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ABSTRACT

Stem cells have the unique ability to differentiate into the many specialized
cells of the body. During adulthood, stem cells remain in the organism and
maintain the ability to repair and replenish injured or dead cells when necessary.
In some cancers however, stem cells are implicated as the driving force of
tumorigenesis. The cancer stem cell (CSC) hypothesis states that only a small
fraction of cells within a tumor has the capacity to regenerate and maintain the
heterogeneity seen in the tumor they were derived from.
Cancer stem cells were first identified as being associated with an acute
myeloid leukemia model 15 years ago, and since then, have been detected in a
variety of tumors. In malignant gliomas such as glioblastoma multiforme (GBM),
a GBM-CSC population with increased levels of resistant to chemotherapy and
radiation therapy is thought to be responsible for malignancy and tumor
recurrence.
To test the CSC hypothesis, it is necessary to identify these cells. If the
model proves to be valid, developing CSC specific therapies would target the
root of cancer growth. Overall, understanding the cells involved in brain tumor
development, dispersal, and prevention, is the focus of this dissertation.
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CHAPTER 1
INTRODUCTION

1.1

Stem Cells

Embryonic Stem Cells (ESCs)
By definition, stem cells maintain two fundamental characteristics: the
ability of self-renewal, and the capacity to differentiate into the specialized cells of
an adult organism. As development progresses, thousands of genes turn on and
off, directing the morphological and biochemical changes occurring in the cell.
As the cells move towards their fate, some retain their stem cell properties while
other terminally differentiate.
Development begins at the union of the sperm cell and the ovum. After
fertilization is complete, the zygote, also known as the totipotent stem cell, will
begin to differentiate into the more than 200 tissue types in the adult mammalian
body (Figure 1) (Smith, 2001). The zygote divides through a series of cleavage
divisions, from one cell, to two cells, to four cells and so forth, resulting in densely
packed cells called the morula around day three. The outer cells begin to pass
fluid into the morula, resulting in the formation of the fluid-filled blastocoel cavity.
At around day five, two distinct regions are present, the outer trophoblast layer,
and the inner cell mass, collectively referred to as the blastocyst. The inner cell
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Germ Layers!

