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Abstract

The first part of the present work deals with production and effects of 25-
hydroxycholesterol (25-OHC) in glioblastoma multiforme (GBM). GBM is the most
common malignant primary brain tumor and is invariably fatal to affected patients.
Oxysterols belong to a class of bioactive lipids that are implicated in neurological dis-
eases and are associated with various types of cancer. We investigated expression
and transcriptional regulation of cholesterol-25-hydroxylase (CH25H) in human A172,
U87MG and GM133 glioblastoma cell lines.

Transcription and translation of CH25H was upregulated in response to TNFa and
IL1B. To determine whether 25-OHC acts as chemoattractant for tumor-associated
macrophages the human THP-1 monoblastic leukemia line was treated with varying
amounts of the oxysterol. Experiments revealed that 25-OHC and lipid extracts iso-
lated from GM133-conditioned medium induce chemotactic migration of THP-1 cells.
In response to exogenously added 25-OHC, THP-1 cells reorganize intermediate
filament-associated vimentin to more cortical and polarized structures. Using RNA
interference, it could be demonstrated that G protein-coupled receptor 183 (EBI2)
contributes to 25-OHC-mediated chemotactic migration of THP-1 cells. These in vitro
data indicate that GBM-derived and secreted 25-OHC may be involved in the re-
cruitment of immune-competent cells to a tumor via EBI2.

The second part of the work revealed in vivo effects of lipopolysaccharide (LPS) on
lipid composition with respect to fatty acids and oxysterols in plasma and brain of
C57/BI6 mice. Endotoxemia resulting in increased serum triglyceride levels could be
detected (accompanied by increased linoleic acid in serum), as well as increased
total serum cholesterol and oxysterol levels. All observed effects were less pro-
nounced in the brain. Nevertheless an approx. 20% increase of 24S-OHC, 25-OHC

and 27-OHC could be detected in murine brain in response to peripheral LPS.
1]



Kurzfassung

Der erste Teil der vorliegenden Arbeit beschaftigt sich mit der Biosynthese und den
Effekten von 25-Hydroxycholesterin (25-OHC) im Glioblastom (GBM). Das Gliobla-
stom ist der haufigste primare maligne Tumor des Gehirns mit infauster Prognose.
Oxysterole sind durch ihre chemische Struktur in der Lage, durch Zellmembranen zu
diffundieren. Diese bioaktiven Lipide sind in neurologische Erkrankungen ebenso wie
in verschiedene Krebsarten involviert. In dieser Arbeit wurde Expression und
transkriptionelle Regulation der Cholesterin 25-Hydroxylase (CH25H) in humanen
A172, UB7TMG und GM133 Zellen untersucht. Transkription und Translation von
CH25H konnte durch TNFa und IL1B Behandlung gesteigert werden. Um chemoat-
traktive Eigenschaften von 25-OHC untersuchen zu kénnen, wurde die humane mo-
noblastare Zelllinie THP-1 mit 25-OHC behandelt. Die Experimente zeigten, dass 25-
OHC und Lipidextrakte von GM-133 konditioniertem Medium die chemotaktische Mi-
gration von THP-1 Zellen fordern und die Struktur ihrer Intermediarfilamente veran-
dern. Durch RNA-Interferenz wurde schliel3lich gezeigt, dass der G-Protein Rezeptor
183 (EBI2) zur 25-OHC-induzierten Migration der THP-1 Zellen beitragt. Diese Daten
legen den Schluss nahe, dass von Tumorzellen gebildetes 25-OHC zur Einwande-
rung immunkompetenter Zellen in den Tumor beitragen konnte.

Der zweite Teil der Arbeit beschaftigt sich mit in vivo Effekten von Lipopolysaccharid
(LPS) auf den Lipidmetabolismus von C57/BI6 Mausen in Plasma und Hirn. Dabei
zeigte sich, dass LPS zu erhdohtem Totalcholesterin und Triglyceriden (darunter er-
héhte Linolsaure) sowie stark erhdhten Oxysterolen im Plasma fuhrt. Im Gehirn wa-
ren alle Effekte weniger ausgepragt, 24S-OHC, 25-OHC und 27-OHC waren den-

noch im Vergleich zu den Kontrollwerten um ca. 20% erhoht.
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1 Introduction

1.1 On astrocytes and astrocytoma

1.1.1 Central nervous system (CNS)

The nervous system is probably the most fascinating part of the human body, as be-
sides coordinating our basal vital functions it is responsible for our consciousness,
memory, and language and the origin and the centre of our thoughts and feelings, in
short the central place of our whole experience (1). From an evolutionary perspec-
tive, a nervous system increases the chance that an individual animal will survive and
reproduce, thereby increasing the chances for survival of the species (2).

It was a long way from sponges, which are the only animals without any nervous sys-
tem, over simple invertebrate animals with a diffusely organized nervous system
(nerve net), like cnidarians, until it became concentrated at the rostral end in flat-
worms, which is termed cephalisation. This centralized nervous structure grew and
evoluted from invertebrates to vertebrates and the localization of the nerve cord
changed from the ventral to the dorsal side (2). Among mammals, whales have the
largest brain weight (up to 10 kg) and in some rodents the brain weight comprises
10% of total body weight, while in humans it is about 2% (3). The adult human brain
has a mass of approx. 1500 g and contains in the order of 10" neurons, which are
interconnected by about 10'* synapses (4).

Anatomically, the human nervous system can be divided into the peripheral nervous
system (PNS) which consists of the peripheral nerves and ganglia and the central

nervous system (CNS) consisting of brain and spinal cord (5). As a third part the
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autonomic nervous system (ANS) consists of enteric, sympathetic, and parasympa-
thetic system, which has central and peripheral components and is innervating inter-
nal and glandular organs (6).

Within the CNS, the largest volume proportion is the neocortex with 77%, followed by
the cerebellum (10%), basal ganglia (4%), diencephalon (4%), midbrain (1%), hind-
brain (2%) and the spinal cord (2%) (4).

Histologically, brain and spinal cord consist of grey and white matter. The grey matter
contains the cell bodies of the neurons and is located at the outer layer of the cere-
bral cortex and in the inner part of the spinal cord. The white matter is located below
the grey matter of the cortex and it forms the outer layer of the spinal cord. It contains
all the myelinated axons of the CNS including all ascending and descending path-
ways, cerebral interconnections, connections from the cortex to the basal ganglia, the
cerebellum, and the spinal cord (6).

There are two major classes of cells in the CNS, the neurons, which make up 20% of
the total cell population, and the neuroglial cells. The neurons are responsible for
excitation and nerve impulse conduction and communicate with each other via the
synapses. The neuroglial cells can be divided into astrocytes, oligodendrocytes, mi-
croglia, and ependymal cells. Astrocytes are small stellate cells, which are found
throughout the CNS and fulfil many important functions, which will be discussed in
the next subchapter. Oligodendrocytes are responsible for the myelination of CNS
neurons and can be found in large numbers in the white matter. Microglia are found
throughout the white and the grey matter of the CNS. They are able to phagocytose
and are important in mediating immune responses. Ependymal cells form the barrier
that separates the ventricles and the central canal of the spinal cord from the neu-

ronal environment and facilitate the movement of the cerebrospinal fluid (1, 6).
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The brain is enclosed by three protective layers within the cranium. These layers also
enclose the spinal cord. The first is the dura mater, which is a tough thick membrane
lying close to the cranium and vertebrae. The second is the adjacent arachnoidea
mater, a thin membrane with processes into the subarachnoid space, which makes
contact with the delicate third membrane, the pia mater, which envelopes the con-
tours of the brain and even dips into the sulci (6).

The space between the arachnoidea and the pia mater and also the complex system
of lacunae within the brain are filled with liquor cerebospinalis (cerebrospinal fluid,
CSF), a serous fluid, which is produced by the plexus choroidalis in the first and sec-
ond ventricle, with a total volume of about 160 ml and a daily production of about 500
to 600 ml (7, 8). The CSF reduces the physical effective brain weight from 1500 g to
50 g (1), but besides these mechanical functions, it also plays an important role in
regulating ion homeostasis of the brain extracellular milieu, and it is able to remove
potentially harmful substances (8). Recent investigations report that healthy CSF
contains ~150,000 leukocytes per ml, most of which are memory T cells participating
in higher brain functions (e.g. memory and learning) via IL-4 release, thus indicating

one more important role for CSF (9).

1.1.2 Astrocytes

The term neuroglia (“Nervenkitt”) was first introduced by the famous German pa-
thologist Rudolf Virchow in the 1850’s. Virchow talked about small round-shaped
cells that fill the extracellular shape around the nerve cells (which were defined as
cells comprising over an axon). With the advances of staining methods, different neu-
roglial cells (astrocytes, oligodendrocytes and microglia) could be distinguished mor-

phologically (10).
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To date, our knowledge about the diversity and specific functions of neuroglial cells
has markedly increased and changed. The classical picture of an astrocyte was that
of a star-shaped intermediate filament (glial fibrils) containing cell with numerous
processes surrounding neurons and blood vessels (11). However, the definition of an
astrocyte is much more complex, because astrocytes cannot be considered as a ho-
mogenous cell population (12).

According to Kimelberg (13), astroglia can be identified by the expression of glial fi-
brillary acidic protein (GFAP) and S100 (a calcium binding) protein. Commonly astro-
glia are divided into four groups, namely protoplasmic, interlaminar, polarized, and
fibrous astrocytes.

The protoplasmic astrocyte is the most prevalent type of astrocyte. It is located in the
deeper layers of the cortex and the majority of the GFAP-positive processes do
barely overlap (14, 15). Human protoplasmic astrocytes are much larger than those
of rodents. Although the body of a human protoplasmic astrocyte is only 10 um in
diameter, their processes span 100-200 um (Fig. 1). It is further estimated that one
single astrocyte can modulate the function of about 2,000,000 synapses (12).
Interlaminar astrocytes only occur in primates and only in the first cortex layer. They
extend long, frequently unbranched processes, which terminate in cortex layer 3 or 4.
Although these astrocytes comprise one of the most striking differences between the
cortices of primates and those of other species, their function remains unknown (12).
The third type of human astrocyte is the polarized astrocyte, which is an essentially
unipolar cell residing in deep layers of the cortex, extending one or two GFAP-
positive processes into less deeper layers of the grey matter. They have only sparse
synaptic contact, and although their function is unknown, they are supposed to play a
role as an alternative pathway for long distance communication across cortical layers

(16).
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Fibrous astrocytes, which occur only in the white matter, are the fourth and least dis-
tinguished class of astrocytes between primates and non-primate animals. They are
less complex than protoplasmic astrocytes and have fewer, overlapping processes.
Their simple morphology and relative uniformity suggests that their function might be

confined to metabolic support (12).

@ () | (b) ()

50 um

Figure 1: Comparison between human and mouse astrocytes

Although the relative brain mass is comparable between mouse and human (about 2% of total body
mass), there are huge differences in complexity. This is also reflected by astrocyte morphology. (a)
Graphical representation of mouse (i) and human (ii) cortical astrocytes. (b) Graphical representation
of mouse (i) and human (ii) cortical neurons. The increase in complexity and size of astrocytes from

mouse to human is disproportionate to the evolution of neural structure (12).

During the last years, several studies have shown that astrocytes have a much wider
range of functions than previously expected (17). It becomes more and more obvious
that astrocytes are multifunctional cells regulating a multitude of different processes

in the CNS, besides essential neuron supporting functions (18).
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These historically well-recognized functions comprise i) the contribution to the blood
brain barrier (BBB) function (membrana limitans gliae perivascularis), which is impor-
tant for uptake of nutrients, ii) supplying (self-synthesized) cholesterol to neurons via
ApoE-containig vesicles, iii) uptake of metabolic products from the neurons, and iv)
regulating the brain interstitial electrolyte balance (12, 18, 19).

In addition to these “classic” functions, they are also involved in controlling BBB per-
meability via secretion of ATP, endothelin-1, glutamate, IL-6, tumor necrosis factor a
(TNFa), MIP-2, and nitric oxide, thereby controlling blood flow, vascular tone, provid-
ing energy for neurons and supplying building blocks of neurotransmitters that fuel
synapse activity (20). One of the most interesting questions in current astrocyte re-
search is, whether astrocytes share information processing functions inside the CNS.
This issue was reviewed by Kimelberg (21), who concluded a rather only neuron sup-
portive than information processing role for astrocytes. However, taking into account
the fact that they can modulate synaptic signalling under the influence of TNFa (22),
it seems likely that there is a smooth transition from supporting neurons to informa-

tion processing.

1.1.3 Astrocytoma

Although in adults primary brain tumors comprise only 2% of all cancers, they are of
high social dimension due to their early onset, with the peak incidence between the
3" and 5" life decade, and their dismal prognosis (23, 24). Astrocytomas can be di-
vided into 4 different grades. Grade | is called pilocytic astrocytoma (occurring mostly
in childhood) and is the only astrocytic tumor with a good prognosis after complete
surgical resection (23, 25). Grade |l comprises the low-grade fibrillary astrocytoma
and the more benign pleomorphic xanthoastrocytoma (24). Grade Il (Fig. 2) com-

prises the anaplastic astrocytoma and grade IV is called glioblastoma multiforme
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(Fig. 3), which is not only the most malign primary brain tumor, but also the most

common one (23, 25).

Figure 2: Grade lll anaplastic astrocytoma (25)

Figure 3: Glioblastoma multiforme (grade V) (25)

To understand the mechanisms of gliomagenesis and its resistance to treatment it is
important to gain knowledge about the gene expression profiles of different grades of
glioma. It is also important to mention that glioblastoma can arise by at least two dif-
ferent pathways: by progression from a previous lower grade astrocytoma (secon-
dary GBM) in ca. 5-10% of the cases and mostly occurring in younger patients (be-
low 45 years) or de novo from precursor cells (primary GBM), which is the case in 90-

95% of all GBM cases and occurring in older patients (26, 27). The most frequent
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genetic alterations found in GBM are loss of heterozygosity (LOH) on chromosome
10q, mutations of the gene for tumor suppressor protein 53 (TP53), epidermal growth
factor receptor (EGFR) amplification, phosphatase and tensin homolog (PTEN) muta-
tion, and cyclin-dependent kinase inhibitor 2A (p16™¢*?) deletion (27). These muta-
tions (except LOH 10qg) do not occur at similar frequencies in primary and secondary
GBM. Although both types are histologically indistinguishable, the genetic alterations

can allow to differentiate between the two types (Fig. 4).

Astrocytes or precursor cells

Low-grade astrocytoma | \\ii0 grade Il
TP53 mutation (59%)
Anaplastic astrocytoma
TP53 mutation (53%) | VHO grade Il
Primary glioblastoma Secondary glioblastoma
de novo
LOH 10q (700/0) LOH 10q (63°/o) WHO grade v
EGFR Amplification (36%) Bt Amplification (876)
p16/NK4a Deletion (31%) p1erea Delfetlon (19%)
TP53 Mutation (28%) Faa Mutatlon (65 )
PTEN Mutation (25%) PTEN Mutation (4%)
677 cases (95%) 38 cases (5%)
Mean age 62 years Mean age 45 years
Figure 4: Most frequent genetic alterations found in primary and secondary GBM

The LOH 10q mutation occurs at almost similar frequencies in primary and secondary GBMs. TP53
mutations occur at higher frequency in secondary GBMs, whereas EGFR amplifications and PTEN

mutations were detected nearly exclusively in primary GBMs (27).
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1.1.3.1 Deregulated Pathways

Although genetic and molecular alterations may differ, almost all of them lead to
changes in the same set of key signalling pathways that result in brain tumor growth
and progression (28). Growth and survival promoting activation of receptor tyrosine
kinases (RTKs) can occur via various mechanisms, including overexpression, gene
amplification, activating mutations, deletions, or overexpression of their ligands
(Fig. 5). Similarly, the inactivation of p53 and pRB pathways can occur directly by
mutations, deletions, or promoter methylations at the TP53 and RB loci, as well as

indirectly by inactivation of tumor suppressors, like p16™*? (26).
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Figure 5: Key deregulated pathways in human glioma

Growth and survival promoting activation of receptor tyrosine kinases (RTKs), but also the inactivation
of cell cycle arrest and pro-apoptotic pathways can be induced via different mechanisms, like overex-
pression, gene amplification, activating mutations, deletions, promoter methylations, overexpression of
receptor ligands, inactivation or constitutive activation of positive or negative regulators. Interestingly,
a variety of different genetic and molecular alterations lead to modifications of the same major intracel-

lular signalling pathways in glioma cells (26).
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Due to the lack of cell cycle guardians, which could prevent improper cell division,
glioma cells accumulate mutations that, together with hyperactivated mitogenic path-
ways, promote glioma cell proliferation and survival and support further genetic in-

stability (26).

Receptor tyrosine kinases

RTKs are a group of membrane receptors, which are frequently hyperactivated in
tumors. They activate several signalling pathways involved in cellular growth and sur-
vival as well as upregulation of genes promoting angiogenesis and invasion. EGFR
gene amplification is very common (50% of the cases), and many GBM patients ex-
press a truncated constitutively active EGFR isoform lacking the extracellular binding
domain (29). A mutant EGFR lacking exons 2-7 (EGFRUVIII) is expressed in approxi-
mately 20-30% of GBM patients resulting in ligand-independent tyrosine kinase activ-
ity that stimulates downstream survival and growth pathways (30, 31). Gliomas can
also release EGFR ligands like epidermal growth factor (EGF) itself or transforming
growth factor (TGF)-a, thereby supporting EGFR activation in an autocrine manner
(32).

