Iversitat

MASTERARBEIT

Titel der Masterarbeit

The function of the BRafV600E mutation in adult neural

stem cells and paediatric malignant astrocytomas

Verfasser

Brian Reichholf, BSc

angestrebter akademischer Grad

Master of Science (MSc)

Wien, 2013
Studienkennzahl It. Studienblatt: A 066 834
Studienrichtung It. Studienblatt: Masterstudium Molekulare Biologie

Betreuerin: Prof. Dr. Manuela Baccarini



Abstract

Malignant astrocytomas (MA) are aggressive brain tumours with generally poor
prognosis. Grade IV astrocytomas, also known as glioblastoma multiforme (GBM), is one
of the most aggressive gliomas. They are thought to arise from neural stem cells (NSCs),
which undergo asymmetric cell division (ACD), resulting in two daughter cells of
alternate fate, providing self-renewal through one and differentiation through the other.
BRaf, a kinase involved in the MAPK pathway, has been found mutated or activated in
~49% of GBM, and the mutant BRafVé9%0E in combination with deletion of CDKN2A,
encoding p16"k4a and p194rf, has been found associated with paediatric MA. BRafV600E js
known to signal proliferation and differentiation, however it is unknown if
transformation is associated with an increase in self-renewal and thus disruption of
ACD.

In this thesis I make use cells isolated from a Cre-inducible BRafV6%%E mouse
model with concomitant Ink4a/Arf deletion. The following data shows, that expression
of BRafV600E Jeads to an increase in symmetric cell division in NSCs, an increase in
proliferative capacity, and a decrease in differentiation potential. Furthermore,
specifically inhibiting of BRafV60%E using the FDA-approved drug vemurafenib
(PLX4032/PLX4720) shows a restoration of differentiation potential and a reduction in

proliferation and self-renewing NSCs.

Page ii



Zusammenfassung/Abstract

Bosartige Astrozytome (malignant astrocytoma, MA) sind aggressive Hirntumore
mit allgemein schlechter Prognose. Nach WHO klassifizierte Grad IV Astrozytome, auch
als glioblastoma multiforme (GBM) bekannt, sind eine der aggressivsten Gliome. Als
Ursprung vermutet man neuralen Stammzellen (neral stem cells, NSCs), die im
Normalfall asymmetrische Zellteilung (asymmetric cell division, ACD) betreiben,
woraus sich die zwei Tochterzellen mit unterschiedlichem Differenzierungsschicksal
bilden. Dies ermdglicht eine Selbsterneuerung der Stammzellpopulation in einer
Tochterzelle und gleichzeitige Differenzierung in der anderen. BRAF, eine Kinase in dem
MAPK Weg, ist in ~4% der GBM-Fille entweder mutiert oder aktiviert. Die Mutante
BRAFV600E jn Kombination mit der Deletion des CDKN2A Lokus, der fir die
Tumorsuppressoren p1l6"k4a und p19Arf kodiert, wird vorwiegend mit padiatrischen MA
assoziert. Es ist bekannt, dass BRAFV600E sowohl die Proliferation als auch
Differenzierung signalisieren kann, aber es ist nicht klar, ob die Tumortransformation
mit einem Anstieg der Selbsterneuerung und damit der Unterbrechung der ACD
verbunden ist.

In dieser Arbeit habe ich gebrauch von Zellen aus einem Cre-induzierbaren
BRAFV600E Mausmodell mit gleichzeitiger Deletion von Ink4a/Arf gemacht. Die
folgenden Daten zeigen, dass die Expression von BRAFV600E zy einer Erhohung der
symmetrischen Zellteilung in NSC, einer Erhéhung der proliferativen Kapazitit, und
einer Abnahme des Differenzierungspotentials fiihrt. Aufderdem zeige ich, dass die
spezifische Inhibierung von BRAFV600E mit dem FDA zugelassenen Medikament
vemurafenib (PLX4032/PLX4720) sowohl zu einer Wiederherstellung des
Differenzierungspotenzials als auch eine Verringerung der Proliferation und selbst

erneuernder NSCs fiihrt.
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1 Introduction

1.1  Neural stem cells and neural development

Stem cells are defined as pluripotent or multipotent cells and characterised by
their capacity to self-renew and their ability to generate progeny that can differentiate
into various other cell types. While pluripotent cells can differentiate into any of the
three primary germ layers (endoderm, ectoderm and mesoderm) and thus any cell type
in the adult body, multipotent cells can only give rise to a very limited number of cell
types (Gage, 2000; Weissman, 2000). Although stem cells are more commonly found
during embryonic development, they also are found throughout the adult body where
they (endothelial, hematopoietic, mesenchymal and neural stem cells) serve the purpose
of tissue renewal and homeostasis (Seaberg and van der Kooy, 2003; Watt and Hogan,
2000).

Neurogenesis continues throughout adult life in adult mammalian brains neural
stem cells (NSCs) can be found most commonly in the subventricular zone (SVZ), the
wall lining the lateral ventricle, and the hippocampus (Cameron and Gould, 1996; Lois
and Alvarez-Buylla, 1994). NSCs residing in the SVZ are relatively quiescent and give
rise to actively proliferating progenitor cells (also known as transit amplifying cells,
TAPs) (Doetsch et al,, 1999). These TAPs have been found to generate fate-restricted
intermediary progenitors such as neural or glial restricted progenitors, also referred to
as neuroblasts and glioblasts, which respectively give rise to either neurons, or
oligodendrocytes and astrocytes (Figure 1-1).

NSCs isolated from the SVZ can be cultured as neurospheres under presence of
EGF and non-adhesive surfaces (Reynolds and Weiss, 1992), and have been shown to
generate neurons, astrocytes and oligodendrocytes in vitro (Weiss et al., 1996). Along
the oligodendrocyte lineage arm glioblasts are found as tripotential glial-restricted
progenitors (GRPs), which gives rise to Type-1 astrocytes and bipotential
oligodendrocyte-type-2 astrocyte progenitors (02-A/OPCs) (Gregori et al., 2002). OPCs
can then differentiate into astrocytes and oligodendrocytes (Figure 1-1). These cell

stages can be identified throughout differentiation using specific marker combinations.
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Figure 1-1: Lineage progression of neural stem cells to neurons, astrocytes and oligodendrocytes and associated
markers.

A Overview of neural lineages, divided into neurons, arising solely from neuroblasts; astrocytes and oligodendrocytes,
both produced from similar precursors. Transit amplifying cells (TAPs) can further give rise to glial restricted
progenitors (GRP), which produce oligodendrocyte-type-2 astrocyte progenitors/oligodendrocyte progenitor cells
(02A/0PC) and Type-1 astrocytes. Type-1 and type-2 astrocytes differ morphologically, and in the absence of A2B5 in
the former, but not the latter. Markers for the cell stages are listed below each type.

GFAP = glial fibrillary acidic protein; Glast = glutamate aspartate transporter; EGFR = epidermal growth factor
receptor; DCX = doublecortin; MAP2 = microtubule-associated protein 2; NeuN = neuronal nuclear antigen; 04 =
Oligodendrocyte antigen; MBP = myelin basic protein; GalC = galactocerebroside

Exact classification of adult NSCs, however, remains tricky; they express Nestin
and Sox2, as embryonic radial glial cells, as well as glial fibrillary acidic protein (GFAP)
and glutamate aspartate transporter (Glast), both also found expressed in astrocytes. A
subpopulation of GFAP-expressing SVZ NSCs has also been found enriched for CD15
(also known as SSEA-1 or Lewis X), an extracellular carbohydrate that can be used to
identify murine pluripotent stem cells (Capela and Temple, 2002). While CD15+*
populations can be divided into subpopulations expressing and absent of the classical
stem cell marker CD133, CD15* cells importantly can form neurospheres, self-renew and
differentiate in vitro, and CD15* cells isolated from CD15*/CD133- neurospheres have
been found capable of forming intracranial tumours in mice (Mao et al., 2009; Son et al,,
2009). Furthermore, cells isolated from mouse embryonic cortex and enriched for CD15
have been shown to give rise to two cell types, one with high and one with low activity of
epidermal growth factor receptor (EGFR), corresponded with TAPs and GRPs
respectively (Sun et al., 2005).

Both oligodendrocyte lineage progenitors are marked by expression of Nestin
and cell surface A2B5 antigens, whereas GRP give rise to A2B5- type-1 astrocytes, and
OPCs give rise to A2B5* type-2 astrocytes, both of which are also GFAP*/Glast*/S1000 *.
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In addition, OPCs also express the proteoglycan NG2 and Olig2, a basic helix-loop-helix
transcription factor essential during OPC development, and also give rise to
oligodendrocytes marked by expression of galactocerebrocide (GalC), myelination
agents (e.g. myelin basic protein, MBP) and oligodendrocyte marker O4. In turn,
neuronal progenitors can be identified by expression of the neuronal migration protein
doublecortin (DCX) and microtubule-associated protein 2 (Map2). Terminally
differentiated neurons express the nuclear neuronal marker NeuN and neuron specific
intermediary filaments, neurofilaments (NF).