Figure 1. Stem cell differentiation and development
Totipotent stem cells give rise to all the specialized cells of an organism,
including the placenta. During the developmental process, the differentiation
potential of a cell reduces in a linear fashion: totipotent ! pluripotent !
multipotent ! unipotent ! differentiated cell. ESCs can be obtained from the
embryo via immunosurgical and mechanical isolation methods. They can be
cultured in defined media in an undifferentiated state for indefinite periods of
time, or induced down specific lineages (Koestenbauer et al., 2006). Figure
adapted from (Reports, 2006).
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mass, better known as the embryonic stem cells (ESCs), are also considered the
pluripotent stem cells. ESCs will give rise to the three germ layers: ectoderm,
mesoderm, and endoderm. Cells restricted to the ectodermal layer will become
skin cells and form the central nervous system. Mesodermal layer cells will
become blood, muscle, bone, and fat cells, and endodermal layer cells become
lung cells, and cells of the gut (Scott, 2006). As cells become more specialized,
their characteristics change accordingly to reflect the extent of their
differentiation. A cell that has the ability to form multiple cell types in a specific
lineage is known as a multipotent stem cell or progenitor cell, and is generally
found within organs or clumps of specialized tissue. Unipotent stem cells, also
referred to as precursor cells, are found in developed tissues and differentiate to
form only one or two specialized cell types. In contrast to multipotent stem cells,
unipotent stem cells have the capacity for a limited number of divisions until they
terminally differentiate.
ESC Growth Requirements
Self-renewal is a key feature of stem cells. It is a necessary component of
the developing embryo and for the maintenance of adult tissues. Stem cells can
undergo asymmetric or symmetric division to produce daughter cells. In
asymmetric division, unequal daughter cells are generated in which one cell
maintains the parents’ developmental features, while the other cell develops into
a more specialized cell. Symmetric division results in the generation of two
identical daughter cells, both maintaining the developmental potential of the
parent cell.
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Human ESCs (hESCs) and mouse ESCs (mESCs) respond differently to
extrinsic signals, and therefore, different culture requirements are necessary for
maintaining them in an undifferentiated state.
Mouse ESCs can be maintained in an undifferentiated state on mouse
embryonic fibroblasts feeder cells or by exogenous factors. Studies have shown
that mESC self-renewal and inhibition of differentiation depends on leukemia
inhibitory factor (LIF) or a cytokine related family member such as interleukin-6
(IL-6). These cytokines act via the gp130/LIF receptor, where upon activation,
downstream JAK/STAT3 signaling regulates stem cell differentiation in a mycdependant fashion (Smith, 2001).
Human ESCs utilize a more complex process to proliferate in an
undifferentiated state. Growth factors such as fibroblast growth factor 2 (FGF2),
epidermal growth factor (EGF), and transforming growth factor (TGF-ß), have
been shown to be mitogenic regulators critical for stem cell self-renewal and
inhibition of differentiation (Gritti et al., 1999; Vescovi et al., 2006). FGF2 for
example, can maintain hESC self-renewal through the activation of the
PI3K/Akt/PKB signaling, where inhibiting this pathway can lead to hESC
differentiation (Kim et al., 2005).
Until recently, hESCs were co-cultured on mouse feeder layers (or
conditioned medium from feeder layers) in the presence of bovine serum to
maintain their undifferentiated state. However, the concern of interspecies
pathogen transfer, led to the development of serum-free and feeder-free culture
conditions. Studies have shown that hESC differentiation can be inhibited when
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they are grown in feeder-free culture conditions supplemented with FGF alone, or
in combination with noggin and activin A (Oh and Choo, 2006). In another model
for maintaining hESC pluripotency, exogenous noggin was used. Noggin
functions to sequester the action of bone morphogenetic protein 4 (BMP4).
BMP4 traditionally binds to its receptors, BMPRI and II, whose downstream
Smad 1/5/8 activation promotes differentiation. Another peptide Activin A,
inhibits differentiation by activating Smad 6/7 to block Smad 1/5/8, and leads to
self-renewal by activating Smad 2/3/4. Activin A belongs to the BMP family and
acts as an agonist for BMPRI and II, as well as activating its own activin type I
and II receptors (Oh and Choo, 2006).
ESC Differentiation
To induce mESCs down specific lineages, mESCs are plated in nonadherent conditions, which facilitates the formation of aggregates termed
embryoid bodies (EBs). EBs are grown as suspension cultures in the presence
of serum and the absence of LIF. If left in culture, these EBs would
spontaneously differentiate into many cell types including neuronal, cardiac, and
hematopoietic cells (Chen et al., 2006). This process leads to a heterogeneous
conglomeration of differentiated and undifferentiated cells. To specify unique
differentiation outcomes, small molecules are used for modulating particular cell
fates. For example, retinoic acid (RA) can modulate gene expression and is
widely used to induce neuronal differentiation of mESCs (Meyer et al., 2004).
During hindbrain development and patterning of the retina, ESCs respond to
various concentrations of RA. RA signaling begins by binding to its cognate
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retinoic acid receptors (RARs), which dimerize and translocate to the nucleus
where they bind to RAR response elements on DNA.
To generate specific cell fates such as motor neurons, combinations of
neural inductive signals can be applied in a stepwise fashion. To demonstrate
this, Wichterle et al. first treated mESC derived EBs with neural inductive signals
(that mimic RA) generated by stromal cells. Further treatment with RA,
hedgehog, or hedgehog agonists, creates various types of motor neurons, spinal
progenitor cells, and dorsal progenitor cells (Wichterle et al., 2002).
ESC Molecular Markers
Stage-specific embryonic antigens (SSEA) are carbohydrate-conjugated
antigens that exist in three forms, the oligosaccharide antigen SSEA-1, and the
glycolipid antigens SSEA- 3 and 4. All three SSEA markers are expressed by
hESCs and mESCs but differ in the time point in which they appear during
development.
Similarly, both hESCs and mESCs express the surface markers CD9 and
osteopontin. CD9 is a transmembrane receptor whose expression is linked to
the LIF pathway, and proposed to be involved in cell adhesion, migration,
proliferation, and fusion (Draper et al., 2002).
Three central proteins that influence gene expression during early
development include Oct !, Sox-2, and Nanog. They regulate surface marker
expression, transcriptional activation, and chromatin remodeling as part of
maintaining the pluripotency of stem cells. The expression patterns of these TFs
are virtually identical throughout early development and generally regarded as
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the markers characteristic of ESC pluripotency in humans and mice (Draper and
Fox, 2003).
Sox-2 and Oct ! expression is seen during embryonic development in
post-migratory primordial germ cells, and down regulated during differentiation.
Oct ! and Sox-2 bind to an enhancer region and act synergistically downstream
of the coding region for target genes, such as the osteopontin gene. In the
enhancer region of the osteopontin gene, Sox-2 acts to repress the
transactivation of Oct !. In contrast, when Sox-2 binds to the FGF4 enhancer
region, it acts to suppress the activities of Oct !. Sox gene family members
facilitate protein-protein interactions on enhancer regions (Koestenbauer et al.,
2006).
The TF Nanog, expressed in pluripotent ESCs, plays an essential role in
the early development of the embryo and in propagation of undifferentiated
ESCs. Nanog and Oct ! overlap in function, but their expression does not seem
to rely on one another. In a landmark study by Takashashi and Yamanaka et al.,
the state of ESC pluripotency was induced from mouse embryonic fibroblasts by
introducing Oct !, Sox-2, c-Myc, and Klf4 (Kruppel-like factor 4; tumor
suppressor protein), but not Nanog (Takahashi and Yamanaka, 2006). This
study opened the path for creating a pluripotent stem cell state from a seemingly
differentiated cell. Induced pluripotent stem cell (iPS) research is an active area
of research in many labs across the world because of its potential to bypass the
use of ESCs.
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Adult Stem Cells (ASCs)
ASCs are considered multipotent cells that differentiate into the
specialized cell types of the tissues they reside in. ASCs can be isolated from
fetal and adult tissues such as the brain, bone marrow, blood, heart, muscle,
skin, liver, fat, amniotic fluid, and gut (Scott, 2006). In most cases, they are slow
cycling cells that function to repair tissue when signaled by a disease state or
tissue injury.
Perhaps the most well described ASCs are the hematopoietic stem cells
(HSCs), which give rise to cells of the myeloid and lymphoid lineages. They are
located primarily in the bone marrow but can be found in the spleen, lymph
nodes, and circulating blood. Also located in the bone marrow are mesenchymal
stem cells (MSCs), which give rise to osteocytes and chondrocytes. In the brain,
neural stem cells (NSCs) give rise to neurons, astrocytes, and oligodendrocytes
and will be discussed in depth in the sections below (Reports, 2006).