Platelet-derived growth factor receptor (PDGFR) and its ligands can also lead to a
relevant induction of RTKs in malignant gliomas via autocrine as well as paracrine
pathways, as platelet derived growth factors (PDGFs) are also expressed in high
grade brain tumors, as well as in proliferating endothelial cells (33-35).

Other reasons for hyperactivated RTK signalling can be ascribed to ERBB2/HER?2
mutations and MET amplifications, which have been reported by the Cancer Genome
Atlas project in 8% and 4% of analysed GBMs, respectively (28).

Activated RTKs and their downstream phosphatidylinositol 3-kinase (PI3K)/AKT path-

way do not only stimulate growth but also contribute to augmentation of anti-



Introduction 20

apoptotic properties of glioblastoma cells. For example, overexpression of the anti-
apoptotic protein B cell ymphoma protein 2 (BCL-2) leads to increased resistance to
apoptosis during tumorigenesis, which is also reflected by the correlation between
BCL-2 expression and tumor grade (36, 37).

Hypoxia is also a key phenomenon in glioblastoma, as the tumor in many cases ex-
pands faster than neovascularisation can proceed. Lack of oxygen leads to stabilisa-
tion of hypoxia-inducible factor 1 (HIF-1)-a, which induces production of vascular en-
dothelial growth factor (VEGF), which in turn induces blood vessel formation and ne-
ovascularisation via the VEGF receptor (VEGFR) (38, 39). Other RTK ligands like
EGF, PDGF-BB, and basic fibroblast growth factor (bFGF) increase expression and
secretion of VEGFs, which not only leads to increased angiogenesis, but also directly
supports glioma growth, as VEGFR signals via different intracellular signalling cas-
cades, among them PTEN/PI3/AKT, MAPK/ERK, and NO (40-42).

Mutation of an enzyme of the citric acid cycle, namely isocitrate dehydrogenase
(IDH)-1, which is found in over 70% of grade Il or Il astrocytomas or of IDH2, which
is often found in tumors lacking IDH1 mutations, leads to increased HIF-1a produc-
tion suggesting that normal unmutated IDH1 may act as a tumor suppressor repress-

ing HIF and VEGF activated pathways (43-45).

RAS activation

After RTK signalling activation, the most important effect is possibly an increase in
active RAS-GTP. This triggers the activation of various downstream factors including
RAF and mitogen-activated protein kinase (MAPK) pathways (46). Mutated RAFs are
found in a large variety of human cancers and also high grade astrocytomas contain

high amounts of activated RAS (47).
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Neurofibromin-1 (NF1), a protein, which negatively regulates RAS by stimulating
GTP hydrolysis has been shown to be inactivated by mutations in 18% of GBM pa-
tients (28). However, NF1 loss can also be caused by increased proteasomal degra-

dation caused by hyperactivation of protein kinase C (PKC) (48).

PI3K/AKT pathways

PI3Ks are activated via activation of RTKs. The catalytic subunit p110 of PI3K in-
duces the conversion of phosphatidylinositol(4,5)diphosphate (PIP2) to phosphatidy-
linositol(3,4,5)triphosphate (PIP3), a second messenger molecule activating protein
kinase B/AKT (49). This leads to cell proliferation and inactivation of pro-apoptotic
proteins. PI3K can also be constitutively active, which is the case in 18% of human
GBM due to mutations (28). Further enhancement of PI3K/AKT activation can be
caused by loss of the tumor suppressive phosphatase and tensin homolog (PTEN)
gene, which encodes PIP3 3-phosphatase, an enzyme that antagonises the activity
of PI3K (50).

Phosphorylation of AKT induces phosphorylation and activation of mTOR kinase,
NFkB, and mouse double minute 2 homolog (MDM2) E3 ubiquitin ligase, and the in-
activation and degradation of the pro-apoptotic proteins p53, BAD, BAX, caspase-3,
or FOXO1, thereby leading to increased cell proliferation and survival (51). Activation
of NFkB leads to autocrine cytokine secretion (i.e. TNFa or IL-1B), increased resis-
tance to apoptosis, and tumor cell invasion and its constitutive activation contributes

to progression of diffuse gliomas (52, 53).

PKC signalling
Another pathway, which can be turned on via RTK activation, is the PKC signalling

pathway, consisting of a family of 14 serine-threonine kinases. Increased PKC signal-
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ling can be found in many malignant CNS tumors with increased stimulation of the
downstream RAF/MEK/ERK growth promoting pathway and inhibition of the anti-
apoptotic protein BCL-2 (54). Moreover, PKC is also able to activate AKT and mTOR
(55) and increases the expression of matrix metalloprotease (MMP) 1 and 2, thereby
leading to increased degradation of extracellular matrix and enhanced tumor inva-

siveness (54).

Inhibition of apoptosis and activation of cell cycle progression

The gene TP53 encodes for the important tumor suppressive transcription factor p53
controlling cell cycle progression and apoptosis in response to a large variety of
stress signals. In the presence of DNA damaging cell toxins, p53 is stabilized and
induces the expression of effector genes, like p21, an important cell cycle checkpoint
protein, which inhibits cell cycle transition from the G1 to the DNA replicative S phase
(56). Inactivation of TP53 by mutation (which favours improper cell cycle progression
and cell division) is very common in GBM, especially in secondary GBM (27). Inacti-
vation of p53 can also occur via overexpression or amplification of the MDM2 and
MDM4 genes, which are negative regulators of p53. While MDM2 leads to increased
proteasomal p53 degradation, MDM4 inhibits p53 transcription and enhances activity
of MDM2 (57-59).

Another cell cycle guardian is the retinoblastoma protein RB, controlling the transition
from G1 into S phase via binding to the elongation factor E2F. After phosphorylation
and inactivation of RB (by a CDK4/cyclin D1 complex, which in term can be inhibited
by p16™K*@ under stress conditions, see also Fig. 5), E2F becomes released and ac-
tivates genes involved into the G1 to S transition (27, 60). Among the most common

growth promoting events in GBM are p16™<*? deletions, amplification of CDK4 or cy-
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clin D, RB deletion, promoter methylation, or RB inactivation by phosphorylation (27,

28, 61-63).

1.1.3.2 Tumor microenvironment

The old, reductionistic view, which considered a tumor as a homogenous mass of
clonally expanding cells has turned out to be fragmentary. Our way of understanding
tumors has changed in a way that nowadays we regard tumors as complex tissues,
in which mutant cells have conscripted and subverted normal cell types (even nor-
mally anti-tumoral immune cells) to serve as active collaborators in their neoplastic
agenda (64). Brain tumors are highly heterogenous and harbour multiple cell types,
some of which have stem cell like properties. However, there is also a considerable
amount of nontransformed cells in the tumor parenchyma like vascular cells, micro-

glia, peripheral immune cells, and neuronal precursor cells (65).

Macrophages/microglia

The presence of tumor associated macrophages in glioma was first observed by
Penfield in 1925 (66), and, in fact, the maijority of nontransformed cells in gliomas are
tumor-associated macrophages (67, 68). These cells are CD45 positive like periph-
eral monocytes, whereas brain microglia are CD45 negative indicating that tumor-
associated macrophages in glioma are invading from the blood (69). Known
chemoattractants for tumor-associated macrophages are monocyte chemotactic pro-
tein-3 (MCP3), colony-stimulating factor 1 (CSF-1), or granulocyte-colony stimulatory
factor (G-CSF) (70-72). Monocyte chemotactic protein-1 (MCP-1) even increased

aggressiveness of gliomas (73). Glioma cells produce anti-inflammatory cytokines



Introduction 24

like interleukin (IL)-10, IL-4, IL-6, and transforming growth factor (TGF)- (65). Some
of those cytokines are potent suppressors of microglia activation and proliferation
(74). However, microglia were shown to exert pro-tumoral effects in many experimen-
tal settings. They promoted migration of GL261 mouse glioma cells (75) and glioma
cell invasion was reduced in microglia-depleted brain slices (76). Depletion of micro-

glia in mice led to an 80% reduction of glioma volume in vivo (77).

Lymphocytes

Lymphocyte infiltration was predominantly discovered in brain tumors with high ma-
lignancy and CD8-positive cells were found in a higher proportion than in peripheral
blood (78). In this study, the leukocyte density of high grade tumors was higher than
in low grade tumors. However, the correlation between lymphocyte infiltration and
prognosis is controversial (79). Of clinical importance could be the population of
regulatory T cells (Tregs), which is increased in human, as well as in mouse gliomas
(80, 81). Stimulation of Toll-like receptor (TLR)9 decreased the number of infiltrating
Tregs and prolonged survival indicating a pro-tumorigenic role for Tregs and an im-

portant regulatory role for TLRs (82).

Neuronal precursor cells

Glioblastomas can also interact with neuronal precursor cells (NPCs), which has
been overlooked for many years. These cells show directed migration towards pri-
mary brain tumors over long distances and can track down even single, scattered
glioblastoma cells (83). In mouse glioblastoma models, implantation of NPCs im-
proved survival, which could also explain why glioma growth is attenuated in younger

animals, which have a larger number of more motile NPCs (84, 85).
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Figure 6: Brain tumor microenvironment
The brain tumor microenvironment consists of tumor cells and several non malignant stromal cells,
which are thought to contribute to tumor progression and invasion (65).

BTSC = brain tumor stem-like cell

Endothelial and perivascular cells

Gliomas are highly vascularized tumors and there is increasing evidence that endo-
thelial cells, pericytes, and astrocytes form a neurovascular unit, which supports tu-
mor progression (65). The so called perivascular niche (PVN) has attracted much
attention, as it has been shown that endothelial cells interact closely with self-
renewing brain tumor cells and even secrete factors that maintain these cells in a
stem cell-like state. Accordingly, depletion of blood vessels from xenografts led to
decreased amounts of self-renewing brain tumor cells and arrested growth (86). En-
dothelial cells are critical participants in the progression of brain tumors, due to their
contribution to tumor neovascularisation (87, 88). Surrounding pericytes were shown
to be recruitable by tumor-secreted factors like HIF-1a as well (89). Reactive astro-
cytes are frequently associated with glioma cells and have been implicated in the
progression of brain tumors by mediating glioblastoma cell invasion via activation of

proMMP2 (90). Finally, even fibroblasts were shown to be active tumor collaborators
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by producing and activating MMP2 and its activators membrane-type 1-MMP and

membrane-type 2-MMP (91), which are all involved in glioma progression (92-94).

Brain tumor stem-like cells

Brain tumor stem-like cells (BTSCs) are neoplastic cells, which populate the PVN.
BTSCs are expressing nestin and CD133, associate with the tumor endothelium and
are present in several brain tumor subtypes with a strong correlation between the
number of vessel-associated BTSCs and increasing tumor grade (86). Endothelium-
derived factors were not only shown to accelerate tumorsphere formation of glioma
cells (95), but they also increase the tumorigenic capacities of BTSCs (86). One im-
portant niche-derived factor is NO. It activates notch signalling in BTSCs, thereby
enhancing their self-renewal characteristics in vitro and their tumorigenic capacities

in vivo (96).

1.1.4 Therapy and prognosis of glioblastoma (astrocytoma V)

Until 2005, glioblastoma therapy consisted of gross surgical resection followed by
field radiotherapy up to a maximal dose of 60 Gy, whereupon the extent of surgical
excision was associated with longer survival and better neurologic function (97-100).
Although complete surgical resection of a tumor offers probably the best outcome for
patients, the majority of high grade tumors cannot be resected completely, because
of their rapid and highly infiltrative growth, the relative lack of specific early symptoms
and the high density of critical structures inside the brain (24, 25).

Although radiation therapy is an effective nonsurgical therapy for glioblastoma, early
diagnosis and treatment with radiotherapy only did not improve survival, but caused

severe side effects, like fatigue, malaise, insomnia, and poor emotional functioning,
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especially at higher doses (101, 102). Postoperative radiation therapy prolonged the

progression free survival, but had no effect on the overall survival (103).
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Figure 7: Temozolomide and its active metabolite, 5-(3-methyltriazen-1-yl)imidazole-4-

carboxamide (MTIC)

Temozolomide is a so-called prodrug, which has excellent oral bioavailbility and can also penetrate
into the brain, due to its lipophilic properties. There it converts spontaneously into its active metabolite,
MTIC, which has affinity to the DNA major groove. There it alkylates preferentially the middle residue
of a GGG sequence, which leads to mismatches, with normal corresponding base, cytosin, being re-
placed by thymin. However, tumor cells are able to acquire resistance against this agent, for example

via increased production of the enzyme O°-alkylguanine transferase (23).
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In 2005, it was shown that the combination of temozolomide with radiotherapy as ini-
tial treatment prolongs the survival of glioblastoma patients, which has remained
state of the art therapy until today (104). Temozolomide, originally developed in the
1980s, is rapidly and completely absorbed after oral administration, has excellent
penetration into all body tissues (including the brain), and spontaneously hydrolyses
into its active metabolite 5-(3-methyltriazen-1-yl)imidazole-4-carboxamide (MTIC)
(Fig. 7), which acts as a major groove-directed DNA alkylating agent, thereby being
base selective and preferentially alkylating the middle guanine residue of a GGG se-
quence (23).

However, despite these therapeutic efforts, glioblastoma prognosis remains ex-
tremely bad with a mean survival of 14.6 months and a two year survival of 26%
(Fig. 8) (105). Although the 2-year survival rates are better for younger (<50 years)
than for older patients (106, 107), there is still a need for new and better therapeutic
strategies. One of those could aim to manipulate cerebral cholesterol metabolism, as

the brain has some specifics, which shall be described in the next chapter.



Introduction 29

Tumor resection

\ 4
100+
90 RT TMZ/RT
80 Median OS, month: 12.1 14.6
i 2-year survival: 10% 26%
70 HR [95% CI]: 0.63 (0.52-0.75)
% 60- p < .0001
50
40
30~
20- TMZ/RT
10
0 T L L] LI T T 1
0 6 12 18 24 30 36 42
months
Number of patients at risk :
240 144 59 23 2 0 —— RT
246 174 109 57 27 4 _TMZ/RT
Figure 8: Glioblastoma prognosis

After tumor resection, combined temozolomide, and radiotherapy increases the two year survival from

10% to 26% (modified from (105)).
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1.2 Brain cholesterol metabolism

1.2.1 Sources and functions of brain cholesterol

In the brain cholesterol is highly enriched in comparison to other tissues. Although in
humans, the brain has only less than 2% of total body mass, it contains about 25% of
total body cholesterol (108). The majority of CNS cholesterol is believed to reside in
two different pools: one represented by the plasma and intracellular membranes of
astrocytes and neurons and the other by the myelin sheaths (formed by oligodendro-
glia), containing about 70% lipids and 30% protein (dry weight), which is opposite
from the situation found in most other cell membranes (109) (Fig. 10). Also neurons
need high amounts of cholesterol, as they have a huge membrane area due to the
large amounts of dendrites and synapses. For example, a purkinje cell has a surface

of about 150,000 um? (110), whereas a myocyte reaches only 5000 ym? (111).

Figure 9: Chemical structure of cholesterol

Brain sterols are present predominantly (99%) in the form of unesterified cholesterol
with small amounts of cholesterol precursors (108). As it is known that lipoproteins in

mouse, rat, and human do not cross the BBB, and also peripherally-administered
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labelled cholesterol cannot be found in the CNS of mammals, it is obvious that CNS

cholesterol has to be derived from de novo synthesis (112, 113).

Figure 10: Myelinated axon

The electron micrograph shows a transverse section through a myelinated axon of a rat sciatic nerve.
Although this picture demonstrates a nerve from the PNS (where the myelin is built up by a Schwann
cell), it shows the high membrane demand for the construction of a myelin sheath, which in the CNS is

made up by the oligodendrocytes. (My) myelin sheath, (Ax) axon, (Mit) mitochondrium. The scale bar

indicates 75 nm. (2)

The majority of CNS cholesterol is produced by oligodendrocytes during the myelina-
tion process taking place shortly after birth (108). After myelination, cholesterol syn-
thesis continues at a very low level and occurs mainly in astrocytes (108, 109, 114,
115). Not surprisingly, CNS cholesterol has a long half-life between two and six

months (116, 117). Lipoproteins inside the CNS consist of ApoE containing high den-
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sity lipoprotein (HDL)-like particles and are secreted from the glia (mainly astrocytes
and microglia), but also from neurons under some specific conditions (118-123).
Cholesterol biosynthesis (Fig. 11) is an energetically expensive and complex path-
way requiring many enzymatic reactions distributed in different organelles (124). It
involves a complex set of around 30 enzymatic reactions to build up the 27 carbon
atom-containing cholesterol molecule out of C, components (125, 126). The first
step, the generation of HMG-CoA out of Acetyl-CoA, takes place in the cytosol, cata-
lyzed by the enzyme 3-hydroxy-3-methylglutaryl-coenzyme-A synthase (HMGCS).
The next step is the formation of mevalonate, which takes place in the ER, as the
enzyme 3-hydroxy-3-methylglutaryl-coenzyme-A reductase (HMGCR) is an integral
ER membrane enzyme (125). This is also the major rate limiting step in the choles-
terol synthesis pathway (124). The conversion of mevalonate into farnesyl-
pyrophosphate, which is accomplished by the enzyme farnesyl-diphosphate-sythase
(FDS), is exclusively peroxisomal. The remaining reactions take place in the ER with
membrane-bound enzymes (125, 127).