During neurogenesis, which also occurs in adults in the SVZ, this lineage
progression is achieved primarily by asymmetric cell division, where following mitosis
the two daughter cells have different fates. Defects in the underlying asymmetric cell
division machinery could lead to a reduction in neurogenesis, excess in proliferating

cells and, ultimately, cancer.

1.2 Asymmetric cell division and its role in development and cancer

As an organism grows from a single fertilised oocyte, stem cells need to expand
and differentiate. They achieve this either through direct transformation, symmetric or
asymmetric division. Symmetric cell division is the mechanism behind clonal expansion,
while asymmetric cell division (ACD) can simultaneously maintain the stem cell
population and give rise to a committed daughter (Figure 1-2).

At the heart of the ACD mechanism lies the par (partitioning defect) complex,
consisting of Par-3, Par-6 and atypical protein kinase C (aPKC), which was initially
investigated in C. elegans and D. melanogaster and has been found conserved in
vertebrates (Etemad-Moghadam et al., 1995; Hung and Kemphues, 1999; Kemphues et
al,, 1988; Rolls et al., 2003). It links astral microtubules to the apical plasma membrane
using adaptor proteins (such as Discs large, Dlg) and thus provides an apical-basal
orientation for the mitotic spindle (Knoblich, 2010; Schaefer et al., 2001; Siller et al,,
2006). Basal localisation of the cell fate determinants Prospero and Numb is also
required for correct asymmetric cell division. Prospero is a transcription factor that
regulates glial identity and is localised to the basal membrane by binding to the adapter
protein Miranda (Choksi et al.,, 2006). Numb inhibits Notch signalling, which is widely

involved in cell fate regulation during development, and is anchored to the basal plasma
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membrane by partner of numb (Pon) (Berdnik et al.,, 2002; Lu et al,, 1999; Rhyu et al,,
1994) (Figure 1-3).

Symmetric cell division Asymmetric cell division

Intrinsic Extrinsic
| |

-«
<
-

-«

S A A
POOOOOOO O

Self-renewal Commitment Self-renewal  Different  Self-renewal
& fates
Commitment Commitment

| |

Expansion Extinction Maintenance Extinction Maintenance

@ Stem cell Commited fate #1 @ Commited fate #2

)) Intrinsic cell fate > Extrinsic cell fate
determinants > > determinants

Figure 1-2: Two principal modes of dividing: symmetric and asymmetric cell division.

Symmetric cell division leads to daughter cells of equal fate; either leading to clonal expansion, or maturation and
often extinction of the cell line. Asymmetric cell division (ACD) always leads to daughters of divergent fate; either two
different committed daughters, or one stem cell and one committed cell. Furthermore, ACD can be initiated through
localisation of intrinsic cell fate determinants, such as protein complexes or mRNA, or through extrinsic cell fate

determinants such as chemokines or morphogen gradients. Expansion, extinction and maintenance refers to the stem
cells (adapted from Tajbakhsh et al.,, 2009).

The cytoskeletal protein lethal giant larvae (Lgl) has been shown to regulate par
complex dependant phosphorylation of Miranda, Numb, and Pon, thereby further
regulating basal localisation of these factors (Atwood and Prehoda, 2009; Wirtz-Peitz et
al, 2008). Currently, the mechanisms of ACD have been well characterised in D.
melanogaster, mutations in Igl and dlg have been found to cause tumours in D.
melanogaster (Lee et al., 2006), but the exact role and function of these proteins in
asymmetric cell division in mammalian stem cells remains an issue of on-going research.

While there is evidence for ACD in stem cells of skin, muscle, gut, mammary
glands, the hematopoietic system and brain, it remains best understood in neural
progenitor cells. Par proteins accumulate at the apical membrane, but minor
interferences can cause oblique cleavages (divisions neither perpendicular, nor
horizontal to the apical-basal polarity) and in that process lead to an asymmetric
distribution of Par3 in the progeny. Following, the levels of cell fate determinant Notch

are increased in the high-Par3 daughter, which remains a stem cell, whereas the
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daughter cell inheriting low Par3 also has low levels of Notch, and goes on to

differentiate (Bultje et al., 2009).

Basal
Cmira) CPon )
CPros > (Numb)
/ / Differentiation
' CPar6
Apical @ Self-renewal

Figure 1-3 Localisation of cell fate determinants during asymmetric cell division.

Localisation of the par complex, consisting of Par3, Par6 and atypical protein kinase C (aPKC), defines the apical end
during asymmetric cell division. aPKC by itself, has been shown to phosphorylate Miranda (Mira), which then leads to
its basal localisation with Prospero (Pros). Lgl acts as an antagonist in this process. Furthermore, aPKC and Par6 bind
Lgl in early metaphase, which is later replaced by Par3. The complete par complex then phosphorylates Numb, which
then localises to the basal end with its adapter protein partner of numb (Pon). Apical, aPKC containing daughter cells
go on to self-renew, while the basal daughter cell undergoes differentiation most notably by Numb-mediated Notch
signalling.

Recent research has shown, that EGFR segregates asymmetrically and plays a
role in neural stem cell fate determination (Sun et al, 2005). Further, constitutive
signalling of EGFR has been found to inhibit differentiation of oligodendrocyte
progenitors (Ivkovic et al, 2008). In summary, disruption of ACD leads to less
differentiation and an increase in self-renewal, a hallmark of cancer.

Results from our lab further indicate, that decreased asymmetric divisions in
oligodendrocyte progenitors are signs of glioma precursors (Sugiarto et al., 2011).
Furthermore, previous research shows that mouse and human oligodendrogliomas,
gliomas thought to have oligodendrocyte origin, share more markers with OPCs than

NSCs, supporting the hypothesis of OPCs as origin of gliomas (Persson et al., 2010).

1.3 Gliomas, how they arise and theories on their origin
Cancer is a common cause of death across the world and is found in people of all
ages. Brain tumours in particular make up only 1% of all cancers, but patients have an

overall poor survival (Howlader et al., 2013; Siegel et al, 2013). Brain tumours are
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graded by the world health organisation (WHO) depending on malignancy, growth
speed and morphology in low-grade (grade I and II) and high-grade (grade III and [V)
tumours. They are further classified by their morphology as astrocytoma, glioblastoma,
oligodendroglioma, mixed glioma, ependymoma, malignant glioma, and a few rare
histological variations (Louis et al., 2007). Oligodendrogliomas and ependymomas occur
rarely (~10-20% of all brain tumours), and are only found in grades I-III (Dolecek et al,,
2012; Louis et al., 2007). Astrocytomas, in contrast, represent the most common form of
brain tumours, are found in all grades and more than half of all cases are the particularly
aggressive glioblastoma multiforme (GBM, grade III-IV) (Dolecek et al, 2012).
Astrocytomas have a total age-adjusted incidence of 6.6 per 100.000, with pilocytic
astrocytomas leading in prevalence of under-35-year-olds and GBM accounting for more
than half of all cases in patients aged 35 and up. Additionally, glioblastoma multiforme is
the most aggressive form, with a 5-year survival rate of less than 5% (Dolecek et al,,
2012).

Gliomas are currently classified by morphology, but in recent efforts from the
Cancer Genome Atlas (TCGA) consortium they classified gliomas into four distinct
subtypes, depending on their genetic profile: neural, proneural, classic and
mesenchymal (Verhaak et al., 2010). However, it still remains hotly debated cell types
are the origin.

In support of NSCs as glioma origin, GFAP or Nestin driven deletion of p53 in
mouse brains reflected human glioma pathologies (Wang et al., 2009). Furthermore,
deletion of the tumour suppressors p16/Mk4a and p1947 (both encoded by the CDKNZA
locus) combined with EGFR overexpression in cultured neurospheres provided the
capacity to induce gliomas after intracranial injection into immunocompromised mice,
reconfirming the NSC-origin model (Bachoo et al., 2002; Ligon et al., 2007).

However, two possibilities remain: the defective NSCs or progenitors derived
from these NSCs are the cell-of-origin for gliomas.

A transgenic mouse model with S1003-driven activation of the v-erbB oncogene,
a protein structurally similar to EGFR with a ligand-independent constitutive tyrosine
kinase activity, illustrated that mature cells could contribute to glioma formation
(Persson et al,, 2010; Weiss et al., 2003). While S1008 is often used as mature astrocyte
marker, it is activated as GFAP* cells lose their capability to form neurospheres (Hachem

et al.,, 2005; Raponi et al., 2007).

