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Abstract

Glioblastoma is the most aggressive and invasive adult brain cancer. In glioblastoma, the loss of
the tumour suppressor PTEN is the most common genetic alteration resulting in aberrant
activation of the P13-kinase pathway. In Drosophila, the loss of tumour suppressor Lgl results in
massive overgrowth of brain tissue that is highly invasive when transplanted into wildtype hosts.
Subsequent study of Lgl protein function revealed that it is important for maintenance of cell
polarity and neuroblast differentiation through asymmetric cell divisions. It is unclear if
inactivation of Lgl occurs in human brain cancers and what role it plays in glioblastoma
malignancy. Firstly, this study demonstrated that the loss of PTEN leads to inactivation of Lgll
via phosphorylation by atypical protein kinase C iota (PKCv). In primary glioblastoma cultures,
preventing Lgll inactivation by either PTEN expression, PKCt knockdown or expression of non-
phosphorylatable Lgl (LgI3SA) promoted differentiation. In a follow-up study, the effect of
active Lgll in glioblastoma invasion was investigated. LgI3SA expression inhibited invasion in
vitro through decreased motility. Inanorthotopic xenograft mouse model using primary
glioblastoma cells, LgI3SA expression promoted differentiation and decreased invasion.
Therefore, PTEN loss, acting via PKCrand Lgl1, has a key role in maintaining glioblastoma in
an undifferentiated, highly invasive state similar to what is observed following Lgl loss in

Drosophila.

PREX1 was investigated as a potential link between PTEN loss and activation of PKCt. PREX1,
a Rac activator, is synergistically activated by the P13-kinase product PIP3 and G protein-
coupled receptor (GPCR) By subunits. PREX1 expression was detected in primary glioblastoma
cell cultures as well as the majority of patient tumour samples. Both PI3-kinase and GPCR By

subunit activity is required for PREX1 to promote invasion in glioblastoma. In primary



glioblastoma cells, Racl preferentially associated with Par6a leading to activation of PKCw.
Knockdown of PREX1 decreased activation of PKCi. Thus, PREX1 stimulates PKCt activity in
glioblastoma likely by modulating the Racl/Par6a/PKCi1complex. The PI3-kinase pathway is
activated by mutation in most glioblastomas and these results show this requires a context of

GPCR signalling to promote invasion.
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1. Introduction
1.1. Glioblastoma
1.1.1. Glioblastoma classification, prognosis and treatment

Astrocytomas are the most common brain tumour accounting for approximately 70% of
malignant brain tumours (1). Astrocytomas are categorized in a four-grade scale established by
the World Health Organization based on their morphological and pathological features (2, 3).
Grade IV astrocytoma, also known as glioblastoma, is the most aggressive subtype and is
distinguished by four histopathological criteria: 1) atypical cellular and nuclear morphology, 2)
high cellularity and mitotic figures, 3) pseudopalisading necrosis, and 4) extensive
neovascularization (4).

Multiple cells-of-origin have been speculated for glioblastoma. The subventricular zone
and the subgranular zone of the hippocampus are the sites of adult neurogenesis in the brain and
have been shown to be a site of origin for glioblastomas in genetic mouse models (5-8). Recent
data also demonstrates that platelet-derived growth factor (PDGF) subunit-B induced gliomas
can be established from committed glial progenitor cells (Oligodendrocyte progenitor cells) (9).
Finally, with specific mutations, astrocytes and neurons can dedifferentiate to form gliomas in
mice (10, 11). Thus, nearly all cells of neural origin have the potential to be the cell of origin for
glioblastoma.

Glioblastoma is detected by neuroimaging mainly using magnetic resonance imaging
(MRI) and confirmed by histopathological analysis (4, 12). The standard of care for
glioblastoma is surgery combined with radiotherapy. Combining radiotherapy with the DNA
alkylating temozolomide has been one of the more effective advances in treatment leading to

prolonged survival, albeit, by months (13, 14). Bevacizumab, an inhibiting antibody to vascular



endothelial growth factor (VEGF), has demonstrated success in promoting progression-free
survival measured by radiological imaging but failed to promote overall survival (15). Recently,
Optune, a medical device that utilizes electromagnetic stimulation to inhibit tumour cell division
has completed clinical trials in glioblastoma showing a small increase in overall survival (16).
The mechanisms of action of this device are not well understood. However, none of these newer

treatments are curative and there is a clear need for new therapeutic approaches to glioblastoma.

1.1.2. Glioblastoma invasion

A hallmark of glioblastoma is its high invasive potential. Early radical neurosurgery
procedures involving removal of the entire hemisphere afflicted with glioblastoma resulted in
eventual relapses in the contralateral hemisphere suggesting that cancer cells had already invaded
into the opposite hemisphere (17). Even with modern neurosurgery, the diffuse borders of
glioblastoma and high grade astrocytoma prevent complete resection. Recurrence mainly occurs
in the 1-2cm area around the initial resection site (18). The ability to effectively excise brain
cancers is a major prognostic factor; poorly invasive brain cancers including pilocytic
astrocytomas, subependymal giant cell astrocytomas, gangliogliomas and pleomorphic
xanthoastrocytomas can be readily excised which corresponds to increased survival with
complete remission in many patients (19, 20).

Within the brain, glioblastoma demonstrates specific patterns of invasion that are distinct
from systemic tumours that have metastasized to the brain. Glioblastoma cells have the potential
to invade throughout the brain as single cells preferentially traveling along anatomically defined
brain regions known as Scherer’s secondary structures: white matter tracts, blood vessels and

subpial glial space (21, 22). Glioblastoma tumours rarely metastasize out of the central nervous



system (23). At the cellular level, three key processes enable invasion: 1) adhesion to the brain
parenchyma, 2) cellular motility via actin/myosin contractile motions, and 3) degradation of
extracellular matrix components (24).

Interestingly, migration along white matter tracts and blood vessels is evident in adult
neural precursor cells suggesting shared mechanisms for intracranial migration. During adult
rodent neurogenesis, and to some extent in primates, precursor cells migrate along the rostral
migratory stream to the olfactory bulb (22, 25). Bundles of vessels serve as apparent scaffolds
for migration (22, 26). Glial progenitor cells can also migrate along white matter tracts across
the midline of the brain (27). Finally, intracranial transplant experiments demonstrate that human
embryonic stem cell derived neural precursor cells both recapitulate rostral migratory stream
migration patterns and have the capacity to travel large distances along white matter tracts (28).

The structure of the brain presents two distinct compositions of extracellular spaces that
glioblastoma cells navigate and invade through. The brain parenchyma is mainly composed of
hyaluronan, proteoglycans, tenascin-C and thrombospondin. This is similar to the composition
of cartilage, rather than the “classical” extracellular matrix (ECM) which is made up of protein
such as laminin, collagen Type IV, fibronectin, and vitronectin. This “classical” ECM is found

lining blood vessel walls and in the subpial space in the brain (22, 24).

1.1.3 Primary glioblastoma cultures

This study makes use of glioblastoma cell cultures isolated from patient samples and
grown in serum-free neural stem cell culture media supplemented with growth factors (EGF and
FGF2) as monolayers on laminin coated cell culture vessels at 5% O,. Given that they are

acquired directly from patient tumour samples they are referred to as primary glioblastoma cells



or PriGO cells in this study. Cells isolated and maintained under similar conditions have also
been referred to as glioblastoma tumor-initiating-cells (GTICs) and glioma stem cells (GSCs).
The conditions used preserve both the genetic profile in culture and invasive phenotype of the
original tumour as intracranial xenografts in immunocompromised mice (29-32). Another
characteristic of this population of cells is their differentiation potential which influences the
heterogeneity of glioblastoma. Primary glioblastoma cell cultures express markers of neural
stem cells including nestin, SOX2 and vimentin and have the capacity to differentiate along
multiple lineages (29-31). While stem cell marker prominin-1/CD133 had initially been thought
of as the essential marker of GSCs, subsequent studies have disputed this claim demonstrating
that CD133" cells have tumour-forming capacity as well as the capability to form CD133"
daughter cells (33). Serum-induced differentiation is non-specific leading to expression of
multiple-lineage markers with aberrant co-expression of distinct lineage markers (29). Very few
studies have identified specific lineage-promoting signalling pathways. Treatment with BMP4
demonstrates GFAP" astrocytic-lineage differentiation and treatment with Wnt3a, a notch
inhibiting ligand, induces BIII-tubulin” neuronal-lineage differentiation (34, 35). Culture of
primary glioblastoma cells in the presence of serum also results in an eventual loss of invasive
potential both in vitro and in vivo with cells forming well circumscribed tumours (29, 36).
Additionally, in vivo, nestin /GFAP’ cells were observed to be enriched in the invasive periphery
of the tumour mass while the GFAP" cells contribute more to the tumour mass (31). These
findings suggest that the differentiation status of glioblastoma may correlate to its invasive

potential.



1.1.4. Genetics of glioblastoma

The genetics of glioblastoma have been studied intensively. Traditionally, glioblastoma
has been subdivided into two categories based on clinical behaviour: 1) primary (de novo)
glioblastoma tumours without any previous history of lower grade astrocytoma that have
frequent EGFR amplification, INK4A loss and PTEN loss, and 2) secondary glioblastoma which
arises from initial lower grade astrocytoma. These have frequent PDGF/ FGF amplification, p53
mutation, Rb loss, and PTEN loss (1, 4, 8, 37). Based on RNA expression analysis of
glioblastoma clinical samples led by The Cancer Genome Atlas (TCGA), glioblastoma has been
reclassified by molecular subtype (38, 39). Initially, four subtypes were identified: classical,
mesenchymal, neural and proneural (38). Further analysis revealed a fifth subtype, glioma-CpG
island methylator phenotype (G-CIMP), which initially grouped with the proneural subtype (40).
Clinical relevance of the subtypes has been suggested with the classical and mesenchymal
subtypes benefitting more from intensive/ high cycle chemotherapy (38). In addition, patients
with G-CIMP tumours experience significantly higher survival times (40). There is also
substantial heterogeneity of gene expression within patient tumours. Single cell analysis
revealed that within an individual tumour varying proportions of multiple molecular subtypes
can be detected (41).

The homo or hemizygous loss of tumour suppressor PTEN in the 10g23 chromosome
region occurs at a very high frequency across all subtypes (100% in classical, 87% in
mesenchymal, 96% in neural and, 69% in proneural) (38). A recent bioinformatics study
proposing that loss of PTEN via genomic loss in the 10923 locus is an originating mutation
across all molecular subtypes of glioblastoma (42). To a lesser extent, PTEN function is also

affected by: 1) mutations, which are present in approximately 23% of TCGA samples analysed



(38), 2) transcriptional regulation by miR-26 (43) and miR-21 (44), and 3) protein degradation
following C-terminal tail phosphorylation (45). Taken together, the loss of PTEN appears to be

an essential step in gliomagenesis.

1.2. PTEN
1.2.1. Genetic and molecular roles of PTEN

Phosphatase and Tensin homolog deleted on chromosome Ten (PTEN) gene (also known
as MMACI) was initially mapped to a region on 10q23 which commonly undergoes loss of
heterozygosity in multiple human tumours, especially so in glioblastoma (46, 47). PTEN
germline mutations are found in three human autosomal dominant disorders - Cowden disease,
Lhermitte-Duclos disease, and Bannayan-Zonana syndrome. Patients with these disorders
commonly have multiple benign tumours (hamartomas) and increased susceptibility to malignant
cancers such as breast, thyroid, and endometrial carcinoma (48, 49). Study of PTEN deletion in
mouse models established it as a tumour suppressor (48, 50). Complete loss of PTEN is
embryonic lethal with PTEN . embryonic stem cells demonstrating significant defects in germ
layer differentiation (48). Chimaeras from PTEN"" embryonic stem cells and mice have the
histopathological signs of Cowden disease and the related disorders. In addition, PTEN"" mice
develop gastrointestinal and prostate hyperplasia, and have a very high tendency to develop
spontaneous malignant tumours in multiple tissues (48).

PTEN was initially described as either a protein or lipid phosphatase (51, 52).
Subsequent studies reinforced its role predominantly as a lipid phosphatase converting
phosphatidylinositol 3,4,5-trisphosphate (PIP3) to form phosphatidylinositol 4,5-bisphosphate

(PIP2) (53, 54). The lipid phosphatase activity of PTEN opposes the action of phosphoinositide



3-kinase (PI3-kinase) which, through PIP3 accumulation, activates 3’-phosphoinositide-
dependent kinase-1 (PDK1). PDK1 supports the activation of many members of the AGC
subfamily kinases through phosphorylation in the T-loop motif (55, 56). PIP3 accumulation also
results in activation of Ras-related C3 botulinum toxin substrate (Rac) and cell division control

protein 42 (CDC42), which promotes cell migration (57, 58).

1.2.2. PTEN in brain development

To overcome the embryonic lethality of PTEN deletion and explore the function of PTEN
loss in brain development a conditional knockout mouse was developed by flanking exon 5 in
the PTEN gene with loxp sequences (PTEN,,,) and crossing with cre-recombinase driven by the
nestin promoter (59). Neural specific loss of PTEN resulted in macrocephaly marked by
increased progenitor proliferation and decreased cell death without disturbing multi-lineage
differentiation (59). Single allele loss of PTEN was sufficient to increase the migratory capacity
of neural progenitor cells in addition to inhibiting apoptosis and modestly increasing their
proliferation (60). Subsequent analysis revealed that PTEN deletion promotes neural stem cell
self-renewal; maintaining long-term proliferation with multi-lineage potential and restricting Go
cell cycle exit and quiescence (61). In the adult mouse PTEN deletion under the GFAP promoter
leads to increased neurogenesis in the subependymal zone, increased migration via the rostral
migratory stream and as a result an increase in the olfactory blub mass and function (62). In
related studies, PTEN deletion under the GFAP promoter promotes brain hypertrophy by
increased post-natal astrocytic proliferation demonstrating similar pathology to Lhermitte-Duclos

disease (63, 64).



1.2.3. PTEN loss in cancers

Loss of PTEN is sufficient to induce many cancer types including prostate, breast,
endometrial, colon, and leukemia (48, 65, 66). However, within the brain PTEN loss mainly
results in hyperplasia (59, 62, 64). Combined genetic mouse models demonstrate that PTEN loss
cooperates with P53 loss, PDGF-A expression or mutant constitutively active EGFR expression
to form high-grade glioblastoma tumours (42, 67, 68).

Re-expression of PTEN in glioblastoma cells to supra-physiological levels using
retroviral vectors resulted in a significant decrease in cell growth by inducing cell cycle arrest in
vitro and in subcutaneous xenograft mouse experiments (69, 70). In addition, expression of
PTEN decreased the in vitro invasiveness of glioblastoma cell lines through focal adhesion
kinase dephosphorylation and decreased matrix-metalloproteinase -9 expression (71, 72). Ina
more recent study, the effect of PTEN expression in glioblastoma tumour initiating cells was
investigated (73). Expression of PTEN in glioblastoma cultures grown under serum-free
conditions decreased neurosphere forming capability, a putative marker of self-renewal capacity
(73).

In cancer, the best described consequence of PTEN loss is through promoting the activity
of the PI3-kinase pathway resulting in increased concentration of the secondary messenger PIP3
and PDK1 activation. PDK1 activates many members of the AGC subfamily kinases of which
Akt has been the most studied (54, 55). Activation of Akt promotes tumour growth and survival
by modulating a magnitude of signalling molecules that regulate protein translation, progression
through cell cycle, and resistance to apoptosis (74-78). In glioblastoma, targeting Akt and/or its
substrate mTOR by small molecule inhibitors prevented tumour progression and promoted cell

death (79-82). PDKI also interacts with atypical PKC isoforms by direct binding. This leads to



phosphorylation of a threonine residue in its activation loop, an essential step in activation (83,
84). Atypical PKCs belong to the serine/threonine protein kinase C family of the ACG group
kinases (85). Unlike the conventional (PKCa, PKCp and PKCy) and novel (PKC3, PKCe, PKCO
and PKCn) PKCs, atypical PKCs (PKCt (PKCA in mice) and PKC{) are activated through
protein interaction and not diacylglycerol nor Ca®" (85-88). Of the two atypical PKC isotypes,
PKCvA is most ubiquitously expressed. In the developing brain, PKCVA is the sole isotype
expressed in the neocortex and midbrain (89). PKCt is overexpressed in many cancers and
considered an oncogene (90). In glioblastoma cell lines, PKCt promotes cell invasion,

proliferation, resistance to senescence and resistance to chemotherapeutics (91-95).

1.3. Lgll
1.3.1. Function of Lgl in neuroblasts and neural stem cells

Lethal giant larvae (Lgl) was first discovered through Drosophila mutagenesis studies in
which deletion of Lg/ led to neoplastic overgrowth of larval ectodermal structures - neuroblasts
and 1maginal discs — and larvae death in the third instar stage (96). The resulting neoplastic
growths are highly invasive when transplanted into secondary hosts (97). In mammals there are
two forms of Lgl (Lgll and Lgl2) that are highly conserved in structure, sharing 71% sequence
similarity (98). Lgll and Lgl2 appear to have distinct tissue distribution in mice with Lgl1
predominantly expressed in the brain and testes and Lgl2 in the kidney, liver, stomach, skin, lung
and intestine (98). Lgll knockout in mice is not embryonic lethal, however pups die shortly after
birth due to severe hydrocephalus. Lgll ”~ mice have massive overgrowths of brain tissue
producing a domed head phenotype. Neuroblastic rosettes reminiscent of pediatric

neuroectodermal tumours are present (98).



Lgl function has been studied in detail in Drosophila. In asymmetrically dividing
neuroblasts Lgl localizes to the basal cortex of the cell and promotes proper localization of cell
fate determinants Miranda and Numb as well as the symmetry of neuroblast divisions (99, 100).
Increased Notch pathway signalling by depletion of its negative regulator Numb promotes
Drosophila neuroepithelial cell expansion and inhibits differentiation (101). Cell fate
determination following neuroblast divisions is largely governed by the symmetry of division as
regulated by alterations in cell polarity. Asymmetric cell division results in one neuroblast
daughter cell and one ganglion mother cell — an intermediate cell that eventually generates post-
mitotic neurons (102). Loss of Lg/ promotes symmetric self-renewing divisions rather than
asymmetric differentiating divisions resulting in an increased number of proliferating neuroblasts
(103). Similarly, in the Lgl/I knockout mouse the cell overgrowths are less differentiated,
express neural progenitor marker nestin rather than neuronal marker BIII-tubulin, and have
mislocalization of Numb and Notch signalling pathway activation (98).

