM,
clathrin and Espl5. Subsequently the ESCRT I component tsg-101 is targeted to the
cargo, followed by ESCRT II and ultimately ESCRT III, which initiates membrane bud-
ding to form ILVs (46). The protein complexes eventually dissociate, and the members of
ESCRT are recycled in a process that involves activity of the AAA-ATPase Vpsd (47; 48).
It seems that mono-ubiquitination and probably oligo-ubiquitination serves as a signal for
targeting proteins into ILVs of MVBs (49), while tagging proteins with multiple ubiqiutin
moieties initiates their degradation by the proteasome (50). Exosomal enrichment in the
ESCRT components alix, tsg-101, and clathrin (35; 9) as well as in ubiquitin ligase c-CBL
(18) indicates that this pathway is indeed used for biogenesis of exosomes. One example
for cargo, which bind to ubiquitin to be sorted into ILVs, is Vsp23 - a homolog of tsg-101 in
yeast (51). However, the entry point into ESCRT sorting might differ for various proteins.
The transferrin receptor of reticulocytes does not require ubiquitination but an association
with alix to initiate its vesicle incorporation (52). ILV-sequestration of non-ubiquitinated

G-protein coupled receptors seems to involve activity of Vps4 and Hrs, but not tsg-101 (53).

ESCRT-independent mechanisms

In addition to ESCRT, other sorting mechanism are also likely to exist since the trans-
membrane premelanosomal protein Pmell7, the proteolipid protein (PLP), and CD63 are
targeted into ILVs independently of the ESCRT machinery (54; 55; 56; 57). Incorporation
of cytosolic proteins into exosomes may be realized by random inclusion of cytosol during
endosomal inward budding. In that way ubiquitously expressed proteins such as tubulin,
actin, and actin-binding proteins would find their way into exosomes (35). By another
mechanism, interaction partners of transmembrane proteins would be co-sorted into ILV.
This process was proposed for the chaperons Hsp70 and Hsc70, which were shown to in-

teract with transferrin receptors (52).

Protein oligomerization

A recent model proposes protein oligomerization and membrane association to be sufficient
for cargo transport into exosomes (56). Protein oligomerization may lead to stabilization
of membrane microdomains, candidate sites for membrane invagination (58; 2). This
model is supported by the finding that antibody-induced aggregation of the transferrin

receptor of reticulocytes facilitates its translocation from recycling endosomes to MVBs
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(59). Crosslinking and higher-order oligomerization of proteins similarly increase exosomal
release of MHC II in lymphocytes (60) and CD43, CD45, and CD59 in Jurkat T cells (56).
The latter study, however, focused on exosomal structures that immediately bud from
endosome-like domains of the plasma membrane instead of being derived from MVBs.

This is a pathway, by which HIV virus particles are released from cells (56).

Lipid microdomain sorting

A major exosome-sequestration mechanism for other cargoes may be their localization in
‘lipid rafts’ (37). This would include proteins directly associated with lipid-rich membrane
microdomains, such as stomatin, flotillins, MHC II and lyn (37). Several studies indeed
confirmed an enrichment of these proteins in exosomes secreted from various cell types
(35; 37; 32). The underlying mechanism of ILV-formation at lipid-rich microdomains may
be the emergence of high tensions at the boundary between liquid-ordered and disordered

domains that would promote membrane constriction to form ILVs (2).

Ceramide-dependent sorting

Ceramide was demonstrated to promote lateral phase separation and formation of sub-
domains in model membranes (61). The cone-shaped structure of this sphingolipid is
likely to induce negative membrane curvature, which would result in inward budding of
the membrane (2). Exsosomes derived from Oli-neu cells display a marked enrichment
in ceramide (57). In these cells, targeting of exosomal proteins into ILVs of MVBs was
not dependent on the ESCRT machinery but on ceramide. When ceramide was reduced

by inhibition of neutral sphingomyelinase activity, exosome release became decreased (57).

Teraspanin-dependent sorting

Tetraspanins, which display a high affinity to sphingolipids and cholesterol, also promote
the formation of membrane microdomains. By interacting with each other and with various
cytosolic and transmembrane proteins, tetraspanins form networks. These could retain
MHC II, intergrins, and signaling molecules at plasma membrane-domains and thus include
them into exosomes (62; 63). In support of this, tetraspanins were shown to be largely

present in exosomes of numerous cell types (35; 64).
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1.1.3 Release of exosomes

Secretion of exosomes into the cellular environment is eventually realized by fusion of
MVBs with the plasma membrane. To date very little is known about the regulation of
this process and the factors comprising the involved molecular machinery. Speculations
on the machinery’s composition arose from studies on intracellular vesicle fusion events.
Basic components acting in vesicle fusion are soluble factors, such as NSF and SNAP, and
membrane proteins, especially SNAREs (65). To secure the specificity of fusion events,
the docking membranes have to incorporate distinct vesicle-SNAREs (v-SNAREs) and
target-SNAREs (t-SNARES), respectively. The v-SNAREs VAMP7 and VAMPS8 as well
as the the t-SNAREs SNAP23, syntaxin-3 and syntaxin-4 were found to regulate exocyto-
sis events during degranulation in mast cells (66; 67; 68). In respect of lysosome exocytosis,
synaptotagmin-7, syntaxin-7, synaptotagmin-2, and Ca2+ levels were determined as cru-
cial regulation factors (69; 70). Whether these same components are similarly involved
in the mediation of MBV-fusion with the plasma membrane to release exosomes remains

unclear and demands further investigation.

Involvement of Rabs

Another protein family essential for vesicle trafficking, budding and fusion processes at var-
ious membrane sites is the Rab family of small GTPases (71). By an shRNA-based screen
in HeLa cells, Rab2b, Rab9b, Rabba, Rab27a, and Rab27b, were identified as possible
effectors of exosome generation and release (72). Of those, Rab27a and Rab27b are pro-
posed to participate in docking of MVBs to the plasma membrane. Silencing of Rab27a
resulted in an remarkable increase in MVB size and Rab27b knock-down redistributed
MVBs towards the perinuclear region. In addition, silencing two effectors of Rab27 in-
duced the same molecular phenotype as seen with Rab27a and Rab27b knock-down (72).
Rab35 is another GTPase that was found to be involved in plasma membrane-docking
or -tethering of MVBs (36). Rab35 traffics between the plasma membrane and late en-
dosomes/lysosomes in a GDP/GTP-dependent manner. Inhibition of Rab35 accumulates
endosomal vesicles intracellularly, and expression of a dominant-negative Rab35 mutant

decreases the release of PLP-containing exosomes (36).

Calcium and potassium
The activity of Rabs might regulate exosome release in concert with intracellular calcium

levels, as Rabll was demonstrated to enhance secretion of exosomes in dependence of
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Ca’t in a human erythroleukemia cell line (73; 74). A Ca?*-dependence of exosome se-
cretion has been additionally shown for mast cells (19). Similarly, release of so called
‘secretory lysosomes’, late endocytic vesicles that fuse with the plasma membrane, is me-
diated in a Ca?T-dependent manner (75). Neurons can also secrete exosomes in response
to K*-induced depolarization (20). These findings indicate that levels of Ca?* and KT
contribute to the regulation of MVB-fusion with the plasma membrane, although the ex-

act mechanism underlying this process is still elusive.

Other factors

Other factors proposed to contribute to exosome secretion are citron kinase and the VO0-
subunit of V-ATPase. The RhoA effector citron kinase modulates exocytosis of HIV-1
virions and exosome-like vesicles (stained with hsc70, CD82 and LAMP-1) in HeLa and
293T cells (76). The VO0-subunit of V-ATPase has been suggested as a mediator of MVB
fusion events at the plasma membrane, since it acts during membrane fusion independently
of the VO-V1 ATPase complex (77). In support of this, impaired apical secretion of
exosomes was reported for a Caenorhabditis elegans strain with mutated VO-subunit (78).
The release of exosomes may also be negatively regulated by distinct cellular conditions.
During autophagy, for example, MBVs are promoted to fuse with autophagic vacuoles
instead of secreting their contents as exosomes (79). Taken together, a variety of factors

are likely to act on exosome release, which might depend on type and condition of the cell.

1.1.4 Function of exosomes

Molecule disposal

Originally discovered in reticulocytes, the first function attributed to exosomes was the
disposal of obsolete plasma membrane, cytoplasm and proteins (6). During the maturation
of reticulocytes into erythrocytes cells release exosomes enriched in transferrin receptor
(6). It was shown that thereby cellular protein levels are down-regulated without partici-
pation of the lysosomal system. The proteins CD55 and CD59 as well as the GPI-anchored
protein acetylcholinesterase are also released via exosomes during reticulocyte maturation
(6; 80). Acetylcholinesterase is reduced down to 50% in mature erythrocytes (6; 80). Dur-
ing differentiation, red blood cells loose their irregular polyglobulated morphology and
acquire the typical biconcave disk shape of erythrocytes (81). Membrane surface area
and cell volume have to be reduced in course of this process (82; 83). Notably, exosomes

were found to contain Nat /KT-ATPase (6). Exosomal disposal of ion transporters, which
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regulate cell water contents, might thus partially account for the cells’ volume decrease.
Disposal of molecules through exosomes may also be relevant for other cells types, includ-
ing those lacking an efficient degradation machinery or neighbouring a drainage system.
With their release into body fluids, exosomal cargo could be discarded in a way comple-
mentary to their catabolic breakdown within the cell. The discovery of exosomes in body

fluids such as urine and blood plasma supports this idea (24; 23).

Cargo shuttling

Some exosomal cargo may rather serve complex functions outside their donor cells instead
of being degraded by phagocytes. Intensive research on exosomes during the last two cen-
turies has drawn attention to their role as shuttle systems for cell-to-cell communication.
In this function, exosomes transport molecules that are taken up by other cells and in-
duce molecule-specific signaling cascades in the recipient cells. One recent example is the
role of exosome-like vesicles in Wnt signal transmission between neurons in Drosophila,
where they trigger postsynaptic Wnt signal transduction in the Wnt-receiveing cells (13).
However, exosomes are not only employed to spread signal proteins and proteins involved
in evoking immune responses (35), but they may also be exploited for the propagation
of infectious agents (84; 30). Carcinoma cells harboring latent Epstein-Barr virus (EBV)
release exosomes, which activate ERK and AKT signaling pathways in recipient cells, prob-
ably manipulating the tumor’s microenvironment (14). In addition to proteins, exosomes
derived from mast cells were recently shown to accommodate mRNAs of approximately
1300 genes and another 120 microRNAs (11). The composition of exosomal RNAs did not
reflect that of the donor cells suggesting a specific and selective integration of RNA into
exosomes (11). The exosome-integrated mRNA was taken up by recipient cells, which
subsequently translated them into proteins (11). This strongly indicates that, besides

proteins and lipids, also functional RNA may be exchanged between cells via exosomes.

Mediating immune responses

Another function of exosomes became highlighted by studying those vesicles derived from
antigen presenting cells. B lymphocytes transformed with EBV were found to secrete
exosomes that activate human CD** T cell clones in vitro in an antigen-specific, MHC
class Il-restricted manner (8). In vivo experiments demonstrated T cell-dependent tumor
rejection in mice, which was mediated by exosomes released from dendritic cells (DCs)

pulsed with tumor derived peptides (28). These exosomes harbored MHC class I and II
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as well as T cell stimulating cofactors. Interestingly, the immune response induced by DC
exosomes was similarly high as that evoked by DCs themselves (28). Many more studies
on the nature of antigen presenting cell-derived exosomes followed (54; 85; 86; 87; 88; 3),

making the role of exosomes in immune response to one of the best understood.

Spreading of infectious and neurodegenerative diseases

In addition to their physiological functions, MVBs and exosomes may be ‘highjacked’ by
tumors, viruses and other infectious agents to mediate their spreading. Conversely to the
previously described studies, it was shown that in some cases tumor-derived exosomes can
as well facilitate antigen-specific tolerance and apoptosis of T cells (89; 15). Exosomes
secreted by murine mammary carcinoma cells promote tumor growth in vivo by suppress-
ing the cytosolic activity of natural killer cells (90). Also retroviruses, such as HIV-1,
were proposed to exploit the MVB generation machinery for their propagation. Similarly
to other antigens (7), HIV particles can be internalized into MVBs of DCs (91) and are
further transmitted to T cells via exocytosis (92). Exosomes may also be involved in the
progression of neurodegenerative diseases such as Parkinsons’s disease, Creutzfeldt-Jakob
disease, and Alzheimer’s disease (84; 93; 94). Prion protein (PrP)-expressing cells read-
ily release exosomes harboring both the naturally occurring (PrPc) and the abnormally
folded, infectious scrapie (PrPsc) variant of this protein (84). Non-infected cells were
reported to newly form PrPsc by conversion of endogenous PrPc after incubation with
exosome preparations containing PrPsc in vitro and in vivo (84; 93).

One hallmark of Alzheimer’s disease is the processing of amyloid precursor protein (APP)
into aggregating A peptides (95). Minor fractions of AS were found to be released from
HeLa and N2a cells via exosomes (17). Accordingly, two exosomal marker proteins, alix
and flotillin-1, are detectable within plaques of transgenic mice and Alzheimer’s disease

patients’ brain sections, respectively (96; 17).

1.2 The flotillin proteins

Independent of their association with exosomes (57), flotillins were first discovered in the
year 1997 in two distinct contexts. Claudia Stuermer’s group found two proteins upreg-
ulated in retinal ganglion cells during the regeneration of axons in goldfish optic nerve

lesions. Hence, they were termed reggie-1 and reggie-2 (97). At the same time, Michael



1.2 The flotillin proteins 12

Lisanti’s group isolated the two proteins from mouse lung tissue, where they were as-
sociated with triton-insoluble, buoyant membrane fractions. Highlighting their ‘floating’
behavior, Lisanti’s group named them flotillin-2 and flotillin-1 (98). Further investiga-
tions revealed flotillins to be evolutionary highly conserved proteins, which are already
present in some bacteria, fungi and plant species (99; 100; 101). The sequence homology
of flotillins was determined to be 64% between fly and human (102) and approximately
90% between human and other vertrebrates (100).

Tissue expression and cellular localization

Flotillins are widely expressed among various species, tissues, and cell types. Despite
their ubiquitous occurrence, the proteins are especially enriched in certain cell types, such
as erythrocytes, neurons, myocytes, and adipocytes (103). Moreover, upregulation of
flotillin expression seems to be essential during cell differentiation, formation of cell-to-cell
contacts, and in processes of early development and regeneration (104; 105; 102; 97).
Since flotillins are attached to cell membranes, they are predominantly localized to the
plasma membrane (106) and are also found in recycling endosomes (107), lysosomes (108),
phagosomes (109), and MVBs (37). More recently flotillin-1, but not flotillin-2 was re-
ported to be translocated into the nucleus in a cell cylce dependent manner (110), although
its function there is still elusive. At the membrane, flotillins are organized in stable clusters
with a diameter of approximately 100 nm (106; 111). They are associated with detergent-
resistant, liquid-ordered membrane microdomains enriched in cholesterol and sphingolipids
(112). These lipid microdomains can be purified biochemically by their flotation in low

buoyant sucrose density gradients (113).

1.2.1 Protein structure

Membrane association

Flotillin-1 and flotillin-2 are proteins with a molecular weight of approximately 47 kDa
(99). Structural analysis of murine flotillins revealed a 47% homology and 68% simliarity
between the two isoforms (114). Although flotillins are not spanning the membrane, they
are associated via hydrophobic amino acid (aa) regions, which partially incorporate the
proteins into the membrane. Their C- and N-termini are faced to the cytosol in a similar
pattern as described for caveolins (115; 116). Membrane association is mediated through
acylation, i.e. myristolation and palmitolation, at distinct N-terminal sites forming an-

chors into the cytoplasmic leaflet of the membrane (117). Mutations in these regions
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were observed to impair flotillin’s membrane association and increase its solubility (117).

A more detailed structure of flotillin-2 attached to the membrane is depicted in Figure 1.2.

The SPFH domain

Flotillins are classified as members of the stomatin/prohibitin/flotilllin/hflK/C (SPFH)
protein superfamily - proteins harboring an N-terminal SPFH domain of yet unknown
function (113). These proteins might have evolved by convergent evolution (100) and are

found in numerous pro- and eucaryotic species (114).

The flotillin domain

The flotillin proteins also contain a unique flotillin domain in their C-terminus that con-
sists of so called EA repeats, protein regions rich in glutamic acid and alanine that are
proposed to form three coiled-coil structures (118; 98) important for oligomerization of
flotillins. It could be demonstrated that flotillin-1 and flotillin-2 form homo- and hetero-
tetramers stabilized by the coiled-coils 1 and 2 (119). This oligomerization is essential for
protein stability, since siRNA mediated knock-down of flotillin-2 induces degradation of

flotillin-1 via the proteasome (119).

CRAC domains

In addition to these sequences, flotillin-2 was recently predicted to contain two puta-
tive cholesterol recognition/interaction amino acid consensus (CRAC) domains with the
primary sequence of (L/V-(X)(1-5)-Y-(X)(1-5)-R/K) spanning aa 120-127 (VEQIYQDR)
and aa 157-169 (VYDKVDYLSSLGK) of the protein (120). CRAC domains were first
discovered in the peripheral type benzodiazepine receptor (PBR) (121), where their func-
tionality in cholesterol binding was described and a possible role in cholesterol transport
into mitochondria was explored (see Section 1.3.2) (122; 123). Mutation of a tyrosine
residue in PBR’s CRAC domain impaired the translocation and uptake of cholesterol into
mitochondria (123). The CRAC domain is also present in caveolin. Peptides containing
caveolin’s CRAC domain promoted sorting of cholesterol into cholesterol-rich membrane
domains to a higher extend than caveolin peptides that did not contain the CRAC do-
main (124). Similar to their functions in PBR and caveolin, CRAC domains might enable

flotillin-2 to bind to cholesterol and recruit it to the plasma membrane.
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Figure 1.2: Structure of flotillin-2. The figure depicts flotillin-2 attached to the cytosolic site of
the plasma membrane facilitated by myristoylation and palmitoylation of its N-terminus. The pro-
tein contains several functional domains: the SPFH domain, characterizing flotillin-2 as a member
of the stomatin/prohibitin/flotilllin/hflK/C superfamily, two cholesterol recognition/interaction amino
acid consensus sequences (CRAC), and a unique flotillin domain important for oligomerization.
The figure is adapted from Roitbak et al. (2005), Bauer & Pelkmans (2006), and Browman et al.
(2007) (120; 116; 113).
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1.2.2 Protein functions

Control of cytoskeletal dynamics

In goldfish, mRNAs of both flotillins were detected in axons of retinal ganglion cells during
embryonic development and neuronal regeneration, yet they were lacking in mature axons
(97). This phase dependence of protein expression suggests an involvement of flotillins
in processes of axonal growth and cytoskeletal remodeling. Participation in cytoskeleton
organization is supported by the finding that flotillin-2 overexpression enhances forma-
tion of filopodia in different cell types (125; 117). Moreover, tyrosine-phosphorylation
of flotillin-2 promotes cell spreading on matrix-coated surfaces whereas siRNA mediated
flotillin-2 knock-down reduces cell spreading (126). A direct interaction between flotillin-
1 and the sorbin homology (SoHo) domain of vinexin family proteins could be detected
(127). Vinexins are essential adapters that bind to regulator proteins of cytoskeletal dy-
namics, e.g. vinculin and afadin, via their SH3 domains (128). Through their association
with vinexins, flotillins might serve as platforms facilitating the recruitment of cytoskeletal
effector protein complexes to membrane microdomains. Flotillins could therefore regulate

processes of cytoskeleton arrangement in an indirect manner (104).

Signal transduction

Studies investigating the association of flotillins to other proteins by co-localization and
co-immunoprecipitation analysis suggest their involvement in various signaling processes
(104). However, many of the proposed pathways remain hypothetical since detailed infor-
mation about the placement of flotillins within signal cascades is still lacking. One of the
best studied flotillin-dependent signal transduction mechanism is the insulin stimulated
uptake of glucose through GLUT4 glucose transporter proteins. This mechanism was
identified in adipocytes as an alternative pathway of glucose uptake, which is independent
of PI3 kinase and PIPj3 signaling. It involves recruitment and complex formation of c-
Cbl/c-Cbl associated protein (CAP) at membrane microdomains (129). The recruitment
was proposed to be facilitated by the interaction of CAP’s SoHo domain with hydrophobic
domains of flotillin-1 (129; 130). More recent studies, however, suggest a role of flotillin-1
in insulin stimulated glucose uptake independent of an interaction with CAP (131).
Another example of flotillin mediated signal transduction arises from studies of epidermal
growth factor (EGF) signaling. Cell stimulation with EGF results in the phosphorylation
of flotillin-2 at T163 via Src kinase. The protein is then translocated from the plasma

membrane to late endosomes, where it partially co-localized with the EGF receptor (126).
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This suggests that flotillins participate in the signaling of various growth factors (132).

Mediation of endocytosis

Glebov and colleagues recently proposed a role of flotillins in mediating a novel clathrin-
and caveolin-independent endocytic pathway (133). The authors found flotillin-1 to be
localized to punctuate regions of the plasma membrane that budded into the cell but did
not resemble clathrin-coated pits or caveolae. Flotillin-1 was further found in endocytic in-
termediate structures, which additionally contained GPI-linked proteins and cholera toxin
B. Moreover, when flotillin-1 expression was knocked-down by siRNA, the endocytosis of
GPI-linked proteins and the clathrin-independent uptake of Cholera toxin B were both
inhibited (133). A flotillin-1/flotillin-2-dependent induction of plasma membrane curva-
ture, invagination and budding to form intracellular vesicles was also reported by Frick

and colleagues (134).

Other functions

The unifying key elements of flotillin functions seem to be recruitment of other proteins to
lipid-rich membrane microdomains and facilitation of protein complex formation. These
might also be relevant for other processes, as flotillins were further proposed to be in-
volved in the proliferation of cancer cells (110) and the maturation of phagosomes to
phagolysosomes (109). Moreover, upregulation of flotillin-1 expression is associated with

the occurrence of type 2 diabetes and Alzheimer’s disease (135; 94).