Page 6



EGFR is a receptor tyrosine kinase (RTK), which signals BRaf, a member of the

Ras/Raf/MEK/ERK protein kinase (also known as mitogen-activated protein kinase,

MAPK) pathway. BRaf has been found activated, mutated or as oncogenic fusion gene in

a 4% of GBM. The activating mutation BRafV60%E is often found in grade II-IV tumours

and is highly associated with young patient age (Schiffman et al., 2010; Schindler et al.,

2011). It’s role in tumour development, however, remains an issue of on-going research.

1.4 The MAPK Pathway and its role in cancer

The canonical MAPK pathway is triggered
by a wide variety of cues, most notably cell stress,
growth factors, cytokines and mitogens, often
mediated through RTKs such as EGFR (Figure 1-4).
The MAPK pathway is

known to regulate

proliferation, differentiation and apoptosis
(Blalock et al.,, 1999; Chang et al., 2003) and the
involved proteins are commonly found mutated in
cancer.

The Ras family of proteins encompasses
three variants, HRAS, KRAS and NRAS, which have
a highly conserved N-terminal GTPase region and
are known oncogenes. They are bound to the
membrane, when activated exchange GDP for GTP
and have been found to activate both the PI3K and
Raf to varying degrees (Peyssonnaux et al., 2000).

Similarly, the Raf protein family also has
three members: A-Raf, B-Raf (in following referred
to as BRaf), and c-Raf (also referred to as Raf-1).
They have three distinct domains, an N-terminal

Ras binding domain (CR1), a regulatory domain

RTK

g

<>
A

Erlotinib

/\

PLX4720

k

= eA/
. Q
*

Erk

Proliferation .
Survival

Differentiation

Figure 1-4 Schematic overview of the MAPK
Pathway.

Upon binding of the ligand, the receptor
tyrosine kinase (RTK) dimerises and can then
activate the guanidine exchange factor Sos.
Activated Sos then can drive removal of GDP
from a Ras superfamily protein, which can
then bind GTP and phosphorylate Raf.

Raf can now phosphorylate Mek, which can
then phosphorylate the mitogen activated
protein kinase MAPK or Erk. This final kinase
goes on to activate several transcription
factors regulating proliferation, differentiation
and apoptosis.

Drugs used to inhibit the MAPK pathway in
this thesis are PLX4720 (vemurafenib), which
can specifically inhibit BRafV600E (indicated by
a red circle), and Erlotinib, an inhibitor of
EGFR phosphorylation.

(CR2) and the catalytic kinase domain (CR3), and their activity varies across tissues

(Pritchard et al, 1996; Van Aelst et al, 1993).

BRaf, most importantly, is highly

expressed in neural tissue (Barnier et al., 1995). Moreover, deletion of BRaf in neuronal
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precursors showed decreased myelination illustrating its importance in neuronal
differentiation and oligodendrocyte maturation (Galabova-Kovacs et al., 2008).

Aberrations in BRaf involve either a constitutively active kinase domain,
increases in copy number, gene amplification, or a combination of the above. The kinase
domain is found constitutively activated either through a recently discovered fusion
with KIAA1549, a gene of unknown function, or by mutation in the kinase domain
(Davies et al.,, 2002; Jones et al,, 2008). The BRafV60%E variant is the most common,
accounting for 80% of the mutations, and is found most frequently in melanoma (50%),
papillary thyroid carcinoma (30%), ovary carcinoma (20%) and colorectal cancer
(15%), while in contrast it is found in 4% of gliomas with increased prevalence in
children (Schiffman et al., 2010; Schindler et al.,, 2011; Zebisch and Troppmair, 2006).

Hyper-activation of the MAPK pathway has been demonstrated to lead to
senescence, signalled through pl6"k4a and p194rf (Ink4a/Arf, encoded by the CDKN2A
locus) (Jacob et al., 2011). Furthermore, activation of BRaf in NSCs by transduction with
BRafV60%E ¢cDNA has been shown to lead to transformation at first, and then p16!rk4a-
regulated senescence (Raabe et al., 2011). Deletion of CDKN2A has been reported in
gliomas and found associated with BRafV6%0E in 70% of higher-grade tumours, which
recently led to the paediatric malignant astrocytoma mouse model through the
combination of BRafV60%E and Ink4a/Arf/- (Horbinski et al., 2010; Rodriguez et al., 2011;
Schiffman et al.,, 2010).

The work presented here makes use of a genetically modified mouse model with
Cre recombinase-inducible BRafV60%E expression and concomitant Ink4a/Arf deletion to
address questions posed on the cell-of-origin of gliomas and the influence of BRafV600E

on the ACD machinery (Dankort et al., 2007).

1.5 The BRaf'**** model system

Studying the effect a mutant gene has in vitro is relatively simple and can be
achieved by introducing the mutation with a plasmid or viral vector. This, however, is a
highly artificial system, and especially when studying diseases such as cancer it is
desirable to employ an organism-scale model often ideally including an inducible
mutation.

BRafV600E (initially identified as V599E) was first discovered in melanoma and

has since seen several efforts for small molecule-based inhibition (Davies et al., 2002).
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Vemurafenib (also known as PLX4032, or the tool compound PLX4720) is the first drug
to specifically inhibit BRafV60%E, has been FDA-approved for late stage melanoma is
currently in early stages of several clinical trials for melanoma as well as entering
clinical trials for treatment of paediatric astrocytomas (Bollag et al.,, 2010; Chapman et
al, 2011; Sala et al., 2008). Mechanistically vemurafenib selectively binds to the ATP
binding pocket of BRafV600E but not wild-type BRaf (BRafWT) (Tsai et al., 2008), however
it has also been shown to activate the MAPK pathway in BRaf%T melanoma cell lines
(Halaban et al,, 2010; Hatzivassiliou et al., 2010).

To date, tumorigenic BRaf activation has only been studied in tumour-derived
cell lines, which do not allow isolating the effect of BRafV600E specifically and it's
blockage. Several human glioblastoma cell lines have been used to study BRafV600E
however they are genetically heterogeneous and found either heterozygous or
homozygous for mutant BRaf (Nicolaides et al., 2011).

The genetically engineered mouse model (GEMM) obtained by our lab expresses
a Cre recombinase-inducible BRafV60%E mutation (BRaf%, Figure 1-5) and LoxP flanked
exons 2 and 3 of the CDKNZA locus ensuring deletion of both tumour suppressors
pl6nk4a and p19Arf (Ink4a/Arf), both easily confirmable by PCR (Aguirre et al., 2003;
Dankort et al., 2007). Deletion of Ink4/Arf, in addition to being highly correlated with
BRafV600E jn high-grade tumours, serves as a background mutation as BRafVé%E on its

own has been shown to induce senescence (Raabe et al., 2011).

BRaf*

loxP wt Stop loxP V600E
- [ Neo | e~
+ Cre
BRafV600E l
V600E

XxP

lo
(> (e

Figure 1-5: Schematic representation of the BRaf* genotype and the generation of BRaf'*°°t through induction with
Cre recombinase.

BRaftA was created by introducing the human cDNA for exons 15-18 (h E15-E18) into the intron between mouse exon
14 and 15. This produces normal BRaf, upon Cre-mediated recombination the human cDNA is deleted and the
BRafV600E mutant is produced (adapted from (Dankort et al., 2007)).

Furthermore, our employed GEMM allows localised induction of BRafVé00E by
intracranial delivery of adenovirus expressing Cre recombinase and subsequently
allows the histopathological study of its effects in brain tumours in vivo. Research in our

lab has shown, that we can induce brain tumours, which are morphologically similar to
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GBM (Figure 1-6A and B) and express similar markers (data not shown). Moreover, we
showed that mice with tumours driven by ubiquitous Cre expression died just as soon as
tumours from transformed SVZ NSCs, which suggests a common cell of origin (Figure
1-6C).

In addition to in vivo studies, this model provides interesting possibilities for in
vitro studies too: by isolating NSCs harbouring BRaf*4 and inducing BRafV690E jn vitro
and its effects on various cellular mechanisms underlying tumorigenesis, such as

asymmetric cell division and differentiation.

4‘ .

Xgal/Eosin . SN

Figure 1-6: BRaf'*°°t can drive transformation of GFAP* ¢ 100
NSCs in the SVZ.