Although ASCs are generally thought to be restricted to a particular
lineage, it has been shown that ASCs exhibit remarkable plasticity and can
differentiate into cell types other than that of the tissue in which they reside.
Examples of this include HSCs differentiating into brain, skeletal muscle, cardiac,
and liver cells, and NSCs differentiating into blood and skeletal muscle cells
(Grove et al., 2004; Reports, 2006). Similarly, D’Ippolito et al., demonstrated that
human bone marrow stomal cells, from which they termed ‘marrow-isolated adult
multilineage inducible’ (MIAMI) cells, had the potential to differentiate into
osteoblasts, chondrocytes, adipocytes, and neural stem cells (D'Ippolito et al.,
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2004). These cells were proposed to be ideal candidates for the treatment of
multiple ailments because they could be coaxed to differentiate into various cell
lineages, be readily isolated from peripheral blood, stably transduced with
lentiviral vectors, and unlike ESCs, were free of ethical concerns.
Mammalian Stem Cell Niches
To provide support for tissue homeostasis in the event of apoptosis, injury,
or tissue regeneration, stem cells must be readily available to mobilize when
needed. The regions where stem cells reside in the adult organism are referred
to as the ‘niche’. This microenvironment, found in various tissues throughout the
body, supports the function of stem cells. When called upon to perform their
reparative duties, stem cells rely on their intrinsic genetic program, and respond
to the environmental signals and supporting cells in the niche (Li and Xie, 2005).
Neural Stem Cell Niche
For most of the twentieth century, the idea that neurogenesis occurred in
the brain was largely unaccepted. However, through cellular and molecular
studies, it has been shown that neural stem cells reside in two well-characterized
germinal regions in the adult brain: the subventricular zone (SVZ) of the lateral
ventricle, and the subgranular zone (SGZ) of the dentate gyrus (Figure 2). The
SVZ is the area situated between the lateral ventricles and the parenchyma of
the striatum and is considered the larger of the two identified regions of
neurogenesis in the brain. Neurogenesis in the SGZ occurs between the
hippocampal granular layer and the hilus (Vescovi et al., 2006).
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In the SVZ, cells resembling astrocytes (type B cells) are postulated to be the
bona fide NSC. These small subsets of astrocytes are relatively quiescent cells
with a proposed cell-cycle time of 28 days. Eventually, these cells give rise to
neurons and oligodendrocytes. In the sub-ventricular zone, type B SVZ
astrocytes are located adjacent to the ependymal cells where they extend a
single cilium through the ependymal layer that reaches the lateral ventricle
region. Type B SVZ astrocytes express GFAP, vimentin, nestin, and PDGFR".
SVZ astrocytes give rise to fast cycling transiently amplifying precursor cells
(type C cells) with a cell-cycle time of about 12 hours. The C cell precursor is
characterized as a nestin positive, mitotically active cell. Type C cells further
generate mitotically active migrating neuroblasts (type A cells). Neuroblast cells
express PSA-NCAM1 (polysialic acid neural cell adhesion molecule 1) and type
III B-tubulin. Type A neuroblasts migrate through the rostral migratory stream
(RMS) to the olfactory bulb and express HAS (heat-stable antigen). Eventually,
neuroblasts differentiate into mature cells such as mitral cells, glomerular,
granular cells and interneurons as they integrate in the olfactory bulb. They label
positive for neurofilament and MAP2 (microtubule-associated protein) (Li and
Xie, 2005) (Vescovi et al., 2006).
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Figure 2. Neural stem cell niche
(a) Sagittal section of a human and mouse brain shows two areas of
neurogenesis; 1) the sub ventricular zone located adjacent to the lateral
ventricles (yellow), and 2) the sub granular zone of the dentate gyrus (blue). (b)
Coronal section of a mouse brain depicts the niche architecture of the cells in the
SVZ. (c) Type A cells migrate tangentially from the SVZ through the rostral
migratory stream towards the olfactory bulb where they eventually integrate as
interneurons. (d) Architecture of the SGZ neural stem cell niche. Figures
adapted from: (NIAAA.NIH.GOV.; Vescovi et al., 2006),(Stiles and Rowitch,
2008).
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Similar to the cell hierarchy of the SVZ, SGZ astrocytes (equivalent to type
B cells) in the hippocampal area are thought to be the true NSC. They are found
in direct contact with endothelial cells of blood vessels located in the SGZ. SGZ
type B cells eventually generate an intermediate cell (type D cell) that gives rise
to functionally integrated granular neurons (type G cell) in the dentate gyrus. In
contrast to SVZ neurogenesis, neural precursors in the SGZ migrate short
distances before they integrate into the granule-cell layer (Li and Xie, 2005).
For both the SVZ and the SGZ, basal laminal contact and signals from the
endothelial cells of adjacent blood vessels is critical for maintaining self-renewal
and differentiation of primitive neural stem cells. Some niche signals include:
FGF2, IGF1 (insulin-like growth factor 1), VEGF (vascular endothelial growth
factor), TGFa (transforming growth factor-alpha), BDNF (brain-derived
neurotrophic factor), Noggin, and (bone morphogenetic proteins) BMPs. The
type B cells seem to be responsive to these signals, directing the self-renewal
and maintenance cues. For example, NSC maintenance occurs by BMP actions
that inhibit neuronal differentiation and favors an astrocytic fate. Noggin on the
other hand, acts as an antagonist to BMP to promote neurogenesis (Stiles and
Rowitch, 2008).
Stem Cell Migration and Migratory Pathways in the Brain
As described above, SVZ-originating neuroblasts migrate throughout the
brain, generally along the pathway known as the rostral migratory stream (RMS)
towards the olfactory bulb (OB) (Gage, 2000). In response to injury, SVZ
originating cells also migrate in many directions through the gray and sub-cortical
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white matter, including non-OB regions of the cerebral cortex, the corpus
callosum, and to subcortical structures such as the striatum, septum, thalamus
and hypothalamus (Goings et al., 2004; Ramaswamy et al., 2005). Migration to
adjacent areas of the primary injury site could be due to signaling by areas
because of retrograde degeneration, or signal related function of recovery and
neural reorganization following injury (Ramaswamy et al., 2005).
In the absence of tumor influence, cells traveling in the brain do so by
local and distant cues generated by glial and endothelial cells that populate the
microenvironmental regions of the brain. The microenvironment is involved with
providing support for neuron development, maintaining homeostasis, and
regulating stem cell migration in vivo (Muller et al., 2006). In areas of the central
nervous system, NSCs use each other for guidance. Two forms of migration in
the brain have been studied: radial migration in which neurons climb on radial
cells, and tangential migration, where neurons move parallel and perpendicular
to radial glial fibers (Lois et al., 1996). The movement known as tangential
migration has been defined in the developing brain when cells migrate dorsally
on a path from the basal ganglia to the cerebral cortex and hippocampus
(Marshall et al., 2003). Lois et al., described another type of migration in adult
mice called chain migration, in which SVZ-originating cells migrate to the OB
grouped in chains (Lois et al., 1996). During chain migration, glial processes and
cell bodies from a type of glial cell in the RMS flank the migrating cells. This glial
support provides microenvironmental cues permissive for migration, suggesting
that neural precursors move in an independent fashion not guided by radial glia
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or axonal fibers. This mechanism of chain migration could explain why NSCs are
able to reach pathological regions of the brain such as tumors or inflammation
caused by strokes, etc. when traveling in non-typical migratory pathways.
The migratory capacity and potential of NSCs and NPCs (neural
progenitor cells; more differentiated than NSCs) has been recently compared
(Soares and Sotelo, 2004). Adult SVZ neurosphere-derived stem and progenitor
cells were grafted into the SVZ on ex vivo organotypic brain slice cultures and
mouse brains in vivo. Based on criteria evaluating cell survival, integration, and
migration, both progenitor and stem cells were relatively equal, with the
exception of migratory ability. In forebrain slices, the migratory distance covered
by neurosphere-derived progenitor cells was two-fold longer than that of
neurosphere-derived neural stem cells. Overall, taking into account the various
paradigms outlined in this study, they suggested that although neurospherederived progenitor cells exhibited a greater migratory ability, they have a limited
migratory potential and neurosphere derived stem cells have broader migratory
potential. However, the progenitor cells were grafted in an area containing
neurophilic pathways, which happens to be a substrate that favors NPCs. The
placement in this area would explain why NPCs had a broader migratory capacity
but a lower migratory potential than the NSCs (Soares and Sotelo, 2004). Due to
this experimental bias, NSCs may be better suited for brain migration because of
their ability to travel on both neurophilic and gliophilic pathways, which suggests
that they have the ability to mimic the migratory capacity of tumor cells.
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1.2