The rate of cholesterol biosynthesis is lower in neurons as compared to glial cells
(128). In neurons, cholesterol synthesis is restricted to the neuronal somata and does
not occur in axons (116). Although there is evidence for cholesterol transport from
the soma to the axon (129), neuronal axons have to rely on external cholesterol de-
livered from astrocytes (128). Astrocytes secrete cholesterol via ATP-binding cas-
sette transporter (ABC)A1 and pack it into ApoE containing lipoprotein particles (114,
130, 131).

These ApoE coated particles are taken up by neurons via a low density lipoprotein
(LDL) receptor subtype (132-135) and promote axonal extension (136). ApoE defi-
cient mice develop impairment in learning and memory (137-139) and deficiency of

ApoE causes neurodegeneration in the CNS during aging (140).
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Overview over the most important steps in cholesterol biosynthesis showing the key enzymes and the

transcription factors responsible for their regulation. (Modified from (141, 142).)

1.2.2 Regulation of the cholesterol biosynthesis

The complex system of cholesterol biosynthesis needs to be regulated tightly. Among

the major regulators are the members of the sterol regulatory element binding protein

(SREBP) family SREBP1a, SREBP1c, and SREBP2 (143). SREBPs are synthesized

as large inactive precursor proteins and inserted into the ER (144). The C-terminus

interacts with the SREBP cleavage activating protein (SCAP) (145). SCAP is the
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sensor for cholesterol and interacts with the insulin-induced gene (INSIG) anchor
proteins, which occur in two isoforms, INSIG-1 and INSIG-2 and are the receptors for
oxysterols (146). When cholesterol is highly abundant, it binds to SCAP, which un-
dergoes conformational changes, thereby stabilizing its complex with INSIG and
SREBP, which is being retained to the ER (147). Similarly, oxysterols also stabilize
the SREBP, SCAP, INSIG complex, but via binding to INSIG (148). In case of sterol
depletion, SCAP changes its conformation and binding to INSIG is disrupted and the
SREBP/SCAP complex is transported via COPIl-coated vesicles into the Golgi,
where two proteases, site 1 and site 2 protease, release the N-terminal transcription
factor domain of SREBP from the membrane (149). This protein dimerizes and is im-
ported into the nucleus by importin B, where it acts as a transcription factor upregulat-
ing genes important for synthesis and uptake of cholesterol, like HMGCR and the
LDL-receptor (150).

Another key regulator of (brain) cholesterol metabolism is the nuclear receptor liver-X
receptor (LXR). LXR is activated by oxysterols (151, 152) and induces the expression

of ApoE and ABCA1 and reduces the expression of HMGCR (153-155).

1.2.3 Excretion of brain cholesterol

The brain has to get rid of excess cholesterol, although it is thought that only neurons
need to deal with cholesterol overload, because they import the component (142). In
contrast to cholesterol, 24S-hydroxycholesterol (24S-OHC) and other side chain oxi-
dized cholesterols can pass membranes easily (156, 157). The enzyme cholesterol
24-hydroxylase (CYP46A1) is expressed mainly in neurons of the cerebral cortex,
hippocampus, dentate gyrus, amygdale, putamen, and thalamus (158). There is little,

if any expression of CYP46A1 in glial cells (159). This enzyme is not maximally ex-



Introduction 35

pressed until myelination is completed. In humans, 24S-OHC is the major hydroxy-
lated sterol excreted from the CNS. 6-8 mg cholesterol leave the CNS as 24S-OHC
into the circulation per day (160). In contrast, only 1-2 mg cholesterol per 24 h are

exported from the brain via the CSF in ApoE-containing lipoproteins (108, 161).
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Figure 12: Model of astrocyte-neuron interactions in cholesterol homeostasis

Neurons have a high cholesterol demand, but although they are capable of synthesizing cholesterol
themselves, they rely on supply from nearby astrocytes. It is suggested that this kind of outsourcing
could help neurons to save energy for generation and transmission of electrical activity. 24S-
hydroxycholesterol, the neuronal “excretion form” of cholesterol, could possibly stimulate efflux of cho-

lesterol from astrocytes, because it is a strong LXR activator (109).
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1.3 Important oxysterols and their physiological role

This subchapter will provide an overview over the most important oxysterols,
whereas the next subchapter deals with the most important known receptors for ox-
ysterol signalling. Oxysterols are generated by enzymatic hydroxylation of cholesterol
and play important roles in lipid metabolism and, as signalling-active and mutagenic
compounds, received considerable attention in tumor biology (162). The tumor spe-
cific functions of oxysterols, especially of 25-hydroxycholesterol (25-OHC) will be

briefly summarized below.

1.3.1 7a-hydroxycholesterol

Oxidation of cholesterol to 7a-hydroxycholesterol (7a-OHC) is accomplished by the
P450 enzyme CYP7A1, which is located in the ER and is more or less liver specific
(163). This is the first step in the classical bile acid biochemical pathway, by which
about 400 to 600 mg cholesterol are eliminated daily (164). Small amounts of
CYP7A1 have also been detected in kidney, heart, and lung (165). Humans with mu-
tations in the CYP7A1 gene have a markedly decreased bile acid excretion, elevated
levels of total and LDL cholesterol, and accumulate cholesterol in the liver (166).
However, formation of 7-oxygenated sterols from cholesterol has also been reported
upon incubation of cholesterol and horseradish peroxidase or soybean lipoxygenase
in the presence of ethyl linoleate via a hydroperoxide intermediate indicating that 7a-
OHC, 7B-OHC, and 7-ketocholesterol can also be formed via unspecific autoxidation

(167).
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Figure 13: 7a-hydroxycholesterol

Regarding the regulation of the CYP7A1 gene, it is known that it is negatively regu-
lated by bile acids (168-170). Lipopolysaccharide (LPS) administration leads to rapid
downregulation of CYP7A1, occurring within 90 min and being sustained for at least
16 h (171). Interestingly, low food intake leads to upregulation of CYP7A1 in the rat

(172).

1.3.2 24S-hydroxycholesterol

24S-OHC is formed out of cholesterol by the ER-located cytochrome P450 enzyme
CYP46A1, which is predominantly expressed in the brain, whereas other tissues only
contain trace amounts (158). As already mentioned, 24S-OHC is the cholesterol me-
tabolite, which has its greatest importance in the excretion of brain excess choles-
terol, because it can cross the BBB passively and enters into the circulation, where it
is transported in association with lipoproteins before metabolized in the liver (109).
Although this metabolic route is of great importance for the brain to maintain choles-
terol homeostasis, only 6 to 8 mg of cholesterol is metabolized to 24S-OHC per day
in the human body, which is indicative for the brain’s rather slow cholesterol turnover

(173).
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24S-OHC plays a dual role: besides being the secreted metabolite of brain choles-
terol, it is also a strong LXRa and B agonist (151) and regulates transcription of sev-

eral enzymes involved in cholesterol homeostasis (174).

Figure 14: 24S-hydroxycholesterol

Although there is only limited knowledge on the regulation of the cholesterol 24-
hydroxylase until now, the CYP46A1 gene has been shown to underlie positive regu-
lation via Sp1, Sp3 and Sp4 transcription factors and can also be induced by the his-

tone deacetylase (HDAC) inhibitor trichostatin A (175, 176).

1.3.3 25-hydroxycholesterol

According to Diczfalusy (177), 25-OHC can be generated as by-product of other en-
zymes like the CYP27 and CYP46 enzymes and the enzyme CYP3A4. The most im-
portant pathway, however, is via a non-cytochrome P-enzyme with a diiron cofactor,
which was discovered in 1998 and was called cholesterol 25-hydroxylase (CH25H)
(178). This enzyme, which is expressed in several human tissues at very low levels,
was shown to be ER- or Golgi-located.

25-OHC is a potent regulator of LXR-mediated pathways that impact on brain lipid

homeostasis (179). This oxysterol affects expression of the cholesterol efflux pumps
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ABCA1 and ABCG1, and expression of ApoE (180). 25-OHC is able to stimulate
LXR-independent oligodendrocyte apoptosis and suppresses myelin gene expres-
sion in peripheral nerves via LXR/Wnt/B-catenin-mediated pathways (181). 25-OHC
can further act as a negative regulator of SREBP-dependent pathways by binding to
INSIG1 and -2 thereby inhibiting proteolytic activation of SREBPs (145).

However, as 25-OHC is produced at rather low concentrations, it is less clear, if the
concentrations needed to regulate LXR- or SREBP-dependent pathways can be
reached in vivo (177). Recent studies have demonstrated that 25-OHC regulates cell
migration and proliferation at nanomolar concentrations that are also present in vivo.

These aspects will be covered below.

Figure 15: 25-hydroxycholesterol

Regarding the regulation of CH25H, it is known that CH25H is induced by interferons
(IFNs) (182) and that 25-OHC concentrations are elevated in humans exposed to
endotoxin treatment (183). It has also been reported that 25-hydroxy-vitamin D3 and
1,25-dihydroxy-vitamin D3 induced CH25H at high, for humans possibly toxic, doses

(10 nM and 500 nM, respectively) (184).
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1.3.4 27-hydroxycholesterol

27-hydroxycholesterol (27-OHC) is formed by the mitochondrial P450 enzyme
CYP27A1, which is ubiquitously expressed throughout the whole body (185, 186).

27-hydroxylation of cholesterol offers an alternative (acidic) pathway for bile acid bio-
synthesis and CYP27A1 is mutated in individuals suffering from cerebrotendinous
xanthomatosis (166). In normal subjects, about 18-20 mg cholesterol per day are
converted via 27-hydroxylation (187). It is estimated that about 4% of normal bile acid

synthesis is accomplished by extrahepatic 27-hydroxylation of cholesterol (186).

Figure 16: 27-hydroxycholesterol

This metabolic pathway does not only facilitate cholesterol excretion of bradytrophic
tissues (i.e. the tendons), but it has also been shown to play a major role in lung al-
veolar macrophages, which accumulate high cholesterol amounts, if CYP27A1 is
blocked pharmacologically (186, 188).

Besides its role as cholesterol metabolite and bile acid precursor, 27-OHC can also
become involved into major metabolic regulatory mechanisms, as it binds to and ac-

tivates both, LXRa and LXRp (189, 190).
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1.4 Oxysterol receptors

1.4.1 Liver X receptors

The LXR family consists of two isoforms of a nuclear receptor, LXRa, which is found
in tissues with high metabolic activity, primarily in the liver (where also the name liver
X receptor is derived, as LXRa was the first isotype to be cloned (191, 192)), and
LXRp, which is expressed ubiquitously (168). Oxysterols and some other cholesterol
derivatives are the natural activators of LXRs (152). There are also synthetic activa-
tors of LXR like T0901317 and GW3965. As LXR forms a heterodimer with retinoid-X
receptor RXR before binding to the DNA, LXR-dependent genes can also be upregu-
lated by RXR activators, such as retinoic acid (192).

Mice lacking LXRs have a rather mild phenotype as long as they are kept on chow
diet without cholesterol. However, during aging they accumulate cholesterol in
macrophages and some of them develop autoimmunity (193). Among the best-
studied effects of LXR is the promotion of reverse cholesterol transport, the delivery
of cholesterol from the periphery to the liver for excretion. Peripheral cells secrete
excess cholesterol into HDL particles via the cholesterol transporter ABCA1, which
was one of the earliest identified LXR target genes and also one of the most highly
regulated ones (194). LXR activation leads to markedly increased ABCA1 expression
in macrophages and many other tissues like the intestine (195). Other important LXR
targets are the cholesterol transporters ABCG1, ABCG5, and ABCGS8 (196, 197) and
a cluster of apolipoprotein genes including APOE, APOC1, APOC2, and APOC4
(180, 198). Moreover, LXR activation has been shown to increase expression of the
gene for the glucose transporter GLUT4, thereby promoting glucose uptake in white

and brown adipose tissue, which is also consistent with the finding that LXR can be
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activated by glucose itself thereby ameliorating glucose tolerance through coordinate

regulation of glucose metabolism in liver and adipose tissue (199-202).

1.4.2 Sterol regulatory element binding protein

LXR and SREBP transcriptional pathways work in a coordinated and reciprocal fash-
ion for maintaining cellular and systemic cholesterol homeostasis. SREBPs become
activated in response to low cholesterol levels, whereas LXRs are sensors for ele-
vated cholesterol levels (193). The three mammalian SREBP isoforms SREBP-1a,
SREBP-1c, and SREBP-2 are encoded by two genes, sterol regulatory element bind-
ing transcription factor (SREBF)1 and SREBF2. SREBP-1a activates fatty acid and
cholesterol synthesis, SREBP-1c activates fatty acid synthesis, whereas SREBP-2
enhances cholesterol synthesis and uptake (145). Newly synthesized SREBPs are
inserted into the ER membrane as inactive precursors (203). The transcriptionally
active protein bHLH-LZ, which is the N-terminal domain of SREBP, is released by the
sequential activation of two proteases, which are called site-1 and site-2 protease
and are located in the Golgi complex (203). However, SREBPs are stabilized in the
ER membrane by the INSIG proteins, thereby preventing their activation. Cholesterol
and oxysterols like 25-OHC bind to and stabilize the INSIG proteins thereby prevent-
ing ER to Golgi transport and the subsequent transcriptional activation (145, 203).
Summarising, one can say that oxysterol signalling via SREBPs leads to decreased

cholesterol and fatty acid synthesis and decreased cholesterol uptake.
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1.4.3 Smoothened and the hedgehog signalling pathway

The hedgehog signalling pathway is of extraordinary importance for the development
of most vertebrate organs and tissues and has also been shown to be implicated in a
number of birth defects and tumors (204-206). In contrast to LXR and SREBP signal-
ling, the hedgehog signalling pathway is characterised by binding of oxysterols to a
membrane associated receptor. The essential transmembrane proteins for the activa-
tion of the signalling pathway, patched (PTCH) and smoothened (SMO) (a seven
transmembrane-spanning domain protein), are located within the primary cilium
(207). Nearly all kinds of mammalian cells have a primary cilium consisting of nine
microtubule doublets, without a central pair of microtubules, which is found only in
motile cilia (208). After disruption of the primary cilium, the hedgehog-signalling and
some other developmental pathways are also disrupted (209).

The most widespread activator, sonic hedgehog (SHH), is processed autocatalyti-
cally from a 45 kDa form to a 19 kDa lipidated protein, which is secreted to the ex-
tracellular matrix (210). SHH has two covalent lipid modifications. The first one con-
tains a palmitic acid residue at the N-terminus (211) and the second one contains a
cholesterol residue at the C-terminus (212).

In the absence of the signal, PTCH inhibits the function of SMO and keeps the path-
way turned off. After binding of secreted SHH protein to PTCH, PTCH becomes inac-
tive and SMO is activated (207). SMO then signals via a cytoplasmic transduction
cascade that ultimately regulates the GLI family of zinc finger transcription factors
with Gli1 and Gli2 as primary transcription factors in vertebrates (210).

It was stated for a long time that, besides the “natural” protein ligand, oxysterols are
capable of activating the SHH signalling pathway (207, 213-215), until it was shown

that oxysterols are allosteric activators of SMO (216).
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This means that oxysterols break the “dogma” that bioactive cholesterol derivatives
bind to and activate only intracellular binding sites, like the LXR receptor or the ER
membrane-associated INSIG protein. Instead they, besides being involved in the
regulation of lipid metabolism, can directly interfere with pathways affecting cell

growth and differentiation.

1.4.4 G protein-coupled receptor 183 (EBI2)

Another seven transmembrane-spanning domain membrane receptor, which can be
activated via oxysterol ligand binding, is the chemotactic receptor EBI2 (GPR183),
which signals via Ga; (217, 218).

It was originally found that activated B cells move to inner and outer follicular regions
by the action of an, at that time so-called “orphan”, G protein-coupled receptor, EBI2,
and that EBI2” B cells favour the follicle and intermingle with the centre follicular
dendritic cell (DC) network (219, 220). It was also reported that EBI2 is expressed by
helper T cells, by various types of DCs, and it is also abundantly expressed in some
CD8+ cytotoxic T cells (221).

In 2011, EBI2 was shown to be activated by 7a,25-dihydroxycholesterol and some
other oxysterols (among them 25-OHC) and to be responsible for the observed B cell
movement (222, 223). Moreover, EBI2 plays an important role in DCs, by regulating
homeostasis and movement, and by influencing their immunological function (224).
The observation that EBI2, besides forming homodimers, also forms heterodimers
with CXC-motive chemokine receptor (CXCR) 5, thereby modulating cellular calcium
flux and MAPK activation, leads to the assumption that EBI2 is part of a complex re-
ceptor system, which integrates environmental signals on each stage of B cell activa-

tion (225).
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1.5 Oxysterols in cancer

Summarizing evidence presented above, one may conclude that there are two dis-
tinct receptor families represented among the effectors that are known to bind oxys-
terols, namely the nuclear receptor transcription factors and G protein-coupled seven
transmembrane-spanning domain receptors. Consequently oxysterols are able to
interfere with tumor growth via multiple pathways:

a) by direct growth stimulation via activation of the hedgehog signalling pathway, as it
was demonstrated for medulloblastoma (214) or

b) through regulation of the pro-inflammatory potential of immune cells by dampening
the anti-tumor response of DCs in an LXR-dependent manner (226) or

c) by recruiting a population of (pro-tumorigenic) immune cells via LXR-independent
pathways (227).