BRaf¢A/WT  [nk4a/Arflox/lox Rosa26lacZz mice injected
intracranially with adenovirus, expressing GFAP and
CMV (cytomegalovirus immediate early promoter)
driven Cre (GFAP-Cre, CMV-Cre) develop tumours and
succumb to excessive tumour burden. A Hematoxilin
and eosin and B Xgal/Eosin stained brain section at site —m— CMV-Cre

of injection of a sacrificed mouse. C Mice injected with —8— GFAP-Cre

CMV-Cre and GFAP-Cre develop tumours at similar ——rr—
rates and have a median survival of 8 weeks post 1020 30 40 50 60 70 80
injection. (data from Lerner et al, in preparation) Days post injection

Percent Survival
N sy [o)} o]
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2 Aims of this project

Mutations in Raf family proteins and their upstream activators Ras and EGFR are
associated with many forms of cancers, and BRaf in particular has been found mutated
as BRafV600E in paediatric astrocytomas. However, it is unclear which function BRafV600E

has in regards to tumour initiation, origin and maintenance.

This thesis aims to answer some of these questions and in specific addresses the

following:

Aim 1: Establish an isogenic BRafVé0%E culture model. Using mice expressing
BRafC [ will isolate healthy cells from the subventricular zone. This will allow me

to study how BRaf activation changes cells in vitro and leads to tumour initiation.

Aim 2: Understand the impact of BRaf activation on neural stem and
progenitor cell proliferation. Using isogenic cell lines and tumour cell lines I will
test proliferation following BRafV600E jnduction and its inhibition. Doing so will tell
us if activation of BRaf confers proliferative advantages and if cells benefit from

more than one copy and could infer more effective treatment regiments.

Aim 3: Unravel the influence BRaf activation has on neural lineage
differentiation. Using the established culture model [ will investigate the changes
of BRafV600E expression and its inhibition on generation of neurons,
oligodendrocytes and astrocytes. This will help us understand if activation of BRaf
leads to transformation of either neural stem cells or progenitor cells and if this

process can be reversed by chemical blockage of BRafV600E,

Aim 4: Elucidate how oncogenic BRafV600E jlters asymmetric cell division of
neural stem and progenitor cells. Using isogenic in vitro modified cell lines [ will
analyse how expression of BRafV60%E and inhibition thereof affect neural stem and
progenitor cells’ ability to self-renew and generate daughters of different fate.
Results gained here will give insight on which cells BRafV60%E-driven tumours arise

from and if specific inhibition of BRafV60%E can slow this process.
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3 Methods

3.1 Culturing mouse neurospheres

Subventricular zone (SVZ)-NSCs were isolated and grown from adult mice as
previously described (Silber et al., 2008) with minor modifications. Dissected SVZ tissue
from 2-month old mice was dissociated using papain (Worthington). Cells were grown
in Neurobasal-A media (Invitrogen) supplemented with 20 ng/mL epidermal growth
factor (EGF, Sigma), 20 ng/mL basic fibroblast growth factor (bFGF, Peprotech), 1x B27
supplement without Vitamin A (Invitrogen), 100 units/mL penicillin, 100 pg/mL
streptomycin and 292 pg/mL L-glutamine on low adherent plates. Cultures were
maintained at 37°C and 5% CO2. Cells were passaged by incubating in Accumax
(Innovative Cell Technologies) for 5 minutes and triturated during resuspension. Media

was changed every 2.5 days.

3.2 Induction of tumours in vivo

Two-month old mice received intracranial injections into the SVZ with
adenovirus expressing Cre recombinase under the CMV promoter. Upon exhibiting
behavioural signs of tumour burden they were sacrificed, tumour tissue was isolated
and dissociated with papain. Tumour cells were cultured identically to unmodified,

transgenic neurospheres.

3.3 Generation of mutant cell lines
Before transduction neurospheres are dissociated using Accumax for 5 minutes
and triturated gently. Cells are counted to calculate the volume of virus required.
number of cells seeded

Virus[uL] = x MOI
irusuL] = e IFU /ml

The virus titer was determined during virus production and purification and the
MOI reflects the ratio of virus particles per cell, here selected as 50. An adenovirus
expressing a Cre-GFP fusion protein is added in a control well to determine if the virus
amount is sufficient. Once ensured the adenovirus with CMV driven Cre expression is
added and cells are incubated at 37°C over night and medium is replaced the following

day. Transformation and deletion was confirmed by genotyping.
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3.4 Genotyping of cells and tissue

Both tissue and cells can be genotyped with the same protocol. The sample is
incubated with STE buffer (0.1M NaCl, 10mM Tris pH8, 1mM EDTA) and 20 pg/mL
proteinkinase K (Qiagen) at 55°C for 2 hours to over night. Before PCR proteinkinase K
is inactivated by incubating at 95°C for 10 minutes. Primer pairs BRaf-fw
(5’-tgagtatttttgtggcaactgc-3’) and BRaf-rev (5’-ctctgctgggaaagcgge-3'), are used to
differentiate between BRafWT (185 bp), BRaft4 (308 bp) and BRafV60%E (335 bp) (Dankort
et al, 2007). Deletion of Ink4a/Arf was confirmed using the primer pairs Ink-fw
(5’- ccaagtgtgcaaacccaggc-3') and Ink-rev (5’-ttgttggcccaggatgec-3'), allowing the
distinction between Ink4a/ArfWT, Ink4a/Arflx and Ink4a/Arf as previously described
(Aguirre et al., 2003).

3.5 Proliferation assay

Cells were dissociated and plated on black, optical bottom 96-wells (Nunc),
previously coated with 10 pg/mL laminin (Sigma) at 37°C for at least 3 hours, at a
concentration of 2000 cells/well (500 cells/well for tumour tissue). Measuring is done
by adding 10 pL of 10x alamarBlue (Invitrogen) to the wells, incubating for 1 hour at
37°C, and reading the fluorescence at 610nm (excitation at 540nm) using a plate reader.
Then, drug can be added to wells for inhibition experiments and measurements can
continue the following days. Measurements were taken in triplicates. Wells used for

measurements need to be discarded.

3.6 Differentiation assay

Cells are dissociated and plated in Lab-Tek II CC2 chamber slides (Nunc),
previously coated with 10 pg/mL laminin (Sigma) for at least 3 hours, at a concentration
of 15000 cells/chamber. After two days of growth and attachment media is exchanged
for differentiation promoting media, which is then carefully replenished every two days.
Growth media was supplemented with 2 % fetal calf serum (UCSF cell culture facility),
or 60 nM triiodothyronine (T3; Sigma) and 100 ng/mL insulin-like growth factor 1 (IGF-
1; Sigma) instead of EGF and FGF for undirected and oligodendrocyte directed growth
respectively. The cells were fixed with 4 % paraformaldehyde (PFA; Electron
Microscopy Sciences) at room temperature for 10 minutes, washed and stored in PBS

(UCSF cell culture facility) with 0.1 % sodium azide (Fisher) or immediately labelled by
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immunocytochemistry. Cells grown with inhibitors received drugs upon initial plating in

chamber slides.

3.7 Cell pair assay

The cell pair assay is based on a previously described method (Shen et al., 2002)
with minor modifications. After dissociation the cells are plated on Terasaki microwell
plates (Nunc) at 100 cells and 10 pL per well. After 2 hours of incubation the cells are
checked for adherence and even distribution, and then further incubated for a total of
16-24 hours, or one division. Finally, the plate was removed, the cells were fixed with
4 % PFA at room temperature for 10 minutes, washed and stored in PBS with 0.1 %
sodium azide (Fisher) or immediately further processed for immunofluorescent

labelling. For inhibition experiments drug was added to cells prior to plating.

3.8 Immunocytochemistry

After fixation and washing cells were blocked in blocking buffer (PBS, 0.1 %
Triton X-100, 5% NGS) for one hour, and incubated with the primary antibody in
blocking buffer for one hour at room temperature, or over night at 4°C. Appropriate IgGs
were used instead of primary antibodies for negative controls. After 3 wash steps with
PBS the according secondary antibody was added and incubated in the dark at room
temperature for 1 hour. Following one final washing, DNA was stained using DAPI in
PBS at room temperature for 5 minutes. Cover slips were fixed to the chamber slides

with mounting media, while Terasaki plates could be imaged when kept in PBS.