Brain Tumors
The brain is composed of two main types of cells; neurons and glial cells.

Neurons function to transmit signals through the body, and glia supports the
structure and function of neurons in the brain. Glial tumors are the most common
primary tumor of the brain and are derived from the three main glial cells:
astrocytes, oligodendrocytes, and ependymal cells. The World Health
Organization (WHO) has set criteria for classifying brain tumors. Neoplasms are
histologically graded based on nuclear atypia, mitotic rate, vascular proliferation,
and necrosis (Table 1). Benign tumors (grade I) are slow growing, welldifferentiated neoplasms. Anaplastic or intermediate grade tumors (grade II) are
moderately differentiated with elevated mitoses. Malignant tumors (grade lll-IV
tumors) are identified by poorly differentiated or undifferentiated cells and marked
endothelial hyperplasia and/or hyperplasia (Vescovi et al., 2006).
The most malignant glioma (WHO grade IV), known as glioblastoma
multiforme (GBM), is an aggressive tumor that orginate de novo (called primary
GBM) or progress from a lower grade tumor (called secondary GBM). Survival
rate for GBM patients is approximately one year after diagnosis, a two-year
survival of less than 10%, and a five-year survival of less than 4% even with
conventional therapies (resection, chemotherapy, radiation therapy) (CBTRUS:
2007-2008 Statistical report: primary brain tumors in the United States; Dirks,
2008; Lipinski et al., 2005). Patients diagnosed with malignant gliomas often
succumb to uncontrolled growth of the tumor cells in the limited space of the
skull. The foremost treatment is surgical resection, but due to the
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Table 1. WHO classification of brain tumors
Brain tumors are named according to: (1) the cell type they arise from (such as
oligodendrogliomas arising from oligodendrocytes), (2) their pathologic
evaluation based on World Health Organization (classification grade is based on
a I to IV scale from least to most aggressive), (3) sometimes their location (a
supratentorial glioma is named because of its location above the tentorium
cerebri structure in the forebrain). Due to the heterogeneity of tumors, grade is
based on the most malignant cell type in the mass. (Vescovi et al., 2006)
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infiltrative growth pattern into normal brain, total removal is never considered
complete. GBMs are difficult to treat because of their non-uniform cell cluster
formation, with individual cells having varying levels of resistance to radiation and
chemotherapy (Bao et al., 2006).
GBMs are defined by their migratory capabilities and characterized by
their local or distant migration from the primary tumor site. Pathological
hallmarks of GBMs include hyperplasia, vasculation, marked necrosis, and
neoplastic cells palisading around the area of necrosis. GBM cells are
considered anaplastic with unrecognizable cellular structures and patterns
(Figure 3a) (Claes et al., 2007).
The cells that break off the primary tumor mass and infiltrate the normal
brain, or remain in the walls of the tumor cavity after surgical removal of the bulk
tumor, contribute to tumor recurrence. (Figure 3b). These cells have been
hypothesized to be the ‘cancer stem cell’ of the glioma, with the capability of
evading conventional treatment modalities (Bao et al., 2006). Note: The
literature refers to this sub-population as ‘cancer stem cells’, ‘tumor-initiating
cells’, ‘cancer cells with stem-like properties’ etc., here they will be referred to as
CSC’s.
The ‘cancer stem cell’ hypothesis states that only a rare subset of cells
that reside within the tumor population has the capacity to initiate and sustain the
growth and progression of the tumor (Figure 4a). Studies have suggested that
CSCs are able to mirror the organization and hierarchical structure of normal
stem cells. Furthermore, CSCs may undergo asymmetric division with the
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Figure 3. Distinctive features of GBMs
(a) The growth pattern of GBMs is distinct with well-defined characteristics such
as: 1) vascular proliferation (blood vessels are in red) 2) tumor cells (blue)
accumulation around the vasculature, 3) necrotizing areas (necrosis in dark grey)
surrounded by a pseudopalisading tumor cells 4) mitotically active cells (black) 5)
‘butterfly structure’ of satellite cells seen migrating around neurons (perineuronal
satellitosis in green) and contralaterally via the corpus callosum (b) MRI scans of
a patient with recurring GBM (A) arrow head points to the site of the GBM preoperation. (B) Scan shows the cavity of the tumor after tumor removal and
radiation therapy (C) scan at 6 months post-operation. The arrowheads point
the GBM recurrence at the initial site of removal and another site of recurrence.
(D) Second operation shows the GBM was removed from both sites. (E) 3
months post second operation showed that the tumor recurred at the margin of
the second cavity. Figures adapted from (Claes et al., 2007) and (Holland,
2000).
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Figure 4. Stochastic versus cancer stem cell model for tumor growth
(a) Human tumors are composed of heterogeneous population of cells. The
stochastic model predicts that if a tumor is dissociated into single cell populations
and transplanted in vivo, every cell would result in the tumor that recapitulates
the heterogeneity of the parental tumor, based on the assumption that all cells
have equal capacity. The cancer stem cell hypothesis predicts that only a small
fraction of cells (cancer stem cell or CSC in red) in the parental tumor has the
ability to regenerate and sustain tumor growth, whereas the rest of the cells
would not be able to form a tumor. (b) Stem cell properties can be assessed by
self-renewal, and differentiation assays. Transplanting fresh dissociated or
enriched cultures in vivo is performed in order to assess the tumorigenicity of the
cells. The xenograft tumor is analyzed to identify if it can recapitulate the
phenotype seen in the parental tumor. Expanding cells in vitro is necessary to
obtain a sufficient amount of cells for further analysis such as the identification of
the molecular pathways, phenotypic characterization, and tumorigenesis. It is
imperative that defined media containing mitogens is used to propagate the stem
cells population. Studies have shown that GBM cells grown in serum (such as
the case with many of the established cell glioma lines i.e. U87, N1321 etc.)
have additional chromosomal changes and do not well represent the tumor they
were initially derived from (Lee et al., 2006) Figures adapted from (Ward and
Dirks, 2007).
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capability of producing progenitor cells, and have the ability to self-renew and
differentiate to form the heterogeneous tumor (Vescovi et al., 2006; Ward and
Dirks, 2007). Foremost, the existence of CSCs suggests that developing
targeted therapies against this sub-population is necessary to prevent the
recurrence of tumor growth.
To identify CSCs, experimental approaches such as sphere-forming
assays and transplant models are utilized to determine the ability of self-renewal,
differentiation, and tumor regeneration (Figure 4b). To isolate CSCs from the
brain, the primary tumor is dissociated either mechanically or enzymatically with
trypsin or accutase (Figure 5). The cells are placed in serum-free defined
medium supplemented with mitogens such as EGF, bFGF, and LIF. LIF was
once thought to only effect mouse embryonic cells but recently, the self-renewal
of glioma-initiating cells could be induced by TGF-# and LIF (Penuelas et al.,
2009). CSCs grow as spherical structures, similar to neurospheres. The
removal of mitogens results in the differentiation of precursor cells to neuronal
lineages, astrocytes, oligodendrocytes, and neurons.
Under these growth conditions, tumorspheres express nestin and CD133.
The surface marker CD133 is perhaps the most-well known marker associated
with brain tumor stem cells. CD133 is a trans-membrane protein with unknown
function, and found on hematopoietic stem cells as well as neural stem cells.
The percentage of cells positive for CD133 in a glioma is though to depend on
the aggressiveness of the tumor and can range from 1%-30% of the cells in the
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Figure 5. Brain tumor stem cell isolation from primary tumors Schematic
representation of a serum-free culture system that allows for the enrichment of
CSC population. Growing cells as non-adherent cultures allows the CSCs to
float to the top and proliferate, while the non-CSC portion settles to the bottom
and differentiates. The tumor spheres can be passaged and eventually, only the
non-adherent portion of the tumor remains, representing the enriched CSC
population. To study the differentiation capacity, cells may be placed in serumcontaining medium, removing of growth factors, or by the addition of chemicals
such as retinoic acid or differentiation factors such as BMP or CTNF. Figure
from (Vescovi et al., 2006).
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tumor (Dirks, 2008). Many studies have documented the isolation of CSCs
based on magnetic or flow sorting of cells for CD133. Transplanting 100-1000
CD133+ cells sorted from a GBM can result in a tumor that recapitulates the
heterogeneity of the parental tumor, whereas transplanting the CD133- fraction
does not result in a tumor (Dirks, 2008). For many years CD133 was thought to
be the putative brain tumor stem cell marker, but this notion has been challenged
by a study by Beier et al, showing that the CD133- fraction of GBMs maintains
stem cell-like properties, and may represent a unique CSC subtype within GBMs
(Beier et al., 2007). Additionally, not every CD133+ demonstrates the ability to
initiate a GBM and contain stem cell properties. Moreover, Son et al. reported
that stage-specific embryonic antigen 1 (SSEA-1), may be present on embryonic
stem cells, and utilized as a general CSC enrichment marker in GBMs. They
went on to show that SSEA-1+ cells contain all the properties associated with a
putative brain tumor stem cell: self-renewal by giving rise to a SSEA-1population of cells, multilineage differentiation ability, and in vivo tumorogenicity
(Son et al., 2009).

1.3

Genetics and Epigenetics of GBMs
The driving force of cancer is the genetic and epigenetic alterations. Copy