Only recently it was demonstrated that the mutated EGFR present in a high percent-
age of GBMs overcomes normal cell regulatory mechanisms to feed large amounts
of cholesterol to brain cancer cells (181). It was shown that EGFRvIII upregulates
SREBP1 cleavage and LDL receptor expression, thereby promoting cholesterol up-
take, which favours growth and survival of GBM cells (228, 229). This pathway,
which renders tumor cells exquisitely sensitive to LXR agonist-mediated apoptosis
(181), could also feed excess cholesterol into the oxysterol synthetic pathways.
Oxysterols modulate the immune responses and as such could be effectors of the
tumor environment: 25-OHC impairs IgA production in B-lymphocytes (230) and in-
duces the secretion of the pro-inflammatory and angiogenic cytokine IL-8 (231, 232).
Of note, oxysterols (in particular 7a,25-OHC) are potent chemoattractants for im-
mune cells via EBI2 (222, 223). Besides regulating normal function of the immune

system, this pathway might be of importance in the tumor environment, contributing
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to chemotactic recruitment of monocytes across the tumor vasculature and subse-
quent deposition of tumor-associated macrophages.

LXR- and SREBP-mediated pathways interfere with cholesterol metabolism and,
therefore, it is not surprising that oxysterols in the micromolar range are able to inhibit
cancer cell proliferation including glioblastoma (228), breast (233), and prostate can-
cer cells (234) as well as prostate cancer xenografts (235). LXR agonists interfere
with several cell cycle checkpoints inducing cell cycle arrest and phytosterols (plant
LXR agonists) were suggested to reduce the incidence of colon cancer (236).

On the other hand, it has been demonstrated that oxysterols can dampen the func-
tion of DCs by inhibiting the functional expression of C-C chemokine receptor type 7
(CCR7) on maturing DCs via LXRa activation (226). As CCRY7 is needed for the mi-
gration of DCs to secondary lymphoid organs, where they present antigens to T and
B cells (237-239), a crucial step for the initiation of antigen-specific immune re-
sponses is blunted. Indeed, genetic or pharmacological inactivation of the LXR-
oxysterol interaction restored DC migration to lymph nodes and antitumor responses
in mouse tumor models (226).

In vitro studies demonstrated that 20(S)-hydroxycholesterol may interact with mem-
brane receptors, activating the hedgehog signalling pathway via binding to the onco-
protein SMO (216). In a similar manner 25-OHC promotes medulloblastoma growth
via activation of the SHH pathway (214). Conversion of 25-OHC to the more polar
25-OHC-3-sulfate by tumor cells decreases LXR affinity and exerts LXR antagonistic
properties via peroxisome proliferator activated receptor (PPAR)y activation (240)

leading to increased tumor cell growth and tumor immune escape (241).
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1.6 Hypotheses and aims

We first hypothesized that high expression of CH25H in primary glioblastoma sam-
ples and several cell lines (http://biogps.org) offers a growth advantage for tumor
cells. This could be mediated via LXR-dependent and -independent mechanisms,
such as stimulation of the hedgehog signalling pathway or recruitment of immuno-
competent cells towards the tumor.

Second, we hypothesized that expression of CH25H and consequently production of
25-OHC is increased under the influence of pro-inflammatory cytokines in order to
e.g. dampen DC function.

Therefore, the present thesis aimed at investigating CH25H expression on mRNA
and protein level in three GBM cell lines. The effects of TNFa, IL1B, and IFNy (cyto-
kines secreted by GBM cells (242-244)) on CH25H transcription, translation, and
product formation (25-OHC) were investigated in GBM cell lines. In addition 25-OHC
concentrations were analysed in human GBM tissue by GC-MS. Growth curves were
used to study the direct influence of 25-OHC on glioma cells and MTT tests aimed at
investigating oxysterol toxicity. To examine the influence of oxysterols on the hedge-
hog signalling pathway, RT-gPCR was used and the relative amount of the Gli1 and
PTCH gene products were quantified in oxysterol-treated and untreated cells.

Using THP-1 monocytes we studied the effects of exogenous 25-OHC and GBM-
conditioned medium on cell migration, since monocyte-derived macrophages are
known to contribute to increased aggressiveness and invasiveness of glioblastoma
(245). Finally, the involvement of the G protein-coupled receptor EBI2 in 25-OHC-
mediated migration of THP-1 cells and primary human monocytes was investigated.
The last part of the thesis aimed at elucidating the question if the observed in vitro

effects (increased synthesis of oxysterols) are likely to occur in vivo, as well. C57/BI6
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mice were injected with LPS in order to achieve high plasma and tissue TNFa, IL1j3,
and IL6 concentrations. Subsequently, alterations in their lipid profile, especially tis-

sue concentrations of side chain-oxidized sterols (24S-OHC, 25-OHC and 27-OHC),

were analyzed.
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2 Materials and methods

2.1 Materials

25-OHC and all standard solvents were from Sigma (Vienna, Austria). Deuterated
(26,26,26,27,27,27-Dg-)25-OHC was from Dr. Ehrenstorfer GMBH (Augsburg, Ger-
many). Cell culture supplies, TNFa and IL13 were from Gibco (Invitrogen, Vienna) or
PAA Laboratories (Linz, Austria). LPS was from Sigma (Vienna, Austria) and silica
gel (0.063-0.200 mm) for solid phase extraction was from Merck (Darmstadt, Ger-
many). Kits for photometric free cholesterol, total cholesterol, and triglyceride quanti-
tation were from DiaSys (Holzheim, Germany) and kits for phospholipid quantitation

were from Roche (Mannheim, Germany).

The following antibodies were used: Monoclonal mouse-anti CH25H antibody (230),
rabbit polyclonal antibody raised against calnexin was from Santa Cruz Biotechnol-
ogy (CA, USA) and rabbit polyclonal antibody raised against EBI2 was from LSBio-
sciences (WA, USA). HRP-labelled goat anti-mouse IgG was from Santa Cruz Bio-
technology and HRP-labelled goat anti-rabbit IgG was from Pierce (Thermo Scien-
tific, MA, USA). Mouse anti-human vimentin, blocking solution, and antibody diluent
were from DAKO (Jena, Germany). Cyanine-3 (Cy3) goat-anti mouse antibody was
from Jackson laboratories (Bar Harbour, ME, USA), and DAPI solution was from
Partec (MUnster, Germany).

BCA protein assay kit and SuperSignal Western blot detection reagent kit were from
Pierce (Thermo Scientific, MA, USA). ECL Plus Western Blotting Reagents were form

Amersham Biosciences (Vienna). SuperScript Il Reverse Transcriptase was from
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Invitrogen (Vienna). Random hexamer primer were from Thermo Scientific. RNeasy
Plus Kit, QuantiFast SYBR Green PCR kit, QuantiTect primer assays Cholesterol-25-
hydroxylase (Hs CH25H_1_SG), G protein-coupled-receptor 183 (Hs EBI2_1_SG),
Hydroxymethylbilanesynthase (Hs_ HMBS 1 SG), Glyceraldehyde-3-phosphate-
dehydrogenase (Hs_GAPDH_2 SG), and the siRNAs targeting EBI2 were from
Qiagen (Hilden, Germany). Non-targeting siRNA (scrambled siRNA) was from Dhar-
macon (Thermo Scientific). GenMute transfection reagent was from SignaGen labo-
ratories (MD, USA). Transwell plates with 8.0 um polycarbonate membrane inserts

(24-well plates) for cell migration experiments were from Costar (Vienna).

2.2 Cell culture

u87, A172 and GM133 cells were cultured in DMEM medium (Invitrogen) supple-
mented with 10% (v/v) FCS and 0.1% penicillin/streptomycin (Invitrogen). GM133
cells are derived from a glioblastoma patient biopsy; their culture has been previously
described in detail (246). Before use for experiments cells were kept under serum-
free conditions for at least 4 h. The only exception was oxysterol efflux experiments,
where FCS was used as lipid acceptor. Cytokine stimulation was performed with

TNFa (0.3 to 30 ng/ml) or IL13 (0.05 to 5 ng/ml).

2.3 Animals

Animal experiments were performed in accordance with the standards established by

the Austrian Federal Ministry for Science and Research. C57/BI6 mice (Himberg,
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Austria) were maintained in a clean environment on a regular light-dark cycle (12 h
light, 12 h dark) and were kept on standard chow diet.

10-12 week old male mice were injected intraperitoneally (i.p.) daily with LPS (0.83
mg/g body weight), dissolved in PBS. Every three days, five mice were sacrificed as

described below and brain and plasma were taken.

2.4 Dissections

Mice were anesthetised deeply with Nembutal (150 ug/g body weight). After absence
of reflexes, blood was taken retroorbitally (into Eppendorf tubes containing 20 pl
0.5 M EDTA) and mice were cut open with surgical instruments. A butterfly needle
was injected into the left ventricle and the right atrium was opened for buffer perfu-
sion. The blood was removed from the body by perfusion with PBS containing 1 mM

EDTA for 11 minutes and brain was taken out.

2.4.1 Plasma

Blood samples were centrifuged at 5000 x g for 5 min and the supernatant was
taken. Enzymatic analyses (total and free cholesterol, triglycerides, phospholipids)
were performed immediately (2 ul each) using the kits for photometric analysis. The

remaining volume was stored at -20 °C for further analysis.



Materials and methods 52

2.4.2 Brain

Brain samples (one hemisphere) were stored at -70 °C and were frozen in liquid ni-
trogen for homogenisation using a bio-pulverizer (BioSpec Products, Bartlesville,
USA). The whole homogenate was used for lipid extraction (three times,
CHCI3/CH30H 2:1, for details see lipid extraction). Dried lipids were taken up into 5

ml of CHCI3/CH3OH 2:1 (= brain lipid extract).

2.5 Cholesterol and triglyceride measurement

Brain lipid extracts were obtained as described above. 500 ul of lipid extract were
mixed with 48 pl 10% (v/v) Triton X-100 in CHCI;3 dried under a stream of nitrogen.
The oily residue was redissolved in 120 pl of distilled water and ultrasonicated in or-
der to yield lipid-containing Triton vesicles. 2 ul were used for photometric choles-
terol, triglyceride, and phospholipid measurement according to the manufacturer’s

instructions. Absorbance was measured on a Victor 1420 multilabel counter (Wallac).

2.6 Analysis of fatty acid composition

10 ug of C45 internal standard fatty acid were added to 150 pl plasma or to 2 ml of
brain lipid extracts.

Lipid extraction of plasma samples was performed as described below and the dried
lipid extracts were taken up into 1 ml toluene per each.

200 pl of plasma lipid extract was mixed with 800 ul toluene and 1 ml of BF;-

methanol (20%).
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500 pl of brain lipid extract was dried under a gentle stream of nitrogen and resus-
pended into 1 ml toluene and mixed with 1 ml of BF3-methanol (20%).

Derivatisation was performed at 110 °C for 1 h. After that, fatty acids were extracted
using 400 pl of water/hexane (1:1). 100 pl of the hexane/toluene phase were re-
moved, dried under a stream of nitrogen, and redissolved in 50 pl toluene. 1 pl of this
solution was used for GC analysis.

A Thermo Scientific TRACE GC Ultra Gas Chromatograph equipped with a WCOT
fused silica column (25 m x 0.32 mm), coupled to an FID-detector was used for
analysis. The injection temperature was set to 230 °C and the detection temperature
was 250 °C. The split ratio was set to 1:7. The time protocol used was as following:
Initial temperature was set to 150 °C increased with 2.5 °C/min to a plateau of 215 °C
(held for 10 min); In a second ramping step temperature was increased again with

10 °C/min to reach a final temperature of 230 °C (held for 12.5 min).

2.7 Real time gPCR

RNA was extracted using an RNA Extraction Kit (Qiagen) according to the manufac-
turer’s suggestions. Before reverse transcription, RNA concentration was determined
using a Nanodrop ND-1000 spectrophotometer (Peglab). One to three pg of RNA
were used for reverse transcription, which was performed with the SuperScript || Re-
verse Transcription Kit and random hexamer primers (Invitrogen) according to the
manufacturer’s protocol. The temperature profile was: 25 °C for 10 min, 42 °C for
50 min, and 70 °C for 15 min. Real-time PCR analysis was performed using SyBr
Green PCR kit and Quantitec primer assays (Qiagen) according to the manufac-

turer’s protocol using a 7900 Fast Real-Time-PCR-System (Applied Biosciences).
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GAPDH and HMBS were used as housekeeping genes. The following primers were
used: CH25H (Hs_CH25H_1_SG), EBI2 (Hs_EBI2_1_SG), GAPDH
(Hs_GAPDH_2 SG), and HMBS (Hs_ HMBS 1_SG). Statistical analyses of gqPCR

analyses were performed using the REST software (http://www.gene-

quantification.de; Ref. (247)).

2.8 Western blotting

Cells were lysed in 50 pl Ripa buffer (50 mM Tris-HCI, 1% (v/v) nonoxinol 40, 150
mM NaCl, 1 mM NazVO,4, 1 mM NaF, and 1 mM EDTA) containing protease inhibitors
and PMSF. The lysate was kept on ice for 10 min, centrifuged at 10,000 x g for 10
min and the supernatant was collected. Protein content was measured using the
BCA protein assay kit according to the manufacturer’s protocol. Proteins were sepa-
rated by SDS-PAGE (12%; 150 V) and transferred to PVDF membranes (150 mA,
1 h). CH25H was detected using a mouse monoclonal antibody. Calnexin and EBI2
were detected using polyclonal rabbit antibodies. Antibodies were diluted 1:1000 in
antibody diluent. Immunoreactive bands were visualized using HRP-conjugated sec-
ondary antibodies and subsequent ECL Plus development. Luminescence was de-
tected using a ChemiDocMP system (BioRad) followed by densitometric analysis

with the ImagelLab software (BioRad).

2.9 Lipid extraction

Cell lipid extraction: A172, U87, or GM133 cells were plated in 10 cm (diameter) Petri

dishes and grown to 70-80% confluence. Cells were treated with cytokines at indi-
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cated concentrations for 24 h. Thereafter, medium was collected and centrifuged to
remove remaining cells. Cells were washed twice with PBS and scraped with 200 pl
PBS. 20 ng De-25-OHC (MW = 408.69 Da) and/or 200 pmol epicoprostanol (MW =
388.67 Da) was added as internal standard. Tissue samples were collected as de-
scribed above and directly subjected to lipid extraction. Lipid extraction was per-
formed according to Folch (248). In brief, lipids were hydrolyzed in 2 ml ethanolic
KOH (5 ml 5.88 M KOH in 100 ml EtOH); after neutralization with acetic acid (7 M,
120 pl) and addition of NaCl (200 ymol per extraction) lipids were extracted (twice for
cell culture samples, three times for tissue samples) with chloroform/methanol (2:1;
v/v). The chloroform phases were collected, unified and dried under a gentle stream
of nitrogen with gentle heating. The dried lipids were derivatized with 100 pl

MSTFA/pyridine (2:1; v/v) containing 1% (v/v) TMCS at 37 °C for 30 min.

2.10 Solid phase extraction

The solid phase extraction was performed using 1 mg silica gel columns. The col-
umns were equilibrated with hexane (2 x 5 ml). Thereafter, samples were dissolved
in 150 ul hexane:ether (2:1) and added onto the column. Columns were washed with
40 ml hexane:ether (4:1), 10 ml hexane:ether (2:1) and 6 ml hexane:ether (1:2). After
that, the oxysterol-containing fraction was eluted with 12 ml ether and 10 ml ethylace-
tate. The unified fractions (ether + ethylacetate) were dried under a nitrogen stream.
The dried lipids were derivatized with 70 yl MSTFA/pyridine (2:1; v/v) containing 1%

(v/v) TMCS at 37 °C for 30 min.
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2.11 Gas chromatography-mass spectroscopy (GC-MS) analysis

A Fisons model 8000 gas chromatograph, equipped with an HT5 fused silica capillary
column (25 m x 0.22 mm i.d., 0.1 ym film thickness; SGE Analytical Science, Gri-
esheim, Germany), coupled to a Fisons MD 800 quadrupole mass spectrometer, was
used for detection. The splitless Grob-injector was kept at 220 °C. Helium was used
as carrier gas with a constant flow of 1 ml/min. The initial column temperature of 200
°C was held for 1 min, followed by an increase of 15 °C/min to 280 °C, a hold at 280
°C for 10 min, followed by an increase of 15 °C/min to 300 °C, and a final isothermal
hold of 7 min. The connection between GC and MS instrument was kept at 300 °C.
The ion source temperature was 200 °C. Mass spectra were recorded with an elec-
tron ionization energy of 70 eV and an emission current of 100 pA. The diagnostic
ions used for (two-fold) silylated 25-OHC were at m/z = 131.1, 456.4, and 546.4. Sily-

lated Dg-25-OHC was detected at m/z = 137.1, 462.4 and 552.4.