In both Drosophila and mammalian cell models, aPKC phosphorylates conserved serine
residues in the middle hinge region of Lgl inducing a conformational change and intramolecular
association resulting in an inactive form (104, 105). Mutagenesis of the conserved serine sites to
alanine prevents Lgl inactivation (104). Similarly to inactivation of Lgl by genetic loss,
expression of active (membrane associated) aPKC into neuroblasts promotes self-renewing
symmetric cell divisions by inactivating Lgl and this phenotype can be rescued by expression of
non-phosphorylatable Lgl (Lgl3SA) (103, 106). aPKC and Lgl function in the context of the
Par6/aPKC/Par3 complex where association of Par6, aPKC and GTP-bound CDC42/Racl form a

complex to activate aPKC and phosphorylate Lgl. Active protein complex formation eventually

10



results in Par3 (Baz/Bazooka in Drosophila) binding in place of Lgl and a change of aPKC

substrate specificity to Numb. Numb is phosphorylated and inhibited as a result (107-109).

1.3.2 Function of Lgl in apical-basolateral epithelial cell polarity

A highly studied aspect of Lgl is its function within polarity complexes to regulate
establishment and proper function of apical-basolateral polarity in epithelial cells. Madin-Darby
Canine Kidney (MDCK) cells undergo cell polarization and epithelial layer establishment
induced by calcium addition to the culture medium (105). In this model, interactions of Lgl with
aPKC and Par6 regulate formation of cell-to-cell contacts and apical-basolateral domain
establishment. Immediately after calcium addition, Par6 and Lgl co-localize at sites of cell-to-
cell contacts with phosphorylation of Lgl increasing throughout the polarization process. After
cells are fully polarized, however, Par6 co-localizes with aPKC at the apical cortex of the cell
with Lgl at the basolateral cortex. Overexpression of Lgl disrupts junction formation and active
aPKC expression results in diffuse Lgl localization throughout the cell, providing evidence of
both reciprocal inhibition of aPKC and Lgl and a stoichiometric relationship of polarity
components for proper epithelial polarization (105). A follow-up study confirms these findings
by demonstrating that depletion of Lgl levels disrupts the orientation of polarization (110).
Drosophila epithelial cell polarization following growth demonstrates a temporal relationship
between Par6/aPKC and Lgl. During polarization Par6 is recruited to the apical cortex in
association with active CDC42 at which point the association with aPKC and Lgl results in Lgl
phosphorylation and exclusion to the basolateral cortex (111). In the mammary epithelium,
depletion of Lgll or Lgl2 disrupts normal three-dimensional acinar architecture and promotes

cellular overgrowths without distinctly oriented apical-basolateral polarity (112).
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In polarized epithelial MDCK cells Lgl1 directly interacts with the basolateral membrane
exocytic soluble N-ethylmaleimide-sensitive factor attachment protein receptor (SNARE)
components syntaxin 4 and SNAP23 (113). Both syntaxin 4 and SNAP23 are found at the target
membrane of GLUT4 vesicles poised for exocytosis in the insulin secretion pathway (114). A
closely related SNARE protein, SNAP25, is expressed in neurons and is essential for exocytosis
of neurotransmitters (115). Syntaxin 4 has been shown to regulate the transport of membrane-
type 1 matrix metalloproteinase to the membrane of gastric epithelial cells and cancer cells (116,
117). This suggests a link between polarized exocytic protein complexes and the invasive

potential of cells.

1.3.3 Function of Lgl in cell motility

Multiple studies demonstrate that Lgl interacts with non-muscle myosin I, an actin
binding protein with contractile properties (104, 118-120). In migrating cells, Lgl localizes to the
leading edge together with aPKC and Par6 establishing front-rear polarity (93, 121). Lgl binds
to the region on non-muscle myosin Ila (nmMIIA) important for filament assembly and
promotes the monomeric unassembled state thus reducing contractibility (120). Depletion of Lgl
in fibroblasts results in higher turnover activity at the leading edge of cells, a more elongated
migrating cell morphology, more single cell migration and an overall increase in migration
velocity (120). aPKC{ competes with nmMIIA to bind Lgll at the same domain with Lgl1
inactivation by phosphorylation demonstrating a similar phenotype to Lgll knockdown in the
context of motility (121). These interactions are important to establish a leading edge rich in
actin polymerization and focal adhesion assembly with polymerized nmMIIA providing

contractile forces (120, 121).
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1.3.4 Function of Lgl, Scribble and Discs large in polarity

In addition to the direct interactions with polarity proteins aPKC and Par6, Lgl functions
in a common genetic pathway with Scribble (Scrib) and Discs large (Dlg) necessary for
maintenance of epithelial cell polarity (122). In Drosophila, all three members are mutually
dependent for proper cellular localization and Scrib and Dlg deletions phenocopy the neoplastic
overgrowths observed upon deletion of Lg/ (122). Loss of Scrib expression disrupts the three-
dimensional organization of mammary cells in culture by inhibiting the apoptosis required for
lumen formation (123). Transplants of Scrib-depleted cells into mouse mammary glands
demonstrates abnormal morphogenesis marked by multilayered growths rather than normal
glandular structures and in cooperation with c-myc forms mammary tumours (123). Similarly,
loss of Scrib disrupts proper organization of epithelial cysts in three-dimensional cultures and
upon inhibition in mice causes atypical and unorganized lung development linked to disruption
of proper tight junctions (124).

Studies investigating interactions between Lgl/Scrib/Dlg suggest that physical
interactions between these pathway members are possible. Scrib and Dlg co-localize in
Drosophila and mammalian cells and interact via an intermediate protein (122, 125, 126). Lgl
and Scrib can be shown to interact by co-immunoprecipitation when overexpressed in MDCK
cells with Lgl binding the leucine-rich-repeat domain of Scrib (127). Recently, Lgl2 has been
shown to interact with Dlg following phosphorylation on its hinge region serine residues (aPKC
phosphorylation sites) (128).

In Drosophila, Lgl, Scrib and Dlg are neoplastic tumour suppressors because their loss
results in tissue overgrowth with features that are present in high grade human cancers such as

loss of tissue architecture and invasion (129). In normal colon mucosa and polyps Scrib and Dlg
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are predominantly basolaterally localized (130). The progression to low-grade adenocarcinoma
is marked by mislocalization of Scrib and DIg to the cytoplasm and in high-grade
adenocarcinoma the expression of Scrib and Dlg is lost in most cases (130). Similar patterns

have been shown for Dlg in cervical cancer (131).

1.3.4. Dysregulation of Lgl in cancer

Compared to normal tissue, Lgll mRNA expression is lost or reduced in breast, prostate,
ovarian and lung cancers as well as melanoma (132). Lgl2 is either lost or mislocalized in colon
adenomas and adenocarcinomas by immunohistological analysis (133). Changes to Lgl
expression have been linked to blood cancer malignancy and progression (134, 135). Inan Lg/
conditional knockout mouse model driven by a hematopoietic lineage promoter, loss of Lgl/
increases the proliferation of hematopoietic stem cells and their competitive advantage in
transplant studies (134). Both Lgll and Lgl2 have been implicated in acute myeloid
leukemia malignancy: Lg/!I loss correlates with a poor clinical prognosis and Lgl?2 is a key gene
lost in the progression to leukemia (134, 135). Lgl1 expression is lost in melanoma cell lines and
primary tumours and re-expression of Lgll decreases invasiveness in vitro (136). The
mechanism for loss of Lgl expression is not fully understood. In breast cancer cell lines Lg/2
expression is transcriptionally repressed by transcription factors such as Snail, which binds to E-
box clusters in the core promoter region of Lg/, during epithelial-to-mesenchymal transition. This

mechanism of transcriptional repression does not affect Lg// (137).
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1.4. PREX
1.4.1 Rac function

The Rho GTPases are members of the Ras superfamily of proteins acting as molecular
switches controlling cellular signal transduction. GTPases cycle between GTP-bound active
forms to GDP-bound inactive forms after hydrolysis. This binary switch is regulated by
interacting proteins: GTPase activating proteins (GAPs) accelerate the rate of hydrolysis and
limit the duration of activity, while guanine nucleotide exchange factors (GEFs) facilitate the
exchange of GDP to GTP thereby promoting the activity of GTPases (138). Rac, Rho and
CDC42 comprise the Rho GTPase family based on structural and functional similarity (138).
Rho GTPases are best known for their function in potentiating different aspects actin
cytoskeleton control: CDC42 promotes filopodia (finger-like extensions for sensing the
extracellular enviroment) formation, Rac promotes lamellipodia (fan-like protrusions for cellular
motility) formation, and Rho promotes stress fiber (actin bundles linked to cellular focal
adhesions) formation (139). The Rac subgroup contains three isoforms: Racl which is
ubiquitously expressed, Rac2 which is mainly expressed in the hematopoietic lineage, and Rac3
which is mainly expressed in the neural lineage (140, 141). Expression of activated forms of
Racl and CDC42 that contain mutations disabling intrinsic hydrolysis of GTP, increase the
motility of epithelial cells (58, 142). Increased Rac expression and activation has been observed
in multiple forms of cancers (143). Rac proteins, particularly Racl, promote an invasive
phenotype in glioblastoma cell lines (144, 145) and in primary glioblastoma cell cultures (146).

In glioblastoma cell lines, Rac is stimulated by exogenous growth factor addition as well
as PI3-kinase expression and PTEN deletion to promote migration (57, 58, 147). Rac activating

GEFs such as Trio, Ect2, Vav3 and Dock180 have been described in glioblastoma cell lines but
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few have been associated with PI3-kinase pathway activation (148, 149). Vav2, a Rac specific
GEF has been shown to be activated in response to EGF stimulation by EGFR-mediated
phosphorylation (150). Another commonly studied Rac GEF, Tiam, is activated through PI3-
kinase stimulated tyrosine kinase Lck (151). These examples of activation by PI3-kinase

pathway activity are either small in magnitude or through indirect mechanisms.

1.4.2 PREX function in cells

PtdIns(3,4,5)P3-dependent Rac exchanger 1 (PREX1) was first discovered in a study
aiming to uncover a Rac1 activating guanine nucleotide exchange factor responsive to PIP3
(152). Subsequently PREX1 was found to be activated by both PIP3 and G-protein coupled
receptor (GPCR) By subunit in vitro and in cells in a highly synergistic manner, such that
activation by either component alone increases activity less than one-fold, whereas activation by
both constituents increases activity nearly ten-fold (152). Analysis of PREX1 expression in
human tissues revealed that it is largely expressed in the brain and blood leukocytes (152). The
function of PREX1 was further investigated in mouse models. PREX1 knockout mice are
healthy and fertile with a mild elevation of peripheral blood leukocytes presenting as
neutrophilia (153). When stimulated, PREX] - neutrophils demonstrate deficiency in NADPH-
mediated reactive oxygen species (ROS) production and chemotaxis and when PREX] " mice are
challenged in an infection-like inflammatory model, neutrophil recruitment to sites of
inflammation is impaired (153, 154).

In mouse brain, PREX1 expression peaks in the late embryonic stages and remains
constant into adulthood (155). Throughout development, PREX1 expression is detected in the

hippocampal formation, olfactory bulbs, rostral migratory stream and cerebellum. Additionally,
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PREXI is expressed throughout the maturation of the cerebral cortex (155). Full-length PREX1
expression in cells promotes nerve growth factor (NGF) stimulated membrane ruffling and
chemotaxis while a mutant without the DH domain functions as dominant negative and inhibits
these functions (155). The PREX1 mutant lacking the Dbl-homology domain involved with
GPCR By subunit binding (ADH-PREX1) acts as a dominant negative. Expression of ADH-
PREXI1 the developing mouse brain results in stalled neuron migration without affecting
differentiation (155).

PREX2a and truncated splice variant PREX2b were later discovered by sequence
similarity to PREX1. They are responsive to PI3-kinase stimulation resulting in Rac activation
(156)(152). In mice, PREX2a is mainly expressed in the skeletal muscle, small intestine, and
placenta while PREX2b is expressed in the heart (156). PREX2 has a similar distribution in
humans, although expression in the brain has also been reported (157). Interestingly, the main
phenotype of PREX2 knockout mice is a mild loss of coordination due to improper development
of Purkinje neurons in the cerebellum, which is worsened by double knockout of PREX] and

PREX?2 (158).

1.4.3 PREX in cancer

Both PREX1 and PREX2 have been studied in the context of cancer and demonstrate
distinct roles. PREX1 has been mainly studied in melanoma, prostate and breast cancers. In
prostate cancer, PREX1 expression is elevated in human prostate cancer cell lines and metastatic
clinical samples (159). PREX1 functions through Rac to promote the in vitro motility of prostate
cancer cells and expression of GEF-dead dominant negative PREX1 decreases in vitro invasion

in addition to lowering the incidence of lymph node metastasis in a prostate cancer xenograft
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mouse model (159). Similarly, knockout of PREX] inhibits tumour invasion in vivo by
restricting the incidence of metastasis in a genetic mouse model of melanoma (160). Finally, in
breast cancer, PREX1 is overexpressed in cancer cell lines and tumours, with some specificity to
the luminal subtype, and high expression of PREX1 correlates with decreased survival in breast
cancer patients (161, 162). PREX1 promotes breast cancer in vitro migration via Rac and in vivo
metastases and tumour growth in mouse models (161). Study of PREX1 in breast and prostate
cancers also uncovered that PREX] expression is epigenetically modified by promoter
methylation and histone acetylation. Treatment of prostate cancer cells with histone deacetylase
inhibitor trichostatin A and treatment of breast cancer cells with a combination of trichostatin A
and methyltransferase inhibitor 5’-aza-2’-deoxycytidine increased PREX1 levels (163, 164).
Despite its apparent role in brain development, PREX1 has not been investigated in the context
of brain malignancies.

PREX2 was linked to brain cancer in a study demonstrating that PREX2a binds the C-
terminal of PTEN in a glioblastoma cell line (165). PREX2a inhibited the lipid phosphatase
enzymatic activity of PTEN and co-expression of PTEN and PREX2a nullified the ability of
PTEN to inhibit phosphorylation of Akt in glioblastoma and breast cancer cell lines (165). In
breast cancer, PREX2a expression correlates with activating mutations of PI3-kinase (PIK3CA
gene) (165). Follow-up study of these interactions suggests that PTEN has reciprocal inhibitory
function on PREX2a activation of Racl (166). PREX2a is frequently mutated in cancers,
particularly in those with high PTEN expression, where these mutations prevent binding and
inhibition by PTEN (166). Thus, PREX2a appears to be relevant in cancers that do not
experience PI3-kinase pathway activation by PTEN loss but rather through activating mutations

on the PI-3kinase subunits.
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1.5 Study rationale

The loss of Lgl in Drosophila leads to invasive neoplastic overgrowths within the larval
brain tissue reminiscent of human brain tumours/ glioblastoma. Lgl loss in Drosophila neural
stem cells (neuroblasts) promotes symmetric cell divisions leading to increased self-
renewal/proliferation without differentiation. For this study we isolated glioblastoma cells from
patient tumours (primary glioblastoma cell cultures). Primary glioblastoma cell cultures are the
most clinically relevant model of glioblastoma as they recapitulate the genetic and the
histopathological characteristics of the original patient’s tumour. Additionally, primary
glioblastoma cells exist in relatively undifferentiated state and have the potential for multi-
lineage differentiation thereby linking their characteristics to the phenotype of Drosophila brain
neoplasms formed by loss of Lgl1.

In glioblastoma, the loss of PTEN aberrantly activates the PI3-kinase pathway leading to
activation of multiple downstream kinases including atypical protein kinase Cs. In Drosophila
Lgl is phosphorylated and inactivated by aPKC thus demonstrating a potential link between
PTEN loss and Lgl inactivation in glioblastoma. The mechanisms of aPKC activation via
protein-protein interactions have been studied in the context of epithelial cell polarity where
active Racl and CDC42 promote the formation of the Par6/aPKC/Par3 complex. PREX1 was
discovered as a Racl guanine nucleotide exchange factor specifically activated by PIP3 binding

and thus may link PI3-kinase pathway activation to aPKC activation in glioblastoma.
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1.6 Hypothesis

In glioblastoma Lgl1 is inactivated through phosphorylation by PKCt as a consequence of PTEN

loss. Inactivation of Lgll promotes glioblastoma malignancy through increased invasiveness and

decreased differentiation recapitulating the characteristics of Drosophila brain tumour models.

PREX1 links PTEN loss to activation of PKCt in glioblastoma.

1.7 Objectives

1.

2.

Investigate the link between PTEN loss and Lgl1

Investigate the role of Lgl1 in glioblastoma differentiation and invasive behavior
Investigate the role of PREX1 in promoting glioblastoma invasiveness

Investigate the link between PREX1 and PKCt activity via Racl facilitated interactions

with Par6
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Abstract

Glioblastoma multiforme is an aggressive and incurable type of brain tumor. A subset of
undifferentiated glioblastoma cells, known as glioblastoma tumor initiating cells (GTICs), has an
essential role in the malignancy of this disease and also appears to mediate resistance to radiation
therapy and chemotherapy. GTICs retain the ability to differentiate into cells with reduced
malignant potential, but the signaling pathways controlling differentiation are not fully
understood at this time. PTEN loss is very common in glioblastoma multiforme and leads to
aberrant activation of the phosphoinositide 3-kinase pathway. Increased signalling through this
pathway leads to activation of multiple protein kinases, including atypical protein kinase C. In
Drosophila, active atypical protein kinase C has been shown to promote the self-renewal of
neuroblasts, inhibiting their differentiation along a neuronal lineage. This effect is mediated by
atypical protein kinase c-mediated phosphorylation and inactivation of Lgl, a protein that was
first characterized as a tumour suppressor in Drosophila. The effects of the atypical protein
kinase C/Lgl pathway on the differentiation status of GTICs, and its potential link to PTEN loss,
have not been assessed previously. Here we show that PTEN loss leads to the phosphorylation
and inactivation of Lgl by atypical protein kinase C in glioblastoma cells. Re-expression of
PTEN in GTICs promoted their differentiation along a neuronal lineage. This effect was also
seen when atypical protein kinase C was knocked down using RNA interference, and when a
non-phosphorylatable, constitutively active form of Lgl was expressed in GTICs. Thus PTEN
loss, acting via atypical protein kinase C activation and Lgl inactivation, helps to maintain

GTICs in an undifferentiated state.
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Introduction

Glioblastoma multiforme is an aggressive type of adult brain tumor. Surgery is not
curative, as this disease invariably exhibits extensive intracerebral dissemination at the time of
diagnosis. Patients are also commonly treated with radiation and the alkylating agent
temozolomide; this prolongs survival but is also not curative (167). A characteristic histological
feature of glioblastoma is that glioblastoma cells show considerable phenotypic heterogeneity.
One factor contributing to this heterogeneity is that glioblastoma cells exist in different
differentiation states (168). A subset of glioblastoma cells are relatively undifferentiated; these
are variously referred to as glioblastoma stem cells, glioblastoma stem-like cells or glioblastoma
tumor-initiating cells (169, 170). The latter term is based on one of their defining properties,
which is the ability to regenerate a tumor resembling the patient’s original tumor when implanted
in the brain of an immunocompromised mouse (169). These cells share some properties with
normal adult neural stem cells, including the expression of stem cell-associated genes and the
ability to differentiate along multiple lineages (31). Current data suggests that these
undifferentiated cells are resistant to radiation therapy and temozolomide and therefore play a
key role in glioblastoma recurrence (171, 172).