3.9 Analysis of immunocytochemistry images

Quantitative comparison of immunocytochemically labelled markers is
traditionally done by manually recording each occurrence. This method works well for
nuclear and, in the case of sparse cell spacing, cytoplasmic markers. However, after
several days of growth precise attribution of cytoplasmic labels to their corresponding
nuclei in densely packed populations is arguably not possible. Increasing numbers of
slides and images per cell line and staining only exacerbates this problem. This
challenge was tackled using a software-based method. Image], a freeware image-
processing tool, offers a built-in function to measure the average intensity across the
entire image. For differentiation assays, it was ensured that all images of each well were

taken with identical microscope settings and combined to one slide in Image]. After

Page 14



measuring maximum and minimum cell sizes nuclear markers could be counted using
an automated built-in function. For cytoplasmic markers the average intensity across
the combined image was measured and divided by the number of cells resulting in a
value termed relative intensity. During planning stages of this method the resulting
relative intensity was compared to manually counted percentages and found to be

comparable.
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4 Results

4.1 BRaf'®*®t increases proliferative capacity in adult neural stem cells
and tumour-derived cells.

BRafV600E has been identified as a tumour causing mutation in murine models
of glioma. To date, the cellular effects of BRaf activation and inhibition in neural stem
and progenitor cells, thought to be a potential origin of glioma, have not been studied.
Initially, [ was interested, if the dosage of BRafV600E-expression altered proliferative
behaviour. To determine this difference two-month-old BRafWT/WT BRafWT/CA and
BRaft4/CA, all also Ink4a/Arflex/lox, adult mice were sacrificed and NSCs were isolated
from the SVZ. The neurospheres were treated with an adenovirus expressing Cre
recombinase ubiquitously driven by the CMV promoter (Ad:Ubi-Cre), to induce
expression of BRafV60%E, Using an adapted cytotoxicity assay allowed the determination
of viable cells every 2 days.

After 5 days of growth the expression of one copy of BRafV60%E showed an
increase of proliferative capacity over BRafWT in adult neural stem cells after 5 days,
while a second copy of the V600OE mutant did not result in any further growth advantage
(Figure 4-1). Longer growth led to confluence and consequently rapid metabolism of

AlamarBlue, resulting in an oversaturated readout.
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Figure 4-1: BRaf'**°t increases proliferative capacity of in vitro modified cells.

One copy of BRafV600E (red) shows an increase of proliferative capacity over BRafWT/WT (blue), raising the fold-increase
from under 2-fold to an increase of more than 4-fold, while a second copy of BRafVé00E (orange) gives no further
proliferative advantage after 5 days of growth. Proliferative capacity was determined using AlamarBlue, which upon
uptake and metabolic reduction by viable cells produces bright red fluorescence. Absolute values gained from the
plate reader were normalised to day one. Where visible black error bars indicate the standard error of the mean
(SEM).
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Interested if this dosage-independence was an artificial effect, I analysed
proliferation of mouse-derived tumour cells from adult BRaf¢A/WT Ink4a/Arflox/lox and
BRaft4/CA [nk4a/Arflox/lox mice treated with an intracranial injection of either Ad:Ubi-Cre
or Ad:GFAP-Cre virus, the latter specifically targeting stem cells in the SVZ, using the
same protocol as above. The cells obtained from GFAP-driven BRafV600E/WT tumours
were isolated from exophytic tumour tissue and also grew slowest (Figure 4-2). While
BRafV600E/WT [nk4a/Arf/- and BRafV600E/V600E [nk4a/Arf/- showed little difference in
growth speed between CMV- and GFAP-driven viral infections, tumour cells had a
proliferative advantage conferred by dosage-dependent BRafV600E-expression (Figure

4-2).

59 —o BRaf'®®®"WTink4a/Arf”
CMV-Cre
o 4 4 BRaf"s*% T |nkda/Arf”
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S . BRafYe0OENVG0OE |njaq /Arf/-
5 24 CMV-Cre
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Figure 4-2: BRaf'**°t has dosage dependant effect on proliferation in mouse-derived glioma cells.

CMV- and GFAP-driven BRafVé00E/WT [nk4a/Arf-/- (red, and pale red; n=1 and n=2 respectively), as well as CMV- and
GFAP-driven BRafV600E/V600E [nk4a/Arf/- tumours (orange and pale orange; n=3 and n=1 respectively) show little
difference in growth between CMV- or GFAP-driven viral infections. However, tumour cells expressing only one copy
of BRafV600E grew only 2-fold, while cells with two copies grew to more than 4-fold over 5 days.

n=biological replicates, each measured in triplicates

tCells from GFAP-driven BRafV600E/WT [nk4a/Arf-/- tumours were isolated from exophytic tissue. Error bars indicate
SEM of tumour lines, where applicable.

PLX4720, a tool compound of vemurafenib, has been shown to inhibit growth of
malignant glioma cell lines at a concentration of 1pM (Nicolaides et al, 2011). To
determine if this inhibition can be recapitulated in in vitro modified NSCs the cells were
treated with PLX4720 at final concentrations of 1, 10, 20 and 50uM one day after plating
and monitored over the course of 6-8 days.

Proliferation assays showed, that BRafWT/WT Ink4a/Arf/- cells were not impeded,
in fact, their growth was increased with PLX4720 at concentrations of and below 20 uM,
when compared against vehicle, consistent with previous reports from human glioma
lines (Figure 4-3A) (Nicolaides et al., 2011). One BRafV600E g]lele was sufficient to negate

this effect and resulted in a decrease of 15% at a drug concentration of 20 uM by day 6
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growth (% of vehicle)

(Figure 4-3B). Cells homozygous for BRafV60%E and Ink4a/Arf deficient showed a 30%
decrease at a drug concentration of 5 uM, and up to 50% decrease with 20 pM (Figure
4-3C). PLX4720 dose response proliferation assays on tumour cells were performed at

concentrations of 1 and 10 pM showed a similar response.
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Figure 4-3: PLX4720 slows growth of cells homozygous
for BRaf'%, C "
In vitro modified cells were plated on a 96-well plate 150+ BRaf'e=e% Ink4a/Arf <(PLX4720)
and left to adhere overnight. They all received PLX4720  _ 1uM
for final concentrations of 1, 10, 20 and 50uM and % 10 uM
measured with AlamarBlue every 2-3 days. A BRafWT/WT '-g 1004 —o— 20 uM
cells show an increased proliferation, when compared % —— 50 uM
against vehicle. This effect decreases with increasing o
concentrations of PLX4720 and is most prominent at E 504
day 5. B BRafV600E/WT cells do not show much change of =
growth in vitro by day 6 at drug concentrations of 1-20 g,
uM. C By day 6 growth of BRafV600E homozygous cells is
affected by drug concentrations from 10 pM on. 0 v v v v
N > © L)
0'5\ O& Q’Z’A O&

Epidermal growth factor receptor (EGFR) is an upstream activator of BRaf and
can be inhibited by Erlotinib, which reversibly binds to the ATP binding site of the
receptor. Erlotinib is an FDA-approved drug primarily used in treatment of non-small
cell lung cancer (Glover et al., 2004) and has so far shown mixed results in clinical trials
treating for glioblastomas (Haas-Kogan et al., 2005; Wick et al,, 2011). Drug combination
treatment, however can provide additional benefit over single treatment.

To address the idea of combination therapy with PLX4720 an initial dose
response proliferation assays for Erlotinib was set up. A drug concentration of 0.5 uM
showed an inhibited growth in BRafWT/WT [nk4a/Arf-/- cells by 70 % after 6 days (Figure
4-4A), in contrast cells with one copy of the V600OE-form are only inhibited by 20% after
the same duration (Figure 4-4B). Treating in vitro modified cells heterozygous and
homozygous for BRafV60%E with the combination of 0.5uM Erlotinib and 1puM PLX4720
for 5 days, however, shows an increased inhibition greater than the sum of their parts

(Figure 4-4C).
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Figure 4-4: Combination therapy of Erlotinib and PLX4720 Inkaa/Arf Inkaa/Arf
is better than the sum of their parts. E
In vitro modified neural stem cells from adult mice were 150+
plated in 96-well plates and treated with varying tumour cells

concentrations of Erlotinib and a combination of 1 uM
PLX4720 and 0.5 uM Erlotinib on the first day. They were
monitored for 5 days and measured every other day.

In a second set-up tumour cells from mice injected with
adenovirus expressing CMV-driven Cre were harvested
when the mice showed signs of tumour burden. The cells
were then plated on 96-wells and treated with a
combination of Erlotinib and PLX4720 on the first day,
monitored until day 6 and measured. A Growth of 0-
BRafWT/WT Ink4a/Arf/- cells is slowed by 20% at a
concentration of 0.5 uM Erlotinib on day 3, and by 70% on

day 6 compared to vehicle. B A single copy of BRafV600E

negates Erlotinib mediated EGFR inhibition on day 3, by day 6 proliferation is only reduced by 20% compared to
vehicle. C Combination treatment of two heterozygous and two homozygous BRafV600E cell lines for 5 days shows that
inhibition of growth can be greatly improved using both 0.5 uM Erlotinib and 1 uM PLX4720. D Treating tumour cell
lines with a combination of PLX4720 and Erlotinib yields a strong inhibition in both heterozygous and homozygous
tumour cell lines. Error bars indicate SEM of replicates. E Averaging the tumour cell lines from above and normalising
to the vehicle also shows a consistent response to the combination therapy reducing BRafVé00E/WT [nk4a/Arf/- and

BRafV600E/V600E Ink4a/Arf/- to 12% and 13% growth over 6 days compared to vehicle. Error bars indicate SEM of
average values.
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BRafVGOOE/WT BRafV600EN600E
Ink4a/Arf” Ink4a/Arf”

Tumour cells isolated from the SVZ of 3 BRafC4/WT and 4 BRaftA/CA adult mice
injected with Ad:Ubi-Cre were treated with 0.5 uM Erlotinib and 1 uM PLX4720 for 6
days. PLX4720 and Erlotinib on their own show decreased growth in BRafV600E/WT and

BRafV600E heterozygous tumour cells when compared against vehicle. Combining both

Page 19



drugs yielded low, comparable growth rates in all cell lines over 6 days, regardless of
their response to single drug treatments (Figure 4-4D). Averages show comparable
levels of 90% growth inhibition after 6 days in both heterozygous and homozygous

BRafV600E tumour cell lines compared to vehicle (Figure 4-4E).