2.12 Immunofluorescence

Cells were centrifuged onto glass slides using a Cytospin 2 centrifuge (Shandon),
dried for 20 min, and stored at -20 °C until experimental use. Then cells were fixed
with ice-cold acetone for 5 min, dried for 30 min, and blocked for 10 min using block-
ing solution (DAKO) for 10 min. The anti-vimentin antibody was diluted 1:50 in anti-
body diluent and was kept on the cells in a humidified chamber for 45 min. Slides
were rinsed 5 times in PBS and then incubated with Cy3-labeled goat anti-mouse
antibody (1:300, 30 min). Finally, the slides were counterstained with DAPI (Partec;
1:500, 5 min), rinsed 3 times in distilled water, and were mounted in Moviol. Micros-

copy was performed on a confocal laser-scanning microscope (Leica SP2, Leica La-
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sertechnik GMBH, Heidelberg, Germany) using excitation wavelength at 543 nm
(Cy3) and 405 nm (DAPI). Detected emission wavelengths were 555 nm to 620 nm

for Cy3 and 430 nm to 450 nm for DAPI, respectively.

213 MTT test

Cells were plated in 24-well plates, grown to 80% confluence, and set serum-free
24 h before the start of the experiment. 25-OHC was added in concentrations be-
tween 0.1 nM and 10 uM for 6 h, 24 h and 72 h. After that MTT-medium (1.2 mM
MTT in serum-free DMEM) was added and kept for 30 min at 37 °C. Cells were lysed
in 2-propanol/1 M HCI (25:1) and the absorbance was read at 544 nm and at 650 nm

(to measure background absorption) on a Victor 1420 multilabel counter.
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Figure 17: MTT reaction principle
MTT (left) is reduced by the succinyl-CoA reductase into the purple coloured, water insoluble form
(right), which can be dissolved in an isopropanol/1 M HCI (25:1) mixture and used for photometric

detection.
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2.14 Growth curves

Cells were plated in 6 cm (diameter) petri dishes and were cultured in DMEM me-
dium supplemented with 5% LPDS at the indicated concentrations of 25-OHC for the
indicated times. To determine the cell number, cells were trypsinized and counted

using a CASY cytometer.

2.15 Preparation of the GM133-conditioned medium extract

GM133 cells were plated in a 75 cm? flask and were grown to 80% confluence. Fresh
medium (10 ml) was added and kept on the cells for 2 days. Medium lipid extraction
was performed as described above. Dreid lipid extracts were reconstituted in 30 pl

ethanol. For migration experiments and 0.5 ul per 500 yl medium were used.

2.16 Cell migration

Non-differentiated THP-1 cells were trypsinized, centrifuged, and resuspended in se-
rum-free RPMI medium. Cell number was determined using a Burker-Turk hemocy-
tometer and 100,000 cells (in 100 ul) were plated in the upper chamber of a 6.5 mm?
transwell chamber (Corning) with 8.0 ym pore size. The lower chamber was filled
with 500 yl RPMI medium containing 0.1% (w/v) BSA (as an oxysterol acceptor), ve-
hicle (0.1% ethanol; v/v), 25-OHC (2.5, 25, and 75 nM), GM133-conditioned medium
extract (0.5 pI/500 pl medium), and/or pertussis toxin (PTX; 30 ng/ml). After
18 h, the number of migrated THP-1 cells into the lower chamber was determined by
counting using a hemocytometer (at least nine large squares per sample) and cell

number was normalized to the vehicle-containing (0.1% BSA, 0.1% ethanol) control.
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Figure 18: Transwells® and their principle of function

Corning Transwells® are shown in A (taken from www.sigmaaldrich.com), their principle of function is
shown in B. 100,000 THP-1 cells were transferred into the insert, while the well contains medium sup-
plemented with the chemoattractant. Well and insert are separated by a polycarbonate membrane with

8 um pores. Cells can actively migrate across this barrier and can finally be counted inside the well.

2.17 siRNA transfection

400,000 THP-1 cells were plated in a 6-well plate and transfected with either 40 pmol
EBI2 siRNAs (Hs_EBI2_1, Hs_EBI2_3, Hs EBI2_ 4, and Hs_EBI2_5, respectively) or
scrambled siRNA using the GenMute transfection reagent according to the manufac-
turer’s suggestions. Forty-eight hours post transfection, migration experiments, RT-

PCR, or Western blotting experiments were performed as described above.
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2.18 Statistical analysis

Statistical analysis was performed using the GraphPad Prism 5 software. For deter-
mination of statistical significance the unpaired two-tailed t-test and one way ANOVA
with or without Bonferroni post-hoc test were used. For in vivo results, two way
ANOVA with Dunnett’s post hoc test was used. p values < 0.05 were considered sta-

tistically significant.



Results 61

3 Results

3.1 Analysis of tumor tissue samples

To get an indication, whether the in silico data for astrocytomas are compatible with
our hypothesis, five astrocytoma samples were subjected to GC-MS analysis (for
analytical details, see section 3.2.3, page 65). 25-OHC concentrations in GBM (as-
trocytoma grade IV) samples ranged between 0.55 and 2.2 ng/mg tissue wet weight
compared to 0.12 ng/mg tissue wet weight in the pilocytic astrocytoma sample (grade

1) (Fig. 19).
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Figure 19: 25-OHC concentrations in astrocytoma tissue samples

Lipids of five tumor tissue samples were extracted and 25-OHC concentration were analyzed via GC-

MS. All four glioblastoma tissue samples had a higher 25-OHC content than the pilocytic astrocytoma.
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Although the experimental value of this observation is hampered by the lack of
healthy control tissue, these data indicate that GBM 25-OHC amounts are indeed

elevated in vivo.

3.2 Regulation of CH25H in glioblastoma cell lines A172, U87, and

GM133

3.2.1 CH25H gene is upregulated in response to cytokine stimulation in

GBM cell lines

The glioblastoma cell lines A172, U87, and GM133 were investigated by real time
gPCR for their CH25H mRNA levels. In silico analysis using BioGPS
(http://biogps.org) revealed that GM133 cells show highest CH25H expression
among all cancer cell lines, included in the NCI-60 dataset. As cytokines act as im-
portant modulators of the tumor environment, the effects of TNFa, IL13, and IFNy on
CH25H expression in A172, U87 and GM133 were examined.

In A172 cells, exogenously added TNFa and IFNy did not result in significant upregu-
lation of CH25H mRNA levels (Fig. 20A and C). In contrast, IL1B treatment resulted
in 2.2-, 4.2-, and 9.0-fold upregulation at 0.05, 0.5 and 5 ng/ml, respectively (Fig.
20B).

In U87 cells, TNFa treatment resulted in significant upregulation of CH25H mRNA
levels (2.1-, 7.2-, and 11-fold at 0.3, 3.0, and 30 ng/ml, respectively) (Fig. 20D). In
contrast, IL1B had less pronounced effects on CH25H mRNA expression reaching a
maximum induction of 4.5-fold (Fig. 20E). IFNy treatment only reached a 2.1 fold

CH25H gene expression induction at maximum (Fig. 20F).
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Stimulation of GM133 cells with TNFa resulted in a maximum increase of CH25H
MRNA expression by 4.6-fold (Fig. 20G). In contrast, IL1B treatment was more effi-
cient with regards to transcriptional regulation of CH25H by increasing mRNA levels
up to 5.3-, 7.8-, and 11-fold at IL1B concentrations of 0.05, 0.5, and 5 ng/ml, respec-

tively (Fig. 20H).
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Figure 20: Cytokines are potent inducers of CH25H transcription in glioblastoma cell lines.

Three glioblastoma cell lines have been incubated with TNFa, IL1B, und IFNy, respectively. After 6 h,
cells were lysed, RNA was isolated and used for qPCR analysis. HMBS and GAPDH were used as
housekeeping genes. Gene expression ratios were calculated by REST and analyzed by a pair-wise
fixed random reallocation test. Data are shown as mean + SD of 3 independent experiments.

*p < 0.05, ** p < 0.01, *** p < 0.001
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All observed responses were concentration dependent and represent the regulative
status in glioma cell lines after 6 h of treatment. However, to get an indication about
the time course of CH25H gene upregulation, we investigated CH25H response in
TNFa treated U87 cells at different timepoints by qPCR (Fig. 21). The maximal
upregulation of the CH25H gene (17-fold) was achieved after 12 h. After 24 h mRNA
levels declined again and were only 10-fold increased at the endpoint of the experi-

ment after 48 h.
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Figure 21: CH25H is upregulated for at least 48 h after cytokine stimulation with a maxi-
mum at 12 h.

U87 cells were treated with 30 ng/ml TNFa. At the indicated timepoints mRNA was extracted, re-
versely transcribed, and the amount of CH25H was quantitated by qPCR. Results are expressed as

relative ratio of CH25H/HMBS compared to controls and represent mean values + SD of triplicates.
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3.2.2 Cytokine stimulation results in increased amounts of CH25H pro-

tein as revealed by Western blot analysis

To investigate whether increased mRNA amounts are accompanied by increased
CH25H protein, Western blot analysis was performed. Data from these analyses re-
vealed that the protein content of CH25H is increased in U87 and GM133 cells in re-
sponse to 24 h stimulation with TNFa (30 ng/ml) and IL1B8 (5 ng/ml), respectively
(Fig. 22A and B). In contrast, CH25H protein was below detection limit in protein lys-

ates of cytokine-stimulated and unstimulated A172 cells.
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Figure 22: Upregulation of CH25H protein in response to TNFa and IL1B treatment.
U87 (A) and GM133 (B) were treated with the indicated cytokines at the indicated concentrations.
After 24 h, cells were lysed, protein was extracted, and Western blot analysis was performed in dupli-

cates using a monoclonal antibody against CH25H. Calnexin was used as loading control.

3.2.3 25-OHC concentrations are increased in cytokine-stimulated GBM

cell lines

Taken together, the results described above indicate that cytokine stimulation of
glioblastoma cells is strong enough and long enough to result in increased cellular
protein levels. However, as enzymes can be modulated in activity by post-

translational modifications (e.g. phosphorylations), the next set of experiments aimed
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to clarify, whether increased levels of intracellular CH25H are accompanied by in-
creased product generation. Cellular and medium lipid extracts of TNFa- and IL1[3-
treated glioblastoma cells were analyzed by GC-MS as the corresponding trimethyl-
silyl (TMS) derivatives. Selected ion-monitoring traces of TMS derivatives of 25-OHC
(analyzed from cellular lipid extracts of untreated GM133 cells; diagnostic ions at m/z
=131.1) and Dg-25-OHC (m/z = 137.1; internal standard) are shown in Fig. 23 A and
B. Full scan electron impact spectra for TMS derivatives of 25-OHC and Dg-25-OHC
are shown in Fig. 23 C and D. The proposed fragmentation patterns for both analytes

are shown as insets in Fig. 23 C and D.
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Figure 23: Selective ion chromatograms and full scan spectra of 25-OHC and D6-25-OHC.
Selective ion chromatograms of 25-OHC (A) and Dg-25-OHC (B). Proposed fragmentation patterns

with mass assignment and representative full scan spectra of 25-OHC (C) and Dg-25-OHC (D).

After treatment with IL1B (5 ng/ml, 24 h), intracellular 25-OHC concentrations did not
increase in A172 cells. However, extracellular 25-OHC concentrations significantly
increased from 6.6 to 14.8 ng/mg cell protein.

Intracellular U87 25-OHC concentrations increased from 9.9 to 15 ng/mg cell protein
in response to TNFa (30 ng/ml, 24 h) (Fig. 24). Concentrations of secreted 25-OHC

increased significantly (p<0.05) from 5.8 to 18 ng/mg cell protein. In line with high
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MRNA and protein levels of CH25H in GM133 cells (Fig. 20 and 22) cellular and me-
dium 25-OHC concentrations under basal conditions were 10- to 30-fold higher as
compared to U87 cells. Exogenously added IL1B provoked an intracellular increase
of 25-OHC from 66 to 95 ng/mg cell protein (p<0.05) while extracellular 25-OHC con-
centrations increased from 160 to 300 ng/mg cell protein (p<0.01) (Fig. 24). In line
with the gPCR findings (Fig. 20), exogenously added TNFa increased extracellular
25-OHC levels from 120 to 160 ng/mg cell protein (p<0.05) and resulted in a slight,
but statistically not significant increase of intracellular 25-OHC amounts from 71 to 80

ng/mg cell protein (Fig. 24).
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Figure 24: 25-OHC levels in cell and medium lipid extracts of cytokine-treated GBM cells.

A172, U87, and GM133 cells were incubated with either 5 ng/ml IL1B and/or 30 ng/ml TNFa as indi-
cated. After 24 h medium and cells were collected separately, lipids were extracted, derivatised with
MSTFA, and analyzed by means of GC-MS. Dg-25-OHC was used as internal standard and m/z =
131.1 and 137.1 were used as diagnostic ions for quantitation. Data are shown as mean + SD of

quadruplicates. * p < 0.05, ** p < 0.01, *** p < 0.001
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3.3 Effects of lipopolysaccharide on U87 oxysterol production

As it has been shown in macrophages by Diczfalusy et al. (183) that LPS is able to
upregulate CH25H gene transcription, we investigated the impact of LPS stimulation
on CH25H transcription in U87 cells. We treated U87 cells with LPS (100 ng/ml) and
analysed CH25H levels at timepoints of 1, 2, 3, 4, 6 and 24 h by gPCR. The maximal
upregulation (2.5 fold) was observed after 2 h treatment (Fig. 25). We observed a
rapid decline to 1.8-fold after 3 h, which remained almost unchanged up to 6 h and

declined again to control level after 24 h (Fig. 25).
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Figure 25: LPS exerts rather short term than long term effects on CH25H transcription.

U87 cells were stimulated with LPS (100 ng/ml). At the indicated timepoints mRNA was extracted,
reversely transcribed, and analyzed by real time gPCR. CH25H mRNA amounts were normalized to
HMBS. Results are expressed as relative ratio of CH25H/HMBS compared to controls and represent

mean values + SD.

As changes in CH25H expression were minimal, we wanted to figure out changes in
LPS-treated U87 cells in absolute oxysterol amounts. Using GC-MS analysis, we

were able to detect and quantify four different oxysterols in cellular and medium lipid
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extracts: 7a-OHC, 24S-OHC, 25-OHC, and 27-OHC. Despite a slight intracellular
increase of 24S-OHC from 200 to 230 ng/mg cell protein, we were not able to detect
statistically significant changes (except for cell-associated 24S-OHC) in intracellular
or extracellular oxysterol amounts (Fig. 26A-D). Nevertheless, 25- and 27-OHC lev-

els showed a tendency to increase in response to LPS treatment.
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Figure 26: Oxysterol profile of U87 cells is marginally altered in response to LPS treatment.

U87 cells were incubated for 24 h with 1 pg/ml LPS. Subsequently, medium and cells were collected
and lipids were extracted, converted to the corresponding trimethylsilylether-derivatives with MSTFA,
and analysed by means of GC-MS. Dg-25-OHC and epicoprostanol were used as internal standards.

Data are shown as mean + SD of quadruplicates. * p < 0.05
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3.4 Toxicity of side chain-oxidized cholesterols

Oxysterols have been reported to be pro-apoptotic and cell toxic and Yamanaka et
al. (249) demonstrated that neuronal death in response to 24-OHC is induced
through necroptosis, which represents a programmed form of necrosis. Therefore, in
this set of experiments four different cell lines (A172, U87, GM133 and THP-1) were
treated with three different oxysterols (20S-OHC, 24S-OHC, and 25-OHC; THP-1
cells with 25-OHC only) at concentrations of 10 nM, 100 nM, 1 yM and 10 uM, re-
spectively, and cell viability was measured after 24 and 72 h using the MTT test.
Results revealed that all tested cell lines were susceptible to oxysterol treatment
> 10 uM for 72 h. However, cell death-inducing 25-OHC concentrations are one order
of magnitude lower as compared to 20S-OHC and 24S-OHC (Fig. 27A-F). In detail,
we found that after 24 h, 20S-OHC and 24S-OHC had almost no effects on cell vi-
ability up to 10 uM (Fig. 27A and C) whereas 25-OHC led to 30% decrease in cell
viability in U87 cells at 1 yM and 10 uM (Fig. 27E) and a 20% and 30% reduction in
viability of THP-1 cells at concentrations of 1 yM and 10 uM, respectively (Fig. 27E).
25-OHC had no effects on viability of A172 and GM133 cells up to 10 uM after treat-
ment for 24 h (Fig. 27E).

After 72 h, 20S-OHC was without effect up to 1 uM, but at 10 uM it decreased cell
viability by 20% in A172, 70% in U87, and by 90% in GM133 cells (Fig. 27B). 24S-
OHC provoked a 20% reduction of cell viability after 72 h at 1 yM and 60% reduction
of cell viability at 10 uM in U87 and GM133 cells, whereas cell viability of A172 re-
mained unchanged up to 10 yM (Fig. 27D). 25-OHC, which turned out to be the most
toxic among the tested oxysterols led at 1 yM to a 60%, 30%, and 40% reduction of

cell viability in U87, GM133, and THP-1 cells, respectively. At 10 uM cell viability was
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reduced in A172 by 80%, in U87 by 100%, and in GM133 and THP-1 cells by 90%

(Fig. 27F).