The genetics of glioblastoma are now understood in some detail. Loss of PTEN is a very
frequent event in glioblastoma, with hemizygous or homozygous deletions occurring in over
90% of primary glioblastomas (38). PTEN catalyzes the inactivation of the second messenger
phosphatidylinositol 3,4,5 trisphosphate. This second messenger is produced by the enzyme
phosphoinositide 3 kinase (PI 3-kinase) after activation by tyrosine kinase receptors. Loss of
PTEN therefore results in increased signaling through the PI 3-kinase pathway. Other

glioblastoma mutations, including mutations in the EGFR, PIK3CA and PIK3RI genes, also

23



activate this pathway (38, 173). While much attention has focused on the role of Akt/PKB as a
downstream mediator in the PI 3-kinase pathway, PI 3-kinase signaling results in the activation
of multiple other downstream kinases (56). This includes atypical protein kinase C (PKC) family
members (83). There are two atypical PKCs in humans, aPKCC and aPKCi. Of these, PKCu is
the most ubiquitously expressed in tissues and overexpressed PKCt has been shown to have the
properties of an oncogene in several different tumor types (174). In studies using human
glioblastoma cell lines, PKCt has been shown to have a role in both proliferation and invasion
(92, 93, 175). Relatively little is known about the kinase substrates that mediate these effects.
One of the more well-characterized substrates of the atypical PKCs is a protein known as Lgl.
Lethal Giant larvae (Lgl) was first identified as a gene in Drosophila that, when mutated,
gave rise to a neoplastic phenotype characterized by overgrowth of imaginal epithelia and brain
tissue (129). In Drosophila brain tissue, this overgrowth is the result of neuroblasts preferentially
undergoing self-renewal rather than differentiating into neurons (103). Mammals have two genes
with homology to Drosophila Lgl: LGLI, which in mice is broadly expressed with the highest
expression in brain; and LGL2, which shows a more restricted expression pattern (98). Knockout
of Lgll in mice causes a brain dysplasia phenotype (98). At the cellular level, Lgl proteins have
multiple functions related to cell polarity, including asymmetric cell division (176). Additional
cell polarity functions include the maintenance of apical/basolateral cell polarity (in epithelial
tissue); polarized exocytosis; and cell motility (120, 177). Lgl proteins bind non-muscle myosin
IT and associate with the inner leaflet of the plasma membrane. They also bind the scaffolding
protein Par6. Atypical PKCs also bind to Par6 and in this complex they are able to phosphorylate
and inactivate Lgl. Inactivated Lgl no longer associates with the plasma membrane or with non-

muscle myosin II (104).
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Given its original characterization as a tumor suppressor in Drosophila, a possible role
for Lgl as a tumor suppressor in human cancers has also been investigated. Human Lgll can
rescue Drosophila 1L.gl mutants, showing conservation of function (132). Human Lgll mRNA
and protein are reduced in multiple cancer types including colorectal cancer and melanoma (132,
136, 178). This reduced expression is not due to either Lgll gene mutations or promoter
methylation, but instead is due to transcriptional repression (137). Although Lgll shows strong
expression in brain and is known to control brain development in both Drosophila and mammals,
there has been no detailed investigation of the role of Lgl1 in glioblastoma to date. Here we show
that in glioblastoma, PTEN loss results in the inactivation of Lgll by phosphorylation. This
inactivation of Lgl1 has a key function in the maintenance of undifferentiated glioblastoma

tumor-initiating cell populations.
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Results

Constitutive phosphorylation of Lgll in glioblastoma cells: A lentiviral vector for constitutive
expression of Lgll was constructed and used to express Lgll in U87MG human glioblastoma
cells. In addition a second lentiviral vector was made to express a non-phosphorylatable,
constitutively active Lgll (designated Lgl3SA), in which the three major Lgll phosphorylation
sites identified by Yamanaka et al. were mutated to alanine (105). Transduced Lgll and LgI3SA
were expressed at similar levels in U87MG glioblastoma cells (Figure 1A). US7MG cells express
low levels of endogenous Lgl1, visible as a faint band in Figure 1A in the blot probed with Lgl1
antibody. To detect phosphorylated transduced Lgl1, a phospho-(Ser) PKC substrate antibody
was used; in total cell extracts this labeled a prominent band of the expected size in cells
transduced with Lgl1, but not in cells transduced with LgI3SA (Figure 1B). Knockdown of Lgl1
with two different Lgll RNA duplexes also decreased the intensity of the band detected with the
phospho-(Ser) PKC substrate antibody, confirming its identity (Figure 1C). Knockdown of PKCt
(the sole atypical PKC isoform expressed in US7MG cells (93)) also reduced the intensity of this

band, confirming that PKCu is responsible for Lgll phosphorylation in these cells (Figure 1D).

Effects of PTEN on Lgll activation: To assess the effects of PTEN on Lgl1 phosphorylation, a
doxycycline-inducible expression system for PTEN was generated in US§7MG cells, which do
not express PTEN due to a mutation (179). This gave rapid, inducible expression of PTEN that
was active, as assessed by its ability to decrease phosphorylation of Akt and PKC1 (Figure 2A).
These cells were transduced with Lgll cDNA and Lgl1 phosphorylation was assessed with
phospho-(Ser) PKC substrate antibody as above. Induction of PTEN decreased levels of

phosphorylated Lgl1 without significantly affecting the total levels of Lgl1 protein (Figure 2B).
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Figure 1. Lgll is constitutively phosphorylated by PKC1in PTEN-null US7MG cells. (A)
U87MG cells were transduced with lentiviral vectors expressing GFP (as a control), wild-type
Lgl1, or a mutant non-phosphorylatable Lgl (Lgl3SA). Expression of Lgl was assessed by
Western blotting of total cell lysates using antibodies to Flag epitope, Lgll and GAPDH (as a
loading control); (B) U87MG cells were transduced with lentiviral vectors expressing either
wild-type Lgll or LgI3SA. Total cell lysates were analyzed by Western blotting using antibodies
to phospho-PKC substrate, Lgll and GAPDH; (C) U887MG cell transduced with lentiviral vector
expressing wild-type Lgl were mock transfected, transfected with control RNA duplex, or
transfected with two different RNA duplexes targeting Lgl (LglA and LgIB). 48 h after
transfection, total cell lysates were collected and analyzed on separate Western blots with
antibodies to Lgl and phospho-PKC substrate (GAPDH loading controls are shown for each
blot). (D) US7MG cell transduced with lentiviral vector expressing wild-type Lgl were mock
transfected, transfected with control RNA duplex, or transfected with two different RNA
duplexes targeting PKCt (iotaA and iotaE). 48 h after transfection, total cell lysates were
collected and analyzed by Western blotting for phospho-PKC substrate, PKC1 and Lgl.
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Figure 2. Restoration of PTEN expression reduces Lgl phosphorylation and promotes its
membrane association. (A) U8TMG cells were transduced with lentiviral vectors expressing Tet
activator and Tet-inducible PTEN. Cells were treated with or without 100 ng/ml doxycycline for
the indicated period of time. Total cell lysates were then analyzed by Western blotting for PTEN
expression (left panels). Total cell lysates from cell treated for 48 h with 100 ng/ml doxycycline
were also analyzed by Western blotting for total and phosphorylated Akt and PKCt (right
panels). (B) US7MG cells with doxycycline-inducible PTEN were treated for two days with
doxycycline and then either mock-transduced or transduced with lentiviral vector constitutively
expressing wild-type Lgl. Total cell lysates were collected two days after transduction and
analyzed by Western blotting with phospho-PKC substrate antibody (shown), Lgl antibody and
GAPDH antibody (not shown). Data from three independent experiments were analyzed for
levels of total and phosphorylated Lgl (bar graphs at left). Data were first normalized to GAPDH
levels and are shown normalized to the no doxycycline condition in the bar graphs. Data are
shown as the mean £+ SD. * indicates a p value less than 0.05. (C) US7MG cells with
doxycycline-inducible PTEN were treated for two days with doxycycline and then transduced
with lentiviral vector expressing wild-type Lgl. Two days after transduction, cells were fixed and
analyzed by immunofluorescence with anti-Flag antibody. Examples of immunofluorescence
staining are shown in the left two panels. The right panel shows the analysis for membrane
localization from 15 randomly selected images per experiment assessed by an observer (IR)
blinded to the treatment conditions. Data are the mean = SD from three separate experiments. *
indicates a p value less than 0.05.
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Lgll in its active form is membrane-localized and inactivation by phosphorylation causes its
translocation to the cytosol. In US7MG cells, transduced wild-type Lgll was localized in the
cytoplasm. Induction of PTEN altered the subcellular localization of wild-type Lgl1, such that it
was predominantly membrane-associated, consistent with its restoration to an active form

(Figure 2C).

Membrane association of a non-phosphorylatable Lgll mutant in glioblastoma cells: A
doxycycline-inducible expression system to express either wild-type Lgl or LgI3SA was also
made in US7MG cells. As with the constitutive expression system, both proteins were expressed
at similar levels and were detectable within 6 h after induction of expression with doxycycline
(Figure 3A). Induced Lgl and LgI3SA showed different subcellular localizations in glioblastoma
cells, with Lgl being predominantly cytoplasmic and Lgl3SA showing significant membrane
association (Figure 3B). This membrane localization was particularly pronounced in mitotic
cells; double staining for both Lgl and non-muscle myosin II (a known Lgl binding partner) in

mitotic cells showed that LgI3SA, but not Lgl, colocalized with non-muscle myosin II.

Characterization of glioblastoma tumor initiating cells (GTICs): GTICs were isolated from
patients undergoing surgery for glioblastoma at The Ottawa Hospital. Cells were isolated
following the procedure described by Pollard et a/., in which GTICs are plated directly onto
laminin-coated plates (31). Cells were cultured in 5% O, which significantly enhanced their
growth rate compared to growth in atmospheric oxygen levels (20%). Enhanced growth in 5%

O; has been observed previously for neural stem cells (180) and may be due in part to reduced

31



Figure 3. Non-phosphorylatable Lgll constitutively associates with the cell membrane in
US7MG cells. (A) USTMG cells were transduced with lentiviral vectors expressing tet activator
and tet-inducible Lgl or LgI3SA. Cells were treated with 100 ng/ml doxycycline for the indicated
periods of time and then analyzed by Western blotting with anti-Flag antibody. (B) U87MG cells
with inducible Lgl or LgI3SA expression were treated with 100 ng/ml doxycycline for 4 days
and then analyzed by immunofluorescence microscopy using anti-Flag antibody. Membrane
localization was quantitated as describe in Figure 2C. (C) US7MG cells with inducible Lgl or
LgI3SA expression were treated with 100 ng/ml doxycycline for 4 days and then analyzed by
confocal immunofluorescence microscopy with antibodies to Flag epitope (red) and non-muscle
myosin Ila (green). Cells were counterstained with DAPI. Examples of confocal images of
mitotic cells expressing Lgl and LgI3SA are shown.
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senescence (181). This level is also more physiologically appropriate than atmospheric oxygen
levels (20%), as it is similar to oxygen levels in the adult brain (29). GTICs were used at low
passage numbers (less than 20 passages), as this has been shown to be important for maintaining
multipotency (182). Analysis of GTIC cultures from three different patients showed that they all
expressed Lgll and PKC1, with expression of Lgll being considerably higher than in US7MG
cells (Figure 4A). Cells from two patients showed detectable expression of PTEN, while cells
from one patient (PriGO8A cells) showed a complete absence of PTEN expression, as in
U87MG cells (Figure 4A). The latter were chosen for further detailed analysis. Chromogenic in
situ hybridization showed that PriGO8A cells had three copies of the EGFR gene, likely
reflecting a gain of chromosome 7, a characteristic genetic feature of glioblastoma (Figure 4B).
When grown in the absence of laminin, the cells readily formed neurospheres resembling those
seen in neural stem cell culture (Figure 4C). The cells also uniformly stained positive for nestin,
a standard marker of neural stem cells (Figure 4D). When injected intracerebrally into
immunocompromised mice, these cells formed a diffuse glioblastoma that was highly invasive
(Figure 5A). The pattern of invasion was typical of glioblastoma, with extensive movement of
cells into the uninjected hemisphere occurring along the corpus callosum. Thus these cells have
the characteristic features of GTICs described in previous publications (30, 31).

The ability of PriGO8A cells to differentiate in response to standard differentiation
induction methods (serum addition, with or without growth factor withdrawal) was assessed
(Figure 5B and C). To assess neuronal differentiation, neuron-specific class III B-tubulin (TUJ1)
antibody was used; differentiation along the astrocytic lineage was assessed using antibody to
glial fibrillary acidic protein (GFAP). These markers have been used extensively to assess

differentiation along neuronal and astrocytic lineages in both GTICs and normal adult neural
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Figure 4. Characterization of PriGOS8A4 cells. (A) Western blot analysis of PTEN, Lgl1 and
PKCt expression in GTIC cultures from three patients. Total cell extracts from US7MG cells
with doxycycline-inducible PTEN were also run for comparison. (B) Chromogenic in situ
hybridization was performed on PriGOSA cells using an EGFR probe. Examples of two nuclei
are shown. The three dark spots in the nuclei indicate a gain for this region of chromosome 7. (C)
Left panel, phase contrast microscopy of PriGO8A cells grown in the presence of laminin; right
panel, phase contrast microscopy of PriGO8A cells grown in the absence of laminin, showing
neurosphere formation. (D) Immunofluorescence microscopy for nestin in PriGO8A cells
growing on laminin. Cells were counterstained with DAPIL. A control in which the primary
antibody was omitted during staining is also shown.
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Figure 5. In vivo growth of PriGOS8A cells and differentiation of PriGOS8A cells in response to
serum and/or growth factor withdrawal. (A) Growth of PriGO8A cells three months after
intrastriatal injection in the right hemisphere. Hematoxylin and eosin stained whole brain
sections (left panel) show extensive growth and invasion into the left hemisphere across the
corpus callosum. The close-up (right panel) shows a border area between cancer cells and normal
brain. (B) PriGOS8A cells were grown in: regular media; media supplemented with 10% fetal calf
serum; media supplemented with 10% fetal calf serum without EGF and FGF growth factors.
Seven days later cells were fixed and immunofluorescence microscopy was performed for either
TUJ1 or GFAP. (C) Quantitation of the results in B. Data are shown as the mean +SE.
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stem cells (169).The addition of serum, either in the presence or absence of growth factors,
increased the percentage of cells expressing TUJ1 and the percentage of cells expressing GFAP,
indicating that PriGO8A cells differentiate along both neuronal and astrocytic lineages in the
presence of serum. Although double labeling experiments were not performed here, the
percentages of positive cells suggest that some of the differentiation observed is aberrant, giving

rise to TUJ1/GFAP double positive cells, as observed previously (29, 30).

Effects of PTEN, PKCtand Lgll on GTIC differentiation: To assess the effects of PTEN on
differentiation, PriGO8A cells were engineered for inducible expression of PTEN as described
above for US7MG cells. Treatment with doxycycline induced PTEN expression in a dose-
dependent fashion (Figure 6A). As in U87MG cells, PTEN induction reduced the
phosphorylation of transduced Lgll (Figure 6B). PTEN-induction in PriGO8A cells significantly
increased the relative proportion of cells that were TUJ1 positive (Figure 6C and D). This was
not seen in unmodified PriGO8A cells treated with doxycycline, showing that the effect is
dependent on PTEN induction (Figure 6D). PTEN induction had no effect on differentiation
along the astrocytic lineage (Figure 6D).

To assess the role of PKC1 in PriGOS8A differentiation, transient knockdown of PKC1
was performed using two different RNA duplexes at a 10 nM concentration (Figure 7A).
Knockdown with both duplexes, but not with a control duplex used at the same concentration,
resulted in increased differentiation along the neuronal lineage without any effects on astrocytic
differentiation (Figure 7B and C).

To assess the role of Lgl1 phosphorylation, PriGOSA cells were transduced with

lentiviral vector expressing LgI3SA. As with US7MG cells, LgI3SA, but not Lgl1, showed
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Figure 6. Effects of PTEN on PriGOS8A differentiation. (A) PriGO8A cells were transduced with
Tet activator lentivirus and selected with G418 for four days. Selected cells were then transduced
with inducible PTEN lentivirus and selected with puromycin for four days. Selected cells were
treated with the indicated concentrations of doxycycline for 48 h. Total cell lysates were then
analyzed by Western blotting for expression of PTEN. (B) PriGO8A cells with inducible PTEN
were treated with 500 ng/ml doxycycline for two days and then either mock transduced or
transduced with lentivirus constitutively expressing wild-type Lgll. One day later cells were
switched to media without EGF. Total cell extracts were collected one day later and analyzed by
Western blotting with antibodies to phospho-PKC substrate and Flag epitope. (C) PriGO8A cells
with inducible PTEN were untreated or treated with 500 ng/ml doxycycline for 7 days. Cells
were then fixed and immunocytochemistry for TUJ1 and GFAP expression was performed. (D)
Quantitation of data from C. The left graph shows doxycycline treatment of PriGOSA cells with
inducible PTEN. The right graph shows doxycycline treatment of parental PriGO8A cells (as a
control for effects of doxycycline alone). Quantitation was performed as described in Material
and Methods. Data are shown as the mean + SE. * indicates a p value less than 0.05.
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Figure 7. Effects of PKCt on PriGOS8A differentiation. (A)PriGO8A cells were transfected with
control RNA duplex or two different RNA duplexes targeting PKCt. Three days later, total cell
lysates were collected and analyzed for PKCt expression by Western blotting. (B) Cells were
transfected as in A. Seven days later cells were fixed and immunofluorescence with antibodies to
TUJ1 and GFAP was performed. Representative images of TUJ1 immunofluorescence are
shown. (C) Quantitation of TUJ1 and GFAP immunofluorescence seven days after PKC1
knockdown. Quantitation was performed as described in Material and Methods. Data are shown
as the mean * SE. * indicates a p value less than 0.05.