1.3 Cholesterol in health and disease

The natural steroid cholesterol consists of four transfused rings, two methyl groups, a
hydroxyl group and an isooctyl side chain (see Figure 1.3) (136). As one of the major
lipids produced by animals, it is indispensable for the structural and functional integrity
of each cell. Due to its polarity, cholesterol integrates into cell membranes and regulates
their fluidity and permeability (137). The lipid is also a key component of myelin. This
explains its enrichment in brain, which is demonstrated by the fact that the brain comprises
only 2% of total body weight, whereas it contains 25% of total body cholesterol (138;
139). Moreover, cholesterol serves as a precursor for the generation of bile acids, steroid

hormones, and oxysterols (140).
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Figure 1.3: Basic scheme of cholesterol synthesis. Please find the detailed description of
cholesterol synthesis in the main text. The figure is adapted from Vance and Bosch, 2000 (141).
Reprinted by permission from Elsevier, copyright 2000.
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1.3.1  Mechanisms of cholesterol synthesis and uptake

Cholesterol synthesis

All cholesterol that is incorporated into the cell is either newly synthesized or taken up
as low-density lipoproteins (LDL). Cholesterol is synthesized de novo in cells of the brain,
the liver, and other extrahepatic tissues. This process is especially important in cells of
the nervous system (142), as LDLs are not able to cross the blood-brain-barrier. They can
therefore not supply the brain with cholesterol circulating in the blood flow. Synthesis
of cholesterol is a stepwise reaction involving activity of various enzymes (see Figure 1.3)
(143). Its anabolism starts with the condensation of acetyl-CoA and acetoacetyl-CoA
to 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA). Subsequently, the molecule is reduced
to mevalonate by HMG-CoA reductase, a multispan membrane protein in the ER. This
is the irreversible, rate limiting process in cholesterol synthesis. It can be impaired by
the administration of statins, which act as HMG-CoA reductase inhibitors. Over the
intermediate products isopentenyl pyrophosphate, farnesyl pyrophosphate, and squalene,
lanosterol is formed, which is finally converted into cholesterol (141).

Cholesterol synthesis is regulated in a homeostatic manner by direct negative feedback.
Intracellular cholesterol levels are detected in the ER by an integral membrane protein
complex of sterol-regulatory element-binding proteins (SREBPs) and SREBP cleavage ac-
tivating protein (SCAP) (144). Upon lowering of cholesterol levels, this SREBP/SCAP
complex is released from the ER and migrates to the Golgi apparatus (145). Here, SREBPs
are cleaved by the two enzymes S1P and S2P, which are in turn activated by SCAP (146).
The cleavage products migrate into the nucleus, where they act as transcription factors.
They bind to sterol regulatory elements and promote the expression of proteins involved
in cholesterol homeostasis, e.g. LDLRs and HMG-CoA reductase (147).

Uptake of LDL

A second source of cholesterol is the uptake of LDLs from the blood. LDL-cholesterol
enters the cell via clathrin-dependent endocytosis upon binding to LDL receptors at the
plasma membrane of recipient cells (148). Through clathrin coated pits, LDLs are sorted
into a hydrolytic compartment of the endosomal system, where cholesteryl esters of the
LDLs are hydrolyzed by acid lipase (149). Subsequently, free, unesterified cholesterol is
shuttled into late endosomes (150).

As stated before, the brain and spinal cord are largely excluded from blood-LDL uptake

(151). However, it could be shown that the CNS expresses various apolipoproteins, mainly
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apokE, as well as proteins of the LDL receptor family and the ATP-binding cassette family
(152; 153). ApoE of the the brain is mainly produced by glial cells. It was therefore
proposed that cholesterol can be released by glial cells as apoE-containing lipoproteins,
which are transported to neurons and internalized via proteins of the LDL receptor family
(154).

1.3.2 Intracellular cholesterol pathways

Intracellular trafficking

Once cholesterol is incorporated into the cell, it enters a multitude of pathways (see Fig-
ure 1.4). These regulate intracellular distribution and homeostasis of cholesterol or shuttle
the lipid as a precursor into metabolic processes. De novo synthesized and LDL-derived
cholesterol can both be integrated in the plasma membrane (149). From the plasma
membrane cholesterol becomes available for retrograde transport into the ER (155). This
pathway can be promoted by loading of cholesterol to the cell (156) and might involve a
caveolin-1 dependent, but clathrin independent vesicle transport (157; 158).

Another fraction of plasma membrane-cholesterol is recycled back to late endosomes by
endocytic processes (159). The two proteins NPC1 and NPC2 shuttle the lipid from late
endosomal and lysosomal compartments to the ER and Golgi apparatus (see Section 1.4.1).
In the ER, cholesterol is converted into cholesteryl esters (CEs) by the resident enzyme
acyl-coenzyme A:cholesterol acyltransferase (ACAT) (160). Cholesterol does not increase
transcription of the enzyme but serves as a substrate for allosteric activation of ACAT
(161). The emerging CEs are stored in the cytosol as lipid droplets. In a counteracting
process, cholesteryl ester hydrolase (CEH) catalyzes their conversion back into free choles-
terol (162). Both conversion processes take place simultaneously establishing a balance
between free and esterified cholesterol within the cell. Under conditions of cholesterol
depletion, ACAT becomes inactivated leading to increased net release of free cholesterol
from CEs. This cholesterol is transported to the plasma membrane, from where it can be
released via formation of HDLs (163).

The further distribution of cholesterol is mediated through different carrier agents, in-
cluding NPCs and specific lipid-binding proteins, e.g. proteins containing the START
domain or oxysterol binding protein-related proteins. Both classes may be responsible
for nonvesicular transport of cholesterol to various destinations (164; 165; 166). Vesicular
transport of cholesterol seems to additionally involve the small GTPases Rab7 and Rab9

as overexpression of these proteins partially ameliorates cholesterol accumulation caused
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Figure 1.4: Cellular cholesterol pathways. The figure depicts major pathways of cholesterol
trafficking within the cell. Cholesterol is synthesized de novo within the endoplasmatic reticulum
(ER) or taken up as low-density lipoproteins (LDL) via LDL receptors and formation of coated
pits. Along its way to late endosomal compartments, it becomes hydrolyzed by acid lipase. Free
cholesterol is shuttled to the plasma membrane by mechanisms involving NPC1 and NPC2 or
caveolin. NPC1 and NPC2 also facilitate cholesterol translocation to the ER and Golgi apparatus.
Superfluous cholesterol is esterified by acyl-coenzyme A:cholesterol acyltransferase (ACAT) in the
ER and stored as lipid droplets in the cytoplasm. For cholesterol efflux, the lipid is secreted from
the cell via ABCA1 and formation of high-density lipoproteins (HDL). The figure is adapted from
loannou, 2001 (140). Reprinted by permission from Macmillan Publishers Ltd: Nature Reviews
Molecular Cell Biology, copyright 2001.
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by loss of functional NPC proteins (167).

Formation of oxysterols and steroid hormones

Not only the distribution of cholesterol but also its metabolic fate underlies a strong regu-
lation. Cholesterol serves as an important precursor for sterol derivatives, that fulfill tissue
specific functions in the organism (140). A fraction of the lipid is oxydized into a variety of
hydroxycholesterols. During the synthesis of bile acids, 7a-hydroxycholesterol is a crucial
intermediate, which is generated by Ta-hydroxylase, a rate-limiting enzyme specifically
located to the ER of hepatocytes (168). 24(S)-hydroxycholesterol is the most prominent
oxysterol in the brain, where it has a special importance for cholesterol efflux (169) (see
Section 1.3.3). Other oxysterols, such as 25-hydroxycholesterol and 27-hydroxycholesterol,
are involved in the maintenance of cholesterol homeostasis acting on SREBP processing
and ABC1 mediated lipid efflux (170; 171).

Cholesterol additionally serves as a precursor for all steroid hormones produced by the
organism. The rate-limiting step of steroid hormone generation is the translocation of
cholesterol into mitochondria. This is corporately facilitated by two proteins: the steroido-
genesis acute regulatory protein (stAR), a member of the START domain proteins, and
the CRAC domain containing peripheral benzodiazepine receptor (PBR) (172). Once ar-
rived at the inner mitochondrial membrane, cholesterol is converted into pregnenolone by
CYP11 in a step-wise reaction generating three hydroxycholesterol intermediates (173).
Subsequently, pregnenolone is shuttled out of the mitochondria into the ER, where it can

be catalyzed into any other steroid hormone by the action of several enzymes (158).

1.3.3 Mechanisms of cholesterol efflux

General efflux of cholesterol

To preserve cholesterol homeostasis, superfluous free cholesterol has to be withdrawn from
cellular processes. One possibility is its conversion into cholesteryl esters (CEs), which
are stored as lipid droplets and can be reactivated if needed (see Section 1.3.2). How-
ever, cells are not able to degrade cholesterol. FExcess cholesterol is secreted from pe-
ripheral tissues into the blood stream. From there, it is taken up by cells of the liver,
adrenal glands and other steroid hormone-forming tissues in a process described as ‘re-
verse cholesterol transport’ (174). The predominant transporters involved in this process
are high-density lipoproteins (HDL), globular particles generally composed of phospho-
lipids and the apolipoproteins A-1 and A-2 that carry cholesterol and CEs (174). Several
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pathways are known, by which cholesterol is shuttled out of the cell. Cholesterol can
diffuse passively through the plasma membrane. This process is driven by the force of
a concentration gradient of cholesterol between the cell surface and surrounding mature
HDLs (175). Secondly, caveolins transport cholesterol from the ER to the plasma mem-
brane, where the lipid becomes enriched and can be taken up by HDLs (176). In a third
way, scavenger receptor Bl (SC-B1) enhances the cholesterol flux between cells and HDL
(177). Finally, the cell can also generate new HLDs by assembling liver-derived apoA-1
and donor cell-derived phospholipids and cholesterol. The ABC transmembrane protein
ABCAL is a key player in this process (178). Cholesterol loaded HDLs bind to the HDL
receptor SP-B1 localized on the plasma membrane of hepatocytes and steroidogenic cells
(179). Mediated through this receptor, CEs are taken up into the endosomal system where
they can be hydrolysed to free cholesterol. Cholesterol taken up by steroidogenic cells is
re-utilized for the synthesis of steroid hormones (179). In contrast, cholesterol internalized
into hepatocytes serves as a precursor for the synthesis of bile acids and can be excreted

from the organism via the bile duct.

Cholesterol efflux in the CNS

Cholesterol efflux from the brain makes an exception to the previously described pro-
cesses. All cholesterol destined for secretion from neurons first has to be converted into
24(S)-hydroxycholesterol by cholesterol 24-hydroxylase (180; 169). By hydroxylation of
cholesterol’s isooctyl side chain, the molecule is promoted to pass through the lipid bilayer
of the plasma membrane much faster than it does in its unmodified form (181). How this
mechanism works in detail is still elusive. Almost all cholesterol 24-hydroxylase is syn-
thesized by a small subset of neurons including the pyramidal cells of the cortex and the
Purkinje cells of the cerebellum (169). Glial cells are thought to mediate cholesterol efflux
by handing the lipid to neurons via apoE-containing lipoproteins (182) (see Section 1.3.1).

Once oxysterols reach the blood plasma, they are cleared by the liver.

1.3.4 Role of cholesterol in disease

Any impairment of the here described pathways of cholesterol anabolism, trafficking and
metabolism can be detrimental to the viability of cells and organisms. Dysfunctions might
either be caused by an imbalanced dietary cholesterol supply or by inherited mutations

affecting proteins involved in the regulation of cholesterol homeostasis.
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Tangier disease and familial HDL deficiency are rare autosomal recessive diseases caused
by mutations in ABCA1, a member of the ABC transporters family, which is crucial for
cellular cholesterol efflux by generation of HDLs (183; 184). Patients do not produce
apoA-1 and display a severe reduction in HDL levels (178). As a consequence, cholesteryl
esters accumulate in reticulo-endothelial cells, which increase the patients’ susceptibility
for arteriosclerosis (137).

Mutations in different cholesterol interacting proteins are associated with Alzheimer’s
disease. For sporadic forms of Alzheimer’s disease, the best-established genetic risk factor
is the presence of apoE in its €4 allel (185). Meta-analysis identified mutations causing
decreased activity of ACAT to lower the risk for familial forms of Alzheimer’s disease
(186).

Investigation of such inherited diseases has largely contributed to the understanding of

basic mechanisms underlying cholesterol transport and metabolism.

1.4 Niemann-Pick type C disease

History

In the late 1920’s, the pioneering work of Albert Niemann and Ludwig Pick lead to the
description of a heterogeneous group of disorders summarized as ‘Niemann-Pick diseases’.
They all share symptoms of liver and spleen enlargement, as well as an accumulation
of sphingomyelin in reticuloendothelial and peripheral tissues. Three centuries later, A.
Crocker developed a classification into 4 groups - A to D - based on clinical criteria and
the level of sphingomyelin accumulation in cells (187). Niemann-Pick types A an B are
characterized by a genetic acid sphingomyelinase deficiency (188; 189). Niemann-Pick
types C and D (NPC and NPD) display normal levels of sphingomyelinase (190), but have
mutations in the genes encoding for the cholesterol transport proteins NPC1 and NPC2.
The involvement of NPC1 and NPC2 was discovered in a mouse strain, which accumulated
vast amounts of free cholesterol in tissue when kept on high cholesterol diet (191). This
strain later served as a model for studying NPC disease (192). NPD is a rare allelic variant

of NPC solely found in a population of Nova Scotia (193; 194).

Definition
NPC is defined as an autosomal recessive inherited lipidosis, mainly characterized by pro-

gressive demyelination and neurodegeneration (195) due to major abnormalities in traffick-
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Figure 1.5: Cholesterol accumulation in NPC. The figure illustrates intracellular cholesterol traf-
ficking mediated by NPC1 and NPC2. (a) Translocation of unesterified cholesterol from late en-
dosomes and lysosomes to the ER and Golgi complex is facilitated by transmembrane NPC1 and
soluble NPC2 that are resident in late endosomal/lysosomal compartments. In the ER, choles-
terol is esterified by ACAT activity and cholesteryl esters are stored as lipid droplets in the cell.
(b) Mutations leading to loss-of-function of either of the proteins cause cholesterol to accumulate
within late endosomes and lysosomes whereas it is depleted from other cellular compartments.
The figure is adapted from Pacheco and Lieberman, 2008 (203). Copyright Cambridge Journal,
reproduced with permission.

ing of cholesterol and sphingolipids, which are eventually accumulated in late endosomes
and lysosomes (see Figure 1.5) (196; 197). The disease is relatively rare, occurring with
a frequency of 1 in 100,000-150,000 births (198; 199). Nevertheless, the frequency can
be much higher in isolated populations. Families of French Acadians in Nova Scotia and
families of upper Rio Grande Valley Spanish have carrier rates of 1 in 10-30 (193; 200). In
95 % of all cases, including those of NPD, mutations in the npcl gene cause the disease

(200; 201; 202), whereas mutations in npc2 account for only 5 % (200).

Clinical manifestation

NPC is predominantly characterized by late endosomal and lysosomal accumulation of
cholesterol (196; 197), sphingomyelin, bis(monoacylglycero)phosphate (204), and the gan-
gliosides GM2 and GM3 (205; 206; 207), which occurs predominantly in liver and spleen.

In the brain, mostly glucosylceramide and lactosylceramide are found to be co-sequestered
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with cholesterol. Due to this vast accumulation of lipids, neuronal and visceral tissues are
largely altered in their morphology and vital functions. This results in a variety of clin-
ical symptoms with disease onset ranging from infantile to late adulthood. Histological
hallmarks in the CNS are a loss of neurons, especially in Purkinje cells of the cerebel-
lum, swollen neurites, and progressive demyelination (208). Clinical symptoms include
supranuclear ophthalmoplegia cataplexy, other motor defects, seizures, and progressive
dementia, as well as psychiatric symptoms such as psychosis (209). In infantile or juvenile
disease onset, hepatoslenomagaly and development disturbances are common.

In 2010, miglustat has been approved as a pharmacological, symptomatic therapy (210)
by the German authorities. However, diagnosis is difficult due to the variety of symptoms,

and it is essentially made late in the course of disease.

Diagnosis

As a diagnostic assay of NPC, cultivated fibroblasts from skin biopsies of patients are
tested with filipin, a polyene antibiotic, which specifically binds to unesterified cholesterol
(195). Fibroblasts from NPC patients display a strong perinuclear, vesicular filipin signal
in fluorescence microscopy. This typical staining pattern is observed in 80-85 % of all
cases, thereby the test is regarded as the most sensitive and specific for NPC, besides

genetic analysis.

1.4.1 Structure and function of the NPC1 and NPC2 proteins

Structure of NPC1

To understand the mechanism of NPC1 and NPC2 mediated cholesterol transport, the
NPC protein structures were analyzed in detail and scanned for functional domains. NPC1
is a transmembrane glycoprotein consisting of 1278 amino acids (aa). It localizes mainly
in Rab7 and Rab9-positive late endosomes, but also associates with lysosomes and the
Golgi apparatus (211). Comprised of 13 hydrophobic helices and flanked by a luminal
N-terminus and a cytosolic C-terminus, NPC1 is supposed to span the membrane in three
large luminal loops and several smaller luminal and cytoplasmic loops (212). Structural
analysis of the protein revealed the existence of a sterol-sensing domain (SSD) at aa 616-
791, a protein segment faced to the cytosol (144). This SSD has a sequence homology with
proteins largely involved in the regulation of cholesterol homeostasis, the SCAP, HMG-
CoA reductase, and 7-dehydrocholesterol reductase (see Section 1.3.1) (212). Loss or gain
of function mutations of the SSD effect trafficking of LDL-derived cholesterol (213).
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NPC1 additionally contains an N-terminal domain (NTD) spanning aa 25-264, which
includes a leucine-zipper motif (212), as well as another luminal domain spanning aa 855-
1098. The latter is a cystein-rich region with a ring-finger motif and zinc binding activity
(212), which possibly facilitates the interaction with other proteins. This region is highly
glycosylated, protecting the protein from proteolytic degradation (214). Interestingly, ap-
proximately 30% of all NPC patients display mutations in this cystein-rich luminal domain
(199). In total over 170 different mutations in the NPC1 protein were found in patients

of NPC, including insertions, deletions, duplications, and missense mutations (215).

Structure of NPC2

Although NPC1 and NPC2 both are involved in cholesterol trafficking, they share no se-
quence identity. The small glycoprotein NPC2 with a molecular weight of approximately
16 kDa consists of only 132 aa. It is found as a soluble protein in the lumen of lysosomes,
displaying high binding affinity for cholesterol (216; 217). Analysis comparing the sequence
of NPC2 to that of related vertebrate proteins identified 4 evolutionary constrained re-
gions (ECR) A-D. ECR A seems to be important for secretion of NPC2 and the ECRs B
and C are supposed to promote interaction with other proteins, whereas ECR D is mainly

involved in cholesterol binding (218).

Cholesterol transport by NPC1 and NPC2

Unraveling the mechanism, by which cholesterol is transported from lysosomes to the ER,
Golgi apparatus, and plasma membrane, persisted to be a challenging task over the last
years. Although various models were proposed (214; 218), the exact course of events is
still elusive. It is not fully understood how the interaction of NPC1 and NPC2 is regulated
under physiological and disease conditions, and whether cholesterol is transported from
NPC1 to NPC2, or vice versa. A model of NPC1/NPC2 mediated cholesterol translocation
has been proposed recently.

Supported by in vitro studies, this model assumes a direct binding of NPC1 to cholesterol
through its NTD (219; 220). It was shown that 25-hydroxyl cholesterol competes with
cholesterol for this NPC1 binding site, suggesting lipids to mutually regulate their binding
to and transportation via NPC1 (219). The authors conducted comparative in vitro
studies on the interaction of NPC1 and NPC2 proteins with [*H]-cholesterol and found
NPC2’s NTD to rapidly donate and accept liposome derived cholesterol, whereas the NTD

of NPC1 acted slowly. They could, however, enhance the bidirectional cholesterol transfer
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between liposomes and NPC1’s NTD over 100 times by adding NPC2 (221). NPC2 was
only able to promote cholesterol transfer between liposomes and NPC1’s NTD when it
bound to cholesterol (221). Summarizing these data, a ‘handoff” model was suggested, in
which NPC1 and NPC2 directly bind to cholesterol and cooperatively regulate its egress
from lysosomes. NPC2 probably binds free cholesterol with its hydroxyl group exposed
to the lysosomal lumen. It subsequently delivers cholesterol with reversed orientation
to NPC1, which is possibly organized as a homodimer (220; 222). Cholesterol could
then enter the membrane with its hydrophobic side chain (223). In this model, mutation
of either of the two proteins would result in the same molecular phenotype, namely an
accumulation of cholesterol in lysosomes. In support of this, NPC1 and NPC2 single or
double mutants display similar characteristics in terms of disease onset, progression and

pathology in genetic studies (224).

1.4.2 Molecular mechanisms of NPC pathology

In cells lacking functional NPC1 or NPC2, cholesterol accumulates in late endosomes and
lysosomes. How the pathology of NPC is mediated on a molecular basis, is not well un-
derstood. Despite great effort in disease research, it is not completely clarified whether
lysosomal trapping of cholesterol itself directly causes the molecular toxicity. It is also
thinkable that indirect consequences of lipid accumulation or NPC protein deficiency are
the prime causes of disease. Furthermore, the question has to be resolved why NPC is
predominantly a disease of the central nervous system (CNS) and why neurons are espe-
cially vulnerable, although expression of NPC proteins is ubiquitous and not restricted
to the brain. Glycosphingolipids display cellular accumulation in NPC as well. It is
therefore not ruled out that lipids other than cholesterol might be the major offending
metabolites in NPC. In support of this, treatment with cholesterol lowering drugs does

not protect from neuropathology albeit free cholesterol levels in the liver are reduced (225).

Accumulation of gangliosides

Net levels of gangliosides but not of cholesterol are increased in NPCl-deficient brains
(226). Due to this finding, a model was proposed, in which cholesterol accumulation
occurs only as a secondary effect of glycosphingolipid accumulation (227). To support
this hypothesis, inhibitors of glucoceramide synthase, e.g. N-butyldeoxynojirimycin (NB-
DNJ), were tested in NPC. These inhibitors were previously proven to deplete neuronal

glycosphingolipid in an animal model of glycosphingolipid storage disease (228). Applica-
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tion of NB-DNJ to NPCl-mutant mice and cats delayed the onset of neurological symp-
toms, increased the life span, and reduced ganglioside accumulation of the individuals
(229). When NPC1 null mice were crossed with mice deficient in ganglioside biosynthesis,
the double knock-out individuals did not accumulate gangliosides in the brain. Yet there
was no improvement of life span or neurological phenotype compared to NPC1 null mice
(230). It is therefore still questioned whether and how levels of gangliosides influence the

progression of NPC.

Cholesterol accumulation in NPC brains

Although cholesterol accumulation is a prominent feature of cells lacking functional NPC
proteins, studies investigating brain cholesterol levels led to contradicting results. On one
hand, cholesterol levels are significantly raised in cultured glial cells and neurons from
NPC1 null mice (231). When measuring new born mice brains, in which myelination is
still incomplete, cholesterol contents are higher in NPC1-deficient than in wild-type mice
(232). On the other hand, total cholesterol contents are not increased in brains of NPC1-
deficient adult mice and humans. They even decline with ongoing aging of the individuals
(233; 232). The observation that overall amounts of brain cholesterol are reduced instead
of increased in the course of NPC disease can be explained by a progressive demyelination
(234). Since cholesterol is a major component of myelin, the lipid is released from the

brain together with myelin. This could mask the accumulation of cholesterol in neurons.