4.2 BRaf'*"*t reduces differentiation potential of adult neural stem cells

Neurogenesis continues in adult mammals, is most prominent in the
subventricular zone (SVZ) and has been shown to require asymmetric cell division
(Noctor et al., 2004). Deregulation of the ACD-machinery in D. melanogaster neuroblasts
is known to lead to accumulation of undifferentiated stem and progenitor cells
(Caussinus and Gonzalez, 2005).

To investigate if constitutively active BRafV600E shows an effect on differentiation
of neural stem cells, early passages (p4-p8) in vitro modified BRafWT/WT Ink4a/Arf/- and
BRafV600E/WT [nk4a/Arf/- cells were grown under undirected differentiation conditions
for 7 days and stained for neural lineages and GFAP. Cells expressing BRafV600E also
showed decreased positivity for all markers (Figure 4-5A), as well as a change in
morphology, suggesting further astrocyte/glial lineage progression (Figure 4-5B, C). The
greater number of DCX and MAP2 double positives in BRafWT/WT suggests cells progress
more along the neuronal lineage without constitutive expression of the V600OE form
(Figure 4-5D-QG).

The oligodendrocyte transcription factor Olig2 and S100-family member S100(3
are found in nuclei of oligodendrocyte progenitor cells (OPCs), whereas nuclear export
of Olig2 has been found to mediate differentiation of glial precursors to astrocytes upon
brain-injury (Magnus et al., 2007). To determine if BRafV600E influences oligodendrocyte
differentiation the cells were then again grown under undirected differentiation
conditions for 5 days and stained for Olig2, S1003, NeuN, GFAP and Nestin. S100 and
Olig2 were found increased under expression of BRafVé00E and only half as many cells as
in the wild type expressed NeuN, but saw an increase in both S100f and Olig2 (Figure
4-6A). Furthermore, BRafVé00E expressing cells showed a four-fold increase and
exclusive nuclear retention of Olig2 expression and double the amount of S1003* cells
(Figure 4-6B-E). In contrast, Olig2 was often found in the cytoplasm of BRafWT/WT cells, a
possible indication for an increase in astrocytic differentiation (Setoguchi and Kondo,

2004).
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Figure 4-5: Expression of BRaf'*®t shows less
neuronal differentiated cells after 7 days in FBS.
Virally transformed BRafWT/WT Ink4a/Arf-/- and
BRafV600E/WT Ink4a/Arf/- cells were grown in

adherent conditions, with undirected
differentiation in 2% FBS for 7 days. After
fixation they were labelled with

immunofluorescent markers for GFAP
(astrocytic and stem cell marker), MAP2 and DCX
(both markers of neuronal lineage progression).
A Cells expressing BRafVé00E showed fewer
positive cells (in % of total) for GFAP, MAP2 and
DCX, the latter two indicating less differentiation
in the neuronal lineage. B, C GFAP (red) positive
BRafWT cells show they have more expansive cell
bodies over BRafV600E expressing cells. D-G
BRafWT cells are more frequently positive for
both DCX (cyan) and MAP2 (red) as pointed out
by arrows. Scale bar = 20um.
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Figure 4-6: BRaf's°°t increases nuclear retention
of S100(3 and Olig2.

Plated cells were grown for 5 days in 2% FCS
media and upon fixation marked for Olig2, S1003
and NeuN by immunofluorescence. Positive cells
were determined by counting nuclear staining
using Image]. A Expression of BRafV600E shows an
increase in both S1008 and Olig2 positive cells
(8% > 16% and 11% —> 40% respectively), but
decrease in NeuN (25% > 13%) compared to

negative for Olig2. Scale bar = 20pm.
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BRafWT/WT, B, C Olig2+ cells (green) are much more frequent and exhibit nuclear retention in BRafVé00E/WT Ink4a/Arf/-
(indicated by arrows), while in BRafWI/WT Ink4a/Arf-/- cells Olig2 is also located in the cytoplasm. D, E BRafV600E
expression increases frequency of cells positive for S100f (red, arrowheads). Cells positive for S1003 were found
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BRafV600E expressing cells further showed an increase of relative intensity (a
custom method to compare the relative level of cytoplasmic expression, see section 3.9)
of Nestin, and decrease in Olig2 and GFAP (Figure 4-7A). The increase in Nestin (also
seen in Figure 4-7B and C), S100f3, nuclear Olig2 (see Figure 4-6A for both), and
decrease in GFAP (seen in Figure 4-7D and E) in BRafV6é00E/WT [nk4a/Arf/- cells
accompanied with the find of cytoplasmic Olig2 in BRafWT/WT cells suggests the
expression of BRafVe00E either prevents maturation into astrocytes or delays

differentiation of glial or oligodendrocyte progenitor cells.

BR a.fV600E/WT

Ink4a/Arf’

A B BRaf""WT Inkda/Arf” BRafWT/WT
089 M BRaf‘®™EMT |nk4a/Arf’- Ink4a/Arf"

rel. intensity
I °
E) 2]
[ ] []

o
N
1

o
o
1

& &

& S
Figure 4-7: BRaf'®®t expressing cells have

increased levels of Nestin, and reduced levels of
GFAP.

Cells were plated and grown for 5 days in 2%
FCS media, followed by fixation and
immunofluorescent labelling for Nestin and
GFAP in separate wells. Relative intensity was
determined by measuring the intensity using
Image] and dividing by the number of cells. A Expression of BRafV600E Jeads to an increase in relative intensity of
Nestin (green; panels B and C), and a decrease of Olig2 (green; panels B and C) and GFAP (red; panels D and E). Scale
bar = 20um.

Nuclear export of the transcription factor Olig2 occurs during astrocyte
differentiation and has been found dependant on phosphorylation by Akt (Setoguchi and
Kondo, 2004). Furthermore, BRafV60%E has been found to negatively regulate Akt in
melanoma (Chen et al., 2012), but little is known about its mode of action in gliomas.

To determine if nuclear retention of Olig2 is indeed influenced by and can be
reversed by blocking BRafV600E activity cells were grown in undirected differentiation
media with PLX4720 or LY29004 (an inhibitor of PI3-Kinase specific activation of AKT)
as positive control for 7 days.

BRafWT/WT Ink4a/Arf/- cells grown without either PLX4720 or LY29004 showed
few positive for nuclear localised Olig2 (Figure 4-8A and B). Adding PLX4720 showed a
slight rise in nuclear localised Olig2+ cells which were also GFAP- (Figure 4-8A and C).
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An increase in PLX4720 concentration only increased this phenotype (Figure 4-8A),
which could be related to a possible activation of BRafWT by PLX4720 (Hatzivassiliou et
al, 2010). Treating with LY29004 leads to smaller cells, a further increase in nuclear
retention of Olig2 and the percentage of nuclear Olig2 (Olig2") positive cells rose from

8% with vehicle to 20% with LY29004 (Figure 4-8C).
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Figure 4-8: Treatment with PLX4720 induces nuclear phenotype in BRafY™"T Ink4a/Arf".

Cells were plated in DMSO (vehicle), 1 pM and 10 uM PLX4720 (PLX), and 50uM LY29004 (LY) and grown for 5 days
under adherent conditions in 2% FCS media. A Increasing concentration of PLX4720 in BRafWT/WT Ink4a/Arf/- cells
increases nuclear retention of Olig2 (green) (indicated by arrowheads) and leads to an altered morphology as indicated
by cellular localisation of GFAP (red) (see Arrows). Treatment with AKT inhibitor LY29004 leads to further increased
levels of nuclear retarded Olig2 and shrivelled-up cell bodies. B Relative intensity of Olig2 increases with increasing
concentrations of PLX4720 and further increases after incubation with LY, the relative intensity of GFAP is comparable
in these conditions. C Nuclear located Olig2 is found in 8% of cells grown in vehicle, increases with the addition of
PLX4720 (9% and 16% for 1uM and 10uM of drug) and increases up to 20% when treated with LY29004. Scale bar =
20um.