42



& NS Ny
&@\ %Y" %Y*
& FF
-— PKCt

untreated control siRNA

siRNA iotaA siRNA iotaE

PriGO8SA
Il TUJ1
60 1 * 4 GFAP
)
2
'§40
o
=X
20 -
0 [ = m
Gb %YY \%Y.’ \f& ‘Zab.. %?7\0\%?’\0\‘&
S \3\. K\ Q-%Y* & '60\ @Y’I QY’
N > CPQ PSP

43



marked membrane localization in mitotic cells (Figure 8A). As with PTEN transduction and
PKCt knockdown, transduction of LgI3SA also induced PriGO8A cell differentiation along the
neuronal lineage, but not the astrocytic lineage (Figure 8B and 8C).

GTICs from different patients have been reported to show variability in their
differentiation behavior (31). To determine the generalizability of the above findings, the effects
of PKCt knockdown and LgI3SA expression on GTIC differentiation were also assessed in cell
populations isolated from two other patients, designated PriGO9A and PriGO7A. As with
PriGOS8A cells, PriGO9A and PriGO7A cells were able to form neurospheres when grown in the
absence of laminin, were uniformly nestin positive and were able to undergo differentiation
along neuronal and astrocytic lineages when exposed to serum (Figure 9A-B and 10A-B).
Western blot analysis of PriGO9A and PriGO7A cells for expression of PTEN, Lgll and PKCt
was shown in Figure 4A. Both show similar levels of PKCt and Lgl1 to those seen in PriGOSA
cells. PriGO9A cells showed very low but detectable levels of PTEN, while PriGO7A cells show
higher levels. PriGO7A cells were also examined by chromogenic in situ hybridization for EGFR
copy number, which showed amplification in this region (Figure 10A). Both knockdown of
PKCt and LgI3SA transduction induced differentiation along the neuronal lineage in PriGO9A

and PriGO7A cells without affecting astrocytic differentiation, similar to what was observed in

PriGO8A cells (Figures 9C and 10C).
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Figure 8. Effects of LgI3SA on PriGOS8A differentiation. (A) PriGO8A cells were transduced
with either Lgl (left) or LgI3SA (right). Four days later cells were fixed and immunofluorescence
with anti-Flag antibody was performed. Representative examples of mitotic cells are shown. (B)
PriGOS8A cells were transduced with either empty vector control (pLVX) or vector expressing
LgI3SA. Seven days later cells were fixed and immunofluorescence for TUJ1 and GFAP was
performed. Representative images for TUJ1 staining are shown. (C) Quantitation of TUJ1 and
GFAP immunofluorescence seven days after transduction with LgI3SA. Data are shown as the
mean * SE. * indicates a p value less than 0.05.
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Figure 9. Effects of PKCt and LgI3SA on PriGO9A cell differentiation. (A) Morphology under
phase contrast microscopy (top left panel), neurosphere formation (top middle panel) and nestin
immunofluorescence (top right panel) for PriGO9A cell cultures. (B) Differentiation of PriGO9A
cells after exposure to serum with or without growth factor withdrawal, determined as described
in Figure 5. (C) Bar graphs show the effects of PKCt knockdown (left panel) and LgI3SA
transduction (right panel) on PriGO9A differentiation, determined as described in Figure 7.
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Figure 10. Effects of PKCt and Lgl1 on PriGO7A differentiation. (A) Morphology under phase
contrast microscopy (top left panel), neurosphere formation (top right panel), nestin
immunofluorescence (lower left panel) and EGFR chromogenic in situ hybridization for
PriGO7A cells (lower right panel). (B) Differentiation of PriGO7A cells after exposure to serum
or growth factor withdrawal. (C) Bar graphs show the effects of PKC1 knockdown (left panel)
and LgI3SA transduction (right panel) on PriGO7A differentiation.

49



PriGO7A

120 _
PriGO7A
100 1 . TUJ .
5 GFAP
.2 80 1
=
& 60 -
e,
2 40
20 -
0 1
- 4+ + - 4+ 4+ serum
C. - + - +  + -  EGF/FGF
100 80 _
" y PriGO7A % PriGO7A
* . TUJ 60 W TUJ1
= GFAP GFAP
£ 60 1
2 40 -
%40 :
2 20 -

[}
7 [k
ig
(@D
N
7
|-

50



Discussion

Partial or complete loss of the tumor suppressor PTEN, by either hemizygous deletion,
homozygous deletion or mutation, is a frequent event in glioblastoma. In this study, we
demonstrate that loss of this tumor suppressor leads to the inactivation of a second protein with
tumor suppressor-like functions, Lgl1. Previous work has shown both that Lgl is inactivated by
phosphorylation and that the atypical PKCs are responsible for this (104, 120, 177). The key
finding here is the link between this and the loss of PTEN: we show that restoration of PTEN
results in a decrease in Lgll phosphorylation as well as an increase in its membrane association,
which is a marker of functional Lgll. The effects of PTEN on Lgll phosphorylation were seen
both in U87MG cells and in GTICs. This finding represents a second mechanism by which Lgl1
can be inactivated in cancer cells, as previous studies have shown that Lgll is downregulated at
both the mRNA and protein levels in several cancer types, including colorectal cancer and
melanoma, compared to normal tissue (136, 178). Lgl1 inactivation therefore appears to be a
very frequent event in human cancers.

The effects of the PTEN/aPKC/Lgl1 pathway on the differentiation state of glioblastoma
tumor initiating cells (GTICs) were assessed. GTICs were isolated from multiple patients using
previously described culture techniques that preserve their ability to generate tumors in mice that
mimic the pathology of human glioblastoma (30, 31). Cultures were screened for PTEN
expression levels. GTICs from one patient (PriGO8A cells) were chosen for detailed study, as
these showed complete loss of PTEN expression, in common with US7MG cells. PriGO8A cells
showed the common features of GTICs that have been described previously in the literature (29,

31), including nestin expression, the ability to form neurospheres, the ability to differentiate
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along both neuronal and astrocytic lineages in response to serum exposure, and the ability to
form invasive tumors in immunocompromised mice.

PriGO8A cells were engineered for inducible expression of PTEN. As in U87MG cells,
induction of PTEN in PriGO8A cells reduced the phosphorylation of Lgl1. Induction of PTEN
also resulted in differentiation. This finding is similar to previous findings in adult neural stem
cells and other non-cancer stem cell types, where loss of PTEN represses differentiation (183).
Although serum exposure resulted in differentiation of these cells along both neuronal and
astrocytic lineages, with PTEN induction differentiation was exclusively along the neuronal
lineage. This contrasts with the previously reported effects of BMP-4 on GTIC differentiation,
where differentiation occurred primarily along the astrocytic lineage (34). In most human
glioblastoma tumors, the bulk of the cells are GFAP-positive, indicating that differentiation
occurs primarily along the astrocytic lineage. Results here suggest the possibility that this is a
consequence of strong repression of neuronal differentiation by PTEN loss and subsequent PI 3-
kinase pathway activation.

As with PTEN induction, knockdown of PKCt also reduced the phosphorylation of Lgl1.
In addition, knockdown of PKC1 in PriGO8A cells resulted in differentiation along the neuronal
lineage, phenocopying what was seen with PTEN induction. This indicates that PKCu is the key
mediator of PI 3-kinase pathway effects on GTIC differentiation.

A non-phosphorylatable constitutively-active mutant of Lgl1 (designated LgI3SA) was
also expressed in PriGO8A cells. This was able to associate with the cell membrane; importantly
this indicates that the human homologs of the Drosophila tumor suppressors Scribble and Discs
large are functional in these cells, as these proteins are known to be required for Lgl membrane

association (129). As with PTEN induction and PKCt knockdown, expression of LgI3SA
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induced differentiation exclusively along the neuronal lineage, indicating that Lgl is a key
substrate mediating the effects of PKC1 on GTIC differentiation.

The effects of Lgl3SA were also assessed in GTIC cells from two additional patients.
PriGO9A cells, which showed low but detectable levels of PTEN, also underwent differentiation
along a neuronal lineage when transduced with LgI3SA. This effect was also seen in PriGO7A
cells. These cells express high levels of PTEN, but show evidence of amplification of EGFR.
Thus the role for Lgll does not appear to be restricted to GTICs in which PTEN expression is
completely lost, but is also functional in GTICs where the PI 3-kinase pathway is hyperactivated
by other mechanisms such as EGFR amplification.

The above findings for PKCt and Lgl1 are consistent with previous studies in Drosophila
showing that atypical PKC and Lgl mediate the decision between neuroblast self-renewal and
differentiation (103). The data here show that this pathway is conserved in human GTICs and,
critically, is linked to PTEN and PI 3-kinase signaling pathway status. The fact that partial or
complete loss of PTEN expression is very common suggests that it is an early event in
gliomagenesis. Thus inactivation of Lgll may also be an early event in gliomagenesis, leading to
the expansion of a population of undifferentiated tumor initiating cells, the cell population that is

the key driver for glioblastoma malignancy (168).
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Materials and methods

Antibodies and chemicals: Anti-Flag M2 mouse monoclonal antibody, non-muscle myosin II
rabbit polyclonal antibody and GFAP mouse monoclonal were from Sigma-Aldrich (Oakville,
ON, Canada). PKC1 mouse monoclonal and phospho-threonine 555 PKC1 rabbit polyclonal
antibodies were from BD Transduction Laboratories (Mississauga, ON, Canada) and Invitrogen
(Carlsbad, CA, USA) respectively. The Akt goat polyclonal was from Santa Cruz Biotechnology
(Santa Cruz, CA, USA). Phospho-AKT (Ser473) rabbit polyclonal, phospho-(Ser) PKC Substrate
(P-S3-101) antibody (a mix of three rabbit monoclonal antibodies), and PTEN rabbit monoclonal
antibody were from Cell Signaling Technology (Danvers, MA, USA). Lgll rabbit polyclonal
antibody and GAPDH mouse monoclonal (6C5) antibody were from Abcam (Cambridge, MA,
USA). TUIJI1 rabbit monoclonal antibody was from Covance (Princeton, NJ, USA). Nestin

mouse monoclonal antibody was from R&D Systems (Minneapolis, MN, USA).

Cell Culture: USTMG cells were grown in Dulbecco’s Modified Eagle medium supplemented
with 100 units/ml penicillin, 100 pg/ml streptomycin and 10% fetal bovine serum at 37°C and
5% COa,. Cells were used at low passage number and were routinely checked and shown to be
free of mycoplasma. GTIC cultures were isolated following a protocol approved by the Ottawa
Hospital Research Ethics Board. Surgical samples were harvested from consented patients
undergoing surgery for suspected glioblastoma (and without a history of previous lower grade
brain tumor) using a Nico Myriad surgical device (NICO Corporation, Indianapolis, IN, USA).
Cultures were digested with Accutase, filtered through 100 uM and 40 uM nylon mesh filters,
and plated on laminin-coated plates as described by Pollard ef al. (31). Accutase and laminin

were from Sigma-Aldrich, Oakville, ON, Canada. Cultures were grown in Neurobasal A medium
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supplemented with B27, N2 (all from Life Technologies, Burlington, ON, Canada), EGF and
FGF (Peprotech, Rocky Hill, NJ, USA) at 37°C in 5% O,/CO,.

Plasmid constructs: Full-length cDNA encoding Lgl1 mRNA was produced as described
previously (14). Site-directed mutagenesis was used to add an amino terminal Flag tag using the
QuikChange XL Site-Directed Mutagenesis kit (Stratagene, La Jolla, CA, USA). Site-directed
mutagenesis was also used to change the codons for serine 656, 660 and 664 to alanine to
generate Flag-tagged LgI3SA cDNA. For constitutive lentiviral vector production, Flag-tagged
wild-type Lgl or LgI3SA were PCR amplified to add Xbal and Sall 5° and 3’ restriction sites
and subcloned into pLenti-CMV GFP Puro (Addgene Plasmid 17448) which had been digested
with the same restriction enzymes to remove the GFP cDNA. For inducible expression, PTEN
cDNA, Flag-tagged Lgl cDNA and Flag-tagged Lgl3SA cDNA were subcloned into the Tet-
inducible lentiviral vector pLVX-Tight-Puro (Clontech, Mountain View, CA, USA).
Transduction with lentiviral vectors: Replication-incompetent lentiviral particles were made by
the four-plasmid transfection method described by Wiederschain et al. (184). US7TMG were
transduced by incubation for 24 h with lentivirus-containing supernatant added to regular media
supplemented with 10 pg/ml polybrene (for US87MG transductions; polybrene was omitted for
tumor initiating cell transductions). For inducible expression, cells were first transduced with
lentivirus made with Tet-activator plasmid (Clontech, Mountain View, CA, USA) and selected
with G418 (500ug/ml); these cells were then transduced again with lentivirus made with the
inducible cDNA vectors described above and selected with puromycin (1pg/ml for U87MG and

0.5ug/ml for PriGO cells).
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Western blotting: Western blotting was done as described previously (175). Chemiluminescence
from HRP conjugated secondary antibodies was detected with the Alpha Innotech Fluorchem
system (Santa Clara, CA, USA) and quantitated using Alphaview software.
Immunofluorescence microscopy: Immunofluorescence microscopy was done as described
previously (93). For differentiation experiments using TUJ1 and GFAP antibodies, images were
taken of five random fields of view (chosen under DAPI filter) per condition per experiment.
Analysis was carried out in ImageJ software (National Institutes of Health, Bethesda, Maryland,
USA). The proportion of positive cells to total nuclei was assessed per condition +/- SE for each
experiment.

Chromogenic in situ hybridization: Chromogenic in situ hybridization was used to detect EGFR
gene copy number changes in PRIGO cells. ZytoDot SPEC EGFR Probe (Cat. ZTV-C-3007-
400) and ZytoDot CISH Implementation Kit were from Cedarlane (Burlington, ON, Canada) and
were used according to the manufacturer’s recommendations.

Intracerebral xenografts: Experiments were carried out in accordance with the recommendations
of the Animal Care Committee at the University of Ottawa.

5 X 10° PriGO cells in 10puL sterile PBS were injected intrastriatal (right side of the skull
approximately 0.5mm above the coronal suture and 2mm from the sagittal suture) into 4-6 week
old SCID/beige mice (Charles River Laboratories, Wilmington. MA). Endpoint was reached
after approximately three months when mice became symptomatic. Whole brains were
harvested, formalin fixed and paraffin embedded. Sections were cut, stained with hematoxylin
and eosin, and reviewed by a neuropathologist (JW).

Statistics: SigmaPlot12 software was used for statistical analyses. Comparisons between two

groups were performed using two-tailed t-tests with a p value <0.05 considered significant.
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Abstract

lethal giant larvae (Igl) was first identified as a tumor suppressor in Drosophila, where its loss
repressed the differentiation and promoted the invasion of neuroblasts, the Drosophila equivalent
of the neural stem cell. Recently we have shown that a human homolog of Lgl, Lgll (LLGL1), is
constitutively phosphorylated and inactivated in glioblastoma cells; this occurs as a downstream
consequence of PTEN loss, one of the most frequent genetic events in glioblastoma. Here we
have investigated the consequences of this loss of functional Lgll in glioblastoma in vivo. We
used a doxycycline-inducible system to express a non-phosphorylatable, constitutively active
version of Lgll (LgI3SA) in either a glioblastoma cell line or primary glioblastoma cells isolated
under neural stem cell culture conditions from patients. In both types of cells, expression of
LglI3SA, but not wild type Lgll, inhibited cell motility in vitro. Induction of LgI3SA in
intracerebral xenografts markedly reduced the in vivo invasion of primary glioblastoma cells.
LgI3SA expression also induced the differentiation of glioblastoma cells in vitro and in vivo
along the neuronal lineage. Thus the central features of Lgl function as a tumor suppressor in

Drosophila are conserved in human glioblastoma.
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Introduction

In Drosophila, loss of the /gl gene results in overgrowth of both brain and imaginal disc
tissue, resulting in death at the late larval stage (132) . Brain overgrowth was shown to be due to
overproliferation of neuroblasts, the Drosophila equivalent of the neural stem cell. Normal
neuroblasts undergo repeated rounds of asymmetric cell divisions to generate a new neuroblast
and a daughter cell with limited proliferative capacity that goes on to form the mature cell types
(neurons and glia) of the adult fruit fly brain. In /g/ mutants, instead of these asymmetric
divisions, neuroblasts undergo repeated rounds of symmetric cell divisions to generate two
neuroblasts (103). This results in expansion, rather than maintenance, of the neuroblast
population, explaining the apparent increase in proliferation described early on for /g/ mutants.
Along with increased proliferation, neuroblasts in /g/ mutant Drosophila spread throughout the
larval brain causing abnormalities in brain structure. Transplantation studies showed that brain
tissue from /g/ mutant Drosophila was invasive when transplanted into wild type hosts; this
invasion was mainly restricted to within the larval brain, with metastases outside the brain being
relatively infrequent (97).

Here we are addressing the extent to which the behavior of Drosophila Ig/ mutants is
recapitulated in the human adult brain tumor known as glioblastoma. Humans contain two genes
with homology to Drosophila Lgl; we have focused on Lgll (encoded by the LLGLI gene) as it
is the only homolog that is expressed in mammalian brain tissue (98). In both Drosophila and
mammals, Lgl activity is controlled by atypical PKC, which phosphorylates Lgl at its hinge
region leading to its inactivation (104, 177). We have shown previously that Lgl1 is
constitutively phosphorylated and inactivated in glioblastoma cells (185). This inactivation is a

downstream consequence of PTEN loss, one of the most frequent genetic events in glioblastoma
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(38, 186). Currently glioblastoma is an incurable disease with a median survival time of about
one year after diagnosis (167). A key aspect of its malignancy is its highly invasive nature. This
invasiveness gives glioblastoma primary tumors their characteristic diffuse borders, and can
result in the spread of glioblastoma cells throughout the central nervous system, with frequent
involvement of both hemispheres. The pattern of glioblastoma invasion is distinctive, with single
cancer cells preferentially traveling along white matter tracts and the outside walls of blood
vessels (23). Another well known aspect of glioblastoma is its phenotypic heterogeneity. Some
of this heterogeneity appears to be due to the fact that glioblastoma cells can exist in a range of
differentiation states. A subset of cells exists in an undifferentiated neural stem cell-like state;
glioblastoma cells in this undifferentiated state are thought to be the key drivers of glioblastoma
malignancy (169). We have previously shown that expression of a non-phosphorylatable,
constitutively active version of Lgll induces the differentiation of glioblastoma cells from
multiple patients along the neuronal lineage in cell culture, a finding that is consistent with the
behavior of Lgl in Drosophila (185). Here we have investigated the in vivo effects of Lgll on
glioblastoma malignancy, using a xenograft model that closely mimics the invasive behavior of

this disease that is seen in patients.
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Results

Inhibition of glioblastoma cell motility in cell culture: We first tested the effects of Lgll on the
invasive properties of the human glioblastoma cell line US7MG. For these experiments, a
constitutively active version of Lgll was used in which the three hinge region phosphorylation
sites were mutated to alanine (105). This was expressed using a doxycycline-inducible system as
described previously (185). Invasion was evaluated in Transwell membranes coated with
Matrigel. As shown in Figure 1A, expression of LgI3SA caused a 58% reduction in U87MG cell
invasion. This effect was not seen in U87MG cells transduced with control vector and treated
with doxycycline. Lgl3SA had no effect on total cell numbers under the conditions used here
(Figure 1B). To determine if this was an effect of LgI3SA on the ability of cells to degrade
Matrigel, or an effect on motility, we repeated this assay using Transwell membranes without
Matrigel. As shown in Figure 1C, LgI3SA reduced US7MG motility to a similar extent to that
seen in the presence of Matrigel, indicating that LgI3SA is primarily affecting motility. No effect
on motility was seen when wild type Lgl was tested for effects on motility, consistent with our
previous finding that Lgl is largely inactivated by phosphorylation downstream of PTEN loss in
these cells (Figure 1D).