Reduction of anterograde cholesterol transport in neurons

Deficiency in proper targeting and utilization of cholesterol within the cell can result in
profound cellular dysfunction. Investigation of lipid distribution within neurons revealed
an accumulation of cholesterol in late endosomes, whereas it was depleted at the plasma
membrane (196; 235). This result is of great interest since cholesterol largely participates
in the regulation of membrane fluidity and permeability. NPC1-deficient neurons further
have a reduced cholesterol content in distal axons (231), which results from an impaired
anterograde transport shuttling cholesterol from cell bodies to distal destinations (236).
Therefore, the NPC proteins seem to have an additional axon-specific function (237). This
is supported by the finding that NPC1 is present in distal axons and recycling endosomes
of the pre-synaptic nerve terminal, while NPC2 is present in distal axons and post-synaptic
densities (238; 236; 239; 182; 240).
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Similar cholesterol contents are present in synaptic vesicles isolated from brains of NPC1-
deficient and wild-type mice. However, the relative amounts of synaptophysin and synap-
tobrevin are changed in NPC1 null neurons. These two proteins form a complex, which
is critical for synaptic vesicle recycling and depends on plasma membrane cholesterol lev-
els (241; 237). A scenario was proposed, in which cholesterol depletion at the plasma
membrane of distal axons leads to decreased formation of the synaptophysin/synapto-
brevin complex in NPC (240). Loss of functional NPC proteins would decrease plasma
membrane cholesterol and thus be detrimental to proper synaptic vesicle recycling and re-
lease of neurotransmitters. In support of this model, NPC null neurons display dramatic
morphological changes including axonal swellings, meganeurites, and ectopic dendrites
(242; 243). These changes result in progressive ‘dying back’ of axonal nerve terminals and

dendrites prior to neuronal cell death (244; 245).

Cholesterol deprivation of mitochondria

Since cholesterol also serves as a substrate for bile acid and steroid hormone production,
its late endosomal /lysosomal trapping deprives the cell from essential metabolites. Choles-
terol entry into the mitochondrial matrix, where it is converted into pregnenolone, is the
rate limiting process in steroid hormone biosynthesis. In a murine model of NPC1, synthe-
sis of steroid hormones was found to be reduced, which is possibly due to reduced levels of
cholesterol reaching the mitochondria. More recently, comparison of neurosteroid levels in
wild-type and NPCl1-deficient mice confirmed this finding, showing lowered neurosteriod
levels in NPC null mice. In an attempt to restore steroid hormone levels, NPC-mutant
mice were treated with allopregnanolone. This trial resulted in a prolonged life span, de-

layed onset of neurological symptoms and an improvement of neurological functions (246).

Impairment of endosomal trafficking

Another phenomenon seen in NPC is a defective trafficking of metabolites and effectors
along the endosomal system. Reduced mobility of endosomal tubulovesicular compart-
ments was observed in fibroblasts lacking NPC1 (247). Moreover, NPC1 deficiency causes
impaired recycling of material from early endosomes to the plasma membrane (204; 248)
and mistargeting of proteins, such as the TrkB receptor, leading to reduction in neurite
outgrowth and branching (249). Small GTPases (Rabs) are key players in intracellular
vesicle trafficking. Overexpressing Rab7 or Rab9 in NPC null fibroblasts promotes choles-

terol transport from endosomes to the ER and Golgi apparatus and restores 60-70% of
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the NPC phenotype (167). These vesicular dysfunctions demonstrate that a lack of func-
tional NPC1 or NPC2 not only leads to lipid accumulation in late endosomes, but is also

detrimental to vesicular organization processes.

1.5 Aims of the study

This study was conducted to analyze whether cells use the exosome pathway for secretion
of cholesterol into the extracellular space. Thereby exosomes could contribute to the
maintenance of the cellular cholesterol homeostasis.

We first wanted to identify the potential of cells to adjust their exosome release in respect
to cholesterol levels. We therefore studied exosome formation and release in cells cultured
under conditions of cholesterol depletion or cholesterol loading.

Secondly, we were interested in the molecular mechanism by which exosomal cholesterol
release is mediated. We therefore focused on the interaction of cholesterol and flotillin-2,
an exosomal marker protein. Flotillin-2 contains two cholesterol recognition/interaction
amino acid consensus (CRAC) sequences (120), which might mediate cholesterol binding.
This process could direct the protein to cholesterol-enriched membrane microdomains,
from where flotillin-2 dependent endocytosis might direct cholesterol into intraluminal
vesicles of MVBs, which are released as exosomes. To validate the functionality of flotillin’s
CRAC domains, flotillin-2 constructs bearing mutations in one or both CRAC domains
were examined for their redistribution to intracellular vesicular structures and their release
via exosomes. Since flotillin-2 has been shown to participate in the regulation of cholesterol
distribution (120), the importance of flotillin-2 in facilitating exosomal cholesterol release
was tested by selective down-regulation of the protein.

In a third part, we studied the physiological relevance of exosomal cholesterol secretion
in the lysosomal storage disorder Niemann-Pick type C (NPC). This disease is caused by
mutations in either NPC1 or NPC2 protein, which translocate cholesterol from late endo-
somes/lysosomes to the ER, Golgi apparatus and plasma membrane. As a consequence,
unesterified cholesterol accumulates within late endosomes/lysosoms (196; 197). We inves-
tigated whether exosomes could partially bypass this cholesterol traffic block by shuttling
accumulated cholesterol out of the cell. Therefore, cells with drug induced molecular NPC

pathology and cells expressing non-functional NPC1 were tested for an increase in choles-
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terol release via exosomes. To test the specificity of this process, we transfected wild-type

NPC1 into NPC1 mutant cells to re-establish normal exosome secretion.



Chapter 2

Materials and Methods

2.1 Materials

2.1.1 Chemicals and consumables

Unless stated otherwise, all chemicals used in this study were purchased from AppliChem
GmbH (Darmstadt, Germany), Merck KGaA (Darmstadt, Germany) or Sigma-Aldrich
Chemie GmbH (Munich, Germany). Cell culture media, supplements, antibiotics and
sera were obtained from Invitrogen GmbH (Darmstadt, Germany) or PAA Laboratories
GmbH (Pasching, Austria). Consumables used in cell culture, molecular biology and
biochemistry analysis were purchased from Falcon (Becton Dickinson Labware Europe, Le
Pont De Claix, France), Eppendorf AG (Hamburg, Germany) or Greiner Bio-One GmbH

(Frickenhausen, Germany).

2.1.2 Cell lines and primary cells
2.1.2.1 Cell lines

Cell lines used in this study are listed in Table 2.1.

Table 2.1: Cell lines

Name Cell type Obtained from

Oli-neu Mouse oligodendrocyte precursor cells J. Trotter, University of Mainz, Germany

CHO CT43  Chinese hamster ovary cells T. Y. Chang, Dartmouth Medical School,
expressing non-functional, truncated NPC1  Hanover, NH, USA

CHO K1 Chinese hamster ovary cells T. Y. Chang, Dartmouth Medical School,
expressing wild-type NPC1 Hanover, NH, USA

32
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2.1.2.2 Primary cells

Human skin fibroblasts

Primary human skin fibroblasts from a healthy volunteer and a patient showing clinical
symptoms of NPC disease (NPC-db patient-ID No. 158) were kindly provided by Heiko
Runz from the Department of Human Genetics, Heidelberg, Germany. Material derived
from the NPC patient is compound heterozygous for the mutations p.P1007A (¢.3019C>QG)
in exon 20 and p.R934X (c.2800C>T) in exon 19 of the npcl gene.

2.1.3 Antibodies

Primary antibodies were used as listed in Table 2.2. Secondary fluorophore- or horse
radish peroxidase (HRP)-conjugated antibodies were obtained from Dianova (Hamburg,

Germany), Invitrogen GmbH (Darmstadt, Germany) or GE Healthcare (Munich, Ger-

marny).
Table 2.2: Primary antibodies

Target Host species Application Obtained from
v-Adaptin  Mouse WB (1:5000) BD Biosciences, Heidelberg, Germany
Alix/AIP Mouse WB (1:1000) BD Biosciences, Heidelberg, Germany
Calnexin Rabbit WB (1:2000) Stressgen Bioreag., Victoria, Canada
Flotillin-2  Mouse IF (1:100), WB (1:1000)  BD Biosciences, Heidelberg, Germany
GFP Rabbit WB (1:1000) Abcam plc, Cambridge, UK
LAMP-1 Rat IF (1:50) BD Biosciences, Heidelberg, Germany
Myc Mouse WB (1:1000) Cell Signaling, Danvers, MA, USA
TSG-101 Mouse WB (1:1000) GeneTex Inc., Irvine, CA, USA

2.1.4 Nucleotide constructs
2.1.4.1 Plasmids

Previously published plasmids

Plasmids obtained from other laboratories are listed in Table 2.3.
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Table 2.3: Published plasmids

Plasmid Obtained from

EGFP-CD63 D. Cutler, University College, London, UK

Flotillin-2-GFP L. Rajendran, MPI of Molecular Cell Biology and Genetics, Dresden, Germany
GFP-rab7 M. Zerial, MPI of Molecular Cell Biology and Genetics, Dresden, Germany
GFP-rabl1l M. Zerial, MPI of Molecular Cell Biology and Genetics, Dresden, Germany
MLV Gag-GFP Addgene plasmid 1813, W. Mothes, Yale University School of Medicine, USA
pPEYFP-6xHis-wtNPC1 M. Scott, Stanford University, Stanford, USA

pEYFP-6xHis-NPC1 P692S M. Scott, Stanford University, Stanford, USA

pR4-PLP-myc J. Trotter, Johannes Gutenberg University, Mainz, Germany

Self constructed plasmids

Flotillin-2 mutated at one or both cholesterol recognition/interaction amino acid (CRAC)
motifs was generated by site directed mutagenesis to introduce the amino acid point mu-
tations Y124G or Y163G and the double mutation Y124G/Y163G. Mutagenesis was con-
ducted according to the manufacturer’s protocol (Quick Change Site-Directed Mutagenesis

Kit, Agilent Technologies, Waldbronn, Germany).

2.1.4.2 SiRNA constructs

To down-regulate expression of flotillin-2 or NPC1, siRNAs were used as listed in Table 2.4.

Table 2.4: siRNA constructs

Target siRNA Reference

Mouse flotillin-2 GUUCAUGGCAGACACCAAdTAT Qiagen GmbH, Hilden, Germany
Mouse NPC1 NPC1 Mn NPC1-1 predisigned siRNA  Qiagen GmbH, Hilden, Germany
Negative control ~ Control siRNA No. 1 Ambion, Austin, USA

2.1.5 Modifiers of cellular cholesterol homeostasis

Cholesterol homeostasis was modified by compounds listed in Table 2.5.
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Table 2.5: Cholesterol modifiers

Compound

effect

Obtained from

Cholesterol in ethanol
Cholesterol/
methyl-3-cyclodextrin complex
CP-113.818
Methyl-S-cyclodextrin
Mevalonate

Simvastatin

U18666A

Loading of free cholesterol

Loading of free cholesterol

Inhibition of Acyl-CoA cholesteryl acyl
transferase (ACAT)

Acute cholesterol depletion

Maintainance of geranylation/farnesylation

Inhibition of HMG-CoA-reductase

Impairment of cholesterol trafficking

Sigma-Aldrich Chemie GmbH,
Munich, Germany
Sigma-Aldrich Chemie GmbH,
Munich, Germany

Pfizer Inc., New York, NY,
USA

Sigma-Aldrich Chemie GmbH,
Munich, Germany
Sigma-Aldrich Chemie GmbH,
Munich, Germany

Merck KGaA, Darmstadt,
Germany

Biomol, Plymouth Meeting,
PA, USA

2.1.6 Buffers and solutions

2.1.6.1 Phosphate buffered saline (PBS)

PBS was prepared according to Sambrook et al., 2001 (250).

10x PBS (1 L)

80.0 g NaCl
20g KCl
144 ¢
24 g KHePOy4

NagHPO4 (OI‘ 18.05 g NaQHPO4 X 2H20)

To obtain 1x PBS, 10x PBS was diluted 10 times with bi-distilled H5O. The pH value

was adjusted to 7.2-7.4.

2.1.6.2 HEPES /sucrose stock solution

HEPES /sucrose stock solution was prepared according to Théry et al., 2006 (27).

1x HEPES /sucrose (1 L)
4.8 g Hydroxyethylpiperazine-N-2-ethanesulfonic acid (HEPES), (= 20 mM)
856 g Protease-free sucrose, (= 2.5 M)

The pH was adjusted to 7.4.
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2.1.6.3 CHAPS lysis buffer

1x lysis buffer (1 L)

10 g  3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS), (= 1%)
6.1 g Tris(hydroxymethyl)aminomethane (Tris), (= 50 mM)
1.5 g Ethylenediaminetetraacetic acid (EDTA), (= 5 mM)

The pH was adjusted to 8.

2.1.6.4 Protein loading buffer

4x loading buffer
10 % Glycerol
50 mM  Tris-HCl
2mM EDTA
2% SDS
144 mM  B-mercaptoethanol
0.05 % Bromophenol blue

The pH was adjusted to 6.8.

2.1.7 Media and sera

2.1.7.1 Commercial media

Table 2.6 depicts commercially available media, sera, and additives used in this study.

Table 2.6: Commercial media and solutions

Medium/Solution

Obtained from

Dulbecco’s Modified Eagle Medium (DMEM)
Fetal Calf Serum (FCS)

Freestyle™293 Expression Medium
GlutaMAX™-T supplement

Hanks’ Balanced Salt Solution (HBSS)

Horse Serum (HS)
Insulin-Transferrin-Selenium - A supplement 100 x
LB medium + LB agar plate

Lipoprotein Free Serum (LPS)

Opti-MEM + GlutaMAX™-I

Phosphate Buffered Saline (PBS)
Penicillin/Streptomycin (Pen/Strep) 100X

PAA Laboratories GmbH, Pasching, Austria
PAA Laboratories GmbH, Pasching, Austria
Invitrogen GmbH, Darmstadt, Germany
Invitrogen GmbH, Darmstadt, Germany
Invitrogen GmbH, Darmstadt, Germany
PAA Laboratories GmbH, Pasching, Austria
Invitrogen GmbH, Darmstadt, Germany
AppliChem GmbH (Darmstadt, Germany)
Sigma-Aldrich Chemie GmbH, Munich, Germany
Invitrogen GmbH, Darmstadt, Germany
PAA Laboratories GmbH, Pasching, Austria
Invitrogen GmbH, Darmstadt, Germany
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2.1.7.2 SATO medium

Sato medium was used for cultivation of the Oli-neu cell line. For preparation of serum

free SATO, horse serum was omitted.

SATO medium (100 mL)

1 mL  Insulin-Transferrin-Selenium-A Supplement ITS-A, 100 x

1 mL.  Putrescine dihydrochloride, stock 10 mM in DMEM

10 uL  Progesterone, stock 2 mM in ethanol

10 u.  Triiodothyronine (Calbiochem/Merck KGaA, Darmstadt, Germany),
5 mM stock in ethanol

13 pL.  L-Thyroxine (Calbiochem/Merck KGaA, Darmstadt, Germany),
4 mM stock in 0.26 N NaOH, 25% ethanol

1 mL GlutaMAX"™-I supplement, 200 mM

1 mL  Penicillin/Streptomycin, 5000 U/5000 ug

5 mL  Horse serum

in Dulbecco’s Modified Eagle Medium (DMEM) with 4.5 g/L glucose.

2.1.7.3 General growth medium

General growth medium was used for cultivation of human fibroblasts and Chinese hamster

ovary (CHO) cells. For preparation of serum free medium, no fetal calf serum was added.

General growth medium (100 mL)

1 mL  GlutaMAX™-I supplement, 200 mM

1 mL  Penicillin/Streptomycin, 5000 U/5000 ug
10 mL.  Fetal calf serum

in Dulbecco’s Modified Eagle Medium (DMEM) with 4.5 g/L glucose.

2.1.8 Commercial kits

Commercial kits used in this study are listed in Table 2.7.
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Table 2.7: Commercial kits

Kit

Application

Obtained from

Amaxa Basic Neucleofector Kit,

Primary Neurons

NucleoBond Xtra Midi Kit
Quick Change Site-Directed

Mutagenesis Kit

SiRNA nucleofection

DNA isolation

Point mutagenesis

Lonza, Basel, Switzerland

Machery-Nagel, Dueren, Germany
Agilent Technologies, Waldbronn,

Germany

2.1.9 Software

Software was used as depicted in Table 2.8.

Table 2.8: Software

Software Application Source
ImageJ Image processing and analysis  http://rsbweb.nih.gov/ij/
LaTeX Text processing http://www.latex-project.org/

Leica Confocal Software, 2.61
Meta Imaging Series 6.1

MS Office Exel 2003
STATISTICA 7

Acquisition of confocal images
Image processing and analysis
Spreadsheet analysis

Statistical analysis

Leica Microsystems, Mannheim, Germany
Universal Imaging Corp., Downingtown, USA
Microsoft GmbH, Berlin, Germany

StatSoft GmbH, Hamburg, Germany

2.2 Methods

2.2.1

Molecular biology

2.2.1.1 Site-directed mutagenesis

To introduce amino acid point mutations into the flotillin-2 protein, mutagenesis was per-

formed using Stratagene QuickChange™ Site-Directed Mutagenesis Kit (see Table 2.7)

according to the manufacturer’s protocol. This method is based on site-specific mutagen-

esis by overlap extension principle as described in Papworth et al., 1996 (251).
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2.2.1.2 Transformation of E. coli

For amplification of plasmid DNA constructs in bacteria, the chemocompetent E. coli
strand ‘Subcloning Efficiency DH54pn," (see Table 2.1) was used. For transformation,
50 pL of competent cells were thawed on ice for 5 min. Thereafter, 100 ng of the desired
plasmid were added to the cells, the suspension was mixed and incubated on ice for 20 min
followed by heat-shock at 42°C for 42 sec. After recovery on ice for 2 min, 500 uL of LB
medium (25 g LB in 1 L Hy0, autoclaved) was added and the cells were incubated for
1 h at 37°C with agitation. To select for single transformants, the culture was spread on
LB plates (LB-Agar 40 g per 1 L Hy0, autoclaved) supplemented with the appropriate
antibiotics (100 pg/ml ampicillin or 50 pug/ml kanamycin) and incubated at 37°Cfor 12-
20 h.

2.2.1.3 Plasmid DNA isolation from E. coli

To amplify plasmid DNA from transformed E. coli at a medium-scale, a single colony was
picked from the LB plate with an autoclaved tip and transferred to 200 mL of antibiotic-
supplemented LB medium. Bacteria were incubated for 10-16 h at 37°Cwith constant
shaking. Thereafter, cells were harvested by centrifugation for 10 min at 3,000 rpm and
4°C and plasmid DNA was isolated and purified with the NucleoBond Xtra Midi Kit
(see Table 2.7) according to the manufacturer’s instructions. DNA was redissolved in
autoclaved, bi-distilled HO.

2.2.1.4 Determination of DNA concentration

Concentrations of double-stranded DNA were determined by measuring the optical density
at 260 nm (Aggp) and applying the Beer-Lambert law (252). In the procedure, samples
were diluted 100-fold with HoO and absorbance was read at 260 nm in UVette cuvettes
(Eppendorf AG, Hamburg, Germany) with BioPhotometer plus (Eppendorf AG, Hamburg,

Germany). For the calculation of DNA concentrations the following formula was used:

Concentration of DNA (ug/mL) = Aggp x dilution factor x 50 ug/mL (2.1)

2.2.2 Cell culture

All cell culture work was carried out according to security level S1 safety rules. Work

was conducted under sterile conditions, involving antiseptic cleaning of the equipment
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with 70% ethanol and sterile filtration of all media and solutions used with a 0.22 pm
polyethersulfone (PES) filter (Corning Inc., Corning, NY, USA).

2.2.2.1 Cryoconservation of cells

Freezing of cells

For long term storage of cell lines and human skin fibroblasts, cells were cultured on a
10 cm petri dish or a 75 cm? cell culture flask, respectively, to 80% confluence. Cells
were then washed of or trypsinised as decribed in Section 2.2.2.2. After centrifugation
of the cell suspension for 5 min at 900 g the pellet was resuspended in 0.5 mLL DMEM.
Subsequently, 0.5 mL of 2x freezing medium (40 % FCS, 20 % DMSO in DMEM) was
added, the suspension was mixed gently and transferred into a Nalgene®) Sterile Cryo-
genic Vial (Thermo Fisher Scientific, Roskilde, Denmark). Cells were transferred to a
Nalgene®) Cryo 1°C Freezing Container (Thermo Fisher Scientific, Roskilde, Denmark)
and slow freezing at a temperature dropping rate of -1°C/min was carried out in a -

80°C freezer. For permanent storage, cells were stored in liquid nitrogen.

Thawing of cells

To thaw cryoconserved cells, a cryogenic vial was removed from liquid nitrogen and im-
mediately incubated in a 37°C water bath. Immediately after the cell suspension became
liquid, 10 mL of prewarmed fresh growth medium were added and the suspension was
centrifuged for 5 min at 900 g. The cell pellet was resuspended in prewarmed fresh growth
medium and plated on a 10 cm petri dish or a 75 cm? cell culture flask with previous
PLL-coating, if necessary. Growing cells were further passaged according to cell type as

described in Section 2.2.2.2.

2.2.2.2 Growth and maintenance of cells

In general, cells were grown at 37°C and 7.5% COs in humidified incubators. Specific

cultivation procedures are described below.

Oli-neu cell line

Cells of the oligodendrocyte precursor cell line Oli-neu were grown in SATO medium (see
Section 2.1.7.2) on 10 cm plastic petri dishes previously coated with poly-L-lysine (PLL,
30 mg/L) for 30 min and once washed with sterile water. Passaging of the cells was con-

ducted 1:6 every 2-4 days after a confluence of 70-80 % was reached. For passaging, cells
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were washed off with cultured medium to bring them in suspension. Cells up to passage

number 30 were used for all experiments.

Chinese hamster ovary cell lines

The Chinese hamster ovary (CHO) cell lines CT43 and K1 were cultured in general growth
medium (see Section 2.1.7.3) on 10 cm plastic petri dishes. Cells were passaged 1:10 ev-
ery 3-5 days with a confluence of 80 %. For this, cells were washed once with PBS and
trypsinized (0.05 % trypsin/EDTA; Lonza GmbH, Wuppertal, Germany) at 37°C for 1
min to detach them from the petri dish. Trypsination was stopped with fresh growth

medium.

Human skin fibroblasts

Primary human skin fibroblasts were grown in general growth medium (see Section 2.1.7.3)
in 75 cm? cell culture flasks. Cells were passaged 1:4 every 3-4 days with a confluence
of 80-90 %. Fibroblasts were detached from the flask with 0.05 % trypsin/EDTA. For
collection of exosomes, cells were cultured in 10 cm plastic petri dishes in the absence of

seruinmn.