In contrast, two thirds of BRafV600E/WT [nk4a/Arf/- cells treated with vehicle had
nuclear localised Olig2 (Figure 4-9C). Adding PLX4720 reduced nuclear retention of
Olig2 (67% —> 25%) and showed a change in morphology (Figure 4-9A and C),
increasing the concentration of PLX4720 resulted in an increased intensity of GFAP

(Figure 4-9B) and similar levels of nuclear Olig2 (Figure 4-9A and C). BRafV600E/WT
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Ink4a/Arf/- cells treated with LY29004 showed very little GFAP expression (Figure
4-9A) and a further reduced the percentage of nuclear Olig2+ cells to 6% (Figure 4-9C).
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Figure 4-9: BRaf'®"°t expressing cells export Olig2 when treatmed with PLX4720.

BRafV600E/WT Ink4a/Arf/- cells were plated in adherent conditions in media supplemented with 2% FCS, treated with
DMSO, 1uM and 10puM PLX4720 and 50uM LY29004 and left to grow for 5 days. A Cells treated with PLX4720 show
increased amount of GFAP (red) positive cells. These also have low levels of nuclear Olig2 (green) (see arrows). Cells
with nuclear Olig2 show no expression of GFAP (see arrowheads). Treatment with AKT-inhibitor LY29004 yields
several cells with cytoplasmic Olig2 (arrow), few with nuclear retarded Olig2 (arrowheads) and low levels of GFAP. B
The relative intensities of Olig2 and GFAP increases with the concentration of PLX4720. Treatment with LY29004
shows similar relative intensity for Olig2 as treatment with 10uM PLX4720, but less than half the relative intensity of
GFAP. C BRafVé00E expressing cells treated with 1uM PLX4720 show a reduction in nuclear retention from 67% to
25%. Increased amount of drug shows only little change (25% = 21%), however, treatment with LY29004 results in
almost exclusive export of Olig2 (6% nuclear retention). Scale bar = 20um.

To determine the effect of BRafVe00E on oligodendrocyte lineage progression
specifically, cells were grown with oligodendrocyte promoting factors (triiodothyronine,
T3, and insulin-like growth factor 1, IGF-1) for 10 days and stained for NSCs, TAPs, GRPs,
OPCs, type-1 and type-2 astrocytes.

60% of BRafV600E expressing cells were found in OPC state, over 24% of BRafWT,
as indicated by Olig2 (Figure 4-10A). Furthermore, BRafV60%E expression also led to an
increase in NSCs and TAPs (indicated by EGFR and CD15), and an increased relative
intensity of GFAP, A2B5 and NG2 (Figure 4-10B) when compared with BRafWT, whereas
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GFAP was accumulated in cell clusters and not more frequent than in BRafWT/WT
cells. Both BRafWT/WT [nk4a/Arf/- and BRafV600E/WT [nk4a/Arf/- cells were found as
either GRPs/OPCs (A2B5*/GFAP-) or type-1 astrocytes (A2B5-/GFAP*), but not Type-2
astrocytes (A2B5*/GFAP*) (Figure 4-10C and 16D). BRafV600E/WT [nk4a/Arf/- cells
differed noticeably in morphology and GFAP distribution, compared to BRafWT/WT
Ink4a/Arf/-, but in both cases were only found with nuclear Olig2, in GFAP negative cells
(Figure 4-10E and 16F). BRafWT/WT [nk4a/Arf/- cells had fewer NG2 positive cells than
the BRafV600E/WT mutants, all of which were GFAP- too (Figure 4-10G and H). Overall,
expression of BRafV600E ]ed to an increase in all used stem and progenitor cell markers
and even after 10 days of oligodendrocyte promoting growth cells expressing GFAP did

not morphologically resemble astrocytes.

BRafWT/WT B RafV600E/WT
Ink4a/Arf’ Ink4a/Arf’

A80- B BRafVWT Inkda/Arf”
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Figure 4-10: Cells expressing BRaf'st retain
OPC-typical marker expression.

BRafWT/WT  Ink4a/Arf/- and  BRafVe0oE/WT
Ink4a/Arf/- cells were plated under adherent
conditions in media supplemented with 60nM T3
and 100ng/ml IGF-1 and grown for 10 days,
supplementing media every 2. After fixation they were marked with Ki67/GFAP/A2B5, NG2/GFAP, Olig2/EGFR/CD15
and Olig2/GFAP. A Olig2 and K67 were counted as % of total cells using Image]. 62% of cells expressing BRafV600E and
24% of BRafWT/WT Ink4a/Arf-/- cells were positive for Olig2, while in Ki67 it was 2% and 3% respectively. B Relative
intensity was determined using a built-in function in Image]. Cells expressing BRafV600E had higher relative intensities
for EGFR, CD15, GFAP, A2B5 and NG2, ranging from a 2-fold increase (in GFAP) to a 5-fold increase (EGFR and NG2).
C, D A2B5 (cyan; arrows) positive cells are GFAP (red; arrowheads) negative. E, F Both BRafWI/WT [nk4a/Arf-/- and
BRafV600E/WT [Ink4a/Arf-/- cells present Olig2 (green) in the nucleus (arrows), and GFAP+ (red) cells (arrowheads) are
also Olig2-. Olig2+ cells are also more frequent in presence of BRafV600E expression. G, H NG2 (green) is localised in the
cell membrane of GFAP-cells (arrows) and can be found more frequently in BRafVé600E expressing cells.
GFAP+/NG2- cells are marked with arrowheads. C-H GFAP expression is found at a higher intensity, but in much fewer
cells under BRafVé00E than in BRafWT cells. Scale bar = 20um.
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4.3 BRaf'®"°f expressing neurospheres divide more symmetrically

Cellular localisation of cell fate determinants is essential for asymmetric cell
division in D. melanogaster neuroblasts as much as vertebrate NSCs (Bultje et al., 2009;
Lee et al,, 2006). Furthermore, it has been suggested, that stem and progenitor cells
defective for ACD initiate tumours (Caussinus and Gonzalez, 2005; Morrison and Kimble,
2006). It is currently unknown, if BRafV600E changes asymmetric cell division and at
which lineage stage this occurs.

To determine if expression of BRafV600E influences asymmetric cell division, |
used a pair assay to visualise the asymmetric division of neural stem cells (marked by
Mash1), transit amplifying cells (marked by EGFR and CD15), and OPCs (marked by
Olig2). Par-3, an adaptor protein involved in the tight junction during asymmetric cell
division, served as a positive control. Single asymmetry values for each marker were
measured (Figure 4-11A) and compared independently. TAP and OPC markers showed a
decreased asymmetric distribution under expression of BRafV60%E (Figure 4-11B).

A B
Marker 1 (red) 50 I BRaf""WT Ink4a/Arf”
B BRaf'O%WT |nkda/Arf”
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Figure 4-11: Expression of BRaf'*"°t |eads to decreased asymmetry in NSC markers.

A Status of symmetry and asymmetry was recorded in all possibilities as indicated schematically. Further
references of asymmetry focus on the single marker distribution, as seen in second row and column. B Cells
expressing BRafV600E exhibited a decreased asymmetry (and by association increase in symmetric distribution)
of CD15 (39% -> 12%), EGFR (26% -> 12%) and NG2 (54% -> 34%), an increase of asymmetry in Par-3 (0% ->
8%) and no change in distribution of Mash1.

Specific inhibition of BRafV600E with PLX4720 was used to determine if this effect
is reversible. Chemical blocking of BRafVé0%E showed a restoration of asymmetric
distribution for CD15 (Figure 4-12A). Interestingly, addition of PLX4720 led to an
increase of symmetric NG2 distribution for both BRafWT/WT [nk4a/Arf/- and BRafV600E/WT
Ink4a/Arf/- cells (Figure 4-12B). EGFR distribution saw a reduction in asymmetry (20%
to 14%) in BRafVe00E expressing cells upon PLX4720 treatment (Figure 4-12C). Markers
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used were clearly distinguishable in either symmetric or asymmetric distribution and

counted manually (Figure 4-12D).
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Figure 4-12: Treatment with PLX4720 partially restores ACD in
CD15* progenitors.
BRafWT/WT Ink4a/Arf-/- and BRafV600E/WT Ink4a/Arf/- cells were

plated on Terasaki plates with complete media and media

containing 1uM PLX4720 and were grown until daughter cells could be observed (16-24 hours). A In BRafV600E
expressing cells PLX4720 treatment showed a restoration of CD15 asymmetry levels to the BRafWI/WT range (6% to
35%) and a decrease in BRafWT/WT [nk4a/Arf/- (26% to 20%). B Asymmetric distribution of Par-3 was increased in
both wild type and BRafV600E/WT Ink4a/Arf/- cells (0% to 17% and 8% to 24% respectively). C NG2 asymmetry was
reduced in both cell lines upon PLX4720 treatment (48% to 26% for wild type and 38% to 20% for BRafVe600E/WT
Ink4a/Arf/-). D Addition of PLX4720 had no effect on EGFR distribution in BRafWI/WT Ink4a/Arf-/- cells (16% to
15.75%) and reduced asymmetry in cells expressing BRafVé00E, E, G Asymmetry and F-H symmetry was determined by
microscopic analysis and manually counting. Cells depicted here were stained for NG2 (green), EGFR (red) and DNA
(blue). Scale bar = 10pm.
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5 Discussion

5.1 Combination treatment of erlotinib and vemurafenib could confer an
increased benefit for patients over single treatment.