number aberrations, single nucleotide polymorphisms, inversions, translocations,
gene fusion events, and DNA methylation events are some of the inherent
processes that contribute to cancer. Recently, there have been many large scale
studies designed to understand the fundamental mechanisms of GBMs. The aim
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of these seminal studies was to identify a ‘genetic signature’ common to GBMs
with the notion that exposing these widespread occurrences will direct the
development of better-targeted therapies. The Cancer Genome Atlas Research
Network provided the first comprehensive assessment of GBMs (2008). This
study reports the integrative analysis of DNA copy number, gene expression, and
DNA methylation alterations of 206 primary human GBMs. Through this
approach, they were able to pinpoint deregulated events and provide a
quantitative measure for these occurrences. The well-known events included the
homozygous deletion of CDKN2A/B in over 50% of the samples, as well as
MGMT hypermethylation in over 50% of the samples (discussed in more detail
below). Three critical signaling pathways were identified to contain frequent
genetic alterations: RTK/RAS/PI(3)K (in 88% of the GBMs), p53 (87%), RB
(78%). Strikingly, they observed that 74% of the GBMs contained alterations in
all three pathways, which suggests that this may be a requirement in
glioblastoma pathogenesis.
With this information at hand, another group set out to identify what they
called the ‘genetic landscape’ of GBMs, i.e. the association between the
chromosomal alterations (Bredel et al., 2009). They began by analyzing 45
gliomas specimens for chromosomal alterations, and then mined the TCGA study
to corroborate their findings. They identified the frequency of chromosomal
alterations and reported a high-rate in regions of chromosomes 1p, 7, 8q, 9p, 10,
12q, 13q, 19q, 20, and 22q (Figure 6). To understand the interactions of the
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Figure 6. Genome-wide copy number alterations in gliomas
Line diagram show the frequency of CN events for gliomas (based on TCGA
study) plotted by chromosome position across the genome. Chromosomes 1p,
7, 8q, 9p, 10, 12q, 13q, 19q, 20, and 22q consistently show a high frequency of
alterations. The heat map indicates the frequency of gains (red) and deletions
(green) across for individual samples in the data set. The most noticeable
occurrence is ch.7 and ch.10 monosomy. Recently, a very nice paper reported
the synergism between the amplification of EGFR on ch. 7 and the deletion of
ANXA7 on ch. 10, suggesting that the haploinsufficiency of ANAX7 modulates
EGFR signaling (Yadav et al., 2009). Figure from (Bredel et al., 2009).
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genes that are frequently altered, they performed a pathway analysis, which
showed significant interactions amongst genes such as EGFR, MYC, and PTEN.
Collectively, these studies provide the framework for understanding the important
genetic events that underlies GBMs.
Epigenetics refers to the heritable changes that effect gene expression
without altering the DNA sequences and include histone modifications and DNA
methylation. Not all genes are expressed at the same time; there are precise
mechanisms that ensure that certain cells at certain times express certain genes.
DNA methylation and histone modification are mechanisms that regulated
cellular processes such as embryonic development, genetic imprinting, x
chromosome inactivation, transcription, and chromosomal stability (Robertson,
2005). Epigenetic modifications are reversible, dynamic process, and it is well
recognized that epigenetic errors contribute to cancer. DNA is wound around
clusters of histone proteins to form nucleosomes. These DNA packaging
proteins contributes to chromatin compaction and the regulation of gene
expression (Figure 7). The structure of histones can be changed by various
biochemical modifications such as acetylation, methylation, and phosphorylation.
The modifications dictate whether the chromatin is in a relaxed (open state) or
condensed (closed state) state. Active gene expression is associated with the
open state of chromatin whereas the repression is associated with the closed
state. Addition of a methyl group to the 5-carbon position of a cytosine that
precedes guanine in CpG dinucleotides is catalyzed by DNA methyltransferases.
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Figure 7. Histone modification and DNA methylation
(a) DNA (black lines) is neatly coiled around nucleosome complexes, each
consisting of four core histone proteins: H2A, H2B, H3, and H4 (turquoise
circles). Histones function to package DNA as well as regulate gene expression.
They are subject to post-translational modifications including the acetylation of
histone lysines (blue hexagon) arginine and lysine methylation (red square), and
serine phosphorylation (light blue triangle). These modifications facilitate
transcriptional activation or repression (blue line represents the amino-terminal
tails of the histones) (b). For example, acetylated histones and methylation of
lysine (K) 4 residues on H3 is associated with transcriptional activation.
Deacetylated histones and methylation of H3 at K9 or K27 is associated with
transcriptional repression. Histone modification is a dynamic process and occurs
through the actions of histone deacetylases (HDACs) and histone
acetyltransferases (HATs) (not shown) (Esteller, 2008). DNA methylation is
another type of epigenetic modification in which DNA methyltransferases
(DNMTs) catalyze the methylation (red circle) of cytosines at the carbon-5
position. DNA methylation at CpG islands (specifically in promoter to first exon
regions) is associated with gene repression, whereas unmethylated areas (white
circle) do not impede gene activation. Figures modified from (Rodenhiser and
Mann, 2006).
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DNA methylation predominantly occurs in CpG dense regions known as
CpG islands. CpG islands are distributed throughout the genome and are found
in approximately 40% of the promoter regions of genes (Esteller, 2008). In
normal cells, CpG islands located in the promoter to first exon regions are
generally not methylated. In cancer, hypermethylation in these regions impinges
transcription factors from binding, and associated with the silencing of tumor
suppressor genes (Figure 8). Conversely, hypomethylation in regions that are
normally methylated may result in the expression of genes that are usually turned
off.
In GBMs, the methylation status of genes has been correlated with
aggressiveness, progression, and sensitivity towards therapeutic agents. An
important biomarker is the methylation status of O6-methylguanin-DNA
methyltransferase (MGMT), a DNA repair protein that functions to protect normal
cells from carcinogens. In cancer cells however, MGMT may protect them from
chemotherapy based alkylating agents, which cause DNA damage. In GBMs,
promoter hypermethylation of MGMT is associated with deficiency in DNA
mismatch repair function and correlates with a longer survival in patients treated
with temozolomide. Hence, the methylation status is a predictor for the use of
some drugs. CpG island promoter hypermethylation is a frequent event in
gliomas and is seen in tumor suppressor proteins such as TP53, CDKN2A/B, RB
and PTEN (Nagarajan and Costello, 2009).
Global DNA hypomethylation on the other hand has been shown to be
associated with ~80% of primary GBMs. For example, the frequent
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demethylation of the putative oncogene MAGEA1, is associated with GBM
proliferation (Cadieux et al., 2006). Regarding tumor-initiating cells derived from
GBMs, one elegant study by Lee et al, showed that BMP receptor 1A (BMPR1A)
epigenetic silencing prevents astroglial differentiation. They went on to show that
BMPR1A silencing could be reversed by the addition of a DNA demethylating
agents (Lee et al., 2008).
Overall, these examples highlight that genetic and epigenetic events are
fundamental mechanisms in the development of cancer and more importantly,
these events may be used as biomarkers to predict tumor aggressiveness, or
exploited for designing novel therapies.
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Figure 8. DNA methylation in normal and cancer cells
(a) Schematic representation of the distribution of methylated CpG sites. CpG
islands are located throughout the genome but for about have of the genes, they
can be found clustered in the promoter regions of genes. In normal cells, the
promoter regions are not methylated (white circles), allowing for the transcription
of that gene (arrow). In cancer, promoter regions can be methylated (black
circles) resulting in the transcriptional silencing of that gene (red x). (b)
Pericentromeric heterochromatin is transcriptionally silent and heavily
methylated. Hypomethylation in this region can lead to instability and may lead
to cancer. Correspondingly, methylation of the promoter regions of regulatory
genes such as tumor suppressor genes (TSG), may lead to transcriptional
silencing and contribution to the development of cancer. Figures adapted from
(Baylin, 2005) (Robertson, 2005).
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CHAPTER 2

STEM CELLS AS VECTORS TO DELIVER HSV/TK GENE
THERAPY FOR MALIGNANT GLIOMAS

Portions Published: Rath, P., Shi, H., Maruniak, J. A., Litofsky, N. S., Maria, B. L.,
Kirk, M. D., 2009. Current Stem Cell Research & Therapy. 4, 44-9.