2.2.2.3 Modification of cellular cholesterol

Cholesterol loading and depletion treatments were conducted with Oli-neu cells plated
on 6 cm plastic petri dishes (for Western blot experiments) or glass cover slips (for im-

munofluorescence staining).

Cholesterol depletion

Acute cholesterol depletion was achieved by washing the cells 3x with PBS followed by a
2 h incubation with 1 mM methyl-g-cyclodextrin in Hanks’ balanced salt solution (HBSS;
see Table 2.6). Control cells were treated with HBSS only. After incubation time, cells
were fixed for immunocytochemistry.

In another set of experiments, cholesterol depletion was achieved by inhibition of HMG-
CoA-reductase with simvastatin, which impairs the biosynthesis of cholesterol. For this,
Oli-neu cells were washed 3x with PBS and pre-incubated for 24 h with horse serum
(HS) free SATO medium supplemented with 1% lipoprotein free serum (LPS; see Ta-
ble 2.6). Following this, cells were incubated for 16 h (for Western blotting) or 48 h (for
immunofluorescence) with 4 uM simvastatin (in HS free SATO, 1% LPS). Additionally,
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growth medium was supplemented with 50 M L-mevalonate to maintain normal gerany-
lation and farnesylation. Control cells were incubated in HS free SATO, 1% LPS, 50 uM
L-mevalonate. Immunofluorescence and Western blotting were performed after this treat-

ment.

Loading of free cholesterol

Oli-neu cells were washed 3x with phosphate buffered saline (PBS; see Table 2.6) to remove
all remainders of conditioned medium. Subsequently, cells were starved for 4 h in serum
free SATO medium (see Section 2.1.7.2). To increase cellular cholesterol levels, cells were
then incubated for 4 h in serum free SATO medium supplemented with free cholesterol at a
final concentration of 50 pg/ml as methyl-5-cyclodextrin (mSCD) complex saturated with
10 pg/ml cholesterol dissolved in ethanol (final concentration of ethanol 0.1%). Control
cells were treated with 0.1% ethanol in serum free SATO medium. For immunofluorescence
studies, cover slips were fixed after the incubation time. For Western blot assays, cells were

lysed and the cultured medium was collected for exosome preparation (see Section 2.2.3.1).

Inhibition of ACAT

For inhibition of Acyl-CoA cholesteryl acyl transferase (ACAT), the inhibitor CP-113.818
was applied at a final concentration of 10 uM in SATO medium for 24 h (CP-113.818 dis-
solved in DMSO, final concentration of DMSO 0.05%). Subsequently, cells were washed
with PBS 3x and further incubated in serum free SATO medium with 10 uM CP-113.818
for 16 h. Incubation medium of control cells lacked CP-113.818. After this treatment,

immunofluorescence and Western blotting were conducted.

Inhibition of cholesterol trafficking by U18666 A

Administration of the compound U18666A achieved an impairment of free cholesterol
trafficking from late endosomes/lysosomes to the ER and Goli compartments. For this,
1.5 pg/mL U18666A in SATO was added to the cells for 12 h. After 3x washing with PBS,
cells were further incubated in serum free SATO with 1.5 pg/mL U18666A for another
4 h and examined for changes in exosome secretion by Western blotting. For analysis via

immunocytochemistry, cells were treated with 1.5 pg/mL U18666A in SATO for 24 h.
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2.2.2.4 Collection of exosomes

In general, exosomes from Oli-neu cells were collected in serum-free SATO medium to avoid
any contamination with serum derived exosomes. The specific collection times, depending
on treatment, are described in the previous section. Exsosomes from cells transfected with
CRAC-mutated flotillin-2 were collected for 4 h.

Exosomes derived from the Chinese hamster ovary cell lines CT43 and K1 were collected
for 5 h in Freestyle™293 Expression Medium (see Table 2.6).

Harvest of exosomes from human skin fibroblasts was preceded by a 24 h depletion period
in FCS free general growth medium (see Section 2.1.7.3) supplemented with 1 % LPS and
another 24 h of cultivation in general growth medium containing 10 % FCS to achieve
high vesicular cholesterol accumulation. Subsequently, exosomes were collected in serum

free general growth medium for 4 h.

2.2.2.5 Transfection of plasmids

Plasmid DNA was introduced into mammalian cell lines via Mirus Bio TransIT®)-LT1
Transfection Reagent (Mirus Bio LLC, Madison, WI, USA). Upon transfection, the cells
were grown to a confluence of 60%. The transfection reagent and plasmid DNA were
added to Opti-MEM (see Table 2.6), mixed slightly and incubated at room temperature
for 30-45 min. According to cultivation in various vessels sizes, the specific protocols are
listed below. After incubation, the mixture was added to cells dropwise, the cultivation
vessel was shaken gently and the cells were kept under culture conditions for 8-12 h until

further use.

Culture vessel | 12-well plate | 6 cm dish | 10 cm dish
Opti-MEM 50 pL 300 pL 600 pL
TransIT 1.5 pL 9 uL 18 pL
Plasmid DNA 0.5 ug 3 ug 6 ug

2.2.2.6 RNA interference

To down-regulate protein expression, siRNA was introduced into Oli-neu cells by elec-
troporation with the Amaxa Basic Neucleofector Kit (see Table 2.7) in two steps. In a
first step, cultured cells were suspended in fresh growth medium and 2 x 10° cells were
centrifuged for 5 min at 900 g. Pelleted cells were resuspended in 100 pL. Nucleofector
solution provided with the kit and 160 pmol of siIRNA was added to the suspension. Using
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the program ‘O-05" of the Amaxa Nucleofector (Lonza, Basel, Switzerland), siRNA was
delivered into the cells. Immediately afterwards, the cells were plated on a PLL pre-coated
10 ecm petri dish with warm, fresh SATO medium and were further cultured. In a second
step 2 days thereafter, the cells were again collected and electroporated as described above.
After resuspension in fresh SATO medium, cells were plated on a 6 cm petri dish at a

density of 2 x 10° cells. The cells were used for further analysis after 2 days of cultivation.

2.2.3 Exosome purification
2.2.3.1 Exosome preparation

Conditioned growth medium from cultured cells secreting exosomes was collected as de-
scribed in Section 2.2.2.4. To purify exosomes from the growth medium, a protocol of
subsequent centrifugation steps adapted from Trajkovic et al., 2008 was applied (57). In
the process, samples were handled on ice and all centrifugation steps were carried out
at 4°C to avoid protein degradation. Remaining cells were cleared from the conditioned
medium by centrifugation steps of 1x 3,000 g, 10 min and 2x 4,000 g, 10 min. Subse-
quently, cell debris and larger microvesicles were pelleted in a step of 10,000 g for 30 min.
For final collection of exosomes in a pellet, the supernatant was centrifuged at 100,000 g
for 1 h. To normalize the amounts of exosome-released proteins and cholesterol, we also
harvested corresponding cells, from which exosomes were collected. For protein analysis,
corresponding cells of a 6 cm petri dish were scraped in 100 pL of CHAPS lysis buffer (see
Section 2.1.6.3) and centrifuged for 5 min at 5,000 rpm and 4°C. For cholesterol analysis,
corresponding cells of a 10 cm petri dish were scraped in 800 ul. TE buffer. Pelleted
exosomes and cell lysates were subjected to further analysis as described in the following

sections.

2.2.3.2 Sucrose gradient ultracentrifugation

For further purification, the pelleted exosome material was loaded on top of a sucrose
gradient. To avoid protein degradation, samples and sucrose solutions were handled on
ice. The exosomal pellet from Section 2.2.3.1 was resuspended thoroughly in 500 plL
0.25 M sucrose solution (in 20 mM HEPES, pH 7.4) and the suspension was channeled 5x
through a 26 G needle to seperate single exosomes and avoid large membrane clusters. The
suspension was then loaded on top a of discontinuous sucrose gradient consistent of 8 layers

in total as depicted in Table 2.9, each layer with a volume of 500 pL. Ultracentrifugation
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of the samples using the swing out rotor SW60 Ti (Beckman Coulter GmbH, Krefeld,
Germany) for 12 h at 200,000 g and 4°C sorted membrane vesicles along the sucrose
gradient according to their density (see Table 2.9). After centrifugation, 8 fractions (each
with a volume of 500 pL) were carefully taken from the top of the vial. Each layer was
diluted 1:6 with PBS and again ultracentrifuged for 1 h at 100,000 g and 4°C to pellet
the membrane material. Pellets were resuspended in 15 uL protein loading buffer (see
Section 2.2.4.2) and subjected to SDS-PAGE and Western blotting.

Table 2.9: Sucrose density gradient

Molarity of sucrose Corresponding density Sucrose stock solution 20 mM HEPES
(M) (g/cm?) (2.5 M in 20 mM HEPES) for 2.5 mL (mL)
for 2.5 mL (mL)

0.25 1.03 0.25 2.25

0.57 1.07 0.57 1.93

0.89 1.11 0.89 1.61

1.21 1.16 1.21 1.29

1.53 1.20 1.53 0.97

1.86 1.24 1.86 0.64

2.18 1.27 2.18 0.32

2.50 1.32 2.5 0

2.2.4 Protein and lipid biochemistry
2.2.4.1 Determination of protein concentration

To quantify protein concentrations, cell lysates were analyzed with Pierce BCA Protein
Assay (Thermo Fisher Scientific Inc.,Rockford, IL, USA) using a detergent-compatible
formulation based on bicinchoninic acid (BCA). The assay was conducted according to
manufacturer’s protocol and absorbance of BSA protein standards and experimental sam-
ples was measured at 562 nm wavelength. The concentration of the protein solution was

calculated using the Beer-Lambert law (252):

A=exlxc (2.2)
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A measured absorbance at a particular wavelength
€ molar absorption coefficient
[ path length

¢ analyte concentration

2.2.4.2 SDS-PAGE

For separation of proteins according to their molecular weight under denaturating con-
ditions, sodium dodecyl sulfate ployacrylamide gel electrophoresis (SDS-PAGE) was per-
formed using the Bio-Rad Mini-PROTEAN 3 electrophoresis system (Bio-Rad Labora-
tories GmbH, Munich, Germany). Preparation of two layered polyacrylamide gels was
performed in the Bio-Rad Mini-PROTEAN 3 casting system. Composition of the upper
stacking gel (2 ml) and the lower resolving gel (5 ml) is specified below:

Stacking gel
4 % Acrylamide/bis-acrylamide (29:1) solution
125 mM  Tris-HCI pH 6.8
0.1 % SDS
0.05 % ammonium persulfate (APS)
0.005 % (v/v) N’N’N’-tetramethylethylene diamine (TEMED)

Resolving gel (10 or 12 %)
10 or 12 %  Acrylamide/bis-acrylamide (29:1) solution
325 mM Tris-HCI pH 6.8
0.1 % SDS
0.05 % APS
0.005% (v/v) TEMED

For loading on the gel, exosome and cell lysate samples were prepared as follows: Exo-
some pellets were resuspended in denaturating protein loading buffer (see Section 2.1.6.4).
35 pL of protein loading buffer were added to the cell lysate preparations. Before loading
on the gel, the samples were boiled at 95°C for 5 min. Detection of PLP-myc protein

required incubation at 55°C for 10 min to avoid multimer assembly. The gel was run in
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tris-glycine electrophoresis buffer (25 mM tris, 192 mM glycine, 0.1% SDS) for 90 min at
100 V. Loading of the marker PageRuler®) Plus Prestained Protein Ladder (Fermentas,

St. Leon-Rot, Germany) enabled estimation of molecular weights of the analyzed proteins.

2.2.4.3 'Western blotting

After separation via electrophoresis, proteins were subjected to Western blotting (253)
using the Bio-Rad Mini-Protein System according to the manufacturer’s protocol. In
the procedure, proteins were transferred from SDS-polyacrylamide gels onto a What-
man(®) Protran Nitrocellulose Transfer Membrane (Whatman GmbH, Dassel, Germany)
by application of 100 V for 1 h at room temperature in transfer buffer (25 mM Tris,
192 mM glycine, 20% methanol).

Following transfer of proteins, the nitrocellulose membrane was incubated in 4% nonfat
dried milk (Sigma-Aldrich Chemie GmbH, Munich, Germany) in PBS for 30 min at room
temperature to avoid nonspecific binding of immunoglobulins. The membrane was then
incubated with primary antibody in PBST (0.1% Tween-20 in PBS) (dilutions according
to Table 2.2) for 8-12 h at 4°C followed by 3 washing steps of 10 min in PBST at room
temperature. Subsequently, the membrane was incubated with horse radish peroxidase-
(HRP) conjugated secondary antibody (1:1,000 in PBST) for 1-2 h at room temperature
and again washed 3x with PBST for 10 min.

HRP-antibody binding was visualized by chemiluminescence using Pierce ECL Western
Blotting Substrate (Thermo Fisher Scientific Inc.,Rockford, IL, USA). The emitted light
signal was captured on X-ray films (CL-XPosure™ Film, Thermo Fisher Scientific, Rock-
ford, IL, USA), which were scanned with a conventional scanner and analyzed for light

intensities with ImageJ (see Table 2.8).

2.2.4.4 Cholesterol extraction and gas chromatography

To extract cholesterol, exosome pellets were resuspended in 200 puL. TE buffer (10 mM
Tris, 0.5 mM EDTA, pH 8). Corresponding parent cells of a 10 cm petri dish were washed
3x with PBS and scraped in 800 pL. TE buffer. From these, 200 uL were taken for choles-
terol extraction and the remains were stored at -20°C for further analysis. The 200 uL
exosome and cell lysate samples were transferred into 2 ml Eppendorf tubes and 5 pL of
lanosterol (100 ng/uL in chloroform) as internal standard and 1 mL of methanol/chloro-

form mixture (1:2 v/v) were added. The samples were incubated for 30 min at 4°C under
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constant shaking. After addition of 300 uL. H2O, the solutions were mixed and kept on
ice for 15 min proceeded by centrifugation for 15 min at 1,300 rpm and 4°C. After phase
separation, the lower organic phase was transferred to a glass vial, dried under streaming
nitrogen and subjected to gas chromatography.

The analysis was performed with an Agilent 6890 gas chromatograph (Waldbronn, Ger-
many) fitted with a capillary HP-5 column (30 m x 0.32 mm; 0.25 pm coating thickness;
J&W Scientific, Agilent). Helium was used as carrier gas (1 ml/min). The temperature
gradient was 200°C for 1 min, 200-325°C at 20°C/min, and 325°C for 7.5 min. Identity
of cholesterol signal was verified with lanosterol as standard. Cholesterol contents of the

samples were quantified by measuring the peak area of cholesterol and 500 ng lanosterol.

(Gas chromatographic analysis of material was performed with the help of Cornelia Goebel.)

2.2.5 Immunocytochemistry
2.2.5.1 Immunofluorescence staining

Proteins were labeled with fluorescent antibodies via immunocytochemistry to determine
their localization in cultured Oli-neu cells. All steps of this procedure were performed at
room temperature. Oli-neu cells grown on PLL-coated glass cover slips were washed once
with PBS and fixed in paraformaldehyde (4% PFA in PBS, pH 7.4) for 15 min. After
washing 3x with PBS, cells were permeabilized with 0.1% (v/v) Triton X-100 (in PBS)
for 1 min to enable antibodies to pass through the cell membrane. Cells were immediately
washed 3x with PBS and covered with 100% blocking solution (see below) for 30 min to
reduce unspecific binding of antibodies. Primary antibodies in 10% blocking solution were
then incubated with the cells for 1 h in the concentrations indicated in Table 2.2. Preceded
by 3 washing steps of 1 min with PBS, cells were incubated with fluorophore-conjugated
secondary antibody in 10% blocking solution for another 45 min in the dark. After wash-
ing 3x with PBS for 1 min and once with bi-distilled H2O to remove salt remains, cells on
cover slips were mounted onto glass slides with a drop of moviol solution (see below) and
dried overnight. For long term storage, the prepared glass slides were kept in the dark at
4°C.

Cells overexpressing proteins with a fluorescent tag (GFP or RFP) were fixed with PFA

and directly mounted onto glass slides.
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100% Blocking solution
2% BSA
2 % horse serum
0.1 % gelatine
0.1 % saponin
0.02 % Dbiotin

Preparation of mowiol solution

For preparation of mowiol mounting solution, 2.4 g mowiol (Calbiochem/Merck KGaA,
Darmstadt, Germany) and 6 g glycerol were mixed with 6 mL HoO and incubated at
room temperature for 2 h with agitation. Subsequently, 12 mL 0.2 M Tris/HCI (pH 8.5)
were added and the mixture was heated for 10 min at 50°C. Centrifugation at 5,000 g for
15 min facilitated clearance of the solution. Anti-fading reagent DABCO was added to a

final concentration of 24 mg/mL and mowiol solution was aliquoted and stored at -20°C.

2.2.5.2 Lysotracker staining

Lysosomes of Oli-neu cells were labeled with the fluorescent acidotropic probe LysoTracker
Red DND-99 (Invitrogen GmbH, Darmstadt, Germany). Cells were grown on cover slips,
washed once and incubated in fresh SATO medium supplemented with 50 nM LysoTracker
for 1 h under growth conditions. Subsequently, the loading medium was replaced by fresh

SATO medium and cells were imaged by fluorescence microscopy.

(Immunofluorescence and LysoTracker staining were partially performed by Sievert Weiss. )

2.2.5.3 Filipin staining

Free cholesterol in Oli-neu cells and human skin fibroblasts was labeled with filipin dye
(Sigma-Aldrich Chemie GmbH, Munich, Germany). A freshly thawed aliquot of filipin was
heated for 1 h at 37°C under constant shaking in the dark. The solution was then diluted
1:50 in PBS. PFA fixed and Triton permeabilized cells (prepared as in Section 2.2.5.1) were
incubated with the diluted filipin solution for 15-20 min, washed 3x with PBS and once
with bi-distilled HoO and mounted onto a glass slide. Samples were stored at 4°C pro-

tected from light.

(Filipin staining of human fibroblasts was performed by Heiko Runz.)
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2.2.6 Microscopy
2.2.6.1 Confocal microscopy

To image localization of immunostained or fluorescent protein-tagged proteins in fixed
cell samples, confocal microscopy was conducted. Fluorescent images were acquired with
a Leica DMIRE2 microscope with a 63x oil-immersion objective and a Leica TCS SP2

AOBS confocal laser scanning setup (Leica Microsystems, Mannheim, Germany).

(Microscopic analysis of cells was performed by Sievert Weiss.)

2.2.6.2 Electron microscopy

For acquisition of electron microscopic images, exosomes were prepared from cultured
medium of Oli-neu cells as described in Section 2.2.3.1. Pelleted exosomes were then fixed
in 4% paraformaldehyde and adsorbed to glow-discharged formvar-carbon-coated copper
grids by floating the grids on 5 pL droplets of the solution on parafilm for 10 min. Sam-
ples were post-fixed with 1 % glutaraldehyde for 2 min and negatively stained with 2%
methylcelluloseuranyl acetate (containing 0.7 M oxalate, pH 7). The grids were imaged
with a LEO EM912 Omega electron microscope (Carl Zeiss, Jena, Germany). Digital
micrographs were obtained with an on-axis 2048 x 2048 CCD camera (Proscan GmbH,

Scheuring, Germany).

(Electron microscopic imaging of exosomes was performed by Wiebke Mobius.)

2.2.7 Image processing and statistical analysis
2.2.7.1 Quantification of subcellular flotillin-2 distribution

To quantify subcellular distribution of flotillin-2 protein, confocal images were taken with
identical acquisition parameters and analyzed with Metamorph, Meta Imaging Series 6.1
software (see Table 2.8). The cell surface outer and inner borders were manually enframed
using Metamorph software. Subsequently, fluorescence intensities of plasma membrane-
associated and cytosolic flotillin-2 signal were determined (see Figure 2.1). Flotillin-2
distribution was calculated for 170 - 220 cells per experimental condition as the ratio of

cytosolic versus total cellular (plasma membrane-associated + cytosolic) fluorescence in-
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Figure 2.1: Quantification of subcellular flotillin-2 distribution. Oli-neu cells were imaged and
analyzed with Metamorph software. The outer and inner borders of cell surfaces were manually
enframed to measure signal intensities of plasma membrane-associated (PM) and cytosolic (Cyt)
flotillin-2.

tensity.

(Endocytosis assays on immunofluorescence images were partially performed by Sievert
Weiss. )

2.2.7.2 Quantification of exosome secretion

For comparison of relative exosome release between treatment groups, exosome pellets
and corresponding parent cell lysates were subjected to Western blotting as described in
Section 2.2.4.2 and Section 2.2.4.3. X-ray films of Western blot membranes were scanned
and analyzed with ImagelJ software for signal intensities of exosomal marker proteins (alix,
flotillin-2 or EGFP-CD63) in exosome and cell lysate fractions. As a measure of exosome
release, the ratio of signal intensities of exosomes versus corresponding cell lysates was

calculated from 4 - 13 independent experiments.

2.2.7.3 Statistical analysis

Statistical analysis of data was performed with MS Office Exel 2003 (Microsoft Deutsch-
land GmbH, Berlin, Germany) and STATISTICA 7 (StatSoft GmbH, Hamburg, Ger-
many). For descriptive statistics, mean and standard error of the mean (SEM) of a data
set were calculated and illustrated with MS Office Exel 2003. For analytical statistics,
treatment groups were compared with STATISTICA 7. Data was analyzed for normal-
ity with the Kolmogorov-Smirnov test. To compare two independent groups with sample

sets showing normal distribution and equal variance, the parametric Student’s t-test was
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used. To detect differences between sample sets, which failed either normality or equal
variance tests, the nonparametric Mann-Whitney U test was performed. Data groups with

a p-value less than 0.05 were regarded as significantly different.



Chapter 3

Results

Most of the results have been published in:

Exosome Secretion Ameliorates Lysosomal Storage of Cholesterol in Niemann-
Pick Type C Disease

Katrin Strauss, Cornelia Goebel, Heiko Runz, Wiebke M&bius, Sievert Weiss,
Ivo Feussner, Mikael Simons, and Anja Schneider

Journal of Biological Chemistry 285(34): 26279-26288 (2010)

3.1 Cellular cholesterol levels regulate formation and release of
exosomes

3.1.1 Cholesterol regulates the cellular distribution of flotillin-2

In this study, we wanted to investigate whether exosomes can serve as molecular vehicles,
which facilitate cholesterol eflux from cells to contribute to cholesterol homeostasis. If
this was the case, exosome formation and release would have to be constantly adapted
to cellular cholesterol levels. We therefore wanted to monitor both steps - generation
and release of exosomes - under conditions were cholesterol levels were manipulated by
administration of cholesterol lowering drugs or loading of cholesterol. For this purpose,
we used the mouse oligodendroglial precursor cell line Oli-neu, which readily secretes
exosomes in quantifiable amounts.