Although U87MG cells are motile and invasive in cell culture, they are not invasive in
vivo. We therefore assayed the effects of LgI3SA on the motility of primary glioblastoma cells
isolated from patients under conditions that preserve their invasive properties and that enrich for
glioblastoma cells with neural stem cell-like features (185). We have described the properties of
these cells (designated PriGO8A cells) previously (185); their neural stem cell like

characteristics include expression of the neural stem cell markers nestin and sox2, the ability to
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Figure 1. Inhibition of US7MG cell invasion and motility by LgI3SA. (A) Invasion of US7MG
cells was assessed using Transwell chambers coated with Matrigel. U§7MG cells were
transduced with Tet activator and either empty vector (pLVX) or vector expressing LgI3SA
(pLVX-Lgl3SA). Cells were then treated with or without doxycycline for three days. Equal
numbers of cells were then plated in Transwell plates and 24 h later the number of cells that had
crossed the membrane was determined. Data are shown normalized to the untreated doxycycline
controls and are the mean of three independent experiments each performed in triplicate. (B)
Total viable cell counts for US7MG cells with inducible LgI3SA, with and without treatment
with doxycycline for three days. (C) To assess motility, US7MG cells transduced with Tet
activator and vector expressing LgI3SA were assayed as in A, except that Transwell membranes
without Matrigel were used. Data are shown normalized to the untreated doxycycline controls
and are the mean of three independent experiments each performed in triplicate. (D) US7MG
cells were transduced with Tet activator and vector expressing wild type Lgll and assayed as in
C. Data shown are from one independent experiment performed in triplicate, normalized to the
mean value for untreated cells. Error bars show the mean + standard deviation. * indicates a p
value < 0.05.
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undergo differentiation along multiple lineages, and the ability to form neurospheres when plated
on plastic. In addition these cells form invasive disease in immunocompromised mice; this
invasion closely resembles that seen in patients, with single cells invading along white matter
tracts including the corpus callosum and the external capsule (see Figure 3C). These cells were
transduced with lentiviral vectors for doxycycline-inducible expression of LgI3SA as for
US7MG cells (Figure 2A). Testing of these cells for motility in Transwell assays showed that
expression of Lgl3SA caused a 65% decrease in their motility (Figure 2A). As seen with U87MG
cells, expression of wild type Lgl at similar or higher levels than LgI3SA had no effect on
motility of PriGO8A cells (Figure S1A and B). Similar effects of LgI3SA on motility were seen
in cells isolated from a second patient (Figure 2B). LgI3SA did not reduce total cell numbers
under the conditions used, showing that this effect is not an artifact of effects on proliferation
(data not shown). Neither wild type Lgl nor LgI3SA affected the phosphorylation state of PKCt
on Thr555, indicating that they were not suppressing global activation of PKCt (Figure S1C).

As a second method to assess motility that is independent of proliferation, we used time
lapse videomicroscopy to monitor motility. PriGO8A cells are highly motile under the culture
conditions used (Figure 2C; see also supplementary movies S1 and S2). Tracking of single cells
using this method showed that expression of LgI3SA reduced overall motility to a similar extent
to that seen using the Transwell assay technique.

To assess effects of LgI3SA on glioblastoma invasion in vivo, we made use of the
doxycycline inducible system to turn on Lgl3SA expression after injection of cells into the
cerebrum of immunocompromised mice (Figure 3A). The use of an inducible system avoids

potential artifacts due to differences in the ability of genetically modified cells to survive the
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Figure 2. Inhibition of PriGO cell motility by Lgi3SA. (A) PriGO8A cells were transduced with
Tet activator and either empty vector (pLVX) or vector expressing LgI3SA (pLVX-LgI3SA). To
confirm inducible expression, cells were treated with doxycycline for 24 h and then analyzed by
Western blotting for expression of flag-tagged Lgl3SA and GAPDH as a loading control. The
bar graph shows the results of motility assays. Cells were treated with or without 500 ng/ml
doxycycline for three days. Equal numbers of cells were then plated in Transwell plates and 24 h
later the number of cells that had crossed the membrane was determined. Data are shown
normalized to the untreated doxycycline controls and are the mean of three independent
experiments each performed in triplicate. (B) Cells from a second patient (PriGO9A) were
transduced with tet activator plasmid and vector expressing LgI3SA. Confirmation of inducible
expression and effects on motility were determined as in A. (C) PriGOSA cells transduced with
Tet activator and vector expressing LgI3SA cells were plated in videomicroscopy dishes. After
treatment with or without doxycycline for three days, cell movement was recorded by
videomicroscopy for 20 h. Tracks of individual cells over 20 h are shown by the colored lines,
with each cell assigned a different color. The bar graph shows the mean total distance traveled
for ten randomly selected cells under each condition. For all bar graphs in this figure, error bars
show the mean + standard deviation. * indicates a p value < 0.05.
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Figure 3. Induction of Lgl3SA in vivo. (A) Experimental design for in vivo invasion experiments.
(B) PriGOS8A cells were transduced with lentivirus expressing Tet activator and lentivirus
expressing Flag-tagged LgI3SA under control of the doxycycline-inducible Pygn promoter. Cells
were then injected intracerebrally in SCID/beige mice. One month after injection of cells, mice
were randomized to regular chow or chow with doxycycline. Mice were euthanized one month
after randomization. Representative examples of STEM121 and Flag epitope
immunohistochemistry performed on serial sections are shown for a mouse that was not treated
with doxycycline (top panels) and one that was treated with doxycycline (bottom panels). (C)
Brain section from a no doxycycline control mouse showing features of invasion in this model.
NT, needle track; CC, corpus callosum; EC, external capsule.
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transplant process into mice; in addition it gives an indication of the potential value of targeting
this pathway in established disease. Cells were injected into mice and allowed to establish for a
period of one month. Mice were then randomized to regular chow or chow containing
doxycycline. One month later, mice brains were analyzed by immunohistochemistry. We first
confirmed that Lgl3SA was being expressed in the mice fed chow with doxycycline. To detect
injected cells, we used the antibody STEM121, which detects human cells regardless of their
differentiation status (187). Expression of LgI3SA was detected using antibody to its amino
terminal Flag epitope. Figure 3B shows that effective induction of LgI3SA expression was
achieved in mice fed doxycycline chow. STEM121 staining of control mice also showed that
cells had invaded extensively in the two month period of the experiment, with invasion along the
corpus callosum into the uninjected hemisphere being evident (Figure 3C).

As an objective way to compare the extent of invasion in control and doxycycline-treated
mice, total STEM 121 positive pixel counts were recorded for the non-injected hemisphere. This
was done for four sections from each mouse, taken approximately 20-40 um apart. An example
of this analysis is shown in Figure 4A. Results of the analyses of all the mice are shown in Figure
4B. In mice in which LgI3SA was induced, there was an 89% reduction in the number of
STEM121 positive pixels in the non-injected hemisphere of doxycycline-treated mice and this
reduction was statistically significant (Figure 4B). As this could be an indirect effect of a
reduction in overall cell numbers, we also recorded total numbers of positive pixels in both
hemispheres; these were reduced by 44% (Figure 4C). This difference was not statistically
significant and is too small to explain the difference in invasion observed. As a control, we

performed a separate experiment using PriGO8A cells transduced with tet activator alone. Mice
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Figure 4. Induction of Lgl3SA4 reduces invasion in vivo. (A) Representative images from mice on
regular chow or doxycycline chow, showing invasion into the non-injected hemisphere,
primarily along the corpus callosum. The area of analysis is the non-injected hemisphere. Within
this area, human cells, identified by STEM121 antibody, are shown pseudocoloured red and
negative pixels are pseudocoloured blue. (B) Bar graph showing the extent of invasion (i.e.
positive staining for STEM121 in the uninjected hemisphere). Data are from three mice per
group, with four sections analyzed per mouse. (C) Bar graph showing total numbers of
STEM121 positive pixels in both hemispheres in mice from the regular and doxycycline chow
mice. (D) As a control, mice were injected with PriGO8A cells transduced with Tet activator
lentiviral vector only. One month later mice were randomized to chow with or without
doxycycline. After one more month, mice were analyzed for invasion of PriGO8A cells into the
non-injected hemisphere as above. Data are from five mice per group, with three sections
analyzed per mouse. (E) Bar graph showing STEM121 positive pixels in both hemispheres in
mice from the regular and doxycycline chow mice from the experiment in D. Error bars show the
mean + standard deviation. * indicates a p value < 0.05.
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were injected and randomized to chow with or without doxycycline as above. There was no
decrease in invasion in the doxycycline treated animals in this model (Figure 4D and E).

As we had previously shown that expression of LgI3SA induced differentiation of glioblastoma
cells along the neuronal lineage in cell culture, we also used this experiment to determine if this
phenomenon occurred in vivo. Our previous work made use of TUJ1 as an early marker of
differentiation along the neuronal lineage. Analysis of an additional early neurogenesis marker,
doublecortin (188), in cell culture supported this finding (Figure SA and B). The rise in markers
of neuronal differentiation was only seen in cells transduced with LgI3SA, not wild type Lgl,
again consistent with the idea that Lgl is inactivated by phosphorylation in these cells (Figure SA
and B). The increase in TUJ1 was seen after seven and fourteen days of LgI3SA induction, but
not after one day of induction (Figure S1D). To assess differentiation in vivo, sections from the
mouse experiment were analyzed by double immunofluorescent immunohistochemistry for
STEM121 and TUJ1. Examples of this are shown in Figure 5C and in Figure S2. Figure 5D
shows the data for all mice, with three different sections analyzed per mouse. Induction of
Lgl3SA resulted in a 4.5 fold increase in the numbers of pixels that were double positive for
STEM121 and TUJ1, showing that induction of LgI3SA promotes differentiation along the

neuronal lineage in vivo.
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Figure 5. Induction of Lgl3SA promotes differentiation in vivo. (A and B) Analysis of TUJ1 (A)
and doublecortin (B) expression in PriGOS8A cells transduced with control empty lentiviral
vector (EV), or lentiviral vectors expressing wild-type Lgl or Lgl3SA. Immunofluorescence for
TUJ1 and doublecortin was performed on the indicated number of days after transduction and the
percent of positive cells was counted. Data are the mean =+ standard error from five randomly
selected fields per condition. (C) Immunohistochemistry for STEM121/TUJ1 double positive
cells. Each section was stained with STEM 121 antibody (green: identifies human cells) and
TUJ1 (red: identifies cells differentiated along the neuronal lineage in both human and mouse
tissue). White areas show cells that are both STEM121 and TUJ1 positive. Representative
images from one untreated and one doxycycline-treated mouse are shown. Larger versions of
these images, along with additional images, are shown in Figure S2. (D) Bar graph showing the
percent of STEM121 positive pixels that are also TUJ1 positive in mice under the two
conditions. Data are from three mice per group, with three sections analyzed per mouse. Error
bars show the mean + standard deviation. * indicates a p value < 0.05.
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Discussion
Drosophila Igl mutants showed two key changes with respect to neuroblast behavior: first, the
neuroblast population expands as a consequence of its inability to differentiate; second the
neuroblasts disseminate throughout the larval brain, while showing limited ability to metastasize
to other sites. We show here that Lgl inactivation in human glioblastoma has similar
consequences. A key difference between Drosophila Ig/ mutants and human glioblastoma is the
mechanism of Lgl inactivation. In human glioblastoma, Lgl1 is not inactivated by mutation;
instead it is inactivated by constitutive phosphorylation that is a consequence of PTEN loss.
Consistent with this, we found that the effects of Lgll on both invasion and differentiation were
only seen when a non-phosphorylatable, constitutively active version of Lgll was used. As
partial or complete loss of PTEN occurs in 85% of glioblastomas, and PTEN loss is thought to be
an early genetic event, this would appear to be a key pathway in gliomagenesis. The Strand
laboratory has previously described a mechanism for Lgl inactivation in human cancer (primarily
breast cancer) in which Lgl expression is repressed by the transcription factor Snail as an
essential step in the epithelial to mesenchymal transition (189). This effect was restricted to Lgl2,
with Snail having no effect on Lgll expression; as Lgl2 expression is absent in mammalian brain
this pathway is unlikely to play a role in glioblastoma (98). In theory, the two pathways could act
in concert in some cancer types to repress both Lgll and Lgl2 function.

As we see effects on both differentiation and invasion, one question is whether the effects
on invasion are a consequence of differentiation. This interpretation is suggested
by the well documented ability of neural stem cells to migrate through the brain in response to
injury (190). In addition, it has been shown that glioblastoma cells treated with serum express

differentiation markers and lose their invasive properties (29). However our data suggest that
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Lgll primarily has a direct effect on glioblastoma cell motility that is independent of its effects
on differentiation, because it is also seen in US7MG cells, which do not have the differentiation
potential of the primary glioblastoma cells. This effect on motility may reflect a need to
inactivate Lgl1 to allow the dynamic changes in the cell polarity required for coordinated cell
movement (191). Biochemically, the repression of cell motility by Lgll may be mediated in part
by its effects on cytoskeletal non-muscle myosin I1A (93, 120, 121). Although the effects of
Lgl3SA appear to be primarily a direct consequence of the inhibition of motility, it is possible
that differentiation contributes further to reduced invasion in vivo. This possibility is suggested
by the fact that LgI3SA effects on invasion in vivo (assessed after one month of Lgl3SA
induction) are larger than those seen in vitro. We also see a trend towards a reduction in total cell
numbers in vivo. As this is not seen in short term in vitro experiments, this may also be a long
term consequence of differentiation, with a concomitant reduction in proliferative potential. A
current model depicts cancer cells as stochastically transitioning between differentiation states to
reach a phenotypic equilibrium (including transitions from non stem-like to stem-like) (192). In
the context of this model, Lgl inactivation in glioblastoma would shift this equilibrium so that on
average a greater number of cells occupy a less differentiated state. Further studies are required
to determine whether this affects response to radiation and temozolomide therapy.

In summary, our data support a novel mechanism for gliomagenesis, in which loss of
PTEN leads to inactivation of a second tumor suppressor, Lgl1, which in turn promotes invasion
while repressing differentiation. Lgll inactivation is due to phosphorylation by PKC1, which is
activated by PTEN loss. Our findings, along with recent data showing a lack of toxicity for
neuron-specific PKCt knockouts in mice (193), support further study of PKCu as a therapeutic

target for glioblastoma.
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Methods

Antibodies: The following antibodies were used: FlagM2 mouse monoclonal (Sigma-Aldrich,
Oakville, ON, Canada); Stem121 mouse monoclonal (Stemcells Inc., Newark, CA, USA); TUJ1
rabbit monoclonal antibody (Covance, Princeton, NJ, USA); doublecortin rabbit polyclonal
antibody (Cell Signaling Technology, Danvers, MA, USA). PKCt mouse monoclonal antibody
was from BD Transduction Laboratories (Mississauga, ON, Canada) and anti-Phospho (Thr555)-
PKCr rabbit polyclonal antibody was from Invitrogen (Carlsbad, CA, USA).

Cell Culture: U8TMG cells were grown in Dulbecco’s Modified Eagle medium supplemented
with 100 units/ml penicillin, 100 pg/ml streptomycin and 10% fetal bovine serum at 37°C and
5% COa,. PriGO cells were described previously (185) and were grown on laminin-coated plates
in Neurobasal A medium supplemented with B27, N2, EGF and FGF2 at 37°C in 5% O,/CO,.
PriGO cells were used at passage < 20 to avoid potential loss of multipotency (194). Cells with
inducible transgene expression were generated by transduction with lentiviral vector expressing
Tet activator (Clontech, Mountain View, CA, USA) and selection in G418, followed by
transduction with inducible lentiviral vectors made from pLVX-Tight-Puro (Clontech, Mountain
View, CA, USA) and selection in puromycin, as described previously (185).

In vitro invasion and motility assays: U8TMG or PriGO cells transduced with a doxycycline
inducible empty vector, wildtype Lgl or LGL-3SA cDNA were incubated with or without
doxycycline for three days (100ng/mL for U§7MG and 500ng/mL for PriGO8A). Cells were
then counted and re-plated in the top compartment of 8um Transwell inserts with or without
Matrigel (Corning BioCoat, Corning, NY, USA) and in parallel in a 24 well plate. For U87MG
experiments 10% serum containing media was added to the bottom compartment. For PriGO

cells laminin was added directly to the media in both the top and bottom compartments.
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Doxycycline was added to both compartments at the corresponding doses. After 22-24 hour
incubation, cells remaining in the top compartment were scraped off with a swab. Cells were
fixed and stained using the Kwik Diff staining kit (ThermoElectron, Pittsburgh, PA, USA).
Migrated cells were counted within 5 random fields at 40x magnification of 3 separate replicates
and counts were normalized to the average cell count of each experimental condition from the
parallel 24 well plate.

Videomicroscopy: PriGO8A cells transduced with doxycycline inducible LgI3SA were plated on
laminin coated Bioptechs delta-T dishes (Butler, PA, USA) in ImL media. Cells were grown for
three days at 37°C in 5% O,/CO; in the presence or absence of 500ng/mL doxycycline in the
media. Cells were maintained at 37°C in a sealed chamber for the duration of the image
acquisition. Phase contrast images of the cells were taken at 5 min intervals for 17 h using the
through 10x objective of the ZiessAxiovert 200 M microscope equipped with a AxioCamHRm
CCD camera(Zeiss, Gottingen, Germany). Motility was quantified as the average distance per
point every five frames of ten cells per condition using the Mtrack]J plugin (195) in ImageJ
software (National Institutes of Health, Bethesda, Maryland, USA).