2.1 Abstract
The prognosis of patients diagnosed with malignant gliomas including
glioblastoma multiforme (GBM) is poor and there is an urgent need to develop
and translate novel therapies into the clinic. Neural stem cells display
remarkable tropism toward GBMs and thus may provide an effective platform to
deliver oncolytic agents to improve survival. First, we provide a brief review of
clinical trials that have used intra-tumoral herpes simplex virus thymidine kinase
(HSV/tk) gene therapy to treat brain tumors. Then, we review recent evidence
that neural stem cells can be used to deliver HSV/tk to GBMs in animal models.
While previous clinical trials used viruses or non-migratory vector-producing cells
to deliver HSV/tk, the latter approaches were not effective in humans, primarily
because of satellite tumor cells that escaped surgical resection and survived due
to low efficiency delivery of HSV/tk. To enhance delivery of HSV/tk to kill gliomas
cells, recent animal studies have focused on the ability of neural stem cells,
transduced with HSV/tk, to migrate efficiently and selectively to regions occupied
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by GBM cells. This approach holds the promise of targeting GBM cells that have
infiltrated the brain well beyond the original site of the tumor epicenter.

2.2 Introduction
Glioblastoma multiforme (GBM) is the most common primary central
nervous system tumor in adults. GBMs are associated with a short life
expectancy and high levels of morbidity (Hassler et al., 2006). Conventional
treatments including surgical resection, irradiation and chemotherapy may extend
survival by weeks, but GBMs are notoriously resistant to adjuvant therapies
(Noble, 2000). Infiltrative GBM cells that escape the surgical debulking of the
tumor account for tumor recurrence in virtually all cases. The infiltrative GBM
cells are highly resistant to treatment so that new therapies must target malignant
behaviors of these cells whether they reside at the edge of the surgical cavity or
have invaded one or both hemispheres.
Recent in vitro and in vivo studies highlight the ability of neural stem cells
to migrate selectively to brain tumors and to factors secreted by gliomas and
cells in their microenvironment (Aboody et al., 2000; Barresi et al., 2003; Serfozo
et al., 2006; Shah et al., 2005; Willis et al., 2005) (Figure 9). The tropic
properties of stem cells, specifically that of neural stem cells (NSCs) (Gage,
2000; Muller et al., 2006) to target brain tumors, suggests that they could serve a
role in delivering cytotoxic therapies to gliomas. However, this approach requires
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Figure 9. Neural stem cells as vectors to deliver therapy for brain tumors
NSCs show remarkable tropism towards experimental gliomas when
transplanted in the brain of rodent models. In malignant gliomas, the cells that
break off from the main tumor mass are 1) difficult to identify due to their
microscopic size and 2) difficult to and treat due to their seamless infiltration into
normal tissue. Neural stem cells are utilized as vectors to deliver
chemotherapeutic agents because of their innate migratory capacity in the brain
and their ability to respond to the chemokines secreted by the glioma cells.
Figure from (Muller et al., 2006).
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a better understanding of migratory NSCs, their derivation, administration, and
application techniques before it can become useful clinically.
Due to their gliomatropic behavior, NSCs are considered advantageous
for delivering anti-tumor agents as an adjuvant for cancer therapy. Various
prodrug systems have been designed in which a non-toxic compound (prodrug)
is activated within the tissues to become a cytolytic agent when acted upon by a
converting enzyme. Examples of prodrug/enzyme gene therapy methods, some
of which have employed NSCs as a converting enzyme vehicle for intracranial
and disseminated tumor treatment, include 5-fluorocytosine/cytosine deaminase,
Camptothecin-11/rabbit carboxylesterase, and Ganciclovir (GCV)/Herpes
Simplex Virus-thymidine kinase (HSV/tk) (Aboody et al., 2000; Barresi et al.,
2003; Boucher et al., 2006; Danks et al., 2007; Herrlinger et al., 2000; Willis et
al., 2005). In this review, we focus on HSV/tk/GCV and on the potential use of
NSCs as vehicles to deliver chemotherapy directly to brain tumor cells.

2.3 Methods and Materials
Culture and Neural Induction of Mouse Embryonic Stem Cells
Mouse ES cell line (B5-S129 background; kindly provided by Dr. Andras
Nagy, Mount Sinai Research Institute, Toronto, Canada) engineered to express
enhanced green fluorescent protein (EGFP) were cultured as undifferentiated
colonies in embryonic stem cell growth medium (ESGM) and maintained at 37˚C,
5% CO2 in a humidified incubator. ESGM consists of Dulbecco’s Modified Eagle
Medium (DMEM), 10% Fetal Bovine Serum, 10% Newborn Calf Serum,
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nucleosides, 1mM leukemia inhibitory factor (LIF), and 7"M ß-mercaptoethanol.
Cells were passaged using 0.25% trypsin until they reached ~70% confluence.
To induce the cells down a neural lineage, we used the 4-/4+ induction
protocol, which refers to four days in the absence then presence of retinoic acid
(Bain et al., 1995) (Meyer et al., 2006). The ES cells were dissociated and
seeded onto uncoated petri dishes where they remained for four days in
embryonic stem cell induction medium (ESIM is ESGM lacking ßmercaptoethanol and LIF) to aggregate and form free-floating embryoid bodies
(EBs). The medium was changed every other day and after four days, the ESIM
was supplemented with 500 nM all-trans retinoic acid during induction (Bain et
al., 1995; Meyer et al., 2004).
Our lab has previously shown that in vitro retinoic acid 4-/4+ treatment will
induce B5 EBs to generate neural progenitors, immature and mature neurons
and glial cells as seen by marker expression (Meyer et al., 2004). This induction
process may be important because embryonic stem cells (ESCs) and neuralized
ESCs cells have different capacities for pathotropism and migratory potential
(Aboody et al., 2000; Serfozo et al., 2006).
Tumor Cell Culture
We used the SF767 human malignant glioblastoma cell line (kindly
provided by Dr. Joseph Loftus, Mayo Clinic, Scottsdale, Arizona), which has
been stably transduced to constitutively express red fluorescent protein (RFP),
as described (Lipinski et al., 2005). The cells were cultured in DMEM
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supplemented with 10% fetal bovine serum and maintained at 37˚C, 5% CO2 in a
humidified incubator.
Organotypic Brain Slices and Donor Cell Application
Organotypic slice cultures were used to visualize migration of the
neuralized ESCs to the tumor cells, as ex vivo conditions mimic well the in vivo
environment (Figure 10). This protocol was developed in the Kirk Lab by
modifying existing procedures (Benninger et al., 2003; Lipinski et al., 2005;
Stoppini et al., 1991). Organotypic slices from whole brains of post-natal day 10
Sprauge-Dawly Rats were maintained for up to 8 weeks, with their organization
and cytoarchitecture intact.
Rats were sacrificed by chloroform inhalation according to protocols
established by ACUC at the University of Missouri. Briefly, the brains were
removed from the skull and immediately placed in ice-cold medium composed of
50% MEM with 15mM Hepes, 25% Horse Serum, 25% HBSS, 6.5 mg/ml
glucose, 10"l/ml Penicillin/Streptomycin, 10"l Fungizone, pH 7.2. The brains
were then placed in room temperature 4% agarose and put on ice to gel. The
brains (containing both hemispheres) were coronally sectioned with a vibratome
(VIBRATOME Series 1000) at 400"m and aseptically placed onto Millicell ®
trans-well membranes (Millipore, BiIlerica, MA) in 35 mm petri dishes, or agar
plates made with the medium, and maintained in a 37ºC, 5% CO2 humidified
incubator. Culture medium was replaced daily until day 5, then replaced once
weekly with serum-free medium composed of 95% DMEM-F/12, 2% B27, 1% N2
1% Penicillin/Streptomycin, and 1% Fungizone.
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Figure 10. Workflow for studying stem cell migration ex vivo
Organotypic brain slices provide a good model system for studying migration
because it is cost-effective and allows for real-time monitoring of stem cell
migration at multiple time points. Organotypic brain slices well represent the
cellular composition, morphology, and physiological properties of the brain
environment. Furthermore, the interaction between the cells and the extracellular
matrix is an important component to establish the tumor microenvironment and
migration. The background image is stereomicroscopic view of green fluorescent
protein (GFP)-expressing neuralized mouse embryonic stem cells placed
adjacently to red fluorescent protein (RFP)-expressing SF767 glioma cells on an
organotypic brain slice. Mouse figures from (http://www.mbl.org/).
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On the day of the brain explants, 5,000-20,000 cells (in 0.2 "l) of GFPexpressing neuralized B5 mESCs were added via borosilicate glass pulled
pipettes to an area at the bottom left quadrant of the brain slice. One day later,
RFP-expressing 5,000-20,000 SF767 glioblastoma cells were added to the top
right quadrant of the brain slice.