We first focused on exosome formation. The initial step of exosome generation involves
invagination of the plasma membrane to form endosomes. A subset of those endosomes

matures to late endosomes. Inward budding of the late endosomal membrane gives rise

53
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to MVBs, which are filled with intraluminal vesicles. The MVBs can either fuse with
lysosomes for cargo degradation or they fuse with the plasma membrane to release their
contents into the extracellular space. Released intraluminal vesicles are then termed exo-
somes.

The flotillin proteins have been described to associate with detergent resistant, cholesterol-
rich microdomains at the plasma membrane (98; 117), and to govern a clathrin- and
caveolin-independent endocytosis pathway (133). Flotillin-2 was also found to be enriched
in exosomes (57), thus it can serve as a marker to follow the exosome pathway. We there-
fore studied whether flotillin-2 trafficking between the plasma membrane and endosomal

vesicles is dependent on cellular cholesterol.

3.1.1.1 Subcellular localization of flotillin-2

Flotillin-2 was previously demonstrated to localize mainly to the plasma membrane (104;
254; 255), where it forms stable oligomer clusters (119). However, the distribution of
flotillin-2 may vary for different cell types since it was also prominently found in several
vesicular compartments inside kidney cells, T cells, and HeLa cells, including recycling en-
dosomes, lysosomes and MVBs (107; 108; 256). To determine the localization of flotillin-2
in Oli-neu cells under physiological conditions, we performed immunofluorescence analysis
of cells with confocal microscopy.

Immunofluorescence staining of flotillin-2 revealed a predominantly vesicular localization.
To define these vesicles in more detail, we transfected cells with GFP-tagged Rab-GTPases
and stained for endogenous flotillin-2. Lysosomes were additionally labeled with lyso-
tracker. Flotillin-2 only partially co-localized with GFP-Rabl1l, a marker for recycling
endosomes (Figure 3.1A). It was predominantly found in late endosomes/lysosomes (GFP-
Rab7, lysotracker, Figure 3.1B,C). In contrast, only a small portion of the protein was

detected at the plasma membrane.

3.1.1.2 Cholesterol depletion redistributes flotillin-2 to the plasma membrane

To test whether subcellular flotillin-2 localization depends on cholesterol, we modulated
cholesterol levels experimentally by administration of various drugs. We first analyzed
flotillin-2 distribution in response to cholesterol depletion. This was achieved by acute
withdrawal of cholesterol from the plasma membrane via methyl-S-cyclodextrin (mgCD).
Incubation of Oli-neu cells with 1 mM mBCD in HBSS for 2 h induced flotillin-2 redis-

tribution from intracellular, vesicular compartments to the plasma membrane, as seen in
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Figure 3.1: Flotillin-2 is localized to endosomes and lysosomes. Co-localization of flotillin-2
with endosomal and lysosomal markers was analyzed in Oli-neu cells. (A) Cells were transfected
with GFP-Rab11 (green), a marker for recycling endosomes, fixed and endogenous flotillin-2 (flot-
2, red) was immunostained. Partial co-localization could be detected (merge). (B) Transfection
with GFP-Rab7 (green), a late endosomal/lysosomal marker, and immunostaining of endoge-
nous flotillin-2 (red) showed co-localization of both proteins (merge). (C) Exogenously expressed
flotillin-2-GFP (flot-2-GFP, green) localized to lysosomes labeled with a fluorescent probe (lyso-
tracker, red). Scale bars: 10 um.
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immunofluorescence confocal microscopy images in Figure 3.2A (8.6% shift from endoso-
mal pools to plasma membrane, SEM = 0.02, n = 220 cells, p = 0.002, Student’s t test,
2 independent experiments).

Another way to decrease intracellular cholesterol is the incubation of cells with simvas-
tatin. This drug inhibits HMG-CoA reductase, the rate limiting enzyme in cholesterol
biosynthesis, catalizing L-mevalonate production. Since L-mevalonate is also essential for
geranylation and farnesylation of numerous proteins, its reduction might cause an impair-
ment of vital cellular functions. Therefore, to exclude any cholesterol-independent effects,
cells were incubated for 48 h with 4 yM simvastatin in SATO medium (1% LPS) supple-
mented with 50 uM L-mevalonate. Similarly to the observations under mgCD treatment,
inhibition of cholesterol synthesis by simvastatin accumulated flotillin-2 at the plasma
membrane and reduced its abundance at endosomal pools (23.4% decrease of endosomal
flotillin-2, SEM = 0.013, n = 175 cells, p < 0.0001, Student’s t test, 2 independent exper-
iments) (Figure 3.2B).

3.1.1.3 Cholesterol loading accumulates flotillin-2 in endosomal pools

With the previous results, we demonstrated that cholesterol depletion leads to flotillin-2
accumulation at the plasma membrane. In the next step, we wanted to know whether a
rise in cholesterol level increases intracellular, vesicular flotillin-2 pools. Therefore, Oli-neu
cells were starved for 4 h in serum free SATO medium and subsequently incubated for 4 h
with 50 pg/ml cholesterol (as a methyl-5-cyclodextrin complex saturated with ethanol-
dissolved cholesterol). This treatment had no cytotoxic effects, as judged by the normal
morphologic appearance of cells. In cholesterol loaded cells, a marked accumulation of
cholesterol in cytoplasmic vesicles was identified by filipin staining as compared to the
homogeneous cholesterol distribution in mock treated cells (Figure 3.3A).

To localize the accumulated cholesterol more precisely, cells were co-stained for various
vesicular marker proteins. Filipin staining partially co-localized with the late endosomal
marker protein GFP-Rab7, with the lysosomal marker LAMP-1, and with endogenous
flotillin-2 and exogenously expressed EGFP-CD63, which are enriched in MVBs (Fig-
ure 3.3B). These results show that cholesterol and flotillin-2 localize in the same endosomal
system.

We then analyzed the intracellular distribution of flotillin-2 after cholesterol loading. A
pronounced redistribution of the protein to intracellular vesicles was observed (13.6%

increase, SEM = 0.028, n = 171 cells, p = 0.0003, Student’s t test, 2 independent ex-
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Figure 3.2: Cholesterol depletion redistributes flotillin-2 to the plasma membrane. Oli-neu
cells were chemically depleted from cholesterol (right) or mock treated (left). (A) 1 mM methyl-3-
cyclodextrin (msCD) was applied for 2 h to acutely withdraw cholesterol from cells. (B) Cells were
incubated with 4 ;M simvastatin (simva) for 48 h to inhibit cholesterol biosynthesis. (A+B) After
fixation, cells were immunostained for endogenous flotillin-2 (flot-2, red). The signal intensities
of flotillin-2 were determined on confocal sections taken with identical acquisition parameters.
Ratios of intracellular, vesicular versus total cellular flotillin-2 in response to treatment conditions
are shown in histograms (right). Cholesterol depletion by msCD or simvastatin was accompanied
by flotillin-2 redistribution from vesicular pools to the plasma membrane. Values are given as
mean + SEM from 2 independent experiments. ** indicates p<0.005, *** p<0.0005. Scale bars:
10 um.
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periments). In contrast, only moderate amounts of flotillin-2 located to vesicular com-
partments in control cells and parts of the protein were retained at the plasma membrane
(Figure 3.3C).

3.1.1.4 Intracellular cholesterol accumulation directs flotillin-2 to endosomal

pools

A second approach to increase cellular cholesterol levels is to trap the lipid in intracellular
organelles, where they accumulate in large amounts. This can be achieved by the appli-
cation of drugs, which interfere with intracellular cholesterol trafficking or metabolism.
U18666A is a compound known to inhibit cholesterol translocation from late endoso-
mal/lysosomal compartments to the ER and the plasma membrane, resulting in choles-
terol accumulation in late endosomes and lysosomes (257; 231). Incubation of cells with
1.5 pg/ml U18666A for 16 h resulted in an increase of flotillin-2 localization at cytoplasmic
vesicles compared to untreated controls (7.06% increase, S.E. = 0.02, n = 69 cells, p =
0.022, Student’s t test, 2 independent experiments) (Figure 3.4A). In these vesicles, the
protein might be trapped together with free cholesterol.

Acyl-coenzyme A:cholesterol acyltransferase (ACAT) is an ER-resident enzyme catalyzing
the conversion of free cholesterol into cholesteryl esters. When its activity is inhibited,
cholesterol accumulates in the ER. We treated Oli-neu cells with 10 uM ACAT inhibitor
CP-113.818 for 24 h. This increased the ratio of vesicular to total cellular flotllin-2 sig-
nificantly (21.8% increase, SEM = 0.025, n = 213 cells, p < 0.0001, Student’s t test, 2
independent experiments) (Figure 3.4B).

In summary, all treatments decreasing or increasing cellular cholesterol levels had an im-
pact on flotillin-2 distribution. While cholesterol depletion decreased incorporation of
flotillin-2 into intracellular vesicular structures, high cholesterol levels enhanced its relo-

cation from the plasma membrane to cytosolic vesicles.
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Figure 3.3: Cholesterol loading accumulates flotillin-2 in endosomal pools. After starvation
for 4 h in SATO medium supplemented with lipoprotein free serum, Oli-neu cells were treated with
50 pg/ml cholesterol in a saturated, water soluble complex for 4 h (+ chol) or not (- chol). (A)
Staining cells with the fluorescent dye filipin showed vesicular accumulation of cholesterol (arrow)
after cholesterol loading (bottom) in contrast to the homogeneous distribution in untreated controls
(top). (B) Cells were loaded with cholesterol and co-stained for free cholesterol (filipin, pseudo-
colored in red) and markers (green) for multivesicular bodies/exosomes (flotillin-2, EGFP-CD63)
or late endosomes/lysosomes (GFP-Rab7, LAMP-1). Cholesterol localized in these endocytic
compartments. (C) Cholesterol and mock treated cells were fixed and immunostained for en-
dogenous flotillin-2 (flot-2, red). The signal intensities of flotillin-2 were determined on confocal
sections taken with identical acquisition parameters. Ratios of intracellular, vesicular versus total
cellular flotillin-2 in response to treatment conditions are shown in the histogram. Flotillin-2 is
shifted to intracellular compartments in cholesterol treated cells (gray bar). Values are given as
mean + SEM from 2 independent experiments. *** indicates p<0.0005. Scale bars: 10 um.
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Figure 3.4: Intracellular trapping of cholesterol facilitates flotillin-2 accumulation in endo-
somal pools. Oli-neu cells were treated with chemicals promoting an intracellular accumulation of
free cholesterol. (A) Treatment with 1.5 ug/ml U18666A in SATO medium for 24 h induced choles-
terol accumulation in late endosomes/lysosomes. (B) The ACAT-inhibitor CP-113.818 (ACAT-
inh) was applied to increase levels of free cholesterol in the ER. Cells were treated with 10 uM
CP-113.818 in SATO medium for 24 h. (A+B) Fixed cells were immunostained for endogenous
flotillin-2 (flot-2, red). The signal intensities of flotillin-2 were determined on confocal sections
taken with identical acquisition parameters. Ratios of intracellular, vesicular versus total cellular
flotillin-2 (flot-2) in response to treatment conditions are shown in the histograms (right). Flotillin-2
is shifted to intracellular compartments in treated cells (gray bars) compared to untreated control
cells (white bars). Values are given as mean + SEM from 2 independent experiments. * indicates
p<0.05, *** p<0.0005. Scale bars: 10 um.
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3.1.2 [Exosome release depends on cholesterol

Having confirmed the cholesterol-dependence of flotillin-2 trafficking to endosomal com-
partments, we wanted to know whether cholesterol also influences the secretion of exo-

somes.

3.1.2.1 Purification of exosomes

To test the effect of cholesterol on exosome release, exosomes were prepared from culture
medium of Oli-neu cells cultured under various treatment conditions. Cells were washed
3x with PBS and exosomes were collected in serum free SATO medium. This protocol
prevented contamination of the samples with serum derived exosomes. For exosome prepa-
ration, the conditioned medium was cleared from dead cells and cell debris by a series of
centrifugation steps (see Section 2.2.3.1). In a final centrifugation step of 100,000 g for 1 h,
exosomes were pelleted as previously described (57). We further refer to this 100,000 g
pellet as the exosomal pellet (P100).

We validated the quality of this exosome preparation protocol by several tests:

Cell lysates from exosome secreting parent cells, as well as the pellets of each centrifugation
step and the exosomal pellet were subjected to Western blotting and probed with flotillin-2
antibody. As presented in Figure 3.5A, flotillin-2 was enriched in the exosomal pellet.
Cell lysates and exosome pellets were further stained for other exosomal marker proteins.
Besides for flotillin-2, we also found a robust signal for the two exosomal markers alix
and tsg-101 (tumor susceptibility gene 101) in the 100,000 g pellets. A contamination of
the 100,000 g pellet with membrane particles or vesicles other than exosomes could be
excluded by the absence of staining for markers of distinct intracellular compartments, i.e.
the ER marker calnexin and the trans-Golgi marker y-adaptin (Figure 3.5B).

When the 100,000 g pellet was subjected to electron microscopy, we found the typical
cup shaped structure of exsomes with a diameter between 50 and 100 nm (Figure 3.5C).
No structures indicative of a contamination with larger microvesicles were detected. This
additionally verifies the quality of our exosome preparations.

In another experiment to validate our exosome preparation protocol, sucrose gradient
ultracentrifugation of the exosome pellet (P100) was performed. Hereby we wanted to an-
alyze whether the material pelleted at 100,000 g floats at exosome-characteristic densities.
We allowed the material to distribute according to its densities in a sucrose gradient. After

centrifugation at 200,000 g for 12 h, 8 fractions were collected corresponding to densities
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Figure 3.5: Exosomes can be purified by a sequence of centrifugation steps. (A) Cultured
medium of Oli-neu cells was collected and subjected to a series of centrifugation steps to clear the
medium from dead cells and cell debris with 1x 10 min at 3,000 g (P3), 2x 10 min at 4,000 g (P4),
and 1x 30 min at 10,000 g (P10). Exosomes were collected in a final centrifugation step of 1 h at
100,000 g (P100). 20% of cell lysates (CL) and complete pellets were subjected to Western blot
analysis. The exosome pellet (P100) is enriched in the exosomal marker protein flotillin-2 (flot-2).
(B) Whole exosome pellets (exo) and 20% of corresponding cell lysates (lys) were immunostained
in Western blot. Exosome fractions were positive for different exosomal marker proteins (flotillin-2,
alix, tsg-101) but negative for markers of the ER (calnexin) and the Golgi apparatus (y-adaptin).
(C) Electron microscopy of Oli-neu cell-derived exosomes showed their typical cup-like structure.
Scale bar: 200 nm.
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Figure 3.6: Sucrose gradient ultracentrifugation of the exosome pellet. For further purifica-
tion, the exosome pellet was loaded on top of a sucrose gradient ranging from 0.25-2.5M (1.03-
1.32 g/ml) and ultracentrifuged for 12 h at 200,000 g to equilibrium. Fractions were diluted 1:6 with
PBS and re-centrifuged at 100,000 g. Pellets and cell lysates (CL) were analyzed by Western blot-
ting for endogenous exosome marker proteins tsg-101, alix, and flotillin-2 (flot-2) and transiently
expressed proteolipid protein (PLP-myc) and Moloney murine leukemia virus Gag protein (Gag-
GFP). Detected signals correspond to the known exosome densities ranging from 1.11 to 1.18
g/ml.

between 1.03 and 1.32 g/ml. Fractions were subjected to immunoblotting and stained
for exosomal marker proteins. Signals for flotillin-2, alix, and tsg-101 were detected in
the fractions of 1.11 and 1.16 g/ml. This is in accordance with a flotation behavior de-
scribed for exosomes (27; 20). Transiently expressed PLP-myc (proteolipid protein) as
well as Gag-GFP (Moloney murine leukemia virus Gag) were recovered from the same
density fractions (Figure 3.6). PLP was shown to be enriched in exosomes derived from
Oli-neu cells and primary oligodendrocytes (258; 57; 21; 36). The Gag protein is resident
in exosome-like vesicles, which immediately bud from the plasma membrane (56).

Taken these data together, we demonstrate that our exosome preparation protocol recovers
material, which matches that obtained from other exosome purifications in size and density
(20).

3.1.2.2 Cellular cholesterol levels influence exosome release

To determine whether cholesterol has an impact on exosome release, we quantified exosome

secretion under drug induced changes in cholesterol levels. After treatment, we collected
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Figure 3.7: Cholesterol depletion decreases exosome release. Western blot and quantifi-
cation of exosome release after treatment of Oli-neu cells with 4 ;M simvastatin for 16 h (gray
bar) compared to untreated controls (white bar). Flotillin-2 immunostained blots were scanned
and intensities of the bands were quantified. The ratio of endogenous flotillin-2 (flot-2) intensity in
exosomal pellets (exo) versus cell lysates (lys) of exosome secreting parent cells was calculated.
Values are given as mean + SEM from n = 12 experiments. * indicates p<0.05.

exosome pellets (P100) and parent cell lysates and subjected them to Western blotting.
The samples were stained for the exosomal marker proteins flotillin-2, alix, and transiently
expressed EGFP-CDG63. For the quantification of exosome release, we determined the ratio
of protein signal intensity in exosomes versus cell lysates.

We tested the effect of cholesterol depletion on exosome release by inhibiting cholesterol
biosynthesis. Therefore, we incubated Oli-neu cells with 4 uM simvastatin plus 50 pM
L-mevalonate for 16 h. This treatment resulted in decreased secretion of exosomes as
quantified by flotillin-2 signals (37.54% decrease, SEM = 14%, n = 17, p = 0.0019, Mann-
Whitney U test) (Figure 3.7).

To rise cholesterol levels, cells were starved for 4 h in serum free SATO medium and
subsequently incubated for 4 h with 50 pug/ml cholesterol/methyl-5-cyclodextrin complex
(saturated with ethanol dissolved cholesterol). To ensure the consistency of our exosome
preparation protocol along different treatment conditions, we performed sucrose gradient
ultracentrifugation with exosome pellets of control cells and cells loaded with cholesterol.

Treatment of cells did not change the flotation behavior of exosomal material at 1.11 and
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Figure 3.8: Sucrose gradient ultracentrifugation of exosome pellets derived from choles-
terol loaded cells. Prior to exosome collection, cells were loaded with 50 ug/ml cholesterol in a
saturated water soluble complex for 4 h (+ chol) or not (-chol). Exosome pellets were subjected
to sucrose gradient ultracentrifugation as described in Figure 3.6 and were subsequently ana-
lyzed by Western blotting with anti-flotillin-2 antibody. Flotillin-2 (flot-2) signal in exosome pellets
of cholesterol treated cells was increased compared to controls. However, treatment had no effect
on the type of released vesicles as shown by signals at the same densities in both, treatment and
control group.

1.16 g/ml (Figure 3.8). This control also excluded cholesterol treatment-induced apoptosis,
which would have led to a contamination of the exosome pellet with co-sedimented flotillin-
2-containing apoptotic vesicles floating at densities between 1.3 - 2 g/ml (29). Loading of
free cholesterol resulted in a markedly increased exosomal release of flotillin-2 (increase to
320%, SEM = 110%, n = 8, p = 0.022, Mann-Whitney U test) (Figure 3.9).

This observation can be explained in two ways: Cholesterol could either only facilitate the
incorporation of flotillin-2 into exosomes while the absolute number of secreted exosomes
remains unchanged, or high cholesterol levels could increase exosome release per se. The
latter assumption would imply an increase not only in the amount of flotillin-2 signal,
but also in other exosomal marker proteins in our exosome preparation. To distinguish
between both possibilities, Western blot membranes of exosomal pellets and cell lysates
were further probed with antibodies against alix and CD63, two other exosomal markers.
As shown in Figure 3.9, cholesterol loading also significantly enhanced exosomal release of
endogenous alix and transiently expressed EGFP-CDG63 (alix: increase to 2149.29%, SEM
= 1066.12%, n = 6, p = 0.004, Mann-Whitney U test; EGFP-CD63: 628.30% increase,
SEM = 93.77%, n = 4, p = 0.021, Mann-Whitney U test). A cholesterol induced increase
in the secretion of three different exosomal proteins rather indicates that the total number

of released exosomes is up-regulated by high cholesterol levels.
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Figure 3.9: Loading of free cholesterol increases exosome release. After starvation for 4 hin
SATO medium supplemented with lipoprotein free serum, Oli-neu cells were treated with 50 ug/ml
cholesterol in a saturated, water soluble complex for 4 h (+ chol) or not (- chol). Exosome pellets
(exo) and corresponding cell lysates (lys) were analyzed by Western blotting (top) for endogenous
exosome marker proteins flotillin-2 (flot-2) and alix, and for the transiently expressed exosome
marker EGFP-CD63. For quantification of exosome release, the ratio of protein intensity in the
exosomal fraction versus protein intensity of the cell lysate was determined (bottom). For all
three proteins immunoreactivity was increased in the exosome fraction after cholesterol treatment.

Values are given as mean + SEM from n = 8, 6, and 4 experiments. * indicates p<0.05, **

p<0.005.
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3.1.2.3 The delayed exosome pathway depends on cholesterol

Exosomes are released in a delayed pathway via fusion of MVBs with the plasma mem-
brane. There are however vesicles, which immediately bud from endosome-like domains of
the plasma membrane and which resemble ‘classical’ exosomes in size, density and mor-
phology (30). The proteins flotillin-2, alix, tsg-101, and transiently expressed PLP-myc
are incorporated into exosomes derived from the endosomal system, i.e. from MVBs fusing
with the plasma membrane. The protein Gag is known to be released via the immediate
way of vesicle budding from the plasma membrane (56).

To distinguish between the delayed and the immediate pathway of exosome secretion,
Oli-neu cells were transiently transfected to express PLP-myc or Gag-GFP. Cells were
subsequently immunostained for these proteins and flotillin-2. The transmembrane protein
PLP-myc was found at the plasma membrane and in intracellular vesicles, where it strongly
co-localized with flotillin-2 (Figure 3.10A). In contrast, the protein Gag-GFP solely resided
at the plasma membrane (Figure 3.10A and (56)). Only very rarely we detected co-
localization of flotillin-2 with Gag-GFP.