EGFR signalling is extensive and has been widely researched. It stimulates the
Ras/Raf/MEK/ERK, PI3K/Akt and JNK pathways to signal growth, survival and
differentiation and is often found highly expressed or mutated in various cancers (Oda
et al,, 2005; Salomon et al., 1995). Furthermore, EGFR overexpression is also found in
50% of grade IV gliomas, glioblastoma multiforme. This prevalence makes it an
attractive target for inhibition and has led to the development of the small molecule
inhibitors gefitinib (Iressa) and erlotinib (Tarceva), which are ATP competitors,
originally approved for the treatment of non-small cell lung cancer and in clinical trials
for treatment of glioblastoma.

While initially promising recent research in to erlotinib treatment have shown
mixed results. A phase [/II clinical study of an erlotinib, radiotherapy and TMZ
combination treatment in GBM patients, some of which (37%) had the amplified variant
EGFRvVIII, showed this treatment provided no benefit to the cohort presenting EGFR
amplification (Brown et al,, 2008). Furthermore, it has been shown that patients with
high levels of EGFR expression and high levels of Akt phosphorylation respond worse to
erlotinib, than those with low Akt phosphorylation (Haas-Kogan et al., 2005). A recent
erlotinib dose escalation study shows that erlotinib toxicity took a toll on the patients
before they could benefit from its therapy (Kesavabhotla et al., 2012). Finally, Prados et
al. (2009) shows a statistically significant increase in treatment with a similar regimen
to Brown et al., 2008, but only conferred a progression free survival of 8.2 months, over
4.9 months (or a median survival of 19.3 months, over 14.1 months) with placebo. While
scientifically significant Prados et al. recorded 43 severe, and 5 life-threatening adverse
events in 66 patients. In summary erlotinib continues to show disappointing clinical
benefit for patients, however when combined with other treatments can show better
results than alone.

Similarly, inhibitors for the commonly found mutated BRafV6%%E are under
development. The first BRafV600E-specific drug vemurafenib (PLX4032, marketed as
Zelboraf) has been approved for treatment of late-stage melanoma and in early clinical

trials has shown up to 80% response to treatment (Flaherty et al,, 2010). In addition,
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vemurafenib has been shown to reduce proliferation on human glioma tumour cell lines
and brain xenografts positive for BRafV60%E (Nicolaides et al., 2011), but has not yet been
tested in clinical trials. Treatment with vemurafenib, however, still needs further
research, as it has also been found to activate BRafWT (Halaban et al., 2010).

Previous research indicates, that vemurafenib treatment can lead to activated
MAPK signalling and growth in BRafWT-melanoma that are also carrying an activating
KRAS mutation (Hatzivassiliou et al, 2010). The initial publication highlighting the
selectivity of vemurafenib pointed out it also binds to BRaf"T, but does so at a 10-fold
lower specificity, than to BRafV60%E (Tsai et al., 2008). Hatzivassiliou et al. suggest, this
binding leads to a conformational change leading to heterodimerisation of c-Raf with
BRaf. Similarly, Heidorn et al. (2010) show this interaction is mediated by oncogenic
Ras, which could also suggest similar effects by RTK signalling, which also activates Ras.

In summary, while vemurafenib is effective against BRafVé0%E combination
treatment with erlotinib potently inhibits proliferation of BRafWT Ink4a/Arf/- cells in
vitro. This combination treatment could potentially counteract vemurafenib-mediated
BRafWT activation in non-tumour cells. These or other combinations, however remain an

issue for future research.

5.2 Expression of BRaf'®®® retains oligodendrocyte progenitor
phenotype through regulation of Akt

The basic helix-loop-helix transcription factor Olig2 has been shown to be a key
regulator of oligodendrocyte and astrocyte differentiation {Takebayashi:2002tx}. Most
notably, it is found expressed in OPCs and promotes oligodendrocyte differentiation, but
when absent OPCs undergo astrocyte differentiation {Takebayashi:2000wi,
Zhou:2002ux}. Moreover, Olig2 has been observed to undergo nuclear export in OPCs
following brain injury, and in the process generate astrocytes {Magnus:2007jl}. This
process has been suggested to be dependant on Akt-mediated Olig2 phosphorylation
{Setoguchi:2004js}.

Based on the observation that BRafV60%E ]leads to increased proliferation and the
cells continue to form neurospheres in vitro the differentiation assay focused on glial
restricted and O2A progenitors. The results presented in this thesis suggest treatment
with PLX4720 restores normal neuronal and oligodendrocyte differentiation in cells
expressing BRafV600E, Nuclear export of Olig2 in these cells could be inhibited through

BRafV600E-mediated Akt inactivation, which has been shown to occur in melanoma cells
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in an mTORC2-dependant manner {Chen:2012di}. Furthermore, my results suggest
treatment with PLX4720 could lead to an increase in OPCs in BRaf"T expressing cells. If
this is the case, it might be regulated through the previously described BRafWT-
vemurafenib-c-Raf heterodimers, however knockdown of c-Raf in both BRafWT and
BRafV600E expressing cells has so far been shown to not impact Akt phosphorylation
{Chen:2012di}.

Further analysis regarding the mechanistic regulation of oligodendrocyte and

astrocyte differentiation, however, remains a matter of further research.

5.3 BRaf'*°t promotes expansion of neural stem cells and glial restricted
progenitors

NSCs isolated from the adult subventricular zone have been shown to express
CD15 (also known as Lewis X, SSEA-1) and release it into their environment (Capela and
Temple, 2002). These cells have been found to further differentiate following
asymmetric distribution of EGFR, leading to cells of different fate: EGFRl°w/Olig2+ late
glial restricted/early oligodendrocyte progenitors and EGFRhigh/RC2* transit amplifying
cells (Sun et al., 2005). Furthermore, our lab has previously shown, that cells expressing
the constitutively active EGFR mutant verbB have asymmetry defects and orthotopically
injected verbB/NG2* OPCs can initiate tumours reminiscent of oligodendroglioma
(Sugiarto et al.,, 2011). This data and previous results suggesting that cells expressing
BRafV600E remain progenitor cells led to investigating if BRafV600E also influences
asymmetric cell division (ACD).

In Drosophila neuroblasts defects in ACD have been clearly shown to lead to
cancer {Lee:2006hq}, this is thought to occur in mammalian cells too, but their ACD
machinery is much more complex. In contrast to Drosophila neuroblasts, asymmetric cell
division in developing mammalian brain is thought to involve not only the
Par3/Par6/aPKC complex, but also the orientation of the cleavage plane
{Kosodo:2004js}. Recently, it has been demonstrated in mice, that in oblique divisions
(occurring at ~45°), Par3 regulates Notch and regulates cell fate {Bultje:2009ez}. While
MAPK signalling both through mutant EGFR and BRaf has been shown to result in ACD
defects the mechanistic link is unknown.

The results presented in this thesis show that NSCs and transit amplifying cells

have an increased capacity to self-renew when expressing BRafV60%E and this behaviour
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can be reversed by inhibition with by specifically blocking BRafV600E, Furthermore the
expression of BRafVé00E Jeads to asymmetry defects in NSCs and retains cells in
oligodendrocyte progenitor status.

However, which cell type the resulting tumours arise from needs to be further
investigated. It has been shown that oncogenes can lead to dedifferentiation of mature
astrocytes and neurons which then leads to gliomas {FriedmannMorvinski:2012hb}.
Equally, neural stem and progenitor cells have been shown to lead to gliomas too
{Bachoo:2002wi, Sugiarto:2011ee}. Understanding how and which cells gliomas arise
from remains an important issue. The gained insight will allow us to classify gliomas
more accurately by genetics as well as histology and could provide more accurate
markers for earlier diagnosis. Finally, we would also be able to offer better treatments

and might even be able to predict or even prevent recurrence.
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