Mouse model: Experiments were carried out in accordance with the recommendations of the
Animal Care Committee at the University of Ottawa. PriGO8A cells were transduced with a
doxycycline inducible lentiviral vector for Lgl3SA ¢cDNA expression. 1 x 10’ cells in 10uL
sterile PBS were injected intrastriatally (right side of the skull approximately 0.5mm above the
coronal suture and 2mm from the sagittal suture) into 4-6 week old Fox Chase SCID/beige mice
(Charles River Laboratories, Wilmington. MA). Mice were kept under normal conditions for 4

weeks after which mice were randomized into two groups. One group was fed regular chow as
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control and one group was fed nutrient matched doxycycline containing chow (Rodent Diet
#2018 - 625 Doxycycline, Harlan, IN, USA).

Immunohistochemistry: Whole brains were harvested, and fixed in formalin for 48h. Brains
were cut in the coronal plane at the site of injection and paraffin embedded. Antigen retrieval on
Sum sections was performed in citrate buffer (Vector, Burlingame, CA, USA) in a decloaking
chamber (Biocare Medical, CA, USA). For colorimetric immunohistochemistry the
DakoEnVision+ system HRP labeled polymer was used (Dako North America, Carpinteria, CA,
USA) and sections were developed using DAB Peroxidase Substrate Kit (Vector, Burlingame,
CA, USA) and counterstained with haematoxylin (Vector; Burlingame, CA, USA). For
fluorescent immunohistochemistry double labeling experiments Alexa-flour conjugated
secondary 488 and 555 antibodies were used (Life Technologies, Eugene, OR, USA).
Colorimetric immunohistochemistry slides were scanned using the ScanScope CS2 (Aperio, CA,
USA). Fluorescent immunohistochemistry images were acquired under 40x magnification using
the Zeiss Observer Z1 microscope connected to a Zeiss LSM 510 Meta confocal unit (Zeiss,
Gottingen, Germany). Positive pixel counts of immunohistochemistry slides were performed
using Aperio ImageScope software (Version 11.2.0.780, Aperio, CA, USA). Fluorescent [HC
double positive pixel counts of TUJ1:Stem121 were quantified using Zen 2008 software (Zeiss,
Germany) Double positive pixels were highlighted and pseudocolored white using the “co-
localization finder” plugin in ImagelJ software (http:rsb.info.nih.gov/ij/plugins/colocalization-
finder.html).

Statistical analyses: All statistical analyses were performed using SigmaPlot12 software.
Comparisons between two groups were performed using two-tailed t-tests with a p value <0.05

considered significant.
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Figure S1: (A) PriGOS8A cells were transduced with Tet activator and vector expressing wild
type Lgl (pLVX-wtLgl). Cells were treated with or without 500 ng/ml doxycycline for three
days. Equal numbers of cells were then plated in Transwell plates and 24 h later the number of
cells that had crossed the membrane was determined. Data are shown normalized to the untreated
doxycycline controls and are the mean of three independent experiments each performed in
triplicate. (B) Comparison of inducible expression of wild type Lgl and LgI3SA in PriGOSA
cells. PriGOS8A cells were transduced with Tet activator and either vector expressing wild type
Lgl (pLVX-wtLgl or vector expressing LgI3SA (pLVX-LgI3SA). To confirm inducible
expression, cells were treated with doxycycline for 48 h and then analyzed by Western blotting
for expression of flag-tagged Lgl and LgI3SA. GAPDH was used as a loading control. (C)
Effects of Lgl expression on PKCu activation. PriGO8A cells were transduced with lentiviral
vectors expressing either wild type Lgl or Lgl3SA. 24 h later cells were analyzed for effects on
PKCu activation, as assessed by Western blotting with antibody to PKCt phosphorylated on
Thr555 as well as total PKCt levels. (D) Analysis of TUJ1 expression in PriGOSA cells
transduced with Tet activator and vector expressing Lgl3SA after 24 hours of doxycyline
treatment. Immunofluorescence for TUJ1 was performed and the percent of positive cells was
determined. Data are the mean + standard error from five randomly selected fields per condition.
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Figure S2: The top two panels are enlarged versions of the images shown in Figure 5C. Four
additional images, each from a different mouse (two on regular chow and two on doxycycline-
containing chow), are also shown. Details of the analysis performed are described in Figure 5C.
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Abstract

A defining feature of the brain cancer glioblastoma is its highly invasive nature. The Rac
subclass of Rho GTPases has been shown to promote invasive behaviour in glioblastoma.
PREX1 was originally identified as a Rac activator PREX1 that is synergistically activated by
binding the PI3-kinase product PIP3 and GPCR By subunits. This makes it of particular interest
in glioblastoma as the PI3-kinase pathway is aberrantly activated by mutations in nearly all
glioblastoma cases. PREX1 expression was detected in primary glioblastoma cells grown in cell
culture and in orthotopic mouse xenografts. Analysis of a tissue microarray showed that PREX1
was expressed in most clinical cases of glioblastoma, whereas PREX1 expression was low or
absent in normal brain tissue. PREX1 was studied in primary glioblastoma cells that recapitulate
the molecular profile and invasive phenotype of the original clinical case. Knockdown of PREX1
with siRNA duplexes decreased cell invasion through coated transwell chambers and decreased
motility in time-lapse videomicroscopy experiments, while exhibiting no effects on cell growth.
To investigate the upstream activators of PREX1, gallein, a GPCR By subunit inhibitor, and
BKM120, a type I PI3-kinase inhibitor were used. PREX1 required both PI3-kinase and GPCR
By subunit activity for glioblastoma motility. Glioblastoma cell motility was also inhibited by
haloperidol, suggesting that ligand-mediated GPCR activity may contribute to PREX1
function. In primary glioblastoma cells, Racl preferentially associated with Par6a leading to
activation of PKCt and knockdown of PREX1 decreased activation of PKCi. Thus, PREX1
stimulates PKCu activity in glioblastoma likely by modulating the Rac1/Par6a/PKCt complex. In
conclusion, our data demonstrates a novel context for PTEN loss and aberrant PI3-kinase
signalling in glioblastoma whereby PREX1 integrates GPCR signalling via the By subunit and

PI3-kinase pathway signalling to promote glioblastoma invasive behaviour.
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Introduction:

Glioblastoma is a devastating brain tumour with a dismal prognosis. A defining feature
of glioblastoma is its highly invasive nature within the brain. Glioblastoma cells efficiently
migrate through the perivascular space and the brain parenchyma often following anatomical
extracellular routes including along white matter tracts and blood vessels (22). Radical
resections of the entire inflicted hemisphere in the early 1900s (17) were not curative and even
sophisticated modern neurosurgery results in eventual recurrence centimeters from the resection
site (18).

Multiple studies examining the invasive nature of glioblastoma have suggested an
important role for the Rac subclass of Rho GTPases in glioblastoma cell lines (144, 145). These
findings were consistent when studied in patient-derived primary glioblastoma cell lines (146).
In its active form Rac is bound to GTP. The association with GTP is enhanced by the action of
Rac-specific guanine-nucleotide exchange factors (GEFs). One such GEF, PREXI1, is a 185 kDa
protein that was originally identified as a Rac GEF specifically responsive to the
phosphoinositide 3-kinase (PI3-kinase) pathway second messenger phosphatidylinositol 3,4,5
trisphosphate (PIP3) (152). This makes it of particular interest in glioblastoma, as the PI 3-kinase
pathway is aberrantly activated in almost all glioblastomas through partial or complete loss of
PTEN, amplification of growth factor receptors, or mutation of PI 3-kinase itself (39). Further
research has shown that PREX1 is synergistically activated by PIP3 and G-protein coupled
receptor By subunits (152).

PREXI1 is mainly expressed in mouse brain and neutrophils and has major physiological
roles in promoting efficient neuroblast migration and proper neutrophil recruitment and function,

where PREX1 is required for efficient stimulated migration and ROS production (153-155).
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Given its clear role in promoting cell motility PREX1 has been studied in the context of multiple
cancers. Overexpression of PREX1 has been linked to increased migration and metastases in
melanoma, prostate and breast cancers. PREX1 is highly expressed in a large fraction of human
breast cancer cell lines and tumours with some specificity to the luminal subtype. Additionally,
high expression of PREX1 correlates with decreased survival in breast cancer patients (161,
162). PREX1 promotes breast cancer in vitro migration and in vivo metastases and tumour
growth in a mouse model (161). In melanoma and prostate cancer PREX1 is similarly
upregulated in metastatic tumours and functions to promote metastatic behaviour without
affecting growth and survival suggesting some cell-type specific functions (159, 160). PREX1
has not been investigated in the context of brain cancer.

The goal of this study is to investigate the role of PREX1 in human glioblastoma. We
show that PREX1 is overexpressed in many glioblastomas, and is enrichmed in the classical
subtype. PREX1 is also expressed in glioblastoma cells isolated from patients, where it
integrated signals from both PI3-kinase pathway and G protein-coupled receptors to drive

invasion.
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Results

PREXI expression in primary glioblastoma cell cultures: PREX1 expression was examined by
Western blotting in primary glioblastoma cultures. A single band of roughly 184,000 kDa was
detected in each primary culture sample, similar to the reported 186,000 kDa for PREX1 isoform
1 (Figure 1A). Knockdown of PREX1 with two different PREX1-specific duplexes reduced the
intensity of this band, indicating that the antibody was specific to PREX1 (Figure 1B). PREX1
expression varied across primary glioblastoma cell cultures from different patients, with the
highest expression in PriGO7A cells and the lowest expression in PriGO17A cells (Figure 1A).
Expression in primary glioblastoma cell cultures was considerably higher than in the US7MG
human glioblastoma cell line, where a faint band was detected only with long exposures (Figure
1A). Levels of PREX1 have been reported to be regulated by promoter histone acetylation in
prostate cancer (163) and by subtype-specific promoter methylation in breast cancer (164). To
test whether such mechanisms could explain the relatively low expression of PREX1 in
PriGO17A cells, these cells were treated with the histone deacetylase inhibitor Trichostatin A.
This led to an increase in PREX1 levels in PriGO17A (Figure 1C), supporting a role for histone
modifications in controlling PREX1 expression in glioblastoma.

To investigate the expression of PREX1 in primary glioblastoma cells within their
physiological microenvironment, PriGO cells were grown as xenografts in SCID/Beige mice and
analyzed for PREX1 expression by immunohistochemistry. The in vivo growth of PriGO8A
cells has been described previously (196). They do not form a distinct tumor mass, but rather
grow diffusely in the injected hemisphere with extensive invasion along white matter tracts into

the uninjected hemisphere. PriGO9A cells showed a similar pattern of growth (Figure 2).
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Figure 1: PREXI expression in glioblastoma cells. (A) PREX1 expression in glioblastoma cell
line US7MG and glioblastoma cells isolated from patients under serum-free conditions (PriGO
7A, 8A, 9A and 17A) was analyzed by Western blotting. GAPDH was used as a loading control.
Tick marks annotations correspond to molecular weight markers (top down): 170, 130, 93, 70,
53, 41, 30 and 22kDa (B) PriGO8A cells were mock transfected or transfected with control
siRNA duplex, or with two different siRNA duplexes targeting PREX1 (siPREX1a and
siPREX1b). Two days after transfection cell lysates were collected and analyzed by Western
blotting. (C) PriGO17A cells were treated with 100ng/mL histone deacetylase inhibitor
Trichostatin A for 24 hours after which cell lysates were collected and analyzed by Western
blotting.
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Figure 2: PREXI expression in glioblastoma tumour xenografis. (A) PREX1 expression was
assessed in PriGO8A tumour-bearing mice by immunohistochemistry. (B) PriGO9A cells were
injected intracranial in SCID/beige mice and intracranial tumours were analysed for PREX1
expression by immunohistochemistry after 6 months of growth (right). SOX2 (left) marks
cancer cells. (C) PriGO7A cells were injected intracranial in SCID/beige mice and intracranial
tumours were analysed for PREX1 expression by immunohistochemistry after 6 months of
growth. Stem121 was used to detect cancer cells. Cancer cell distribution and PREX1
expression is shown at the cortical subarachnoid space (bottom panels). Scale bars are 500um
and 200um (panel A right image and panel C bottom images)
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PriGO7A cells were also highly invasive, with a greater tendency to invade through the
parenchyma and accumulate in the subpial space. Intracranial growths of primary glioblastoma
cultures showed a uniform expression pattern of PREX1 with the intensity of signal proportional

to the Western blot intensities across the PriGO7A, 8A and 9A cell cultures (Figure 2).

PREXI expression in glioblastoma clinical samples: PREX1 protein expression and distribution
within tumour tissue by was analysed by immunohistochemistry on a commercial tissue
microarray of 35 individual cases (two cores per case) consisting of mostly high grade
astrocytoma/glioblastoma and five cases of normal cerebral tissue (two cores per case). Each
core was scored from 0 to 3 for both the overall intensity of the staining and the frequency of
positive signal. Representative examples of staining are shown (Figure 3A). While in normal
brain tissue PREX1 staining was absent or low, 91% of glioblastoma cases showed some level of
PREXI1 expression (Figure 3). As in the PriGO cells, expression intensity varied, with about one
third of the cases showing high expression. Analysis of PREX1 mRNA levels in the TCGA
database (38, 39) using cBioPortal (197) showed that PREX1 mRNA levels trended to be higher
in the classical subtype (Figure 3). Consistent with this, PREX1 mRNA levels are also positively
correlated with phosphoEGFR (p=0.021 and p=0.022 for Y1173 and Y1068 phosphorylation,
respectively) and EGFR protein expression levels (p=0.028). This analysis also showed that
PREXI is almost never amplified or mutated in glioblastoma. The association of higher PREX1
levels in the classical subtype fits with the Western blot analysis shown in Figure 1A, as
microarray expression analysis of PriGO7A, PriGO8A and PriGO9A cells showed that they are
predominantly classical molecular subtype, while PriGO17A cells have more characteristics of

the mesenchymal subtype (Kumar et al., submitted for publication).
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Figure 3: PREXI expression in glioblastoma clinical cases. (A) PREX1 was analysed by
immunohistochemistry in a tissue microarray (USBioMax, GL805a) containing samples from
thirty five glioblastoma patients, with two adjacent brain tissue cores and three normal brain
tissue cores. Representative cores of normal brain tissue, low intensity staining, and high
intensity staining are shown. (C) Intensity of staining (0 — negative, 1, 2 and 3) and frequency of
positive staining (0 — no cancer cells positive, 1 — 0-33%, 2- 33-66% and 3 — 66%-100%) were
scored independently by MD and JW with scoring discrepancies averaged. (B) PREX1
RNAseqV2 mRNA expression from the Cell 2013 TCGA dataset was analysed by cancer
subtype using cBioPortal.
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PREXI in glioblastoma invasion and motility: In vitro invasion was assessed using Matrigel-
coated Transwell chambers. PREX1 knockdown resulted in a significant reduction in the
invasiveness of PriGOS8A cells (Figure 4A). This was seen with two different RNA duplexes
targeting PREX1 and knockdown of PREX1 did not significantly affect cell growth in PriGO8A
cells over the time frame of the invasion assays (Figure 4B). A similar reduction in invasion was
seen with knockdown of Racl, indicating that PREX1 is the principal activator of Racl in these
cells (Figure 4A). Loss of invasive behaviour can be a consequence of reduced ability to degrade
cell matrix or a reduction in motility. Motility of PriGO8SA cells was determined using time-lapse
videomicroscopy and quantified as the average distance travelled by a cell per frame.
Knockdown of PREX1 significantly reduced the motility of PriGOSA cells (Figure 4C). Similar
to the results of the invasion assays, knockdown of Racl had a similar effect on motility as with

knockdown of PREX1 (Figure 4C).

Upstream regulation of PREXI activity in glioblastoma: G protein By subunits and PIP; binding
synergistically activate PREX1 (153). To inhibit G protein By subunit binding and activation of
PREX1, the compound gallein was used (198). Gallein binds purified Gy with a Kd of
approximately 400 nM at a site that interferes with its interaction with downstream effectors
(198). In addition, gallein has been shown to inhibit the GBy-dependent activation of Racl in
neutrophils (198). Motility of PriGO8A cells was assessed by time-lapse videomicroscopy as in
Figure 4. Gallein treatment resulted in a significant decrease in migration (Figure SA). As one
control for drug specificity, the same experiment was performed on US7MG cells that have very
low, if any, PREX1 expression. Gallein did not significantly affect the motility of these cells

(Figure 5B). BKM120, a pan-PI3K inhibitor (199), was used to inhibit PIP; levels.
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Figure 4: PREXI depletion inhibits glioblastoma invasion through decreased motility. (A)
PREXI1 levels were depleted in PriGO8A cells using siRNA as shown in figure 1B. In vitro
invasion was assessed using Transwell chambers coated with Matrigel basement membrane
matrix three days after siRNA-mediated knockdowns. Mock, siControl2, siControl3 and
siPREX1a treatments were done in three independent replicates demonstrating consistent results.
Shown are results from one experiment done in duplicate with extra siRNA treatment conditions.
Mean +/- SEM; * P<0.05 (B) Three days after siRNA-mediated knockdowns live PriGO8A cell
counts were quantified by trypan blue exclusion from three independent experiments. Mean +/-
SD; * P<0.05. (C) Cell motility was assessed three days after siRNA-mediated knockdowns by
time-lapse video microscopy. Cell movement per ten minute frame was quantified in ImageJ
with the MTrack]J plug-in and displayed as the average of twenty cells per condition with each
condition done in two to three independent experiments. * P<0.05.
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Figure 5: PI3-kinase and G-Protein coupled receptor inhibition decreases glioblastoma motility
via Racl. (A) PriGOS8A cells were treated with 30uM gallein and/or 1pM BKM120 with DMSO
used as solvent control. Cell motility was assessed 24 hours after treatment by time-lapse video
microscopy as in figure 4. (B) US7MG cells were treated with 30uM gallein and 24h later cell
motility was assessed by time-lapse video microscopy. (C) PriGOS8A cells transduced with a
PTEN cDNA doxycycline inducible lentiviral vector were treated with doxycycline at 1pg/mL
for 24 hours in media containing 1/ 10™ of the EGF and FGF2 supplements. Cell motility was
assessed by time-lapse video microscopy. Inducible expression of PTEN is shown in right panel
by Western blot. (D) PriGOS8A cells were treated with 10uM haloperidol and 24h later cell
motility was assessed by time-lapse video microscopy. (E) PriGOSA cells were treated with a
single dose of gallein, BKM120, haloperidol or DMSO at the concentrations used above.