24 h 72 h
A B 0 A172

B3 us7
© 1.5 1.5 S cM133
= I = W THP-1
8 8
(] () H

Lo e 25 1.04 h

T < 2[E = - H = HE w|E

8% EH | IEE 8% HH MEE HH | (EE

o > gE EH o > iE HE 1 E H

58 HH | [HE =K HH | EE EE | HE

Sz HH | |HE Szos|(HE (1BHE |[HE ||HE

S 48 | |FE s H | IHH | IHE £ :
5 AE -1 F 5 0.0- £ 1 H -1 H 1 H =S
£ 1 10 £ v 001 0.1 1 10

20S-OHC (uM) 20S-OHC (uM)

1.5 1.5

1.0+

Viable cells
(normalized to vehicle control)

0.5+ 0.54

0.0-

Viable cells
(normalized to vehicle control)

B =

L e e
=Yg

e e e e

1 0.1
24S-OHC (uM) 24S-OHC (pM)

m
M

:_O: 1.5 ? 1.5
- i
8 8
w2 = o 2 = H
= .2 1.0 1= - th F] H 26 10d mE:d ] hH
of- el S=E0 NEE £ 5= "1NEEN [EER [1HE
4 1 E HE EHE H e 1] EE 2 £
25 Z|E 2|5 Z|E H 2 B HE I|E
8= HEN | [HER | [HE E HER | EHER | |EHE
53 %] HE 2|E 2|E E S 3 05| |HE i 2|
N z|E E E HH E N HE HE 5|E
‘s |5 %5 2§ H T B H EE 1H]
S 0.0- =1 5 -1 ] -1 H £ S 0.0EIE - F a1 H
£ v 0.01 0.1 1 £ v 0.01 0.1 1 10
25-OHC (uM) 25-OHC (uM)
Figure 27: Estimation of cytotoxicity of different oxysterols in GBM cell lines.

Cells were plated in 24-well dishes and after 24 h they were treated with the indicated amounts of
oxysterols (in medium containing 1% FCS). After 24 h (A, C, E) or 72 h (B, D, F) cell viability was as-
sessed by the MTT-test as described in materials and methods. Absorbance (Ass4/Asso) was normal-

ized to the vehicle control (v). Bars represent means + SD of triplicates.
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3.5 Autocrine effects of 25-OHC on U87 cells

Our next aim was to clarify autocrine effects of 25-OHC on U87 cells. These experi-
ments should support the hypothesis that 25-OHC exerts growth promoting effects,
potentially mediated via SMO and the SHH pathway or via modulating metabolic

pathways from a catabolic to a more anabolic state.

3.5.1 U87 cell proliferation is not increased by treatment with exoge-

nously added 25-OHC

To test this hypothesis, we first performed cell proliferation experiments with U87
cells. We plated 50,000 cells into 12-well plates and counted cells after 2 and 4 days
under 25-OHC-treated and untreated conditions. The experiment was performed ei-
ther in medium containing 4.5 g/l glucose as in medium containing 1 g/l glucose to
get an indication of a possible growth promoting role of 25-OHC under low glucose
supply. When 4.5 g/l glucose was present in the culture medium, 25-OHC had no
effect on cell growth compared to untreated cells (Fig. 28A). In contrast, when the
culture medium contained 1 g/l glucose, we could even observe a concentration de-

pendent, slight reduction of U87 cell growth (Fig. 28B).



Results 75

A 4.5 g/l glucose -e- vehicle control
800000- = 25nM
-+ 75nM
- 250 nM
600000-
£
[]
e}
g
3 400000+
T
o
200000-
0.0+ T T T T 1
0 1 2 3 4 5
time (d)
B 1 g/l glucose
500000-
400000-
& 300000
e}
£
=
<
8 2000001
100000+
c L) | Ll L) 1
0 1 2 3 4 5

time (d)
Figure 28: Exogenously-added 25-OHC does not accelerate U87 growth.
50,000 U87 cells were seeded into 12-well dishes and grown either in high glucose DMEM (A) or low
glucose DMEM (B). On day 2 and 4 cells were trypsinised and counted by means of a CASY cytome-

ter. Points represent means £ SD of triplicates.
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3.5.2 The SHH pathway is marginally activated in response to 25-OHC

treatment

Only recently it was demonstrated that 20S-OHC and also, to a lesser extent, 25-
OHC are activators of the protein SMO, which is the key receptor of the SHH path-
way (216). It was also shown that the SHH pathway is crucially important for medul-
loblastoma growth (214). Therefore, we were interested, if this molecular mechanism
could be of importance in glioblastoma cells. In silico analysis of geoprofiles gene
expression data (www.ncbi.nlm.nih.gov/geoprofiles) revealed that U87 and also A172
cells express the key protein SMO. When testing for transcriptional activation by 25-
OHC, however, we could only observe a 1.4-fold induction of PTCH1 transcription
(Fig. 29) which is an important reporter gene for the SHH pathway. The other impor-
tant reporter gene, GLI1 was neither induced in U87, nor in A172 cells indicating (at
least under the experimental conditions used here) a minor role for the SHH pathway

in glioblastoma cell lines.
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Figure 29: SHH reporter genes are only induced marginally by 25-OHC treatment.

U87 and A172 cells were treated with 25-OHC (1 uM). After 24 h cells were lysed, RNA was extracted,
and reversely transcribed. Detection of the SHH activation-induced genes GLI1 and PTCH1 was per-
formed by real time qPCR. Data are shown as mean * SD of three independent experiments.

*p <0.05
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3.5.3 25-OHC induces cholesterol turnover in U87 cells

After these negative results regarding growth promoting effects of 25-OHC, we were
interested to assess the effects of 25-OHC on the metabolic genes ABCA1, acetyl
coenzyme A carboxylase (ACC), fatty acid synthase (FASN), HMGCR, and glucose
uptake transporter (GLUT) 1 and 3, because we expected a probable switch in cell
lipid or glucose metabolism being the reason for the described effects. These analy-
ses revealed that ABCA1, a cholesterol efflux transporter, is upregulated 3-fold in
4.5 g/l glucose medium and 2-fold in 1 g/l glucose medium, indicating increased cho-
lesterol excretion in response to 25-OHC. In line with this finding, the key gene for
cholesterol biosynthesis, HMGCR, was downregulated 5-fold in 4.5 g/l glucose me-
dium (Fig. 30A) and 4 fold in 1 g/l glucose medium (Fig. 30B), indicating decreased
cholesterol biosynthesis, whereas ACC was only slightly, but not significantly down-
regulated. Interestingly, also FASN, the gene encoding fatty acid synthase, was de-
creased to the same extent as HMGCR, i.e. 5-fold in 4.5 g/l glucose medium and 4-
fold in 1 g/l glucose medium, indicating not only decreased cholesterol, but also de-
creased fatty acid synthesis in response to 25-OHC. The genes for the glucose
transporters GLUT1 and GLUTS3, which we expected to be upregulated under low
glucose conditions, remained unchanged in both experimental settings (Fig. 30A and

B).
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Figure 30: 25-OHC treatment increases cholesterol catabolism on the transcriptional level.

U87 cells were plated in 6-wells and were treated overnight with increasing concentrations of 25-OHC.
After 24 h cells were lysed, RNA was extracted, and reversely transcribed. Detection of the LXR target
genes ABCA1, ACC, FASN, HMGCR, GLUT1, and GLUT3 was performed by real time qPCR as de-
scribed in materials and methods. Data are shown as mean + SD of three independent experiments.

*p<0.05 **p<0.01, " p<0.001
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3.6 25-OHC induces migration of human THP-1 monocytes

3.6.1 25-OHC increases THP-1 monocytes migration at low nanomolar

concentrations

Next, we were interested, if 25-OHC has a pro-migratory effect towards THP-1 cells.
To test this hypothesis, we used a Transwell® approach, which has been shown to
be a suitable model for detection of primary blood monocyte and THP-1 migration
(250, 251). As described in the materials and methods section, the lower chamber
was filled with 25-OHC- or vehicle-containing medium, whereas the upper chamber
was supplied with 100,000 THP-1 cells. After 18 h, cell number was assessed by
counting the cells present in the lower chamber with a hemocytometer. As shown in
Fig. 31, the maximal increase of migrated cells could be observed by treatment with
25 nM 25-OHC (1.5-fold, p < 0.001). Up to this concentration, the increase was con-
centration-dependent (1.3-fold at 2.5 nM, p < 0.01), however, at higher concentra-
tions the number of migrated cells declined again (1.2-fold at 75 nM, p < 0.01 and
0.8-fold at 1 uM, p < 0.01), probably due to the cytotoxic effects of 25-OHC, which
were shown above (Fig. 30). FCS (10%) was used as positive control and resulted in

a 1.7-fold maximal induction of migrated THP-1 cells.
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Figure 31: 25-OHC exerts a concentration dependent pro-migratory effect on THP-1 cells.

100,000 THP-1 cells were plated in the upper chamber of a Transwell aparatus. The lower chamber
contained medium supplemented with ethanol (0.1%, vehicle, ‘v’), 25-OHC (at the indicated concen-
trations), or 5% FCS (positive control). After 18 h, transmigrated cells were counted and cell numbers
were normalized to the vehicle control. Data shown represent mean £ SD of at least 3 independent

experiments. ** p < 0.01, *** p < 0.001
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3.6.2 GM133-conditioned medium lipid extract is able to increase THP-1

migration

As the observed effects from the previous experiment occur at rather low 25-OHC
concentrations, and as the known LXR-dependent oxysterol effects occur at micro-
molar concentrations (151), we hypothesized that the observed effects could be due
to activation of a membrane receptor, possibly a G protein-coupled receptor.

Given the rather efficient secretion of 25-OHC in the cellular supernatant of GM133
cells we reasoned that lipid extracts prepared from conditioned GM133 medium
would be able to affect THP-1 migration. Therefore, we extracted lipids from GM133-
conditioned medium and extracts were reconstituted in ethanol and added to the me-
dium in the lower chamber of the Transwell to result in a 25-OHC concentration of
approx. 25 nM. These experiments revealed that the medium lipid extracts from
GM133 cells promote migration to a similar extent (1.7-fold) as observed for the
same concentration of exogenously added 25-OHC (Fig. 32). To narrow the mecha-
nism, we also added pertussis toxine (PTX), an inhibitor of the ai subunits of G pro-
tein-coupled receptors, which abrogated completely the observed increases in cell

migration in both experimental settings (Fig. 32).
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Figure 32: GM133-conditioned medium lipid extract is able to increase THP-1 migration in a
similar manner as 25-OHC.

100,000 THP-1 cells were plated in the upper chamber of a Transwell apparatus. The lower chamber
contained medium with ethanol (0.1%, vehicle, ‘v’), 25-OHC (25 nM), GM133-conditioned medium lipid
extracts (0.5 pl of reconstituted lipid extracts in ethanol was added to the medium to result in a 25-
OHC concentration of approx. 25 nM) in the absence or presence of PTX (30 ng/ml), or 5% FCS (posi-
tive control. After 18 h, transmigrated cells were counted and cell numbers were normalized to the
vehicle control. Data shown represent mean + SD of 3 independent experiments. ** p < 0.01,

% 1 < 0.001
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3.6.3 25-OHC treatment induces cytoskeletal changes in THP-1 cells

To get an indication whether the observed migratory effects are accompanied with
morphologic changes in cell shape, we performed hematoxyline eosine (HE) staining
of vehicle (ethanol)-, 25-OHC (25 nM)-, 25-OHC (25 nM) + PTX (30 ng/ml)-, or FCS
(10%)-treated THP-1 cells. As changes in cell shape could be observed in micros-
copy, we took photographs and assigned the cells into the two groups “round cells”
and “cells with protuberances”. After treatment with 25-OHC, we could observe a
significant increase in cells with protuberances from 30% (control group) to 40% (25-
OHC-treated group) and a significant decrease to 20% in the 25-OHC + PTX-treated
group (Fig. 33E). Untreated controls and FCS-treated positive controls displayed no

obvious morphological difference.
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Figure 33: 25-OHC induces morphological alterations at THP1 cells.
HE staining of either vehicle- (A), 25-OHC- (25 nM) (B), 25-OHC with PTX- (30 ng/ml) (C), or FCS-
(10%, positive control) (D) treated THP-1 cells. Arrows indicate example cells with changes in the
(normally round) cell shape. The scale bars indicate 20 ym. (E) At least 500 cells of each treated
group (2456 total) were counted optically and assigned to the two groups “round cells” and “cells with
protuberances”. All changes were highly significant (p < 0.001) as assessed by chi-square test, except

at the FCS positive control which was non-significant (compared to the vehicle control).
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To investigate, whether the observed changes in cell shape are accompanied by
changes in the intermediate filaments of the THP-1 cytoskeleton, vimentin, an impor-
tant regulatory protein of cell motility, was visualized by immunofluorescence micros-
copy. As shown in Fig. 34A and B, exogenously added 25-OHC changed the
vimentin intermediate filament architecture in THP-1 cells from a cytoplasmic distribu-
tion to a more cortical location with multiple extensions, indicative of monocyte po-

larization in response to 25-OHC (Fig. 34B; arrows).

Figure 34: 25-OHC induces cellular polarisation in THP-1 cells.

Vehicle- (A) or 25-OHC (25 nM, 18 h)-treated THP-1 cells (B) were fixed with acetone and vimentin
was immunostained with mouse anti-human vimentin and a Cy3-labeled anti-mouse 1gG. Nuclei were
counterstained with DAPI. The scale bar indicates 10 um. Arrows indicate areas of vimentin interme-

diate filament polarisation.
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3.6.4 Chemotactic properties of 25-OHC depend on EBI2.

It has been recently shown that 25-OHC has pro-migratory effects on B-lymphocytes
via activation of EBI2 (GPR183) (222, 223). In silico research revealed that mRNA for
this receptor can be found in primary monocytes as well as in THP-1 cells
(http://biogps.org). It was also recently shown that this receptor is expressed in
macrophages (252), but to a lesser extent than in B-lymphocytes. We used Western
blot analysis to show that EBI2 is also detectable on protein level in THP-1 cells (Fig.

35), thereby confirming in silico findings.

THP-1 J16

unspecific band ?

40 kDa — - EBI2

Figure 35: The G protein-coupled receptor EBI2 is expressed by THP-1 cells.
Fifty ug of each, THP-1 and J16 Jurkat cell (positive control) lysate were separated by SDS PAGE on
a 12% polyacrylamide gel, blotted onto a PVDF membrane, and incubated with primary antibody

against EBI2. Immunoreactive bands were visualised with peroxidase-conjugated secondary antibody.
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Thus, it is likely that EBI2 could, at least partially, mediate the observed pro-migratory
effects on THP-1 monocytes in response to 25-OHC. We decided to use an siRNA
approach for further investigation. First, silencing efficiency of EBI2 was analyzed on
MRNA and protein level. On mRNA level EBI2 was decreased by 83 and 68% (24
and 48 h post silencing, respectively; Fig. 36A and B) in response to siRNA transfec-
tion. On protein level mock transfection slightly increased EBI2 protein expression,
whereas scrambled siRNA was without pronounced effects. Silencing of EBI2 re-
sulted in an approximately 60% reduction (in comparison to scrambled siRNA) of
EBI2 on protein level as calculated by densitometric analysis of immunoreactive
bands (Fig. 36C). Next, migration experiments were performed in the presence of
25-OHC. Mock transfection reduced the number of transmigrated cells by 38%,
scrambled siRNA by 55%, and siEBI2 by 76% (Fig. 36D). Thus, in comparison to

scrambled siRNA, silencing of EBI2 resulted in a 46% reduction of migrated cells.
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Figure 36: Silencing of EBI2 leads to decreased THP-1 migration in response to 25-OHC.

THP-1 cells were cultured under standard conditions and transfected with siRNA against EBI2 as de-
scribed in materials and methods. After 24 h (A) and 48 h (B), cells were lysed, and mRNA was ex-
tracted and reversely transcribed for gqPCR analysis. (C) After 72 h, cells were lysed and protein ex-
tracts (150 ug) were separated by SDS-PAGE (12%) and electrophoretically transferred to a PVDF
membrane and EBI2 (40 kDa) was detected using a polyclonal antibody. Immunoreactive bands were
visualized using peroxidase-coupled secondary antibody. (D) 100,000 THP-1 cells of each group (v =
vehicle-treated; control = untransfected; m = mock, scr = scrambled; si = EBI2 siRNA transfected
cells) were plated in the upper chamber of a Transwell apparatus. The lower chamber contained me-
dium supplemented with ethanol (0.1%, vehicle, *-), or 25-OHC (25 nM, ‘+’). After 18 h transmigrated
cells were counted. The migration experiment was started 60 h after siRNA transfection. Data shown
represent mean = SD of three independent experiments. One-way ANOVA with Bonferroni multiple

comparison test was used. ** p < 0.01, *** p < 0.001
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3.7 Lipopolysaccharide influences lipid metabolism in vivo

LPS is a strong pro-inflammatory stimulus that has been widely used in experimental
sepsis models (253) and is a well-characterized inducer of the acute phase reaction
and stimulates the expression of the pro-inflammatory cytokines TNFa, IL1p and IL6
in e.g. tissue macrophages and circulating monocytes (253-255). Furthermore, LPS
is a strong inducer of CH25H in macrophages (183), acting via TLR 4 (256). There-
fore, we aimed to investigate whether or not peripherally administered LPS would
impact on cerebral lipid homeostasis (with focus on oxysterol patterns) in C57/BI6
mice. Moreover, it has been demonstrated that LPS treatment of GBM-bearing mice
is beneficial in terms of survival (257). Consequently, the last part of these experi-
ments deals with in vivo effects of LPS on plasma and brain fatty acid, cholesterol

and oxysterol composition.