2.4 Results and Discussion
HSV/tk/GCV – Mechanisms of Action
The HSV/tk targeted gene therapy approach for treating malignant
gliomas is a well-characterized gene therapy (Culver et al., 1992; Hurwitz et al.,
2003; Moolten and Wells, 1990; Namba et al., 2001; Ram et al., 1997). It is
known as a suicide gene therapy because upon exposure to GCV it kills rapidly
dividing cells transduced with HSV/tk and rapidly dividing bystander cells (see
below). This form of gene therapy was developed as a human cancer therapy
because of its efficacy in preclinical studies (Boucher et al., 2006; Kokoris and
Black, 2002). The key enzyme, thymidine kinase, has a crucial function in DNA
synthesis and is therefore exploited in anti-viral drugs designed to target
constantly replicating viruses. Previous therapies involving HSV/tk for cancer
treatment used retroviruses to insert the HSV/tk DNA directly into the genome of
cancer cells. Conversely, when stem cells are used as therapeutic platforms, the
HSV/tk protein in transduced stem cells converts a prodrug to an oncolytic factor,
and the latter is transferred from the stem cell to tumor cells via gap junctions;
this requires effector and target cells to be contiguous.
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In normal cells, tk functions by catalyzing the phosphorylation of thymidine
to produce deoxythymidine mono-, di-, and tri- phosphate (dTMP, dTDP, dTTP),
and dTTP inserts itself into nascent DNA during cell division (Reardon, 1989).
Unlike human tk, HSV/tk has broad substrate specificity with the ability to
phosphorylate pyrimidines (thymidine), pyrimidine analogs (such as
azidothymidine or AZT, the popular drug used to combat HIV), purines
(guanosine), and purine analogs (such as GCV). Ganciclovir is a commonly
used drug for treatment of Herpes infection and as the prodrug used in
combination with the HSV/tk method for cancer therapy. GCV is administered
intravenously and freely diffuses across the blood-brain-barrier. Initially, the nontoxic nucleoside analog GCV is referred to as the prodrug, that upon
phosphorylation by the enzyme HSV/tk produces a cytotoxic metabolite that
accumulates in the cell (Kokoris and Black, 2002; Reardon, 1989).
As mentioned above, HSV/tk transduced stem cells kill neighboring nontransduced, rapidly dividing cells (e.g. gliomas) through the transfer of the
oncolytic agent between nearby or contiguous target cells; this is known as the
“bystander effect” (Figure 11). After migration to the glioma, the HSV/tk
transduced stem cells form gap-junction channels with adjacent tumor cells, and
the gap junctions enable transfer of phosphorylated GCV metabolites from one
cell to the other (Mesnil et al., 1996; Namba et al., 2001). Gap junction formation
provides adhesive contacts important for neuronal migration and has been
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Figure 11. Suicide gene therapy and the bystander effect.
(a) Transduced stem cells (green) that express constitutively Herpes Simplex
Virus thymidine kinase (HSV-TK) migrate to the vicinity of GBM cells (red). (b)
Upon systemic administration of the non-toxic, antiviral drug ganciclovir (GCV),
GCV is mono-phosphorylated (GCV-P) by the viral TK enzyme in the stem cells.
(c) Gap junctions present between cells facilitate the passive transport of GCV-P
to adjacent non-transduced target GBM cells. (d) GCV-P may also be
transported to GBM cells via a gap junction-independent pathway. (e)
Endogenous mammalian kinases within the GBM cells further phosphorylate
GCV-P to its toxic product (GCV-PPP). (f, g) GCV-PPP acts as a purine analog
incorporating itself into nascent DNA where it interferes with replication, resulting
in apoptosis of rapidly dividing cells. The death of non-transduced cells due to
the transfer of an oncolytic agent is referred to as the bystander effect and in
conjunction with concurrent suicide of transduced cells by the same mechanism
involving GCV-PPP, is collectively known as suicide gene therapy. Figure
adapted from (Hurwitz et al., 2003)
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implicated in modulating the adhesiveness and invasion of malignant gliomas
(Elias et al., 2007; Lin et al., 2002). Regarding the HSV/tk gene therapeutic
approach, intercellular communication via gap junctions has been linked to a
strong tumoricidal bystander effect, particularly involving connexin 43 (Sanson et
al., 2002).
The specific mechanisms whereby GCV/tk delivered by stem cells kills
rapidly dividing cells are as follows. Initially, the HSV/tk present in the stem cells
converts GCV into monophosphorylated GCV-P that then traverses into
neighboring cells through the gap junctions (Sanson et al., 2002). Alternatively, it
is possible for GCV-P to be transferred by efflux from HSV/tk-expressing cells
with subsequent uptake by neighboring cells in a gap junction independent
manner (Drake et al., 2000). After GCV-P is transferred, it is further
phosphorylated by host cell thymidine kinase to create the cytotoxic metabolite
GCV-triphosphate (GCV-PPP). The GCV-PPP inhibits competitively
incorporation of deoxyguanosine triphosphate (dGTP), and cells undergoing DNA
replication (e.g., rapidly dividing glioma cells) integrate GCV-PPP into newly
synthesized DNA, causing premature chain termination that leads to cell death
via apoptosis (Beltinger et al., 1999; Boucher et al., 2006; Moolten and Wells,
1990).
Stem Cells as Therapeutic Platforms to Deliver Oncolytic Agents
Neural stem cells are primitive, self-renewing cells that can differentiate to
form mature cells of neuronal or glial lineage. Neural stem cells can be obtained
from neurogenic regions in the brain such as the subventricular zone (SVZ) or
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can be derived from induced embryonic stem cells (Alvarez-Buylla and Doetsch,
2002). Neural stem cells are considered good candidates as therapeutic vectors
for malignant cancer therapy because they possess a number of unique
characteristics. Perhaps the most important feature of NSCs in this context is a
large migratory capacity that enables them to traverse brain hemispheres, a
necessary characteristic when considering a cell-based therapeutic method that
is capable of 'tracking down' diffuse infiltrative gliomas such as GBM satellite
cells (Muller et al., 2006; Srivastava et al., 2006). This ability of transplanted
NSCs to migrate towards contralateral tumor insults in the brain has been
demonstrated in many studies and was first observed in rat models by Snyder
and colleagues (Aboody et al., 2000). Since then, many stem cell types including
embryonic, mesenchymal and neural stem cells have shown glioma tropism in
the central nervous system (CNS) as well as the ability to deliver
prodrug/enzyme therapies to cancers (Aboody et al., 2000; Aboody et al., 2006;
Chen et al., 2007; Nakamizo et al., 2005; Srivastava et al., 2006).
Throughout adulthood neuroblasts originating from the SVZ migrate along
the rostral migratory stream and enter the olfactory bulb (Gage, 2000; Goings et
al., 2004). However, in response to injury, SVZ-derived neuroblasts can migrate
in many directions through gray matter and sub-cortical white matter, including
regions of the cerebral cortex and the corpus callosum and to subcortical
structures such as the striatum, septum, thalamus and hypothalamus (Goings et
al., 2004; Ramaswamy et al., 2005). For example, Glass and colleagues
observed that endogenous SVZ stem cells can migrate toward a glioma graft
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(Glass et al., 2005). In addition to being able to migrate in the brain, another
benefit of using NSCs is that they are destined inherently (or primed in the case
of induced embryonic cells) to become mature neural cells. Neural cells may be
more suitable for engrafting, navigation, and integrating into a neural