Relative cell amounts were assessed by crystal violet signal intensity (OD 570nm). Mean +/-
SEM is shown; * P<0.05.
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Treatment with BKM 120 reduced cell motility to the same extent as gallein treatment (Figure
5A). A similar decrease in motility was observed when PIP; levels were repressed by
expression of PTEN (Figure 5C). A combination of gallein and BKM120 also repressed motility,
but this effect was not greater than the effect seen with either compound alone (Figure 5A).
Gallein and BKM 120 did not affect the growth of PriGO8A cells at the concentrations used
(Figure SE).

A recent report indicated a role for the dopamine receptor D2 (DRD?2) in glioblastoma
growth (200). As this G protein-coupled receptor could be a potential source of G By for PREX1
activation, the effect of DRD2 inhibition with haloperidol was tested. Treatment of PriGOSA
cells with 10uM haloperidol resulted in a significant decrease in motility (Figure 5D).

Haloperidol did not affect the growth of PriGO8A cells at the concentrations used (Figure SE).

PREXI function in glioblastoma cells from additional patients. To assess the generalizability of
the above findings, PREX1 function was assessed in glioblastoma cells from two additional
patients, PriGO9A and PriGO7A. As mentioned above, PriGO8A, PriGO9A and PriGO7A cells
all cluster with the “classical” molecular subtype (Kumar et al., submitted for publication),
which was the subtype identified here as having generally higher levels of PREX1. These cells
do differ in their PTEN expression level, which could potentially influence their ability to
activate PREX1. PriGO8A cells lack any detectable expression of PTEN. PriGO9A cells show a
faint PTEN band on Western blots (Figure 6A). Immunofluorescence showed that this is due to a
small subset of cells that express PTEN (not shown). Thus, PriGO9A cells are likely a mixed
culture of cells that are PTEN-null and cells that have lost a copy of PTEN. Knockdown of

PREX1 decreased both
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Figure 6: Effect of PREXI inhibition on PriGO7A4 and PriGO9A cells. (A) PTEN levels in
glioblastoma cells and human cortical tissue lysate were analysed by Western blotting. GAPDH
was used as a loading control. (B and E) In vitro invasion as in Figure 4A was performed on
PriGO9A and PriGO7A taken as an average of two independent experiments done in duplicate.
(C and F) Cell motility of PriGO9A and PriGO7A cell cultures was assessed by time-lapse video
microscopy as in Figure 4C three days after PREX1 knockdown by siRNA. (D and G) Cell
motility of PriGO9A and PriGO7A cell cultures was assessed by time-lapse video microscopy as
in Figure 4C 24 hours after treatment. Mean +/- SEM is shown; * P<0.05.
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invasion and motility in PriGO9A cells, similar to what was seen in PriGO8A cells (Figure 6B
and 6C). Blockade of PREX1 input signals with gallein and BKM120 also had similar effects in
PriGO9A cells to those seen in PriGOSA cells (Figure 6E). Comparison of normal human brain
tissue to PriGO7A lysates shows that this band is roughly half the intensity of that seen in normal
brain (Figure 6A). Thus, PriGO7A cells likely have lost a copy of PTEN. Knockdown of
PREXI in these cells also inhibited invasion and motility, as did treatment with gallein and

BKM120.

Signalling downstream of PREXI: Racl activation leads to the downstream activation of
multiple kinase signalling pathways, either directly or indirectly (201). GTP-Rac directly binds
to and activates PAK1, PAK2 and PAK3 kinases, which control multiple aspects of cell
behaviour including F-actin polymerization (202). The activation of PAK1/2 by Rac can be
monitored by the autophosphorylation of PAK1/2 on S144/S141 (203). Knockdown of PREX1,
as well as treatment of cells with gallein, BKM 120, and haloperidol all decreased PAK1/2
autophosphorylation (Figure 7A and 7B), demonstrating that PREX1 has a significant role in the
activation of this pathway.

GTP-bound Cdc42 and Racl also have the potential to interact with the polarity protein
Par6 to influence the activity of atypical PKC in polarity complexes (86, 87). Of the three Par6
isoforms, Par6A has the highest expression in normal brain and in glioblastoma, based on data in
the Human Protein Atlas (204). A flag-tagged Par6A lentiviral expression vector (TFT-Par6) was
constructed and transduced into PriGO8A and PriGO9A cells. Pull down experiments showed

that Par6A associates with PKC1 as expected and preferentially associates with Racl rather than
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Figure 7: PREX]I signals through Racl to regulate PAK and PKCi activity. (A) Two days after
PREX1 knockdown using siRNA phospho-PAK1/PAK2 levels were analysed by Western
blotting and compared to total protein levels of PAK2. (B) PriGO8A cells were treated with
DMSO, gallein, BMK 120 and haloperidol as previously for 24 hours after which cell lysates
were collected and phospho-PAK1/PAK2 levels were analysed by Western blotting. (C)
PriGOS8A (left) and PriGO9A (right) were transduced with triple-flag-tagged Par6A (TFT-Par6).
Lysates were collected under non-denaturing conditions and immunoprecipitation was performed
using anti-flag M2-conjugated magnetic beads. Bound proteins were eluted using triple-flag-
peptide. (D to G) Phospho-PKC1 (T555) levels were analysed by Western blot following
expression of (D) TFT-Par6, (E and F) knockdown of Racl and (G) knockdown of PREX1.
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Cdc42, even though both are expressed in these cells (Figure 7C). Par6A itself functions as an
activator of atypical PKC in these cells, as its overexpression increased phosphorylation of the
atypical protein kinase C PKCt at Thr555 (Figure 7D). Phosphorylation at this site in the turn
motif of PKC1 stabilizes it in an active conformation (205). Knockdown of Racl in both
PriGO8A and PriGO9A cells led to a reduction in PKCt Thr555 phosphorylation (Figure 7E).

Knockdown of PREX1 also decreased in PKCt Thr555 phosphorylation (Figure 7F).
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Discussion

PREXI is expressed in glioblastoma: Our results demonstrate that PREX1 is commonly
expressed at varying levels in glioblastoma clinical cases (Figure 3A, B) and in glioblastoma cell
cultures isolated from clinical samples (Figure 1A). Data from the TCGA glioblastoma dataset
demonstrates that PREX1 expression is elevated in the classical subtype of glioblastoma which
correlates with elevated EGFR mRNA expression and pEGFR protein levels (Figure 3C).
Microarray subtype analysis of PriGO cells complemented this observation: higher PREX1
expressing cells (PriGO 7A, 8A and 9A) group into the “classical” subtype and lower PREX1
expressing cells (PriGO17A) are a “mesenchymal” subtype (Kumar et al., manuscript
submitted). The dramatic difference of PREX1 expression across cancer subtypes suggests that
the mesenchymal subtype of glioblastoma might utilize different signalling pathways or
molecules to promote migration and/ or Racl activation.

The variance of PREX1 expression in glioblastoma can also, in part, be explained by
epigenetic regulation as treatment of the PriGO17A cells with a histone deacetylase inhibitor
resulted in a modest increase of expression (Figure 1C). Studies in breast cancer support these
findings since expression of PREX1 is enriched in the luminal subtype of breast cancer due to
hypomethylation of its promoter region (163, 164).

Knockdown of PREX1 in multiple glioblastoma cell cultures from unique clinical cases
resulted in decreased in vitro invasiveness (Figure 4A) and decreased motility (Figure 4C).
These results support a pro-invasive role for PREX1, which has been previously reported in
other cancers such as melanoma, breast, and prostate (159-162). Contrary to the role of PREX1
in cell proliferation in breast cancer (161, 162), knockdown of PREX1 in glioblastoma cell

cultures did not decrease cell growth suggesting cell type specific functions (Figure 4B).
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Estrogen receptor-a (ERa) is preferentially expressed in luminal subtypes of breast cancer,
which is the subtype with the highest expression of PREX1 (161, 162, 206). Therefore, the
isolated function of PREX1 on breast cancer proliferation may be explained by its potential to
regulate ERa activity via Racl/PAKI (207-209).

PREXI integrates GPCR py subunit signalling and PI3-kinase signalling to promote
invasiveness in glioblastoma: Both the loss of PTEN and the direct activation of PI3-kinase have
been shown to activate Racl to promote migration (57, 58). As expected, expression of PTEN in
primary glioblastoma cell cultures resulted in decreased motility (Figure 5C). Mechanisms
linking PI3-kinase pathway activation to Rac1 activation have been described but are either
small in magnitude or not direct and involve intermediate transcriptional or post-translational
events (152). Here, we demonstrate that PREX1 links PI3-kinase pathway activation to Racl
activation promoting glioblastoma invasiveness (Figures 4 and 5).

PREXI1 has previously been shown to be synergistically activated by binding of PIP3 and
G-protein couple receptor By subunits (152). Individually, inhibition of Gy subunits using
gallein and PIP3 using BKM120 resulted in decreased motility (Figure SA) and Racl activity
(Figure 7B) suggesting that inhibiting either activator is sufficient to inhibit PREX1. Combined
inhibition did not have an additive effect on motility demonstrating the importance of the
integration of both signalling pathways on PREX1 function (Figure 5A).

PREXI1 function was assessed in glioblastoma cells from two additional patients from the
classical subtype (PriGO9A and PriGO7A) with varying levels of PTEN expression (Figure 6).
Similar effects on glioblastoma motility were observed as with the PTEN-null PriGO8A cells
suggesting that the function of PREX1 in promoting glioblastoma invasion through increased

motility can be generalized across multiple clinical samples, particularly those with the classical
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molecular subtype expression patterns. This also demonstrates that the effect of PREX1 on
motility is independent of whether cells have partially or fully compromised PTEN expression.
This suggests that loss of one copy of PTEN is sufficient for activation of PREXI.

G-protein coupled neurotransmitter receptor signalling promotes glioblastoma motility: GPCRs
have been shown to promote migration in many cancers but have been largely understudied in
brain cancers (210). Over 90% of the known GPCRs are expressed in the brain demonstrating
both the importance and diversity of GPCR-mediated signalling within the central nervous
system (211). Neurotransmitter-induced GPCR signalling is likely sufficient to promote cellular
motility. Ectopic expression of serotonin receptor SHT7 in NIH3T3 fibroblasts promoted the
activation of Rho GTPases RhoA and CDC42 but not Racl upon stimulation with a ligand (212).
Additionally, treatment with serotonin in these cells promoted a change in morphology
characteristic of motile cells (212). In the glioblastoma cell line U§7MG, G-protein coupled
receptor signalling pathways are important for glioblastoma cell line proliferation, particularly
dopamine signalling through dopamine receptor D2 (200).

To investigate the role of GPCRs in glioblastoma motility we treated cells with
haloperidol as a candidate approach based on Li et al., 2014 (200). Haloperidol is a dopamine
receptor antagonist, although at the concentration used in this study, there would also be
inhibition of serotonin, histamine, acetylcholine receptor M1, and alpha adrenergic receptor
signalling (213). Haloperidol treatment resulted in a decrease in motility (Figure 5D) and a
corresponding decrease in Racl activity (Figure 7B). GPCRs signal through both o and By
subunits (214). Our data, based on gallein inhibition, suggests that the By subunit is the
important meditator of motility when activated in the presence of PREX1 (Figure 5A and Figure

7B).
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PREXI activates PAKs and PKC1 via Racl: Active, GTP-bound, Rac proteins promote motility
by modulating actin cytoskeleton rearrangements though binding and activation of multiple
kinases and proteins including the p21-activated kinase (PAK) family (215). We demonstrate
that in glioblastoma, inhibition of the Rac-GEF PREX1 inhibits PAK activity as measured by
autophosphorlyation levels of PAK1/PAK2 (Figure 7A). Treatment with gallein, BKM 120, and
haloperidol demonstrated a similar decrease of phospho-PAK levels attributing their effects on
restricting glioblastoma motility to Racl activity (Figure 7B). Additionally, GTP-bound Cdc42
and Racl also have the potential to bind Par6 and influence the activity of atypical PKCs in
polarity complexes (86, 87). Our data shows that Racl preferentially binds to Par6a to promote
PKCu activity (Figure 7C-F). PREX1 is able to influence PKCu activity (Figure 7G), likely
mediating the interaction of Racl with Par6. A study in lung cancer complements our finding
that PKCu is activated through interaction with Par6; however, mechanisms influencing
Par6/PKC binding were not demonstrated (216). PKCt has been previously shown to promote
glioblastoma cell invasion (92, 93). Therefore, in glioblastoma cells, PREX1 promotes an
invasive phenotype through activation of Racl and the resulting activation of PAK and PKCu.
In summary, our data demonstrates a novel context for PTEN loss and aberrant PI3-
kinase signalling in glioblastoma whereby PREX1 integrates GPCR signalling via the By subunit

and PI3-kinase pathway signalling to promote glioblastoma invasive behaviour.
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Materials and methods
Antibodies and Reagents: PREX1 [D80O8D] rabbit monoclonal, PTEN [138G6] rabbit

monoclonal, Phospho-PAK1 (Ser144)/ PAK2 (Ser141) rabbit polyclonal, PAK2 [3B5] mouse
monoclonal were purchased from Cell signalling (Danvers, MA, USA). GAPDH [6C5] mouse
monoclonal and CDC42 [M152] mouse monoclonal were purchased from Abcam (Cambridge,
MA, USA). Phospho-PKC1 (T555)/ PKCA (T563) rabbit polyclonal was purchased from
Invitrogen (Carlsbad, CA, USA) and PKCt mouse monoclonal from (BD Transduction
Laboratories (Mississauga, ON, Canada). Rac1[23A8] mouse monoclonal, Anti-Flag M2 mouse
monoclonal and Stem121 mouse monoclonal were purchased from Milipore (Temecula, CA,
USA), Sigma-Aldrich (Oakville, ON, Canada) and Clontech (Mountain View, CA, USA),
respectively.

Human brain, cerebral cortex Protein medley was purchased from Clontech (Mountain View,
CA). The following inhibitors were used in the study: Gallein (Santa Cruz Biotechnology, CA,
USA), BKM120 (Sigma-Aldrich, Oakville, ON, Canada), Haloperidol (Tocris Bioscience,
Minneapolis, MN, USA) and Trichostatin A (Cayman chemical company, Ann Arbor, MI,
USA).

Cell culture: Primary glioblastoma (PriGO) cultures were isolated following a protocol approved
by the Ottawa Hospital Research Ethics Board as described previously (185) and were grown on
laminin-coated plates in Neurobasal A medium supplemented with B27, N2, EGF and FGF2 at
37°C in 5% O,/CO,. Doxycycline inducible lentiviral vectors were used to express cDNA as
described in (185).

Mouse intracranial xenografts: PriGO cell culture cells were established as xenografts in
SCID/Beige mice (Charles River Laboratories, MA, USA) as previously (196) with 1x10° cells

in 10pL Neurobasal A medium injected by a Hamilton 700 series syringe (Reno, NV, USA) in a
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stereotactic system intrastriatally. Mice were monitored for signs of morbidity or 6 months of
intracranial growth prior to endpoint. Whole brains were harvested, formalin fixed and paraffin
embedded.

RNAi mediated gene knockdown: RNA duplexes with the following sense strand sequences:
Non-Targeting siRNA #2 and #3, siPrexla (GAGAUGAGCUGCCCUGUGA), siPrex1b
(GAAAGAAGAGUGUCAAAUC), siRacla (WAAGGAGAUUGGUGCUGUA), siRaclb
(UAAAGACACGAUCGAGAAA) were purchased from Dharmacon (Lafayette, CO, USA).
RNA duplexes were incubated with PriGO cells at a concentration of 40nM in a mixture of
Oligofectamine, Optimem and Neurobasal A medium. After 48 hour incubation, Neurobasal A
media was replenished and cells were used for subsequent experiments.

In vitro invasion: After RNAi-mediated gene knockdown, PriGO cell cultures were counted and
re-plated in the top compartment of 8um Transwell inserts with Matrigel (Corning BioCoat,
Corning, NY, USA) and in parallel in a 24 well plate with laminin directly added to the top and
bottom compartments. 20-24 hours later, cells remaining in the top compartment were scraped
off with a swab and invaded cells were fixed and stained using the Kwik Diff staining kit
(ThermoElectron, Pittsburgh, PA, USA). Migrated cells were counted within 5 random fields at
40x magnification.

Cell counts: Cell counts following siRNA knockdowns were analyzed using the Invitrogen
Countess instrument. Cell counts following inhibitor treatment were determined by crystal violet
stain intensity at 570nm using the Multiskan Ascent plate reader with the Ascent Software
program.

Videomicroscopy: Cells were directly plated on laminin coated Bioptechs delta-T dishes (Butler,

PA, USA) in ImL media. During image acquisition cells were maintained in sealed chambers at
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37 degrees. Phase-contrast images were taken at 10 minute intervals for 1-1.3 hours using a 10x
objective. Images were acquired using a ZiessAxiovert 200 M microscope equipped with a
AxioCamHRm CCD camera (Zeiss, Gottingen, Germany). Motility was quantified using the
MtracklJ plugin (217) in ImageJ software (National Institutes of Health, Bethesda, Maryland,
USA) and scored as the average distance to point per cell per frame.

Immunohistochemistry: Glioblastoma tissue microarray consisting of 35 cores of brain tumor
tissue (glioblastoma), 2 adjacent brain tissue and 3 normal brain tissue all as duplicate cores was
purchased from US Biomax (GL805a F113, Rockville, MD, USA). Immunohistochemistry was
done as described previously (196). Briefly, antigen retrieval was performed in citrate buffer
(Vector, Burlingame, CA, USA) in a decloaking chamber (Biocare Medical, CA, USA). The
DakoEnVision+ system HRP labeled polymer was used (Dako North America, Carpinteria, CA,
USA) and sections were developed using DAB Peroxidase Substrate Kit (Vector, Burlingame,
CA, USA) and counterstained with haematoxylin (Vector; Burlingame, CA, USA). Slides were
digitized using the ScanScope CS2 (Aperio, CA, USA). The tissue microarray was scored
independently by MD and JW and discrepancies were averaged. Signal intensity per core was
scored as 0, 1, 2, or 3. Frequency of positive staining per core was scored as 0 — 0%, 1 — 0% to
33%, 2 —33% to 66%, and 3 — 66% to 100% PREX1 positive cells over tumour cells.
Immunoprecipitation: PriGO cells transduced with triple-flag-tagged Par6 were scraped and
collected in ice cold PBS buffer. Cells were then peletted and resuspended in 1 ml of lysis buffer
(20 mM Tris-HCI, 150 mM NaCl, 1% Triton X-100, 20 mM NaF, 1 mM Na3VO04, ImM
glycerol-2-phosphate, 1 mM benzamidine, | mM B-mercaptoethanol, and 1 pg/ml each of
leupeptin, pepstatin, and aprotinin at pH 7.5). Cells were passed once through a 27-gauge needle

and centrifuged. Total protein amount was measured by BCA assay and equal amounts from the
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two cell cultures were used. Cell lysates were incubated with anti-flag M2 magnetic beads
(Sigma-Aldrich) for three hours with gentle rocking at 4°C. Beads were collected by
magnetization and washed three times with lysis buffer. For elution, lysates were incubated with
200pg/mL triple flag peptide (Sigma-Aldrich) for three hours.