3.7.1 Side chain-oxidized sterol profile in LPS-treated brains of C57/BI6

mice

In the experimental setup used here mice received 0.83 mg LPS/kg body weight/day.
Every three days, five mice were sacrificed and plasma and brains were collected. As
our in vitro data indicate a short term transcriptional upregulation of sterol side chain
oxidizing enzymes via TLR4 and a long term upregulation via TNFa and/or IL13, we
expected increased concentrations of side chain oxidized sterols in brains of LPS-
treated C57/BI6 mice. Therefore, brain lipids were extracted, oxysterols were sepa-
rated by solid phase extraction, and 24S-OHC, 25-OHC and 27-OHC were quanti-

tated by GC-MS.
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LPS treatment resulted in a significant increase of 24S-OHC (41.8 to 55.5 ng/mg wet
tissue) and 27-OHC concentrations (4.61 to 6.52 ng/mg wet tissue) (Fig. 37). 25-
OHC concentrations exhibited a 1.35-fold, but statistically not significant increase
from 74 (day 0) to 100 (day 3) pg/mg wet tissue. Thus, these experiments demon-
strate that a fully-blown peripheral inflammation favours neuroinflammatory condi-

tions that lead to altered oxysterol homeostasis in the brain.
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Figure 37: LPS administration alters brain oxysterol profile.

C57/BI6 mice were daily treated with LPS (0.83 mg/kg body weight). On day 0, 1, 3, and 6, five mice
were sacrificed, brain lipids were extracted, and oxysterols were measured as described in materials
and methods. Data shown represent mean + SEM of five animals. One-way ANOVA with Dunnett’s

post hoc test was used. * p < 0.05, ** p < 0.01, *** p <0.001

3.7.2 Side chain-oxidized sterol profile in plasma of LPS-treated C57/BI6

mice

To get an indication whether the observed effects are confined to the brain or are

also evident in the peripheral circulation, we analysed plasma side chain-oxidized
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sterol composition. Therefore, oxysterols were extracted from mouse plasma sam-
ples and quantitated by GC-MS. Results revealed a significant increase of 24S-OHC
(from 123 to 588 nM), 25-OHC (from 18.2 to 67.2 nM) and 27-OHC (from 80.6 to 552
nM) concentrations on day 3 in case of LPS treatment (Fig. 38). After day 3 mean
oxysterol levels decreased to control levels. No significant changes in 22-OHC con-

centrations were detected after LPS treatment.
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Figure 38: LPS administration alters plasma oxysterol profile of C57/BI6 mice.

C57/BI6 mice were daily treated with LPS (0.83 mg/kg body weight). Every three days, five mice were
sacrificed, plasma lipids were extracted and oxysterols were measured as described in materials and
methods. Data shown represent mean + SEM of five individuals. One-way ANOVA with Dunnett’s post

hoc test was used. * p < 0.05, *** p <0.001

3.7.3 Cholesterol, triglyceride and phospholipids profile of LPS-treated

C57/BIl6 mice

It is known that LPS administration induces systemic inflammation which provokes

dysfunction of the endothelial monolayer at the BBB (258-260). To elucidate effects
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of LPS on brain lipid metabolism, brain cholesterol (represents 99% of total brain
cholesterol), triglycerides and phospholipids were quantitated. These analyses re-
vealed a moderate, time dependent decrease of brain cholesterol concentrations dur-
ing the first nine days after treatment from 13.4 (day 0) to 10.9 (day 9) ug/mg brain
wet weight. After day 9 cholesterol concentrations remained more or less unchanged.
Interestingly, brain triglyceride concentrations increased during the first six days from
0.96 (day 0) to 1.39 (day 6) ug/mg brain wet tissue and then remained unchanged
until day 18. Phospholipid concentrations decreased in a time dependent manner
(similar to what was observed for brain cholesterol) from 14.8 (day 0) to 12.3 (day 18)

Mg/mg brain wet tissue (Fig. 39).
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Figure 39: LPS administration increases triglyceride concentrations and slightly decreases

the amounts of total cholesterol and phospholipids in brains of C57/BI6 mice.

C57/BI6 mice were daily treated with LPS (0.83 mg/kg body weight). Every three days, five mice were
sacrificed, brain lipids were extracted, and total cholesterol (TC), triglycerides (TG), and phospholipids
(PL) were measured as described in materials and methods. Data shown represent mean + SEM of
five animals. One-way ANOVA with Dunnett’s post hoc test was used. * p < 0.05, ** p < 0.01, ™ p <

0.001

3.7.4 Cholesterol and triglyceride profiles in plasma of LPS-treated

C57/BI6 mice

Shifts in plasma cholesterol and triglyceride concentrations in response to LPS
treatment have already been described in previous publications (261-266). There-
fore, plasma lipids were analysed to get an indication whether LPS-induced inflam-
mation leads to comparable results under the experimental conditions applied. These

analyses revealed that the levels of free cholesterol did not change significantly in
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course of LPS treatment, whereas the amount of total cholesterol (unesterified and
esterified cholesterol) was increased on day 3 (from 75 (experimental start) to 90
mg/dl, Fig. 40). We also observed significantly increased plasma triglyceride concen-
trations on day 9 (120 mg/dl), indicating increased secretion of triglyceride-rich lipo-

proteins from the liver (Fig. 40).
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Figure 40: LPS administration moderately increases amounts of total cholesterol and
triglycerides in plasma of C57/BI6 mice.

C57/BI6 mice were daily treated with LPS (0.83 mg/kg body weight). Every three days, five mice were
sacrificed, plasma lipids were extracted and free cholesterol (FC), total cholesterol (TC), and triglyc-
erides (TG) were measured as described in materials and methods. Data shown represent mean +

SEM of five animals. One-way ANOVA with Dunnett’s post hoc test was used. * p < 0.05, *** p < 0.001

3.7.5 Fatty acid composition in brains of LPS-treated C57/BI6 mice

As we could observe changes in the triglyceride, total cholesterol, and phospholipids
pattern in brains of LPS-treated C57/BI6 mice, we additionally wanted to investigate
changes in fatty acid composition of total brain lipids (cholesterol esters, triglycerides,

phospholipids). GC analysis revealed that changes in the fatty acid profile were mar-
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ginally altered in course of LPS treatment. Stearic acid (C18:0) containing lipid spe-
cies increased from 6.8 (day 0) to 7.5 (day 18) ug/mg tissue wet weight, oleic acid
(C18:1) containing species increased from 6.5 (day 0) to 7.5 (day 18) ug/mg tissue
wet weight, and linolic acid (C18:2) containing species increased from 0.18 (day 0) to
0.26 (day 3) pg/mg tissue wet weight (Fig. 41). Concentrations of palmitic acid
(C16:0), palmitoleic acid (C16:1), arachidonic acid (C20:4) and cervonic acid (C22:6)

containing lipids were not significantly changed.
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Figure 41: LPS administration increases the amounts of C18:0, C18:1, and C18:2 fatty ac-
ids in brain lipids of C57/BI6 mice.

C57/BI6 mice were daily treated with LPS (0.83 mg/kg body weight). Every three days, five mice were
sacrificed, brain lipids were extracted, and fatty acids were measured as described in materials and
methods. Data shown represent mean + SEM of five individuals. One-way ANOVA with Dunnett’s post

hoc test was used. ** p < 0.01, *** p <0.001

3.7.6 Fatty acid composition in plasma of LPS-treated C57/BI6 mice

As expected, alterations in fatty acid composition due to LPS administration were

more pronounced in plasma than in brain. Palmitic acid (C16:0) was found increased
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from 380 ug/ml plasma (experimental start) to 560 ug/ml plasma (day 9) and to 550
Mg/ml plasma (day 18). Oleic acid (C18:1) levels increased from 272 pg/ml plasma
(day 0) to 638 pg/ml plasma (day 9) and 523 ug/ml plasma (day 18). Linoleic acid
(C18:2) concentrations were found elevated from 442 ug/ml plasma (day 0) to 653
Mg/ml plasma (day 3), and 649 pg/ml plasma (day 9) and remained at that level (606
pg/ml) until day 18 (Fig. 42). No significant changes were found in C16:1, C18:0,

C20:4, C20:5, and C22:6 fatty acids levels.
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Figure 42: LPS administration alters the fatty acid profile of plasma lipids in C57/BI6 mice.

C57/BI6 mice were daily treated with LPS (0.83 mg/kg body weight). Every three days, five mice were
sacrificed, plasma lipids were extracted, and fatty acids were measured as described in materials and
methods. Data shown represent mean + SEM of five animals. One-way ANOVA with Dunnett’s post

hoc test was used. * p < 0.05, ** p <0.01, *** p <0.001
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4 Discussion

4.1 Oxysterols and glioblastoma cells

Oxysterols display their bioactive effects at a variety of different points of action.
Among these, LXR activation, SREBP inhibition, SHH activation, EBI2 activation, or
modulation of plasma membrane properties by compromising lipid rafts are the most
important ones (177, 267, 268). Although oxysterols have been studied intensively
during the past two decades, there is still potential for new and surprising discover-
ies, like immunomodulatory or antiviral effects, which were reported recently (222,

223, 269, 270).

Data obtained during the present study demonstrate that A172, GM133 and U87MG
GBM cell lines express CH25H on mRNA and protein level in a cytokine-inducible
manner and that these cell lines are able to synthesize and secrete 25-OHC. In GBM
tissue samples, elevated concentrations of 25-OHC were detected. However, exoge-
nously added 25-OHC did not affect U87MG proliferation and was without effect on
SHH signalling in A172 and U87MG cells. Although exogenously added 25-OHC ex-
erted toxic effects towards the tumor cells at high concentrations, it promoted chemo-
tactic migration of THP-1 cells and primary human peripheral monocytes at low
nanomolar concentrations. Furthermore, lipid extracts obtained from GM133-
conditioned medium induced chemotactic migration of THP-1 cells in an EBI2-
dependent manner. Thus GBM-derived 25-OHC has the potential to act as a chemo-
tactic signal that induces recruitment of monocytes towards tumor cells and could

facilitate the deposition of tumor-associated macrophages. In future studies it would
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be important to investigate whether 25-OHC affects macrophage polarization towards

an M1 (tumor inhibiting) or M2 (tumor promoting)-like phenotype.

Results of this study revealed upregulated CH25H transcription and translation in
GBM cells. Interestingly, among the NCI-60 data set contained within the BioGPS
gene portal GBM cells take a unique role in terms of highest CH25H expression
(http://biogps.org). This was further supported by the results obtained from tumor tis-
sue samples (Fig. 19).

25-OHC concentrations in glioma samples ranged between 0.5 and 2 ng/mg tissue
wet weight, whereas 25-OHC levels in normal brain are between 60 and 100 pg/mg
in mice (271) (Fig. 42). Lutjohann et al. reported 25-OHC concentrations in human
samples to be below 3% of 24S-OHC concentrations (3.8-4.8 ng/mg tissue wet
weight for cerebellum and 8.6-15.1 ng/mg tissue wet weight for cerebrum) (160),
which corresponds to a maximum 25-OHC concentration of 140 pg/mg for cerebel-
lum and 450 pg/mg for cerebrum. These values closely resemble the concentration
of 25-OHC that was detected in the single pilocytic astrocytoma sample (120 pg/mg
tissue wet weight, Fig. 19). However, further data is needed in order to clarify the cor-
relation between tumor grade and 25-OHC concentrations, which has not been pub-
lished yet.

The response of the tested GBM cell lines to TNFa, IL1B, and IFNy was different with
respect to cytokine selectivity in the two cell lines studied here (Fig. 20). In silico
(www.bioGPS.org) analysis of the NCI-60 data set revealed that U87MG express
higher amounts of the TNFa receptor TNFR1 in comparison to A172 and GM133
cells. GM133 are expressing higher amounts of the IL1B receptor IL1R1, whereas
U87MG and A172 cells have similar expression levels. The IFNy receptor (IFNGR) is

expressed in all three cell lines in comparable amounts. Despite this, even 100 ng/ml
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IFNy increased CH25H expression only marginally thus indicating a minor role of
IFNy compared to TNFa and IL1B for induction of CH25H expression. Whether this is
due to lower IFNy receptor expression is currently not clear. However, all cytokines
used here may activate JAK/STAT pathways. TNFa activates JAK/STAT1 (272) and
IL1B activates STAT1 (273) and a STAT-like factor, leading to activation of gene
transcription (274). Therefore our observations are compatible with a pathway induc-
ing transcriptional activation of CH25H identified in DCs and macrophages (182).

In line with findings reported for LPS-activated macrophages (183), we have ob-
served efficient secretion of 25-OHC into the cellular supernatant. In experiments
analyzing free transfer of cholesterol or 25-OHC from erythrocytes and plasma to
liposomes, exchange of 25-OHC was found to occur about 2,000 times faster than
that of cholesterol (156). The rate of transfer of oxysterols from a monolayer to ac-
ceptor particles followed a clear rank order with the highest rate of transfer observed
for 25-OHC (275). As reported for the quantitatively dominating oxysterols 24S- and
27-OHC, also 25-OHC is transported in association with circulating lipoproteins in-
cluding HDL (276). This might be of functional importance for gliomagenesis since
HDL containing sphingosine-1-phosphate (S1P; a potent lipid GBM mitogen; (277))
induced increased DNA synthesis, ERK phosphorylation, and Ca®* mobilization in
glioma cells (278).

As LXR ligand 25-OHC induces ABCA1 transcription (Fig. 30, (279)), which is an ac-
tive exporter of S1P in astrocytes (280, 281). It is widely accepted that elevated
amounts of S1P lead to increased growth signalling and cell survival in several tumor
cells (282). This rationale led us to hypothesize that 25-OHC itself could have growth
stimulatory potential. To support this hypothesis we performed proliferation studies
with U87MG cells stimulated by exogenously added 25-OHC. However, data ob-

tained from these experiments did not support our hypothesis that 25-OHC directly
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increases growth of tumor cells. This result was additionally supported by the results
obtained from MTT viability assays. These data consequently indicate that either the
high 25-OHC amounts required for activation of the described LXR/ABCA1/S1P axis
are too high and already exert cytotoxic effects towards tumor cells, or that the se-
creted S1P concentrations are too low to exert any substantial effect on cell growth
and survival.

MTT tests further revealed that higher amounts of 25-OHC reduced U87MG cell
growth and viability in a concentration dependent manner, indicating that 25-OHC
has pro-apoptotic effects at concentrations > 1 yM, which is consistent with previous
findings (283). Mechanistically, this effect is most probably mediated via
EGFR/SREBP-mediated mechanisms, as suggested by Guo et al. (228).

The general, widely accepted mechanism for the action of oxysterols in tumors is via
LXR activation. It has been shown that LXR activation has the potential to inhibit pro-
liferation of multiple cancer (breast, liver, lung, melanoma or prostate) cell lines (233,
284). This anti-proliferative and pro-apoptotic effect is not confined to tumor cells, as
demonstrated recently (285). However, it is known that LXR stimulation inhibits DC
recruitment through the expression of CCR7, which paradoxically enhances tumor
growth by decreasing antigen processing and presentation to the immune system
(226). These two opposite effects of LXR activation in cancer need to be evaluated
carefully before being addressed to therapeutic usage.

25-OHC mediated LXR activation occurs at concentrations > 1 uM (151). 24S-OHC is
a stronger LXR agonist than 25-OHC, but exerts lower cytotoxic activity towards all
GBM cell lines and in THP-1 cells (Fig. 27). Thus, toxicity is most likely not mediated
solely via LXR. Whether these effects are mediated via SREBP-dependent mecha-
nisms or via cell membrane toxicity (e.g. compromising lipid rafts etc.) remains to be

elucidated.
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On the contrary, statin-induced depletion of cholesterol (leading to decreased oxys-
terol amounts), and its effects on tumors have been investigated: For example, a ret-
rospective study on cancer development showed a correlation between depletion of
cholesterol by statins and a decreased risk in developing colorectal cancer (286).

Recent investigations revealed that signalling via the SHH pathway, that is oxysterol-
dependent, is often implicated in abnormal and neoplastic cell growth (214). Oxys-
terols bind to the extracellular domain of SMO and are necessary for maximal activa-
tion of the pathway (287). As this effect already occurs at nanomolar oxysterol con-
centrations, we examined SHH activation in glioma cell lines, because we were ex-
pecting an increase in SHH signalling. However, our results revealed no increased
SHH target gene transcription, neither in U87MG, nor in A172 cell lines (Fig. 29).