We then asked whether cholesterol has an impact on both ways of exosome release - the
delayed and the immediate one. PLP-myc or Gag-GFP transfected cells were loaded with
50 pg/ml cholesterol for 4 h. The signal intensity of both proteins was then measured in
exosome pellets and cell lysates by Western blotting. We detected a significant increase
in exosomal PLP-myc release after cholesterol loading compared to mock treated cells
(increase to 526.8%, SEM = 223%, n = 5, p = 0.03, Mann-Whitney U test). This was
comparable to the effect of cholesterol on exosomal release of flotillin-2, alix, and EGFP-
CD63. On the other hand, Gag-GFP release was not affected by cholesterol levels (36.4%
increase, SEM = 0.45%, n = 12, p = 0.27, Mann-Whitney U test) (Figure 3.10B). These
data point towards a regulatory effect of cellular cholesterol levels on the indirect, de-
layed exosome pathway. An immediate budding of exosome-like vesicles from the plasma

membrane remains, however, unaffected by cholesterol.
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Figure 3.10: Cholesterol affects the delayed exosome pathway but not immediate vesicle
shedding from the plasma membrane. Oli-neu cells were transfected for 12 h with PLP-myc,
which is released by exosomes derived from endosomal pools, or with Gag-GFP, which directly
buds from the plasma membrane. (A) Oli-neu cells were fixed, immunostained and analyzed
for endogenous flotillin-2 (flot-2, red) and transiently expressed PLP-myc or Gag-GFP (green) by
confocal microscopy. Flotillin-2 and PLP-myc co-localized in endosomal vesicular compartments
(arrows, upper panel). In contrast, no co-localization of flotillin-2 and Gag-GFP could be detected
(lower panal). Scale bars: 10 um (top) and 100 nm (bottom). (B) Preceded by starvation for 4 h,
Oli-neu cells were treated with 50 pug/ml cholesterol for 4 h (+ chol) or not (- chol). Signal intensities
of the transiently expressed proteins PLP-myc and Gag-GFP were analyzed by Western blotting
using anti-myc and anti-GFP antibodies. Blots were scanned, and the ratio of protein intensity in
the exosomal fraction versus protein intensity in cell lysates of exosome secreting parent cells was
determined. Exosomal release of PLP-myc was increased upon cholesterol treatment, whereas
cholesterol had no significant impact on Gag-GFP release within exosome-like vesicles. Values
are given as the mean + SEM from n =5, and 12 experiments. * indicates p<0.05.
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3.2 Flotillin-2 interacts with cholesterol and regulates its exosomal
release

Next, we were interested in the molecular mechanism, by which exosomal cholesterol
release is mediated. Flotillin-2 is not only a marker protein for exosomes. It may also play
an active role in the cholesterol-dependent formation of exosomes. This is indicated by two
findings. The first is the observation that flotillins and cholesterol co-localize in the same
endosomal compartments and membrane microdomains (our own results and (98; 111)).
The second is the discovery of a novel flotillin-dependent pathway of endocytosis (133).
It is therefore possible that flotillin-2 associates with cholesterol at the plasma membrane
and drives the lipid into newly emerging endosomes, which mature within the endocytic

pathway to intraluminal vesicle-containing MVBs that give rise to exosomes.

3.2.1 Two cholesterol recognition/interaction amino acid consensus (CRAC) se-
quences mediate subcellular distribution and exosomal release of flotillin-2

We first wanted to examine, how flotillin-2 interacts with cholesterol. Two CRAC motifs
were predicted for flotillin-2 (120). These ‘cholesterol recognition/interaction amino acid
consensus’ sequences might enable the protein to bind to cholesterol and sort it at the
plasma membrane. The CRAC domain was first discovered in the peripheral type ben-
zodiazepine receptor (PBR), which transports cholesterol into mitochondria (121; 122).
It consists of a conserved amino acid sequence of (L/V-(X)(1-5)-Y-(X)(1-5)-R/K). When
PBR’s CRAC motif was mutated at the tyrosine (Y) residue, uptake and translocation of
cholesterol into mitochondria became impaired (123).

To verify the functionality of flotillin-2’s CRAC domains, we introduced the same tyro-
sine point mutation into one or both CRAC domains spanning aa 120-127 (VEQIYQDR)
and aa 157-169 (VYDKVDYLSSLGK) of flotillin-2-GFP. The resulting mutants were:
flotillin-2-GFP Y124G, flotillin-2-GFP Y163G, and the double mutant flotillin-2-GFP
Y124G/Y163G.

We then investigated whether mutation of the CRAC domains had an impact on subcellu-
lar localization of flotillin-2-GFP. Wild-type as well as CRAC mutated flotillin-2-GFP were
transiently transfected into Oli-neu cells. The cells were subsequently fixed and analyzed
by confocal microscopy. Only small amounts of wild-type flotillin-2-GFP were located at
the plasma membrane, whereas a strong signal was found in cytoplasmic vesicular pools.

In contrast, mutation of one or both CRAC domains led to an arrest of flotillin-2-GFP at
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Figure 3.11: CRAC domains are required for intracellular vesicular localization of flotillin-2.
Oli-neu cells were transfected with flotillin-2-GFP wild-type (flot-2-GFP wt) or flotillin-2-GFP bear-
ing point mutations in one or two putative CRAC domains (Y124G, Y163G, and Y124G/Y163G).
Cells were fixed and analyzed for immunofluorescence intensities of flotillin-2-GFP on confocal
sections taken with identical acquisition parameters (left). Ratios of intracellular, vesicular versus
total cellular flotillin-2-GPF are shown in the histogramm (right). While wild-type flotillin-2 was in-
corporated into vesicular structures, CRAC mutants accumulated at the plasma membrane. Note
that the double mutant of both CRAC domains Y124G/Y163G (black bar) exerted the most pro-

*k*k

nounced effect. Values are given as mean + SEM from 3 independent experiments. indicates

p<0.0005. Scale bar: 10 pzm.

the plasma membrane (Figure 3.11). This effect was strongest for flotillin-2-GFP Y124G
and the double mutant flotillin-2-GFP Y124G/Y163G (51% reduction, SEM = 0.05, p <
0.0001, Student’s t test, 3 independent experiments).

In a next step, we determined the influence of CRAC domains on the exosomal release
of flotillin-2. We transfected Oli-neu cells with wild-type or mutant flotillin-2-GFP, and
harvested exosomes and cell lysates, which were subjected to Western blotting. Mutation
of both CRAC domains, Y124G and Y163G, resulted in a significant reduction of the pro-
tein’s secretion via exosomes as compared to wild-type flotillin-2-GFP (54.48% decrease,
SEM = 7.6%, n = 13, p = 0.0136, Student’s t test)(Figure 3.12).
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Figure 3.12: CRAC domains are necessary for the exosomal release of flotillin-2. Western
blotting of exosome pellets (exo) and cell lysates (lys) from Oli-neu cells transfected with wild-type
flotillin-2-GFP (flot-2-GFP wt) or the CRAC double mutant (Y124G/Y163G). Blots were scanned
and intensities of the bands were quantified. The histogram shows the ratio of wild-type flotillin-2-
GFP (white bar) or CRAC double mutant flotillin-2-GFP (gray bar) intensities in exosome pellets
versus respective cell lysates. Exosomal release of the CRAC double mutant Y124G/Y163G
was impaired. Controls were normalized to 1. Values are given as mean + SEM from n = 13
experiments. * indicates p<0.05.

These data indicate that the presence of both CRAC domains facilitates the transloca-
tion of flotillin-2 from the plasma membrane to endosomal compartments, and finally its

incorporation into exosomes.

3.2.2 Flotillin-2 down-regulation impairs exosomal cholesterol release

After demonstrating that intracellular trafficking and exosomal release of flotillin-2 are
regulated by cholesterol, we wondered whether flotillin-2 is required for the secretion of
cholesterol via exosomes.

To approach this question, we down-regulated expression of flotillin-2 in Oli-neu cells with
siRNA and measured the amount of exosome-released cholesterol. As shown previously,
siRNA mediated knock-down of flotillin-2 simultaneously results in down-regulation of

flotillin-1 (119). Flotillin-2 siRNA or control siRNA was introduced into cells (knock-
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down efficiency 80%, see Figure 3.13B). Cells were then starved for 4 h in serum free
SATO medium, and subsequently incubated for 4 h with 50 pug/ml cholesterol/methyl-/-
cyclodextrin complex (saturated with ethanol dissolved cholesterol). We then harvested
cell lysates and prepared exosomes from the culture medium. Cholesterol of exosome
pellets and cell lysates was extracted with methanol/chloroform and cholesterol contents
were quantified by gas chromatography. Upon flotillin-2 down-regulation the ratio of
exosomal to cell lysate cholesterol was significantly decreased compared to controls (33.38%
reduction, S.E. = 13.21%, n = 8, p = 0.03, Mann-Whitney U test) (Figure 3.13). This

indicates that release of cholesterol via exosomes at least partially depends on flotillin-2.
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Figure 3.13: Flotillin-2 is required for the exsosomal release of cholesterol. Oli-neu
cells were transfected with siRNA directed against flotillin-2 (flot-2) or with control siRNA (ctr).
Methanol/chloroform extracted organic phases from exosomal pellets and corresponding cell
lysates were subjected to gas chromatography to quantify cholesterol contents. (A) A typical
retention profile is shown for cholesterol extractions from exosome pellets of flotillin-2 knock-down
cells (black) and control cells (red). Lanosterol (Is) served as an internal standard. (B) Ratios
of cholesterol amounts from exosome pellets versus parent cell lysates were calculated for cells
with siRNA-mediated down-regulation of flotillin-2 (gray bar,left histogram) and for control cells
(white bar). Exosomal cholesterol release was decreased after down-regulation of flotillin-2. Effi-
ciency of siRNA-mediated flotillin-2 down-regulation is shown in the right histogram and Western
blot. Cells were lysed in CHAPS buffer and analyzed by Western blotting for signal intensities
of flotillin-2 (upper lane) and calnexin (lower lane) as an internal standard. The ratio of flotillin-2
versus calnexin was calculated for cells treated with control siRNA (white bar) and flotillin-2 siRNA
(gray bar). Knock-down efficiency was 80%. Values of controls were normalized to 1. Values are
given as mean + SEM for n =5 and 9 experiments. * indicates p<0.05, *** p<0.0005.
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3.3 Exosomal cholesterol release is up-regulated in Niemann-Pick
type C disease (NPC)

3.3.1 Exosome release is enhanced in NPC

As shown in Section 3.1.2.2, cholesterol loading of cells enhances exosome secretion. Adapt-
ing exosome release to cellular cholesterol levels may be important in diseases, which are
accompanied by an imbalanced lipid trafficking. One example of such a disease is the
lipid storage disease Niemann-Pick type C (NPC). In NPC, vast amounts of unesterified
cholesterol accumulate in late endosomal /lysosomal compartments. We therefore wanted
to know whether NPC cells up-regulate their exosome secretion.

We approached the study of exosome release in NPC in several ways. In a first set of exper-
iments we used a pharmacological model of the disease. To mimic the molecular phenotype
of NPC, Oli-neu cells were treated with U18666A. This hydrophobic amine causes an im-
paired transport of cholesterol from late endosomes/lysosomes to the ER (259), as seen in
NPC. We compared control cells and cells incubated for 16 h with 1.5 pg/ml U18666A.
Exosome secretion was quantified by signals of the endogenous exosomal marker proteins,
flotillin-2 and alix, and the transiently expressed EGFP-CD63. We detected a pronounced
increase in exosome release for U18666A-treated cells (flotillin-2: increase to 307%, SEM
=T77%,n =8, p=0.02, Student’s t test; alix: increase to 262%, SEM = 105.1%, n = 15, p
= 0.046, Mann-Whitney U test; EGFP-CD63: increase to 188%, SEM = 60%, n = 15, p =
0.095, Mann-Whitney U test) (Figure 3.14A). This implies that late endosomal /lysosomal
accumulation of cholesterol promotes exosome secretion.

We wanted to know whether the up-regulation of exosome release is specific for choles-
terol accumulation in late endosomes/lysosomes and not in the ER. Therefore, we treated
cells with a drug to accumulate cholesterol in the ER. The compound CP-113.818 is an
inhibitor of acyl-coenzyme A:cholesterol acyltransferase (ACAT), an ER-resident enzyme
catalyzing the esterification of cholesterol. If this reaction is blocked, unesterified choles-
terol is trapped in the ER. In contrast to the treatment with U18666A, administration of
10 uM CP-113.818 for 40 h had no effect on exosome secretion (4.20% decrease, SEM =
6.11%, n = 5, p = 0.5, Mann-Whitney U test) (Figure 3.14B).

In a second approach to mimic NPC, we down-regulated expression of NPC1 protein. The
late endosomal cholesterol accumulation in NPC is caused by mutations in the npcl or
npc2 gene (200). These mutations lead to a loss of function of NPC1 or NPC2 proteins,

respectively. 95 % of all NPC cases are caused by mutations in npcl. To mimic NPC in
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Figure 3.14: Cholesterol accumulation in late endosomes/lysosomes but not in the ER
increases exosome release. (A) To accumulate free cholesterol in late endosomal/lysosomal
compartments, Oli-neu cells were treated with 1.5 ug/ml U18666A for 16 h (+ U18666A). Control
cells were mock treated (- U18666A). Exosome pellets (exo) and corresponding cell lysates (lys)
were analyzed by Western blotting (top) for endogenous exosomal marker proteins flotillin-2 (flot-
2) and alix, and for the transiently expressed exosomal marker EGFP-CD63. For quantification
of exosome release, the ratio of protein intensity in the exosomal fraction versus protein intensity
of the cell lysate was determined (bottom). For all three proteins immunoreactivity was increased
in the exosome fraction after treatment with U18666A (gray bars) compared to controls (white
bars). (B) To accumulate free cholesterol in the ER, cells were treated for 40 h with 10 M ACAT-
inhibitor CP-113.818 (+ ACAT-inh). As controls, cells were mock treated (- ACAT-inh). Western
blotting (top) of exosome pellets and parent cell lysates was conducted. For quantification of
exosome release, the ratio of flotillin-2 signal intensity in exosome pellets versus cell lysates was
determined (bottom). No significant difference in exosome release between treated cells and
untreated controls was detected. (A+B) Values are given as mean + SEM from n = 8 experiments
with controls normalized to 1. * indicates p<0.05.
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Oli-neu cells, we therefore down-regulated NPC1 protein expression by siRNA. The knock-
down efficiency was approximately 60% (Figure 3.15A). Exosome release of cells treated
with siRNA directed against NPC1 was significantly increased compared to treatment
with control siRNA (82.1% increase, SEM = 16.5%, n = 9, p = 0.001, Mann-Whitney U
test).

Our third model was a Chinese hamster ovary (CHO) cell line, which does not express
functional NPC1. The CHO line CT43 contains a mutation in npcl that causes expression
of an NPC1 protein truncated after amino acid 933. This results in complete loss of NPC1
function (260). The CT43 clone was derived from the CHO line 25RA, which originally
was selected for a gain of function mutation of SCEBP cleavage-activating protein (SCAP)
(261). In the process of CT43 cell line propagation however, the mutated SCAP allele
reverted back to a wild-type allele (T.Y. Chang, personal communication). For this reason,
we used the wild-type CHO line K1 as a control. Exosome secretion was measured for the
wild-type and the mutant CHO line by transfecting cells with flotillin-2-GFP as a marker
for exosome release. Exosome pellets as well as parent cell lysates of transfected cells were
subjected to Western blotting and probed against flotillin-2-GFP. Exosome release was
up-regulated almost 3 times in NPCl-mutant CT43 cells compared to wild-type K1 cells
(increase to 278%, SEM = 23%, n = 9, p = 0.0004, Mann-Whitney U test) (Figure 3.15B).
We finally wanted to verify the results, which we obtained from our pharmacological,
siRNA mediated, and CHO models of NPC, in NPC patients. We obtained primary
skin fibroblasts from a patient harboring the compound heterozygous NPC1 mutation
R934X/P1007A and from a healthy volunteer. Fibroblasts were starved in serum free
growth medium (1% LPS) for 24 h proceeded by another 24 h of incubation in growth
medium containing 10% FCS. These growing conditions achieved a high accumulation of
cholesterol in intracellular vesicles. Figure 3.16A depicts a pronounced vesicular filipin
staining in fibroblasts from the NPC1 patient compared to control fibroblasts. Exosomes
were then collected for 4 h in serum free medium after washing the cells with PBS. To
determine exosome secretion, flotillin-2 signal in exosome pellets versus cell lysates was
quantified by Western blotting. We have to note that general differences in flotillin-2 ex-
pression between NPC1 mutant and wild-type fibroblasts would have biased our results
on exsome secretion. To rule out this possibility, we probed the Western blot membranes
of cell lysates for flotillin-2 and the housekeeping protein calnexin. Flotillin-2 to cal-
nexin ratios were similar in cell lysates from the NPC patient and the healthy control

(data not shown). Exosome secretion was significantly up-regulated in fibroblasts with
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Figure 3.15: Loss of functional NPC1 increases exosome release. (A) Oli-neu cells were
transfected with siRNA directed against NPC1 or with control siRNA (ctr). To test knock-down
efficiency, cells from NPC1 siRNA and control siRNA treatment groups were scraped into CHAPS
lysate buffer and subjected to Western blot (top, left). The ratio of signal intensities for NPC1
versus calnexin (as loading control) was determined (bottom, left). Efficiency of NPC1 down-
regulation was 58%. For determination of exosome release, Western blotting (top, middle) of ex-
osome pellets (exo) and corresponding cell lysates (lys) of both treatment groups was conducted
and the ratio of flotillin-2 signal intensity in exosome pellets versus cell lysates was calculated
(bottom, middle). Upon NPC1 knock-down, exosome release was increased. (B) The wild-type
Chinese hamster ovary (CHO) cell line K1 (wt) and the CHO cell line CT43 were analyzed for
exosome secretion. CT43 cells habour a truncation mutation in the npc?1 gene leading to loss of
function of the NPC1 protein. Western blots (top, right) of exosome pellets and corresponding
cell lysates were stained for transiently expressed flotillin-2-GFP (flot-2-GFP). The ratios of sig-
nal intensities for exosome pellets versus cell lysates showed that CT43 cells have an increased
exosome release (bottom, right, gray bar) compared to wild-type CHO cells (white bar). (A+B)
Values are given as mean + SEM from n = 9 experiments with controls/wild-type normalized to 1.
*** indicates p<0.0005.
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the R934X/P1007A mutation in NPC1 (increase to 477.15%, SEM = 236.56%, n = 10,
p = 0.0044, Mann-Whitney U test) (Figure 3.16B).

Taken together, these data indicate that loss of NPC protein function results in an in-
creased exosome secretion. Convincingly, the same result could be replicated in four dif-
ferent model systems, including pharmacological manipulation, protein down-regulation,

mutation of the npcl gene in CHO cells, and analysis of NPC patient fibroblasts.
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Figure 3.16: Exosome release is increased in human skin fibroblasts derived from an NPC
patient. Human skin fibroblasts derived from a patient bearing the compound heterozygous muta-
tions p.R934X/p.P1007A and from a healthy control patient were cultured in vitro. (A) Fibroblasts
were fixed and stained with filipin for free cholesterol. Fluorescence images were acquired au-
tomatically using a wide-field microscope with a 10x objective. Cholesterol accumulation could
be detected for fibroblasts with mutant NPC1 (bottom, left). Scale bar: 10 um. Perinuclear filipin
signal intensities (arbitrary units) were measured from 200 individual cells per cell line and quan-
tified as described by Bartz et al. 2009 (262) with modifications for cultured fibroblasts (H. Runz,
unpublished data) (left histogram). (B) To determine exosome secretion from cultured fibroblasts,
exosome pellets and corresponding cell lysates were subjected to Western blotting (right) and
probed with an antibody against endogenous flotillin-2 (flot-2). The ratios of flotillin-2 signal in-
tensities in exosomal fractions versus cell lysates were calculated. Fibroblasts from the NPC1
patient showed increased exosome release (gray bar, right histogram) compared to fibroblasts
from the healthy control (white bar). Values are given as mean + SEM from n = 10 experiments.
** indicates p<0.005.
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3.3.2 Cholesterol release via exosomes is increased in NPC

In summary, we found that intracellular cholesterol accumulation promotes exosome se-
cretion. We therefore asked whether exosomes could contribute to cholesterol release in
response to rising cellular cholesterol levels. We quantified the amount of exosome-released
cholesterol for two of our models: Oli-neu cells treated with U18666A and CHO CT43
cells expressing non-functional NPC1. Cholesterol was extracted from exosome prepara-
tions and corresponding cell lysates and was subsequently measured by gas chromatog-
raphy. When Oli-neu cells were treated with 1.5 pg/ml U18666A, cholesterol secretion
within exosomes was indeed increased (78% increase, SEM = 13.4%, n = 9, p = 0.0049,
Mann-Whitney U test) (Figure 3.17A). A similar up-regulation of exosomal cholesterol
release was also seen for the CHO cell line CT43 (increase to 174%, SEM = 15%, n = 6,
p = 0.002165, Mann-Whitney U test) (Figure 3.17B).

We therefore conclude that exosomal cholesterol release is up-regulated under conditions
of increased cellular cholesterol, and might partially bypass the late endosomal/lysosomal

accumulation of free cholesterol in NPC disease.

3.3.3 Exosome release can be reduced by transfection of wild-type NPC1 in
NPC1-mutants

Since the deficiency in functional NPC1 causes up-regulation in exosome secretion, ex-
pression of wild-type NCP1 in mutant cells should reverse this process. We wanted to test
this assumption with the CHO cell line CT43, which expresses a truncated, non-functional
NPC1 protein. The CHO line K1 served as a control since it produces wild-type NPC1.

CHO cells of the K1 line (wild-type) and the CT43 line (mutant) were transfected with
flotillin-2-GFP as a marker for exosomes. To quantify exosome secretion, exosome pellets
and cell lysates were analyzed for flotillin-2-GFP signal with Western blotting. Basic levels
of exosome release of the mutant CT43 and wild-type K1 CHO line were determined. In
Figure 3.15B, we show that CHO CT43 cells secrete more exosomes compared to K1 cells.
We now asked whether transfection with wild-type NPC1 can restore normal, low levels
of exosome release in CT43 cells. To approach this question, we co-transfected CT43 and
K1 cells with flotillin-2-GFP and either mutant or wild-type EYFP-NPC1, and measured
exosome secretion of the cells. If our hypothesis holds true, wild-type EYFP-NPC1 should
reduce exosome secretion in CT43 cells. Transfection with mutant EYFP-NPC1 P692S,

which has a reduced activity (213), should have a smaller impact.
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Figure 3.17: Exosomal cholesterol release is increased in NPC. (A) Oli-neu cells were
treated with 1.5 pg/ml U18666A for 16 h (+U18666A) to accumulate free cholesterol in late en-
dosomes/lysosomes. Controls were mock treated (-U18666A). (B) The Chinese hamster ovary
(CHO) wild-type cell line K1 (wt), and a CHO mutant cell line lacking functional NPC1 (CT43)
were compared for cholesterol release via exosomes. (A+B) After methanol/chloroform extraction
of organic phases from exosomal pellets and corresponding cell lysates, samples were subjected
to gas chromatography to quantify cholesterol contents. Ratios of cholesterol amounts from exo-
some pellets versus parent cell lysates were calculated for control cells (white bars) and U18666A
treated cells or NPC1 mutants, respectively (gray bars). Exosomal cholesterol release was in-
creased in cells with cholesterol accumulation in late endosomes/lysosomes in both experiments.
Values of controls were normalized to 1. Values are given as mean + SEM for n = 9 experiments.
*** indicates p<0.0005.
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We first wanted to exclude that our results are biased by different expression rates of the
two EYFP-NPC1 constructs. Therefore, lysates of equal amounts of transfected CHO K1
cells were probed against GFP/EYFP in Western blotting. We could show that expression
rates of transfected wild-type EYFP-NPC1 and mutant EYFP-NPC1 P692S were similar,
as were the expression rates of flotillin-2-GFP (Figure 3.18).