Statistical analyses: All statistical analyses were performed using SigmaPlot12 and Graphpad
Prism software. Comparisons between two groups were performed using two-tailed t-tests with.
Multiple group comparison to a single control was done using one-way ANOVA analysis with
the Dunnett’s Multiple Comparison post-hoc. Multiple group comparison was done using one-
way ANOVA analysis with the Tukey’s Multiple Comparison post-hoc. A p value less than 0.05

was considered significant.

117



Acknowledgements

This work was supported by a grant from the Canadian Institutes of Health Research (to IAJL)
and funds from the Ottawa Regional Cancer Foundation and the Ottawa Hospital Foundation (to
IAJL). IAJL is also supported by the J. Adrien and Eileen Leger Chair in Cancer Research at the

Ottawa Hospital Research Institute. AG was supported by the Ontario Graduate Scholarship.

118



5. Discussion

In Drosophila loss of Lgl is sufficient to cause invasive neoplastic growth of brain tissue
and thus is of particular interest to study in the context of brain cancer malignancy. Further
study into the mechanisms controlling this phenotype revealed that, in Drosophila neural stem
cells (neuroblasts), Lgl functions to maintain cell polarity through the coordination of
asymmetric cell divisions (99, 100, 103). Lgl1 loss or inactivation by atypical protein kinase C
(aPKC) promotes symmetric/self-renewal divisions leading to expansion of the neuroblast
compartment (103). Thus, inhibition of Lgl in Drosophila results in undifferentiated and
invasive growth with features that are also present in brain malignancies. The aim of this thesis
was to investigate whether Lgl inactivation has a similar role in human glioblastoma. Primary
glioblastoma cells, acquired directly from surgical samples, are the most clinically relevant
model of glioblastoma, retaining both the genetic characteristic of the original patient tumour and
the invasive potential of the original tumour (30, 32). Primary glioblastoma cells demonstrate
the potential for distinct differentiation statuses. Primary glioblastoma cells express markers of
neural stem cells and are able to differentiate along neuronal and astrocytic lineages (29-31).
They, therefore, are an appropriate model to assess Lgl function in glioblastoma.

In glioblastoma, PTEN loss is the most common genetic alteration leading to activation of the
P13-kinase pathway. The PI3-kinase pathway activates multiple kinases including aPKCs (83,
84). In Drosophila and mammalian epithelial cells aPKC regulates Lgl activity by
phosphorylation (104, 105). In addition to kinase activation through PDK1, PTEN loss has been
shown to activated Rho GTPases Rac and CDC42 (57, 58). Rho GTPases Rac and CDC42 have

two major roles in cells: 1) promoting motility via modulation of actin cytoskeleton dynamics
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and 2) facilitating the establishment of the cell polarity complex containing Par6 and aPKC
leading to aPKC activation (87, 139).

We hypothesised that in glioblastoma Lgl1 is inactivated through phosphorylation by PKCt
as a consequence of PTEN loss. Inactivation of Lgll promotes glioblastoma malignancy through
increased invasiveness and decreased differentiation recapitulating the characteristics of
Drosophila brain tumour models. PREX1 links PTEN loss to activation of PKCt in

glioblastoma.

5.1 Inactivation of Lgll restricts differentiation and promotes a more malignant phenotype

In humans, Lg// is within a chromosomal locus that experiences allelic loss in Smith—
Magenis syndrome (SMS) (218). SMS is complex neurobehavioral disorder marked by
cognitive disability and congenital anomalies (218, 219). SMS has not been linked to increased
susceptibility to neural malignancies (218, 219) suggesting that either single copy loss of Lg// is
not sufficient for neoplastic growth or there is a requirement for additional mutations. In the
TCGA sequencing database Lgl1 is not lost or mutated suggesting alternate mechanisms of
inactivation. I have demonstrated that in glioblastoma, the primary mechanism for Lgl
inactivation is through phosphorylation by PKCt as a consequence of PTEN loss. Inactivation of
Lgl1 resulting from PTEN loss demonstrates a similar phenotype to Lgll loss in Drosophila —
inhibition of differentiation and increased invasiveness (Discussion Figure 1, data in Chapter 3).
In mouse neural stem cells, knockout of PTEN alone does not affect differentiation potential but
rather increased proliferation and long-term self-renewal (59). However, differentiation is
supressed in mouse models of glioblastoma when PTEN is deleted in the presence of P53

deletion (67). This suggests that in the context of cancer, PTEN loss is linked to
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Figure 1: Summary model of thesis. Arrows show protein interaction/ activation events and
dashed arrows show direct phosphorylation and dephosphorylation events.
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repression of differentiation which appears to be an important step in mouse models of
gliomagenesis.

5.1.1 Role of Lgllin glioblastoma differentiation

Few studies have investigated the mechanisms and phenotypes of primary glioblastoma
differentiation. Treatment with serum promotes aberrant and non-specific increase of
differentiation markers (29). The expression of lineage-specific markers following serum
treatment correlates with decreased in vitro invasiveness and the formation of well-
circumscribed non-invasive intracranial xenograft tumours suggesting that differentiation
correlates with decreased invasiveness and malignancy (29, 36). A study by Rampazzo and
colleagues (2013), demonstrated that Wnt or Numb induced inhibition of Notch signalling has
the potential for neural-lineage differentiation of primary glioblastoma cells (35). In contrast to
the results presented here, the mechanisms describing differentiation were not linked to genetic
alterations or mutations in glioblastoma. However, Lgl has been shown to regulate the
localization of Numb, a Notch antagonist (100). Thus, in the absence of exogenous Wnt,
inactivation of Lgl may result in Numb mislocalization, Notch-pathway activation, and
repression of differentiation, similarly to what is observed in Lgl'/' mice (98).

Markers of neuronal differentiation, particularly BIII-tubulin (TUJ1), have been
investigated by histopathological analysis in brain cancers. In gliomas, TUJ1 expression
increases with grade; however, it is detected mainly in borders of ischemic necrosis suggesting
that expression is likely aberrant or due to stress conditions (220). In neuronal-type tumours
such as medulloblastomas and retinoblastomas where differentiation status is assessed
morphologically by neuritogenesis, expression of TUJ1 relates to a more differentiated and less

malignant cancer (221).
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The inactivation of Lgl in Drosophila is marked by both increased proliferation/
expansion of neuroblast numbers and increased invasiveness. In adult mammalian neural stem
cells terminal differentiation is accompanied by a restriction of migratory ability and cell cycle
exit (25). In chapter 2, the phenotype resulting from expression of active Lgl including
differentiation, was investigated. In short-term culture, the expression of active Lgl did not affect
proliferation. However, expression of active Lgl in mouse intracranial xenografts demonstrated
a trend towards decreased proliferation suggesting that either differentiated cells have restricted
long-term proliferative capacity or active Lgl has the capacity to inhibit proliferation in a context
specific manner within the intracranial tumour microenvironment. A recent study in a
glioblastoma cell line (lacking the differentiation potential of primary glioblastoma cell cultures)
demonstrated that Lgll expression inhibited long-term in vivo tumour growth, and not in cell
culture (222). Thus, active Lgll expression may function through both mechanisms to restrict

proliferation in vivo.

5.1.2 Role of Lgll in glioblastoma invasiveness

A second phenotype of active Lgl in glioblastoma is decreased invasiveness through
decreased motility. It is interesting to question whether Lgl-mediated differentiation is linked to
its effect on motility. The effects of serum stated above combined with the fact that adult neural
stem cells are migratory (along the rostral migratory stream) prior to differentiation in the
olfactory bulb, suggests a possible link. However, in the U§7MG cell line, which does not have
differentiation potential, active Lgl expression inhibits migration, suggesting that a link between
Lgl mediated differentiation and migration is either context specific or through indirect

mechanisms. Lgl has been shown by many studies to directly bind non-muscle myosin ITA
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(nmMIIA) (104, 118-120). Recently, two subsequent papers by Dahan and colleagues
demonstrated that Lgl inhibition through either knockdown or phosphorylation by aPKC
promoted nmMIIA assembly and motility (120, 121).

Invasion through the brain is a complex function driven by cellular attachment,
contractile migration and degradation of matrix components (24). Of these steps, contractile
(non-muscle myosin II mediated) migration is essential for invasion through the brain
parenchyma (223). Compared to normal brain tissue, genetic mouse models of glioblastoma and
primary glioblastoma xenograft tumours overexpress nmMIIA, which is thought to facilitate the
high contractile requirements to pass through the small spaces in the tightly packed neuropil of
the brain (170). In Drosophila, the invasive potential of Lgl” neuroblasts upon transplantation is
mediated, in part, by matrix metalloproteinase activity (MMP) (224). MMPs promote tumour
cell invasion by modulating the microenvironment through degradation of the surrounding
extracellular matrix. In Drosophila, there are only two forms of MMPs: soluble MMP1 and
membrane anchored MMP2. Secretion of MMP1 from Lgl'/ " tumours facilitates metastasis to
host ovaries (224). The assays used in Chapter 2 may not be sensitive enough to exclude the
possibility of Lgll indirectly promoting the degradation of the extracellular matrix components.
However, given the potent effect of Lgll on motility alone, this would likely be a minor
contribution to its role in invasiveness. Additionally, in U87MG cells, active Lgl expression did
not affect the amount or type of MMP secreted (data not shown). Therefore, the inhibition of
nmMIIA by active Lgl1 is likely the major factor restricting motility. However, differentiation

and other factors may contribute to the striking reduction of invasion in vivo.
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5.2 The PI3-kinase pathway functions in a context of G protein—coupled receptor activity in
order promote glioblastoma malignancy

Rac has been previously shown to facilitate the invasive behaviour of glioblastoma cell lines
as well as primary glioblastoma cells (144, 145). PREX1 appears to be an important Rac
activator to study in glioblastoma given the almost universal aberrant activation of PI3-kinase
signalling in this cancer. U87MG cells, one of the more commonly used glioblastoma cell lines,
do not express PREX1 and therefore are not a valid model to study Rac activation in
glioblastoma. As demonstrated in Chapter 3, PREX1 is expressed across all primary
glioblastoma cells tested as well as the majority of clinical glioblastoma samples. Knockdown
of PREX1 in primary glioblastoma cells inhibits invasiveness through a reduction in motility
proportional to that seen with knockdown of Racl. This suggests that PREX1 is the principle
Racl activating GEF in primary glioblastoma cultures and that upon depletion there doesn’t
appear to be compensation by other Rac GEFs. A study of PREX1 function in melanoma
uncovered a similar finding that PREX1 has a significantly higher potential to promote invasive
behaviour than Tiam1, a commonly studied Rac GEF (160). It would be important to investigate
whether inhibition of PREX1 can also restrict glioblastoma invasiveness within the tumour
microenvironment of the brain.
5.2.1 Role of PREXI in activation of PKC1

There are two potential mechanisms leading to PKCu activation: 1) PDK1-mediated
phosphorylation of the activation loop, and 2) specific protein interactions with GTP-bound
Rac/CDC42 and Par6 (84, 87, 225). In primary glioblastoma cells, Par6 preferentially associated
with Racl and these interactions modulated the activity of PKCt (phosphorylation at threonine

555 in the turn motif) (Discussion Figure 1, data in Chapter 3). PREX1 links the PI3-kinase
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pathway to PKCt activity via Racl (Discussion Figure 1, data in Chapter 3). In lung cancer, the
activation of PKCu facilitated by Par6 binding was also shown, without demonstrating direct
interactions and cancer-specific mechanism (226). Taken together, in glioblastoma the loss of
PTEN is sufficient to activate PKCt through both mechanisms in the presence of PREX1. In
glioblastoma cell lines, PKC1 promotes invasion through multiple mechanisms, including
inactivation of Lgl1, and thus is an effector of PREX1 signalling promoting an invasive
phenotype (92, 93, 185, 196). The highly invasive nature of glioblastoma can be explained, in
part, through the direct link of PTEN loss to PKCt activation as well as activation of other Racl
substrates including PAK.

Phosphorylation status of Lgl was assessed using the same conditions that modulated PKCt
activity (not shown). Overexpression of Par6 did not increase the levels of phosphorylated Lgl
suggesting that Lgll phosphorylation is maximal under the standard culture conditions. The
levels of phosphorylated Lgl did not decrease upon PREX1 or Racl knockdown suggesting that
isoform redundancy (PREX1/PREX2a and Rac1/Rac3) is sufficient to maintain functional levels
of active PKCy, although further experiments knocking down both isoforms are required to
confirm this.

5.2.2 PREXI functions to link PI3-kinase pathway activation to G-protein couple receptor
signalling in glioblastoma

Over 90% of the known GPCRs are expressed in the brain demonstrating the importance
and diversity of GPCR-mediated signalling within the central nervous system (227). There are
many GPCRs activated by neurotransmitters (i.e. dopamine, acetylcholine, serotonin, and
glutamate). Glioblastoma cells may co-opt or even produce exogenous ligands to promote the

invasive phenotype within the brain. A recent publication highlighted that multiple G-protein
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coupled neurotransmitter receptor signalling pathways are important for glioblastoma cell line
growth, particularly the dopamine pathway through DRD2 (200). In US7MG glioblastoma cells
EGFR signalling converged with dopamine signalling via Ga subunit 2 to promote proliferation
by activating the GTPase Rap1 and its effectors Ras and ERK (200). In primary glioblastoma
cells, PI3-kinase signalling integrates with the Gy subunit to activate PREX1 and promote
invasiveness through Rac1 (Discussion Figure 1, data in Chapter 3). This is a second pathway
by which PI3-kinase and GPCR signalling converge to promote glioblastoma malignancy.

There are three major paradigms with tumour suppression genes: 1) two-hit where loss of one
allele governs susceptibility and loss of both alleles is required for cancer (i.e. Rb in
retinoblastoma), 2) haploinsufficiency (dosage levels) where the loss of one allele is sufficient to
promote cancer (P53) and 3) quasi-haploinsufficiency where a threshold less than the loss of a
complete allele is sufficient to promote cancer (i.e. PTEN) (228). In mouse genetic models, the
impact of PTEN loss follows a step-wise, dose dependent function such that a 10% loss of PTEN
expression is sufficient to promote Akt activation (229). In the context of glioblastoma motility
and invasiveness the synergistic activation of PREX1 by GPCR By subunits and PIP3 could
explain the sensitivity of glioblastoma to PTEN loss. Small changes in the concentration of PIP3
would have large effects on PREX1 with constitutive By subunit activity. In PriGO7A cells that
express levels of PTEN indicative of single allelic loss, inhibition of PREX1 by knockdown,
GPCR Py subunit inhibitor gallein, and PI3-kinase inhibitor BKM120 resulted in decreased
motility (Discussion Figure 1, data in Chapter 3). This suggests that in glioblastoma, loss of one
copy of PTEN may be sufficient to drive the invasive phenotype through PREX1. The amount
of PTEN expression required to inhibit this pathway could be assessed explicitly by varying the

amount of doxycycline added to the inducible expression system.
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An important question arising from this observation is how GPCR signalling is activated
in glioblastoma. GPCR activating mutations have been described in thyroid-stimulating hormone
receptor within cases of benign thyroid growths and thyroid carcinomas (230-233). Mutations in
GPCRs and their subunits have been described in many cancers with particularly high incidence
in growth hormone secreting pituitary tumours. These mutations are commonly associated with
reducing the rate of GPCR subunit GTP-hydrolysis and therefore increasing duration of activity
(234). Such mutations have not been described in glioblastoma and brain tumours suggesting
alternate mechanisms of activation. Microarray data by Kumar et al., (manuscript submitted)
demonstrated that in all tested PriGO cell cultures, the dopamine receptor is expressed. In this
study, pharmacological inhibition with the GPCR antagonist haloperidol decreased PriGO cell
motility, suggesting that the effects observed are through receptor-dependent activation of the G
protein. It would be important to examine whether the reduction of motility is specifically a
factor of dopamine receptor antagonism by limiting the concentration of haloperidol to inhibit
only dopamine receptors or by specific receptor knockdown. In addition, given that no
exogenous dopamine is added, it would be interesting to examine whether glioblastoma cells
have the capacity to produce and secrete dopamine in an autocrine manner. Subsequent analysis
of the PriGO microarray data revealed that tyrosine hydroxylase, the enzyme regulating the rate-
limiting step of dopamine synthesis, is expressed in all PriGO cell cultures tested suggesting a
capacity to synthesize dopamine. However, to formally test this, the presence of dopamine in

cell-conditioned culture medium should be examined.

5.3 Restoration of PTEN expression as a therapeutic option for glioblastoma

Given the number and diversity of downstream effectors activated by PTEN loss, it

would be very difficult to individually target them as a therapeutic option. Thus, expression of
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PTEN may be the more effective option. Recently, a splice variant of PTEN, PTEN-long, has
been described (235). The additional 173 N-terminal amino acids make PTEN-long membrane
permeable and thus allow it to be secreted and taken up by cells (235). Recombinant PTEN-long
is able to enter cells, antagonize the PI3-kinase pathway and exhibit its tumour suppressive
function (235). The expression and tumour suppressive function of PTEN-long was confirmed
by an independent group (236). A cell-based delivery of PTEN-long to the brain is an attractive
approach. Neural stem cells, mesenchymal stem cells, and immune cells all demonstrate homing
ability to glioblastoma tumour cells (237-241). Specifically, neural stem cells have been shown
to hone to patient-derived orthotopic glioblastoma xenograft tumours and deliver pro-apoptotic
molecules (242). The safety of cell-based delivery approaches as glioblastoma therapeutic
strategies is currently being tested in Phase I clinical trials with neural stem cells expressing a

prodrug converting enzyme (243).

5.4 Conclusions

In glioblastoma Lgl1 is inactivated through phosphorylation by PKCu as a consequence of
PTEN loss. Inactivation of Lgll by phosphorylation inhibits differentiation towards a neuronal
lineage and promotes invasiveness, recapitulating the characteristics of Lg// - Drosophila brain
tumour models. PREX1 links PTEN loss to activation of PKCt in glioblastoma by promoting
Racl activity and complex formation with Par6. PREXI is activated synergistically by GPCR By
subunit and PIP3 binding demonstrating that, in glioblastoma, PI3-kinase activation requires the

context of G protein—coupled receptor activity in order promote invasion.
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