Significant progress has been made in elucidating the functional significance of oxys-
terol-induced B and T cell migration in lymphoid organs (217, 222, 223, 288, 289). It
is now widely accepted that EBI2-mediated chemotaxis represents an important mo-
lecular mechanism directing follicular B cell migration and localization. Of note, oxys-
terols represent natural ligands for EBI2 (222, 223, 288) activation. In line with find-
ings from the present study (Fig. 32), PTX suppressed 7a,25-OHC-stimulated and
EBI2-mediated binding of GTP (223). However, PTX-insensitive ERK activation in
response to EBI2 engagement was also reported (217). The functional potency of
different oxysterols towards EBI2 is 7a,25-OHC>7a,27-OHC>7a-OHC>25-OHC>27-
OHC (289). Of relevance for the present study 25-OHC also confers agonist activity
towards EBI2 albeit with lower affinity (243, 244). In line, silencing of EBI2 using 21-
mer siRNA reduced 25-OHC-induced THP-1 migration by 46% (Fig. 36). The reason
why mock transfection and transfection with scrambled siRNA reduced migration of
GM133 in response to 25-OHC is currently not clear. However, lipid-based transfec-

tion reagents impact on cellular phospholipid composition (enrichment in C16:0- or
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C22:6-containing phosphatidylcholine species; personal communication from Dr.
Sasa Frank; Institute of Biochemistry and Molecular Biology, MUG), which could ac-
count for different receptor responsiveness.

To get an indication whether GBM-derived 25-OHC could act as a chemotactic signal
for monocytes, lipid extracts of GM133 media were used in THP-1 migration assays.
Although an indirect approach, these experiments revealed that medium lipid extracts
induced monocyte migration in a quantitatively similar manner as identical concentra-
tions of exogenously added 25-OHC (Fig. 32). A question remaining is how 25-OHC
would contribute to monocyte attraction in the tumor environment.

Association of secreted 25-OHC with lipoproteins would be a plausible explanation.
In light of the facts that HDL particles transport 25-OHC in the circulation (276), shut-
tle oxysterols between the circulation and the brain (109), and are potent effectors of
the monocytic migratory response (290) this hypothesis could be reasonable. Silva
and colleagues showed that an oxysterol-containing lipid fraction isolated from os-
teoblast-conditioned medium potently induces migration of human breast cancer
cells, raising the possibility that oxysterols even contribute to tumor invasion and me-
tastasis (291).

Results of the present study not only demonstrate differences in cell shape (Fig. 33),
but also that 25-OHC treatment of THP-1 monocytes induced vimentin intermediate
filament reorganization to more cortical structures and a polarized phenotype (Fig.
34). Vimentin is the major intermediate filament protein present in leukocytes and
plays an important role in leukocyte motility and endothelial diapedesis (292). In line,
vimentin intermediate filaments play a crucial role during adhesion molecule assem-
bly that is needed during adhesion and transendothelial migration (293), an event
accompanying the recruitment of circulating monocytes across the tumor vasculature

(294). A characterization of human glioblastoma-associated immune cells revealed
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that besides lymphocytes and microglia, monocytes/macrophages represent the
dominating inflammatory cell population infiltrating these tumors (295).

In summary, data obtained during the present study make it attractive to hypothesize
that GBM-derived 25-OHC is able to attract EBI2-expressing immune cells to the tu-
mor environment. Thereby, 25-OHC may contribute to the recruitment of tumor-

associated microglia/macrophages that are potent modulators of gliomagenesis (65).

4.2 In vivo effects of LPS on lipid metabolism in C57/BI6 mice

LPS is a strong pro-inflammatory stimulus that has been widely used in experimental
animal (and human) sepsis models (253). Nevertheless, there is some concern that
these models are unphysiological, as LPS concentrations during bacterial sepsis are
much lower as compared to experimental endotoxinemia, resulting in different tempo-
ral profiles of cytokine release (296). Despite these concerns, LPS is a well-
characterized inducer of the acute phase reaction and the release of pro-
inflammatory cytokines like TNFa, IL1B, and IL6 in tissue macrophages and circulat-
ing monocytes (253-255). Furthermore, LPS is a strong inducer of CH25H expres-
sion in macrophages (183), acting via binding to TLR 4 (256). In this part of the study
we tried to reproduce the findings from glioma cells, i.e. that pro-inflammatory condi-
tions impact on oxysterol synthesis in brain. In addition, the effect of endotoxemia on
the lipid profile in the peripheral circulation was addressed.

Impaired brain cholesterol homeostasis might be a contributing factor during the pa-
thogenesis of neurodegenerative diseases. Oxysterols could play an important role

during these processes, as they are able to traverse the BBB. Under physiological
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conditions this mechanism is used to clear 24-OHC (formed from excess brain cho-
lesterol) from brain to blood. However, it could conversely allow toxic concentrations
of peripheral oxysterols to reach the brain and this pathway definitively operates for

27-OHC (297).

LPS is known to disturb BBB integrity (258-260) and 25-OHC levels were found to be
elevated in response to LPS treatment in brain of C57/BI6 mice (Fig. 37). Addition-
ally, levels of 24S- and 27-OHC were increased at approximately 20%. 27-OHC is
known to be able to diffuse from blood into the brain (297). However, brain 24S-, 25-
and 27-OHC levels on day 3 were rather low in comparison to the their increase of
concentrations found in plasma (Fig. 38). This is indicative that oxysterols are primar-
ily enriched in plasma and that diffusion into the brain parenchyma is of minor impor-
tance. Whether the observed oxysterol increase in brain tissue is due to de novo syn-
thesis or diffusion across the BBB remains to be elucidated. It is also not clear so far,
whether these minor alterations in brain oxysterol content would be able to impact on
the pathogenesis of neurological diseases. Although it is accepted that secretion of
24-OHC protects the brain from the accumulation of excess cholesterol, it can also
potentiate the pro-amyloidogenic effects of 1-42 amyloid-B (AB1-2) on neuronal cell
lines (298). This study demonstrated that the interaction between AB and 24-OHC
leads to increased intracellular ROS production. Of note, histochemical studies pro-
vided evidence for co-localization of CYP46A1 with AB deposits in brains of Alz-

heimer diseased patients (299).

Plasma oxysterols (24S-, 25- and 27-OHC) were highly increased (approximately
three- to five-fold) after LPS treatment (Fig. 38). The only exception from this was 22-

OHC, which remained rather unchanged. Inflammatory processes are known to
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cause lipid peroxidation in vivo (300) and considering the fact that 24S-OHC, 25-
OHC and 27-OHC are classical cholesterol peroxidation products (167) increased
ROS production could (besides increased enzyme activities of the corresponding hy-
droxylases) contribute to these findings. Similar to oxidized phospholipids, oxysterols
are able to promote endothelial cell dysfunction that characterizes the onset of the
atheromasic plaque (301). In particular, 7a-OHC, 73-OHC, and 7- ketocholesterol are
able to elicit an inflammatory phenotype in human endothelial cells (302). In addition

7-ketocholesterol is able to induce the formation of foam cells (303).

It is well-accepted that bacterial infection causes alterations in peripheral lipid ho-
meostasis. Patients with bacterial infections have increased serum triglyceride levels
(304-306). LPS administration in mice leads to similar results producing hypertriglyc-
eridemia, mainly via increased hepatic fatty acid synthesis and secretion of triglyc-
eride-rich lipoprotein particles (261-264). Of note, these studies also reported in-
creased lipolysis under inflammatory conditions and higher lipoprotein concentra-
tions, which are beneficial due to their ability to scavenge LPS. In line with these find-
ings, we were able to observe increased triglyceride levels in this study (Fig. 39 and
40).

In addition, our results revealed increased total serum cholesterol levels on day 3
(Fig. 40), which can be explained by the fact that LPS stimulates hepatic cholesterol
synthesis by increasing transcription rate, mRNA expression, and activity of HMG-
CoA reductase in rodents (265, 266). However, the situation in humans may be dif-
ferent, as some studies reported decreased cholesterol plasma levels in humans af-

ter LPS administration (305, 307, 308).
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Regarding fatty acid metabolism, we observed increased incorporation of C16:0,
C18:1 and 18:2 fatty acids into complex lipid species in plasma. The levels of C18
fatty acids remained elevated until the end of the experiment (day 18; Fig. 38). In the
brain LPS treatment augmented the levels of linoleate (C18:2; Fig. 41). Linoleate is
one of the most important fatty acids due to the fact that it can be converted to ara-
chidonate (C20:4) via desaturation and elongation (309). Arachidonate is the precur-
sor for prostaglandine, leukotriene, and thromboxane synthesis, which play important
roles in many pathophysiologic processes, including inflammation (310). Interest-
ingly, C20:4 levels were slightly, but statistically not significantly upregulated in

plasma (Fig. 42).

4.3 Conclusion

When we performed the LPS treatment of C57/BI6 mice, we expected elevated 25-
OHC levels in plasma and brain. However, whereas significantly increased concen-
tration of 25-OHC could be detected in plasma, increased brain 25-OHC levels did
not reach statistical significance in LPS-treated mice. Anyhow, these results are con-
cordant with other studies, which showed that treatment of mice with the selective
TLR4 agonist KDO induced upregulation of CH25H expression in the brain (230).
Macrophages and DCs respond to TLR4 ligands by upregulating CH25H expression
(182, 183), which is a possible explanation for the increased plasma 25-OHC con-
centrations on day 3 (Fig. 38). In the latter cell type TLR-dependent upregulation is
mediated via a signalling pathway that involves NFkB and IFNy secretion and con-

verges on activation of the JAK/STAT1 pathway (182).
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Our in vitro experiments using LPS treatment as a stimulus for 25-OHC production in
GBM cell lines only resulted in a moderate short term induction of CH25H (Fig. 25)
with slightly, but not significantly increased 25-OHC amounts after 24 h (Fig. 26). The
fact that LPS is a more potent stimulus in macrophages than in GBM cell lines is
possibly due to different TLR4 receptor expression levels, which are high for mono-
blasts and low for A172, GM133, and U87MG cells (www.biogps.org; NCI-60 data-
set).

Interestingly, LPS administration to glioma bearing mice is able to improve survival
rates (257). As the authors were not able not provide a precise mechanistic explana-
tion, they have raised speculations that GBM growth is possibly less aggressive un-
der pro-inflammatory conditions. According to our data, the observed effect could
also be due to highly increased tumoral CH25H transcription and the resulting exces-
sively increased 25-OHC amounts leading to some kind of “self-intoxication” of the
malignant glioma cells.

However, the situation in vivo is virtually much more complex, as for example the dis-
covery of the perivascular niche has given evidence (86). Therefore it is difficult to
anticipate, which cell types are affected by increased oxysterol concentrations. There
are two possible explanations in which way elevated levels of 25-OHC could promote
tumor malignancy:

Increased 25-OHC concentrations could provoke astrocyte cell death, thereby in-
creasing tumor aggressiveness and invasion, which requires that glia cells and neu-
rons are more susceptible towards oxysterol-mediated toxicity than GBM cells them-
selves in vivo.

Alternatively, 25-OHC could act in the tumor microenvironment at low concentration
(< 1 uM). Concomitantly, peripheral monoblasts are recruited and could polarize into

the pro-tumorigenic M2 phenotype under the influence of the IL-containing tumor en-
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vironment. Additionally, oxysterols lead to an induction in expression of MMPs via
PKC and NFkB (311).

Another most recently discovered 25-OHC-mediated action is cellular defense
against enveloped viruses (269, 270). These publications give evidence that 25-OHC
may act as an intrinsic anti-viral substance by compromising membrane fusion via
interaction with a (so-far unknown) protein and not only via simple membrane interca-
lation. This means that 25-OHC possibly exerts similar properties in immunologic
mechanisms, for example when a tumor cell membrane is being attacked by the
complement membrane attack complex or perforins of NK cells.

Taken together, the question remains, whether overexpression of CH25H or intratu-
moral 25-OHC administration would increase GBM malignancy in vivo, or if oxysterol
treatment exhibits increased cytotoxicity versus GBM cells and has therefore benefi-
cial properties. These open questions should be addressed by using an intracranial
GBM mouse model (wild-type and CH25H), which could give a first experimental in
vivo evidence whether or not CH25H could represent a potential therapeutic target in

GBM therapy.
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Abbr. Description
24S-OHC 24S-hydroxycholesterol
70-OHC 7a-hydroxycholesterol
ABCA1 ATP-binding cassette transporter A1
ABCG1 ATP-binding cassette transporter G1
ABCG8 ATP-binding cassette transporter G8
ACC acetyl coenzyme A carboxylase
AKT protein kinase B
ANOVA analysis of variances
ANS autonomous nervous system
APOC apolipoprotein C
apoE apolipoprotein E
ATP adenosine triphosphate
BAD Bcl-2-associated death promoter
BAX Bcl-2-associated X protein
BCL-2 B cell lymphoma protein 2
bFGF basic fibroblast growth factor
bHLH-LZ basic Helix-Loop-Helix Leucine Zipper
BSA bovine serum albumin
BTSCs brain tumor stem-like cells
CCR7 C-C chemokine receptor type 7
CD45 cluster of differentiation 45
CDK4 cyclin-dependent kinase 4
CH25H cholesterol 25-hydroxylase
CNS central nervous system
COPII coat protein complex I
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CSF cerebro-spinal fluid

CTX cerebrotedinous xanthomasis

CYP27A1 cytochrome P450, family 27, subfamily A, polypeptide 1 (gene encoding for cholesterol-27-
hydroxylase)

CYP3A4 cytochrome P450, family 3, subfamily A, polypeptide 4

CYP46A1 cytochrome P450, family 46, subfamily A, polypeptide 1 (gene encoding for cholesterol-24-
hydroxylase)

CYP7A1 cytochrome P450, family 7, subfamily A, polypeptide 1 (gene encoding for cholesterol-7a-
hydroxylase)

DAPI 4'.6-diamidino-2-phenylindole

DC dendritic cell

DNA desoxyribonucleic acid

EBI2 Epstein-Barr virus induced protein 2 = G protein-coupled receptor 183

GPR183

EGF epidermal growth factor

EGFR epidermal growth factor receptor

EGFRuvIII mutant EGFR lacking exons

ER endoplasmic reticulum

ERBB2 erythroblastic Leukemia Viral Oncogene Homolog 2

ERK extracellular-signal Regulated Kinase

FASN fatty acid synthase

FCS fetal calf serum

FDS farnesyl diphosphate synthase

FOXO1 Forkhead box protein O1

GBM glioblastoma mutiforme

GC-MS gas chromatography - mass spectrometry

GFAP glial fibrillary acidic protein

GLI gene encoding for the GLI family zinc finger 1 protein

Gli1 GLI family zinc finger 1 protein
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GLUT1 glucose uptake transporter 1

GLUT3 glucose uptake transporter 3

GLUT4 glucose uptake transporter 4

GTP guanosine triphosphate

GW3965 synthetic LXRa and 3 agonist

HDAC histone-deacetylase

HDL high density lipoprotein

HE hematoxyline eosine staining

HER2 human epidermal growth factor receptor 2 = ERBB2
HIF-1 hypoxia induced factor 1

HMBS hydroxymethylbilane synthase

HMG hydroxymethylglutaric acid

HMGCR hydroxymethylglutaryl coenzyme A reductase
HMGCS hydroxymethylglutarylcoenzyme A synthase
HRP horse raddish peroxidase

IDH isocitrate dehydrogenase

IFN interferon

INSIG insulin-induced gene anchor protein

LDL low density lipoprotein

LOH loss of heterozygosity

LPS lipopolysaccharide

LXR liver-X-receptor

MAP mitogen-activated protein

MAPK mitogen-activated protein kinases

MCP3 monocyte chemotactic protein-3

MDM2 mouse double minute 2 homolog = E3 ubiquitin-protein ligase
MEK mitogen-activated protein kinase kinase

MIP macrophage inflammatory protein

MMP matrix metalloproteinase
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MSTFA N-Methyl-N-(trimethylsilyl) trifluoroacetamide
MTIC 5-(3-methyltriazen-1-yl)imidazole-4-carboxamide
mTOR mammalian target of rapamycin protein

MTT 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromid
NF1 neurofibromin-1

NFkB nuclear factor kappa B

NO nitric oxide

NPCs neuronal precursor cells

p16INK4a cyclin-dependent kinase inhibitor 2A

p53 protein 53

PBS phosphate-buffered saline

PCR polymerase chain reaction

PDGF-BB platelet-derived growth factor (with two B chains)
PDGFR platelet-derived growth factor receptor

PDGFs platelet-derived growth factors

PI3K phosphatidylinositol-3-kinase

PIP2 phospholipid phosphatidylinositol(4,5)diphophsphate
PIP3 phosphatidylinositol(3,4,5)triphosphate

PKC protein kinase C

PMSF phenylmethylsulfonylfluorid

PNS peripheral nervous system

pRB retinoblastoma protein

PTCH patched

PTEN phosphatase and tensin homolog

PTX pertussis toxine

RAF rapidly accelerated fibrosarcoma protein

RAS rat sarcoma protein

REST relative expression software tool

RTKs receptor tyrosine kinases
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RXR retinoid-X-receptor

S1P sphingosine-1-phosphate

SCAP SREBP cleavage activating protein

SHH sonic hedgehog

siRNA small interfering RNA

SMO smoothened

SREBP sterol responsive element binding protein

T0901317 synthetic LXRa and b agonist

TGF transforming growth factor

THP-1 a human monocytic cell line derived from an acute monocytic leukemia patient
TLR4 toll-like receptor 4

TLR9 toll like receptor 9

TMCS trimethylchlorosilane

TMS trimethylsilyl-

TNF tumor necrosis factor

TP53 tumor suppressor protein 52

VEGF vascular endothelial growth factor

VEGFR vascular endothelial growth factor receptor

Wnt proto-oncogene protein for the WNT-signalling pathway
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