Co-transfection of mutant or wild-type EYFP-NPC1 did not affect the release of flotillin-
2-GFP positive exosomes in wild-type K1 CHO cells (Figure 3.19A). In contrast, exosome
secretion was dramatically reduced by EYFP-NPCI1 co-transfection in cells of the mutant
CT43 line (Figure 3.19B).

We then quantified these data (Figure 3.19C). Co-transfection of CT43 cells with wild-type
EYFP-NPC1 reduced exosomal flotillin-2-GFP release to the basic level of K1 wild-type
cells (107% as compared with wild-type CHO with 100%, SEM = 24%, n = 14, p = 1,
Mann-Whitney U test). In contrast, exosome release was only partially reduced when
CT43 cells were co-transfected with EYFP-NPC1 bearing the point mutation P692S (28%
reduction as compared with flotillin-2-GFP transfected CT43 cells, SEM = 45%, n = 14,
p = 0.041, Mann-Whitney U test). Most probably, the smaller effect of EYFP-NPC1
P692S mutant on exosome secretion is caused by the reduced function of the protein
(213).

Our results demonstrate that the introduction of wild-type NPC1 in NPC1 mutant cells
reduces an up-regulated exosome secretion to base level. With this experiment we prove
that the release of exosomes is adjusted to cellular cholesterol accumulation caused by
loss of functional NPC1. Expression of functional NPC1 is sufficient to restore normal

exosome secretion.

In summary, this last section highlighted the role of exosomes in the cholesterol storage
disease NPC, where exosomes contribute to the release of accumulated cholesterol from

cells.
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Figure 3.18: Transfection rates of wild-type and mutant NPC1 are similar. The wild-type
(wt) Chinese hamster ovary (CHO) cell line K1 was co-transfected with flotillin-2-GFP and either
mutant EYFP-NPC1 P692S (mut) or wild-type EYFP-NPC1 (wt). Cell lysates were scratched in
CHAPS buffer and subjected to Western blotting. Probing with GFP antibody detected similar
expression levels of flotillin-2-GFP, wild-type EYFP-NPC1, and mutant EYFP-NPC1 P692S.
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Figure 3.19: Transfection of NPC1-mutant CHO cells with wild-type NPC1 restores normal
exosome release. (A) Cells of the wild-type Chinese hamster ovary cell line K1 (CHO wt) were
transfected with either flotillin-2-GFP alone (flot-2-GFP, left) or co-transfected with a combination
of flotillin-2-GFP and mutant EYFP-NPC1 P692S (NPC1 mut, middle) or wild-type EYFP-NPC1
(NPC1 wt, right). Exosome fractions and lysates of corresponding parent cells were subjected to
Western blotting and probed against flotillin-2-GFP with GFP antibody. (B) Same experiment as in
(A) with the CHO cell line CT43, which lacks functional NPC1. (C) The histogram shows the ratios
of flotillin-2-GFP signal intensities of exosome pellets versus cell lysates. Transfection of mutant
or wild-type EYFP-NPC1 can partially (black bar) or completely reduce (light gray bar) exosome
release to wild-type levels (white bar). Values are given as mean + SEM for n = 9 experiments.
Flotillin-2-GFP transfected CHO wt was normalized to 1. * indicates p<0.05, *** p<0.0005.



Chapter 4

Discussion

This study aimed at elucidating the role of exosome secretion in maintenance of cellular
cholesterol homeostasis. In summary, we could show that free cholesterol can be released
from the cell via exosomes and that this pathway crucially depends on flotillin-2. Prov-
ing the potential of cells to adjust their exosome secretion to cholesterol levels, release
of exosomes was decreased upon cholesterol depletion and increased when free cholesterol
was loaded to the cells. We provide evidence for the functionality of flotillin’s cholesterol
interacting CRAC domains, which are important for directing the protein to intracellular
vesicles and eventually to exosomes. We further propose that flotillin-2 fulfills a role in di-
recting cholesterol into the exosome pathway, since down-regulation of flotillin-2 impaired
exosomal cholesterol release. Under the pathological condition of Niemann-Pick type C
disease, where vast amounts of free cholesterol accumulate in late endosomes and lyso-
somes, cholesterol release via exosomes was found to be up-regulated. This may serve as
a mechanism to partially bypass the cholesterol traffic block. Taking these data together,
we propose a novel role for exosomes and flotillin-2 in shuttling cholesterol from the cell

and thereby contributing to the regulation of cholesterol homeostasis.

4.1 Flotillin-2 is distributed in response to cholesterol levels

4.1.1 Flotillin-2 distribution depends on cholesterol

Flotillin-2, a protein abundantly found in MVBs and exosomes, has previously been
suggested to associate with lipid-enriched membrane microdomains via interaction with
cholesterol (120). This led us to investigate its localization and trafficking in dependence

of cellular cholesterol levels.
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In a first step, co-localization of flotillin-2 with different endosomal markers was tracked
by immunofluorescence microscopy in Oli-neu cells. We found that flotillin-2 localizes
partially to recycling endosomes, and in larger amounts to late endosomes and lysosomes.
Only a minor fraction of the protein was located at the plasma membrane. Flotillin-2 was
previously demonstrated to localize mainly to the plasma membrane (104; 254; 255) where
it forms homo-oligomers and hetero-oligomers together with flotillin-1 (119). There are
however studies that found flotillins abundantly in vesicular compartments, such as recy-
cling endosomes, lysosomes and MVBs (107; 108; 37; 256). Together with our findings,
these data suggest that subcellular flotillin-2 distribution depends on cell type. Inter-
estingly, it was shown that flotillin localization to lysosomal structures and the plasma
membrane appears to be clustered, and that flotillins co-localize with BC6-staining of
free cholesterol (111). Cholesterol has been assumed to be crucial for flotillin-2 assembly
at detergent resistant membranes before (263). Accordingly, Domingues and colleagues
reported flotillin-2 to be found almost exclusively in Triton X-100 isolated detergent re-
sistant membranes under natural conditions. Methyl-3-cyclodextrin induced cholesterol
depletion could however partially redistribute the protein to detergent-soluble membrane

fractions (264).

Having determined the intracellular distribution of flotillin-2 in Oli-neu cells, we further
asked whether the protein’s localization is sensitive to changes in cellular cholesterol lev-
els as indicated by the previously discussed studies. Therefore, we incubated cells with
cholesterol modulating drugs. Acute or long-term cholesterol depletion by administration
of methyl-S-cyclodextrin or simvastatin, respectively, induced a notable redistribution of
flotillin-2 to the plasma membrane. Conversely, application of cholesterol to Oli-neu cells
led to an accumulation of large amounts of flotillin-2 in intracellular vesicular structures.
Flotillin-2 co-localized there with filipin-stained free cholesterol. The same pronounced
intracellular accumulation of flotillin-2 and its removal from the plasma membrane was
observed when we pharmaceutically arrested cholesterol in late endosomes/lysosomes by
U18666A, or in the ER by inhibition of its esterification via ACAT. In accordance with
these findings, cholesterol-dependence of cellular flotillin-2 cycling was previously demon-
strated for HeLa cells by Langhorst and colleagues. While methyl-3-cyclodextrin-mediated
cholesterol depletion resulted in a 40 % reduction of flotilllin-2 trafficking density (mobile
molecules per total cell area), supplying the cell with LDL-derived cholesterol could sig-

nificantly increase the mobility of flotillin-2 (256).
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4.1.2 Flotillins CRAC domains facilitate its interaction with cholesterol

Next, we were interested in how the effect of cholesterol on cellular flotillin-2 distribution
is mediated at a molecular level. The cholesterol recognition/interaction amino acid con-
sensus (CRAC) sequence is a homologous domain shared by various proteins, which are
associated to cholesterol. This domain was first identified in the peripheral type benzodi-
azepine receptor (PBR) by Li and colleagues. The authors showed that CRAC mediates
the translocation of cholesterol into mitochondria (121; 122). When PBR’s CRAC motif
was mutated at a tyrosine residue, uptake of cholesterol and its mitochondrial transport
were impaired (123). CRAC domains were further detected in several other proteins, in-
cluding caveolin, a protein involved in the maintenance of cellular cholesterol homeostasis,
where it promotes membrane recruitment of cholesterol (121; 124).

The protein sequence of flotillin-2 contains two sequences fulfilling the required consensus
for CRAC domains (120). These sequences might possibly be responsible for the accu-
mulation of cholesterol at membrane microdomains. However, the functionality of these
domains in cholesterol binding has not been validated so far for flotillin-2. To assess their
importance for cholesterol-dependent flotillin-2 trafficking, we mutated flotillin-2 at the
tyrosine residues of one or both putative CRAC domains at positions Y124G and Y163G.
The resulting CRAC mutants were compared to wild-type flotillin-2 for their subcellular
distribution and secretion via exosomes. As predicted, the single and double mutation
of CRAC domains reduced flotillin-2 localization to vesicular endosomal compartments
and retained most of the mutated protein residing at the plasma membrane. The CRAC
double mutant showed the strongest plasma membrane retention phenotype, and it ad-
ditionally was largely excluded from exosomes. These findings support the idea that
cholesterol-dependent sorting of flotillin-2 is mediated on a structural level through its
CRAC domains. Flotillin-2 might directly bind to cholesterol, and thereby be targeted to
membrane microdomains highly enriched in this lipid. However, we have to note that our
experiments did not directly demonstrate the cholesterol binding of CRAC domains and
that further investigations are needed to prove a direct interaction.

Flotillin-2, which would bind to cholesterol at the plasma membrane, could be endocytosed
together with cholesterol and directed to MVBs. The loss of functional CRAC domains
could possibly impair this process leading to the observed phenotype. Supporting this
hypothesis, a recent study by Neumann and colleagues showed that EGF-mediated endo-
cytosis of flotillin-2 is inhibited by mutating the second CRAC domain at the Y163 residue
(126). EGF-signaling leads to an activation of the Src kinase, which subsequently phos-
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phorylates flotillin-2 at multiple tyrosine residues. Hence, the authors speculated that the
reduced incorporation of flotillin-2 into endosomes is due to loss of the phosphorylation
site Y163 (126). However, we did not detect any difference in the cellular distribution
of endogenous flotillin-2 and transiently expressed flotillin-2-GFP in Oli-neu cells upon
treatment with PP-2, an inhibitor of Src kinase (unpublished data by Sievert Weiss). We
therefore propose that the interaction of flotillin-2 with cholesterol via the CRAC domains
- rather than flotillin-2 phosphorylation at Y163 - is triggering the protein’s endocytosis.

4.2 Flotillin-2 recruits cholesterol to exosomes

4.2.1 Exosomal release of cholesterol depends on flotillin-2

We demonstrate in this study that the subcellular distribution of flotillin-2 to endosomal
membranes is regulated by cholesterol. Furthermore, flotillins were previously shown to
associate with cholesterol-rich membrane microdomains (111), and facilitate a cholesterol-
dependent endocytosis pathway (265). Since cholesterol and flotillin-2 also co-localize
within endosomal compartments (see results Section 3.1.1.3), we proposed that cholesterol
trafficking to MVBs (and thus eventually to exosomes) depends on flotillin-2.

Our results show that exosomal cholesterol release decreases after siRNA mediated down-
regulation of flotillin-2. As previously demonstrated, flotillin-2 stabilizes flotillin-1 by
forming hetero-tetramers. Hence, down-regulation of flotillin-2 induces degradation of
flotillin-1 via the proteasome (119). On the other hand, down-regulation of flotillin-1 does
not affect flotillin-2 protein levels (119). We therefore conclude from our experiments
that flotillin-2 participates in directing cholesterol to exosomes. Further experiments with
a selective down-regulation of flotillin-1 will allow to make assumptions about the role
of flotillin-1 in this process. Flotillin-2-dependent distribution of cholesterol was also
shown by Roitbak and colleagues. Yet in some transfected cells overexpressing flotillin-
2 the authors observed cholesterol redistribution to the plasma membrane (120). We
could, however, show that flotillin-2, which is mutated at its cholesterol-interaction sites
(CRAC), remains at the plasma membrane, while wild-type flotillin-2 preferentially locates
to vesicular endosomal structures.

Sorting of cholesterol to exosomes therefore seems to be mediated by flotillins at the level
of endocytosis and MVB formation. As a consequence of this pathway, MVBs may be
especially enriched in cholesterol. Indeed, immuno-electron microscopic analysis of en-

docytic compartments in human B lymphocytes revealed that 45 % of the cell’s total
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endocytic cholesterol was located to vesicles with the typical morphology of MVBs (266).
The intraluminal vesicles of MVBs harbored most of this cholesterol, i.e. 39 %, while only
6 % were found at the MBV-limiting membrane (266). This is in accordance with the

detected cholesterol enrichment of exosomes derived from B lymphocytes (9).

4.2.2 Flotillin-dependent endocytosis

Confocal images demonstrating flotillins’ punctuate distribution at the plasma membrane
suggest their assembly at lipid microdomains (133). These membrane domains, often
referred to as ‘lipid rafts’, are liquid-ordered platforms enriched in cholesterol and sphin-
golipids (112). Flotillins were shown to co-localize with BC#, a marker for free cholesterol,
at the plasma membrane (111). Similarly to caveolins, flotillins were further detected
within detergent resistant membrane fractions (98). However, their association to deter-
gent resistant membranes as well as their targeting to lipid droplets occurs independently
of caveolins (267).

Formation of caveolae and uptake of material through clathrin-coated pits are the two
best-characterized routes for endocytosis in mammalian cells. Both pathways involve the
presence of dynamin. Caveolin-mediated endocytosis largely depends on the association
with lipid microdomains. To its cargoes belong albumin, the simian virus 40, and cholera
toxin (268). The clathrin-dependent endocytic pathway facilitates the uptake of material
such as LDL particles, transferrin receptors and growth factors (268). Interestingly, flotill-
ins can also localize to structures at the plasma membrane that are distinct from clathrin
coated pits and caveolae, as observed in immunofluorescence microscopy (133; 134).
Taking these observations into account, a novel clathrin- and caveolin-independent endo-
cytic pathway has been described that is regulated by the action of flotillins (133; 126).
This pathway might be involved in the trafficking of CD59, a GPI anchored protein, and
cholera toxin B, as these cargo were shown to co-localize with flotillin-1 in endosomes
(133). Moreover, when flotillin-1 expression was down-regulated by siRNA, endocytosis of
CD59 was reduced and cholera toxin B uptake was shifted to a dynamin-dependent route
(133). To study the mechanism of flotillin-meditated endocytosis, Frick and colleagues
co-overexpressed flotillin-1 and flotillin-2 in HeLa cells and monitored their localization
and dynamics by confocal and electron microscopy (134). Upon co-overexpression, lateral
diffusion of flotillins along the plasma membrane was reduced and an increased number of

punctuated plasma membrane microdomains was formed, which contained the two pro-
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teins in a 1:1 ratio. Flotillins frequently decorated plasma membrane invaginations with a
similar flak-shape as caveolae. The authors therefore proposed that flotillin-1 and flotillin-
2 promote internalization of membrane microdomains in a dose-dependent manner (134).
However, in another study on caveolin-1 lacking fibroblasts, induction of flask-shaped
plasma membrane invaginations by overexpressing flotillin-1 and flotillin-2 could not be
reproduced (269). This indicates that other molecules additional to flotillins might be
necessary to promote endocytosis.

Hence, the exact mechanism of flotillin action during endocytosis is still elusive. Other
factors possibly contributing to the internalization process remain to be identified. In a
recent study, tyrosine-phosphorylation of flotillin by the enzyme Fyn has been suggested
as an initiating event in flotillin endocytosis (270). A role for cholesterol in the path-
way remains as yet undefined. Very recently, Carcea and colleagues described a flotillin-
and raft-dependent endocytosis of Semaphorin 3A (Sema3A) in cortical neurons. Sema3A
is a guidance cue influencing the generation of axonal trajectories (271). A subtype of
cortical neurons strongly responded to Sema3A stimulation and internalized the protein
via a ‘lipid-raft’-mediated endocytosis pathway. Flotillin-1 was involved in this process,
as down-regulation of the protein significantly decreased Semad3A internalization. The
authors were interested in the molecular mechanism mediating this process. They could
shown that Sema3A increases the formation of flotillin-1 clusters in growth cones. Inter-
estingly, treatment of neurons with the cholesterol-binding agent filipin, which was used
in this study as an inhibitor of raft-mediated endocytosis, impaired the cluster formation
of flotillin-1. It is therefore likely that flotillin-1 is recruited to cholesterol-rich mem-
brane microdomains in response to Sema3A and facilitates Sema3A’s raft-mediated, but
dynamin-independent endocytosis (271).

The possibility of cholesterol involvement in flotillin-dependent endocytosis is further sup-
ported by the observation that flotillin-1 and flotillin-2 vesicle trafficking is about 40%
reduced after cholesterol depletion via administration of methyl-5-cyclo-dextrin (256).
Along the line, flotillin-mediated vesicle trafficking might contribute to the mobility of

cholesterol within the cell.

4.2.3 Parallels of flotillin- and caveolin-mediated cholesterol mobility

The role of flotillins in regulating cholesterol mobility and homeostasis may be analogous
to the function of caveolins. These major components of endocytic caveolae were sug-

gested to bind and sequester cholesterol at the membrane (116). They are thought to
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participate in lateral organization of lipids at the plasma membrane by forming more sta-
ble microdomains that are enriched in subpopulations of lipids and depleted from others.
Thereby they could modulate the potential of distinct raft domains to be endocytosed
(116). Such a protein-driven plasma membrane organization of cholesterol might also be
facilitated by flotillins.

Flotillins and caveolins share some structural and functional properties that may be im-
portant for this function. Both proteins form homo- and hetero-oligomers that stabilize
them at the membrane (119; 272; 273). Moreover, caveolin contains a membrane domain
with hairpin-like topology, which integrates into the cytosolic layer of the plasma mem-
brane. Its membrane-association is further facilitated by several palmitoylation sites. In a
similar way, flotillin-2 is proposed to be anchored deeper into the membrane by its SPFH
domain and N-terminal palmitoylations and myristoylations (see Figure 1.2) (116).

The CRAC domain, a sequence shared by various cholesterol interacting proteins, has been
found in caveolin and flotillin-2 (121; 120). Accordingly, caveolin was shown to directly
bind to cholesterol in a 1:1 ratio (274). Studies on peptides, which contain caveolin’s CRAC
domain, demonstrated that the motif promotes segregation of cholesterol into cholesterol-
enriched domains and cholesterol-depleted membrane regions (124). Flotillin’s CRAC
domains might similarly facilitate lipid phase separation and flotillin targeting to evolving
endosomes in conjunction with cholesterol. Our experiments with CRAC domain mutants
of flotillin-2 demonstrate that this motif is involved in directing the protein to intracellular
vesicular structures and exosomes. Thus, we were able to confirm a functional relevance
of CRAC for flotillin-2. However, whether flotillins interact with cholesterol in a direct or
indirect manner remains to be elucidated.

We could show that the translocation of flotillin-2 between the plasma membrane and
intracellular vesicles depends on cellular cholesterol levels. While cholesterol loading re-
distributed flotillin-2 to endocytic compartments, depletion of cholesterol led to retention
of the protein at the plasma membrane. Similarly, caveolin-1 distribution is highly sensi-
tive to perturbation of the cholesterol homeostasis, as reported by Smart and colleagues
(275). Expression of caveolin in response to cellular cholesterol levels is regulated at the
level of transcription by binding of cholesterol to sterol regulatory elements (276).
Caveolin was demonstrated to be involved in free cholesterol efflux from the plasma mem-
brane to HDL acceptors (277). Its overexpression enhances localization of cholesterol at
caveolae and cholesterol egress (278). Caveolin was further associated with the trafficking

of LDL-derived cholesterol via intracellular compartments back to the plasma membrane
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(279) and the translocation of newly synthesized cholesterol from the ER to the plasma
membrane (176). In accordance with caveolin’s role in cholesterol trafficking and home-
ostasis, cholesterol loading of cells up-regulates caveolin-1 expression (280) and caveolae-
dependent endocytosis of various cargo (281). Interestingly, in a murine model for NPC
disease, caveolin-1 expression was also found to be significantly increased (282). However,
it is still unraveled whether this phenotype actually facilitates or counteracts the disease.
Flotillin-2 seems to promote cholesterol eflux from the cell by mediating its secretion via
exosomes. In agreement with this assumption, we could demonstrate a decrease in exoso-
mal cholesterol release upon siRNA mediated down-regulation of flotillin-2. This exosomal
cholesterol efflux is influenced by cellular cholesterol levels, since exosome secretion was
found to be up-regulated after cholesterol loading, and down-regulated upon depletion of
cholesterol. Thus, analogous to caveolin, flotillin-2 seems to be modulated in its activity
by cholesterol. Whether this is also facilitated at the level of gene expression remains to
be clarified.

4.3 Exosomes may contribute to cellular cholesterol homeostasis

4.3.1 Exosome secretion is adjusted to cholesterol levels

We found that cells reduce the release of flotillin-2-containing exosomes in response to
diminishing cholesterol pools caused by simvastatin. On the other hand, cells increase
exosomal flotillin-2 and cholesterol secretion when intracellular cholesterol levels are en-
hanced by loading of free cholesterol or treatment with U18666A. These findings underline
the involvement of exosomes in cellular cholesterol eflux. However, from these data alone
we can not draw conclusions whether the absolute number of secreted exosomes is up-
regulated, or whether only flotillin-2- and cholesterol-enriched membrane compartments
are concentrated in a single exosome particle. Both mechanisms would eventually result
in the observed efflux of superfluous cholesterol from cells. To discriminate between the
two possibilities, we did not only determine exosomal flotillin-2 release, but also stained
for three other proteins that are enriched in exosomes, i.e. alix, CD63, and PLP. These
proteins most probably partition into independent subdomains within exosomes. Alix is a
member of the ESCRT machinery, which is involved in exosomal sorting of various proteins
(45). Some cargo are however included into exosomes independent of ESCRT. These may
rather depend on the action of tetraspanins, such as CD63, which is proposed to organize

large protein complexes (35). In contrast, exosome-sorting of the proteolipid protein PLP
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was shown to require ceramide (57), and flotillin-2 is probably incorporated into exosomes
through its association with ‘lipid rafts’ (111). Since alix, CD63, PLP, and flotillin-2 are
incorporated into exosomes by four discrete processes, they are unlikely to localize to the
same exosomal microdomains. However, all of the four proteins were notably increased
in the exosomal fraction upon cellular cholesterol accumulation. This finding favors the
hypothesis that cholesterol increases the absolute number of secreted exosomes.

An exosomal enrichment in certain lipids was shown by various studies. Depending on the
cell type, these may be sphingomyelins, phosphatidylserines or gangliosides (40; 283; 9). B-
and T-cells were further found to secrete exosomes with increased cholesterol : phospholipid
ratios (9; 283). In contrast, exosomes of other cell types, such as erythrocytes or mast cells,
did not display cholesterol enrichment (284; 40). In a previous study of our group, the
molecular composition of Oli-neu cell-derived exosomes was analyzed by nano-electrospray
ionization tandem mass spectrometry. Lipid composition of exosomes strikingly resembled
that of ‘lipid rafts’ (57). This included an almost 2.5-fold enrichment in the percentage
of cholesterol compared to cellular membranes (57). It seems therefore plausible that in
our experiments exosomal cholesterol eflux was facilitated by secretion of an increased
number of exosomes, which were additionally enriched in cholesterol.

The cholesterol-enrichment of intraluminal vesicles/exosomes itself might even participate
in the regulation of MVB-fusion with the plasma membrane (62). Membrane accumula-
tion of cholesterol was demonstrated to facilitate recruitment of the small GTPase Rab7
to endosomes. It additionally inhibited the dynamic properties of late endocytic compart-
ments, which became essentially immobile (285). The authors propose that Rab7 may
increase minus-directed motility of endosomes, arresting them in the perinuclear region
(285). Cholesterol-facilitated sorting of Rab7 to intraluminal vesicles would therefore re-
duce the protein at the limiting membrane of evolving MVBs. This could facilitate MBV

mobility and docking events at the plasma membrane (62).

4.3.2 The immediate and the delayed exosome pathway are differently influ-
enced by cholesterol

Cells release ‘classical’ exosomes that originate from intraluminal vesicles of the endoso-
mal system and are released when MVBs fuse with the plasma membrane. One protein
incorporated in exosomes via this process, is the proteolipid protein (PLP) (57). Besides
using this delayed exosome pathway, cells also bud exosome-like vesicles immediately from

the plasma membrane, without their previous cycling through the endosomal system.
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These immediately budding exosomes are released e.g. after infection with retroviruses,
such as the human immunodeficiency virus (HIV) and the Moloney murine leukemia virus
(MoMLV), which use the system for their propagation (286; 30; 287). The viral exosome-
like vesicles have a similar topology as ‘classical’ exosomes with their cytosolic membrane
layer facing inside. Moreover, they appear to resemble ‘classical’ exosomes in lipid and
protein composition, and in size (30). HIV and MoMLV produce the polyprotein Gag,
which is essential for viral exosome-like vesicle formation. It was previously shown that
infected T cells shed Gag-containing viral exosomes directly from the plasma membrane
(286). Expression of Gag alone is already sufficient for the generation of non-infectious
virus-like particles, without the need for other viral RNA and proteins (288).

In our experiments, we prepared exosomes from cell culture medium by a stepwise centrifu-
gation protocol. This allows the removal of cell debris, larger microvesicles and membrane
particles deriving, e.g., from the ER and Golgi apparatus. However, ‘classical’ exosomes
that derive from the delayed pathway and exosome-like vesicles that are release via imme-
diate budding from the plasma membrane are co-sedimented in our preparation. Western
blot analysis of the 100,000 g pelleted material, which was further subjected to sucrose
gradient ultracentrifugation, detected transfected MoMLV Gag-GFP protein at a density
of 1.11 g/ml. This resembles the density of ‘classical’ exosomes. We therefore asked,
whether cholesterol has an effect on the delayed exosome secretion pathway exclusively,
or if the immediate plasma membrane-budding of exosome-like vesicles is also regulated
by cholesterol levels.

In order to discriminate between the two different mechanisms of exosome release, we
transfected Oli-neu cells with MoMLV Gag-GFP or PLP-myc and monitored their cellular
localization and vesicular secretion from the cell. Immunofluorescene microscopy revealed
co-localization of PLP-myc with endogenous flotillin-2 at the plasma membrane and in
identical vesicular structures within the cytosol. In contrast, we could not observe any
co-localization of flotillin-2 and Gag-GFP, but rather a separation of the two proteins
into distinct domains. When we added cholesterol to the transfected cells, PLP-myc
secretion via exosomes was markedly increased. The exosomal secretion of Gag-GFP
protein, however, was not altered. These data indicate that the two discrete processes of
exosome secretion are regulated by different factors. The pathway of immediate exosome-
like vesicle budding, which can be used for retrovirus spreading (Gag), is not increased by

high cholesterol levels.



4.4 Exosomal cholesterol release in NPC 95

Interestingly, the authors Ikeda and Longnecker recently demonstrated that vesicular re-
lease of the latent membrane protein 2A (LMP2A) of Epstein-Barr virus (EBV) is en-
hanced after cholesterol-depletion from the plasma membrane via methyl-3-cyclodextrin.
At the same time, cholesterol-depletion blocked LMP2A endocytosis and accumulated it at
the plasma membrane (289). These findings underline our suggestion that although viral
exosome-like vesicles can be sensitive to changes in cholesterol homeostasis, they behave
differently than ‘classical’ exosomes.

We propose that those vesicles, which we found to be extensively secreted under high
levels of cholesterol, are ‘classical’ exosomes, which derived from the delayed endocytosis-
dependent pathway that generates MVBs. Supporting this assumption, flotillin-2 muta-
genized in its CRAC domains is largely impaired in endocytosis and can not be secreted
via exosomes. Therefore, the delayed but not the immediate pathway of exosome release

may contribute to the maintenance of cellular cholesterol homeostasis.

4.4 Exosomal cholesterol release in NPC

441 Cholesterol release via exosomes is increased in NPC

So far we discussed how cells adapt their exosome secretion to changes in cholesterol supply.
We demonstrated that exosomal cholesterol release counteracts events that challenge the
cell with depletion or oversupply of cholesterol. Proper structure and function of cells
depend on a tight regulation of cholesterol. This is realized at the level of biosynthesis,
uptake, metabolic conversion, and efflux of the lipid. Under physiological conditions,
exosomes might provide a tool to fine tune cellular cholesterol levels. By this means, cells
may reduce exosome-mediated cholesterol efflux under lipid starvation conditions. Cells,
which contain superfluous cholesterol that remains unused for cellular processes, could
increase exosomal cholesterol secretion to restore cholesterol homeostasis. Exosomes might
therefore contribute to cellular cholesterol efflux.

This hypothesis becomes especially interesting under pathological conditions, when cells
accumulate vast amounts of cholesterol, which can become toxic. In Niemann-Pick type
C disease (NPC), the loss of functional NPC1 or NPC2 protein impairs free cholesterol
translocation from late endosomes to the ER. As a result, the unesterified lipid is trapped
and enriched in late endosomes from where it cannot leave the cell (196; 197). This defect

of a single step of cholesterol trafficking leads to a severe neuropathological phenotype.
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NPC patients suffer from extensive neurodegeneration and demyelination, causing major
motor disabilities, seizures, dementia and eventually death (208).

As exosomes may have a role in maintaining cholesterol homeostasis, we investigated po-
tential differences in exosomal cholesterol release by comparing wild-type cells with cells
resembling the molecular phenotype of NPC. We first aimed at mimicking the disease
by treating Oli-neu cells with the amphiphilic amine U18666A. This compound has been
widely used to promote endosomal/lysosomal cholesterol accumulation (257; 231). Its
mechanism of action is not fully understood, but it is proposed to bind to lysobispho-
phatidic acid (LBPA) (290), which might be a non-bilayer preferring lipid (291). LBPA
possibly regulates the dynamic flow between the outer delimiting membrane and internal
vesicles of late endosomes. U18666A is proposed to interfere in this process, subsequently
impairing the normal membrane composition, which includes the proper distribution of
NPC1 within late endosomal/lysosomal membranes (290). In our experiments, treatment
of cells with U18666A induced a significant enhancement of exosomal cholesterol release.
In contrast to this observation, cells did not increase exosome secretion when cholesterol
was trapped in the ER by prevention of its esterification via an ACAT-inhibitor. This
finding further supports the idea that cholesterol needs to undergo incorporation into the
late endosomal system for its release via exosomes. It also underlines the specificity of
exosomal secretion for a certain subpopulation of cholesterol in the cell.

Although U18666A has been used in various studies to mimic the NPC molecular pheno-
type, it it should be noted here that it has additional effects on cholesterol homeostasis.
It was shown to inhibit cholesterol biosynthesis at the level of squalene epoxidase (292).
It also can impair cholesterol’s anterograde transport to axons in sympathetic neurons
to a much higher extend than loss of functional NPC1 does (236). To verify the results
obtained from our U18666A experiments, we mimicked NPC disease by a second approach
using siRNA directed against NPC1. The down-regulation of NPC1 resulted in a similar
increase in exosome release as compared to the application of U18666A. Moreover, the
exosomal phenotype could be reproduced in NPCl-mutant Chinese hamster ovary (CHO)
cells and in human fibroblasts derived from an NPC patient. Introduction of wild-type
NPC1 in NPCl-mutant CHO cells reduced exosome secretion to wild-type levels.

We observed an enhancement of exosome release in several independent experiments on
three different cell types. We therefore assume that the increase in MVBs and exsomal
cholesterol secretion is a common feature of NPC cells. Recently, a Drosophila model of

NPC1 was published, which mimics the pathology of human NPC patients (293). The
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flies displayed an age-progressive accumulation of unesterified cholesterol in brains, neu-
rodegeneration, and motor defects, as well as a reduced life span. In support of our hy-
pothesis, electron microscopy of fly brains revealed an accumulation of numerous MVBs
in NPC1~/~ fly neuropil and rhabdomers that progressed with age (293). In Purkinje
cells of NPC1~/~ mice a similar accumulation of intracellular multilamellar bodies and
membranous vesicles was found (294). Taken together, these data indicate that NPC cells
enhance exosomal cholesterol release in an attempt to overcome the lipid’s traffic block
at late endosomes/lysosomes. By generating increased amounts of cholesterol-containing

MVBs and exosomes, cells may possibly shuttle out parts of the lipid.

4.4.2 Exocytosis of accumulating material in disease

Since exosomes act as vehicles for molecule disposal (6), they might also facilitate the
efflux of toxic accumulated material in various other diseases than NPC. In Niemann-Pick
types A and B, which are characterized by deficiency in sphingomyelinase, cells store vast
amounts of sphingomyelin in late endosomes/lysosomes (188). Importantly, sphingomyelin
is also the second major accumulating product in NPC. It demands further investigation,
whether exosomal secretion of sphingomyelin is similarly increased in the three Niemann-
Pick diseases as cholesterol release is in NPC.

Another disorder that leads to lysosomal storage of lipids is metachromatic leukodystro-
phy (MLD). Patients suffering from MLD have a deficiency in arylsulfatase A, an enzyme
catalyzing the first step of sulfatide degradation. Superfluous sulfatide is accumulated
in lysosomes of oligodendrocytes and cells of the gall bladder and kidney (295). Sim-
ilarly to NPC, this causes progressive demyelination and lethal neurological disabilities
(296). Cultured primary kidney cells derived from an MLD mouse model enhanced plasma
membrane-fusion of lysosomes to exocytose their contents upon Ca?* stimulation. By this
means the cells secreted a fraction of accumulated sulfatide into the culture medium (297).
This process partially resembles the plasma membrane-fusion of MVBs and the release of
exosomes.

A hallmark of Alzheimer’s disease is the formation of AS peptides. It has been shown that
[B-cleavage of the amyloid precursor protein to A3 occurs in early endosomes and is followed
by routing the peptide to MVBs (17). Small amounts of AS can be released by exosomes
(17). The pathology of Alzheimer’s disease is classically thought to be caused by large
aggregates of AS that assemble extracellularly (298). However, this model has recently
been challenged by findings emphasizing the toxicity of intracellular A5 (299; 300; 301).
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It might therefore be possible that cells secrete AS via exosomes in an attempt to shuttle
out the toxic, accumulating material. This might also be true for the exosomal release of
a-synuclein and prion protein, the hallmarks of Parkinson’s disease and Creutzfeldt-Jakob

disease (302; 84).

4.4.3 How does exosomal cholesterol release affect the NPC phenotype?

NPC cells enhance their exosomal cholesterol release. We propose this to be an attempt of
the cells to partially overcome the late endosomal/lysosomal accumulation of cholesterol.
However, it has to be mentioned here that the current knowledge about the molecular
mechanism of NPC pathology is still inconclusive. Trapping of cholesterol itself might
directly cause molecular toxicity. The polar lipid integrates into membranes and regulates
their fluidity and permeability. Vast amounts of cholesterol could therefore impair the
mobility of endosomal vesicles (247), and the proper function of lysosomes in degrada-
tion. On the other hand, retaining cholesterol at late endosomes and lysosomes leads to
deprivation of the lipid in other cellular compartments. Although total levels of choles-
terol are increased in NPC cells (231), its local absence may be the primary cause of the
disease (‘loss-of-function hypothesis’). Cholesterol is essential for a multitude of cellular
processes. This includes formation of oxisterols in the ER (168), steroid hormone biosyn-
thesis in mitochondria (173), and functions at the plasma membrane of distal neuronal
axons (231; 236; 237). Release of cholesterol via exosomes might partially reduce the lipid
at late endosomes/lysosomes. However, this release will not compensate for NPC1/NPC2-
mediated intracellular cholesterol trafficking and, therefore, does not re-establish normal
cholesterol levels in mitochondria, the ER or the plasma membrane. Conclusively, exo-
somes possibly do not ameliorate the NPC phenotype. They might instead even contribute
to the pathomechanism of the disease. To clarify the significance of exosomal cholesterol
release for the establishment of NPC pathology, one would have to experimentally manip-
ulate exosome secretion in NPC cells. The severity cell toxicity could then be measured
upon up- or down-regulation of exosome release. This is however difficult to realize since
to date there are no activators or inhibitors known that act specifically and exclusively on

the release of exosomes.

444 Fate of exosomes

In the future, it will be necessary to study exosomal cholesterol secretion in vivo to elu-

cidate the fate of cholesterol-containing exosomes released by NPC-mutant cells. After
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secretion into the cellular environment, exosomes could either be taken up by neighboring
cells or be disposed via body fluids.

Exosomes utilized for molecule disposal will have to be released via urine or taken up by
cells specialized for degradation. It is likely that the latter is achieved by phagocytosis (81).
To be recognized by phagocytes, target molecules destined for ingestion and degradation
expose specific signals at their surface (303). Two of those signals are phosphatidylserine
(PS) and MFGES - molecules readily found in exosomes (284; 39). Exosomes further
contain calcium-independent phospholipase A2 and capsase-3 (304; 37). These proteins
are involved in the generation of an epitope, which is integrated into the plasma membrane
of cells during apoptosis and is recognized by IgM (305; 306).

After internalization, molecules are targeted to lysosomes where they are degraded. How-
ever, cells can not digest cholesterol. Instead, they convert it into cholesteryl esters, which
are stored as cytosolic lipid droplets. It has recently been reported that monocytes take up
T cell-derived exosomes via the PS receptor and accumulate free cholesterol and cholesteryl
esters in their cytosol (307). Cholesterol storing monocytes/macrophages are involved in
early events leading to arteriosclerosis (308). They internalize vast amounts of LDL-
cholesterol accumulated in blood vessels, and develop into foam cells (309). Interestingly,
macrophages of NPC~/~ mice accelerate the formation of arteriosclerotic lesions even un-
der low serum cholesterol levels (310). It is therefore possible that increased amounts of
cholesterol-containing exosomes in the blood are taken up by macrophages, and contribute
to development of arteriosclerosis in NPC.

Exosomes not internalized by phagocytic cells could enter the blood circulation system
and may be filtered through the kidney for excretion. The detection of exosomes in blood
plasma and urine (311; 312) is of great interest for the development of novel non-invasive

biomarkers used in NPC disease monitoring.

445 Exosomes as biomarkers for NPC

We know of several diagnostic tools for the detection of NPC disorder. Besides the initial
clinical assessment by a physician, this also includes neurophysiologic and neuroradiologic
studies, histology of skin and liver biopsies, detection of foam cells, cell biological stud-
ies staining for free cholesterol by filipin or BC#, and genetic testing (313). No effective
treatment is currently known to heal NPC. However, after diagnosis of NPC, monitoring
of disease progression and regular quantification of the degree of disabilities are important

for the application of symptomatic therapies (314). Disease monitoring is further crucial
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in the development of new therapeutic strategies, e.g. for measuring drug efficacies or for
assessing the patient’s potential to respond to a certain therapy. To date, progression of
NPC is mainly evaluated using disease-specific disability scales. These assign physiological
and neurological symptoms to distinct classes and allow the calculation of a score repre-
senting the overall disease severity (315; 316; 313). However, monitoring etiopathology at
a molecular level, e.g. by determination of exosome release rates, might represent a more
accurate method and would contribute to a reliable assessment of therapy efficacy.
Exosomes are released by virtually all cell types and can easily be prepared from body
fluids, such as urine, blood plasma, and saliva (312; 311; 317). Hence, they are very at-
tractive as non-invasive biomarkers for different disorders. Numerous studies are currently
undertaken to determine and validate possible exosomal biomarker proteins and RNA pro-
files that serve the diagnosis and monitoring of infectious diseases, renal dysfunctions, and
various cancers (318; 24; 319; 311; 320).

Urinal exosomes may provide us with a convenient marker to monitor disease progression
and validate the efficacy of novel treatment strategies in NPC. Urine is available in large
amounts and can be collected easily. Exosomes herein derive from renal epithelia cells
facing the urinary space (321). During the course of NPC disease, urinal exosomes may
undergo changes in their lipid and protein composition, or in their release rates. Any of
these changes can be detected e.g. by Western blotting or mass spectrometry (321). These
clinical assays involving relatively inexpensive techniques are valuable approaches, which
might reduce costs in drug development and shorten the time required for drug testing.
Before establishing those assays using urinary exosomes, certain barriers have to be over-
come that may occur during collection, preservation, and analysis of samples. Quantitative
comparison of urinary exosomes would make it necessary to determine the rate of exosome
secretion. Urine should therefore be collected over a defined time period, e.g. for 24 h.
This is, however, impractical and inconvenient for patients, and does not deliver very reli-
able results (322). In a more practicable approach, urine is collected at one time point and
concentrations of ubiquitous exosomal proteins such as alix and tsg-101 are normalized
to concentrations of standard urine components, e.g. creatinine, inulin or other molecules
that are filtered but not reabsorbed during urine production (321). If the samples can not
be processed immediately after collection, degradation by proteolysis has to be prevented
(323). This can be realized by addition of protease inhibitors to the collection vial or
by storing the samples deep frozen until further processing (324). During preparation of

exosomes from urine, cell debris and highly abundant proteins, such as Tamm-Horsfall
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protein and albumin in patients with proteinuria, have to be removed as they potentially
obscure proteins of lower abundance in biochemical analysis (24; 325). One also has to
keep in mind that variations may occur in dependence of gender, age, diet, and circadian
rhythm of the subjects. Taking this into account, a careful choice of controls is crucial for
the successful application of urinary exosomes as biomarkers for drug efficacy and disease

progression of NPC.



Chapter 5

Summary and Conclusions

This work investigated exosome secretion as a novel mechanism for cholesterol egress.
Cells release exosomes into their environment for a variety of purposes. One is the disposal
of obsolete or superfluous molecules, which can potentially impair proper cell activities.
To maintain their structural and functional integrity, cells crucially depend on a tight
regulation of cholesterol homeostasis. This is realized at the levels of cholesterol synthesis,
uptake, metabolism and efflux.

We first wanted to know whether exosomes can contribute to cholesterol homeostasis by
facilitating its efflux from the cell. To approach this question, we studied exosome forma-
tion and release of the oligodendroglial precursor cell line Oli-neu, which readily secretes
exosomes in quantifiable amounts. Exosomes were monitored via staining of the marker
protein flotillin-2. We experimentally manipulated the cholesterol levels of Oli-neu cells by
administration of cholesterol depleting drugs or induction of cholesterol enrichment. The
first step of exosome generation involves invagination of the plasma membrane to form en-
dosomes, which subsequently mature into MVBs. Cholesterol depletion retained flotillin-
2 at the plasma membrane. In contrast, enrichment in cholesterol promoted flotillin-2
incorporation into intracellular vesicular structures, where cholesterol co-localized with
flotillin-2 and other markers of late endosomes and MVBs. We therefore hypothesize that
exosome formation is enhanced under conditions of high cholesterol supply. We purified
exosomes from cultured medium and found exosome release to be reduced upon cholesterol
depletion and elevated by cholesterol enrichment. The potential of cells to adjust their
exosome secretion to changes in cholesterol levels supports our hypothesis that exosomes
facilitate cholesterol efflux.

Next, we were interested in the molecular mechanism by which exosomal cholesterol release

is mediated. Flotillin-2 is known to associate to cholesterol-rich membrane microdomains
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at the plasma membrane. We reasoned that this association could be mediated by two
cholesterol recognition/interaction amino acid consensus (CRAC) domains of flotillin-2.
To assess their function, we introduced point mutations in flotillin’s CRAC domains and
monitored trafficking and exosomal release of these mutants. Mutation of the CRAC do-
mains impaired both processes. We further asked whether flotillin-2 is involved in choles-
terol secretion via exosomes. For this purpose flotillin-2 expression was down-regulated
by siRNA. This treatment dramatically decreased the amount of exosome-secreted choles-
terol. We therefore propose a model, in which flotillin-2 binds cholesterol at the plasma
membrane via its CRAC domains, and thereby facilitates its endocytosis and recruitment
to intraluminal vesicles of MVBs. After fusion of MVBs with the plasma membrane,
cholesterol-containing exosomes are released.

Finally, we asked for the importance of exosomal cholesterol egress in a disease where
cholesterol is accumulated in the cell. In Niemann-Pick type C disease (NPC), mutations
in the NPC1 or NPC2 protein impair cholesterol trafficking from lysosomes to the ER and
plasma membrane. The resulting storage of vast amounts of lysosomal cholesterol presum-
ably causes progressive demyelination, neurodegeneration, and eventually death of NPC
patients. To investigate exosome secretion in NPC, we mimicked the cellular phenotype of
the disease by siRNA-mediated down-regulation of NPC1 or drug application. By these
approaches, total exosome secretion and exosomal cholesterol release, respectively, were
up-regulated. We could reproduce these results in human fibroblasts of NPC patients and
in NPCl-mutant Chinese hamster ovary cells. Strikingly, exosome secretion of the latter
was reduced to basal levels after transfection with wild type NPC1. We suggest that NPC
cells enhance cholesterol release via exosomes in an attempt to partially bypass the late en-
dosomal/lysosomal cholesterol traffic block. This enhancement in exosome secretion may
be detectable and quantifiable in body fluids of NPC patients, opening a new possibility
to monitor disease progression with exosome-based, longitudinal biomarkers.

In conclusion, we present a novel mechanism of cholesterol efflux, which depends on
flotillin-2 and exosomes. It may contribute to the maintenance of cellular cholesterol

homeostasis.
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