environment but most importantly, to deliver chemotherapy to the GBM in the
brain parenchyma.
Neural Stem Cell Homing and Pathotropism
The innate attraction and migration to areas of inflammation due to CNS
pathologies such as brain tumors make NSCs unique candidates for therapeutic
platforms. Therefore, several preclinical studies have explored the use of NSCs
as drug-delivery vehicles to treat brain cancer (Aboody et al., 2000; Tang et al.,
2003; Willis et al., 2005). The chemokines and receptors that direct NSC
pathotropism are not defined completely but involve signals released at the site
of insult (cancer, lesion, etc.) and transient reparative signals expressed by cells
in the microenvironment (Imitola et al., 2004; Muller et al., 2006). Some
chemoattractants that may induce NSC tropism include stem cell factor (SCF),
stromal cell derived factor-1 (SDF-1), vascular endothelial growth factor (VEGF),
fractalkine, monocyte chemoattractant protein 1 (MCP-1), hepatocyte growth
factor (HGF), and many of the CXC motif chemokines (Imitola et al., 2004;
Kendall et al., 2008; Muller et al., 2006; Yip et al., 2006).
Stem cell tropism towards various types of cancers involves different
subsets of stem cells and occurs following xenotransplantation of stem cells
(Aboody et al., 2006; Nakamizo et al., 2005; Srivastava et al., 2006). Cross-
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species interactions may be an important point when considering treatment and
tolerance in humans; for instance as described later, human clinical trials have
tested mouse fibroblasts as drug delivery biopumps.
We examined cross-species interactions using ex vivo post-natal day 10 rat
organotypic brain slices as a model system for migration. Neuralized mouse
embryonic stem cells that were implanted on the slices, migrated and colocalized with human glioblastoma cells within one-week (Figure 12). This
migration of murine stem cells toward human glioma cells on ex vivo rat slices is
similar to in vivo results of transplanted syngeneic NSC migration to induced
brain tumors in rodent models (Li et al., 2005). In both in vivo and ex vivo
studies, transplanted stem cells surrounded the tumor graft and were not
detectable in other areas of the brain, suggesting a very directed migration of the
stem cells that resulted in co-localization with the glioma cells (Figure 12D). This
well-orchestrated movement is consistent with a specific chemokine-mediated
gliomatropic response and illustrates the compatibility of signaling mechanisms
between species, albeit in the absence of an immune response in these
ex vivo studies. Most importantly, tumor infiltration by stem cells seen over time
appears sufficient to confer a cytotoxic transfer between the stem and tumor cells
via the bystander effect (Figure 13).
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Figure 12. nESCs co-localize with glioma cells
GFP-expressing neuralized mouse embryonic stem cells (nESCs) co-localize
with RFP-expressing human tumor cells in an organotypic brain slice.
Stereoscopic epifluorescent images show tumor mass infiltration by nESCs.
GFP-expressing nESCs and RFP-expressing human glioma cells were
introduced on the surface of the organotypic rat brain slice. The living brain
section was obtained from a 300-micron thick coronal slice just anterior to
bregma obtained from a fresh rat brain embedded in agarose and cut with a
vibratome. Initially, 10 ml (~8,000 cells/ "l) of both cell types were
simultaneously implanted at separate locations on the surface of a one-week old
slice. Aliquots of the two cell types were applied approximately 10 mm from each
other across the width of the organotypic slice. Images shown here were taken
one week after implantation of the nESCs and glioma cells. Stereomicroscopic
epifluoresent images show that stem cells placed distant from the tumor cells colocalized to with tumor cells and were not detectable in other regions of the brain
slice. Scale bars = 1 mm; Scale bar in C applies to A-C.
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It will be of interest to determine the specific mechanisms that lead to stem
cell proliferation and migration when attacking brain tumors. For instance, further
studies are needed to analyze whether the stem cells proliferate before
migration, or whether the tumor microenvironment influences stem cell migration
before proliferation. Molecular and cellular mechanisms underlying stem cell
mobilization are relatively unknown and understanding how stem cells mobilize
may improve strategies for optimizing where and when to administer stem cells,
and in the context of GCV/tk, how to improve GCV administration for more
efficient bystander killing.
Our migration data illustrate that ex vivo culturing provides the opportunity
to view cells in a neural environment that closely mimics in vivo conditions, a
limitation that in vitro migration assays have yet to achieve. Organotypic cultures
further highlight the potent ability of signaling molecules to regulate stem cell
migration, and highlight the conservation of stem cell and glioma cell signaling
molecules across species (i.e., human and mouse). This may also prove to be a
useful model system for investigating pathotropism and for testing various types
of stem cells as potential delivery vehicles for prodrug/enzyme therapies.
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Figure 13. Time course of tumor infiltration by neuralized embryonic stem
cells on an organotypic brain slice.
These stereoscopic epifluorescent images show the progression of tumor mass
infiltration by nESCs over the course of a several weeks in an organotypic brain
slice culture. GFP-expressing nESCs and RFP-expressing human glioma cells
were introduced on the surface of an organotypic rat brain slice as described in
figure 2. (A-C) Starting at 2 weeks post-implantation, nESCs are found at the
tumor mass. At 3 weeks (D-F) and 4 weeks (G-I) post-implantation, the tumor
mass becomes infiltrated progressively by nESCs. At 6 weeks (J-L), the tumor
mass becomes encapsulated completely by the stem cells, suggesting contiguity
between nESCs and glioma cells. Scale bar = 1 mm; Scale bar applies to all
panels.
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Advances in Pre-clinical and Clinical Studies
Development of a GCV/tk mediated gene therapy has been a focus of
cancer research for many years with the central issue being the effectiveness of
transgene delivery to non-transduced cancer cells. In the past, viral vectors have
been used predominantly to deliver gene products directly to tumor cells but have
met with limited success. Therefore, novel strategies employing cell-mediated
delivery of GCV/tk are being investigated.
There has been success in developing and characterizing neural stem
cells as vehicles to deliver GCV/tk for cancer gene therapy (Willis et al., 2005);
recently, pre-clinical studies have reported substantial progress in eliminating
brain tumors in rat models. Li and colleagues (Willis et al., 2005) demonstrated
complete elimination of glioma xenografts by HSV/tk engineered neural stem
cells in combination with GCV treatment (termed NSC/tk therapy). This study
reported that NSC/tk therapy completely abolished tumors that were induced 7
days before the intra-tumoral administration of NSCs, and remarkably, rodents
remained glioma-free for up to 10 weeks before sacrifice. These encouraging
findings show the potential of NSC/tk therapy even though direct intra-tumoral
delivery of HSVtk-producing fibroblast vector producer cells was ineffective in
human clinical trials. Nonetheless, these exciting results still leave one of the
most important questions regarding the feasibility of this application unanswered
before translating into clinical trials: Will NSC/tk therapy target invading GBM
cells at some distance from the tumor’s epicenter? Since xenografts, including
human orthotopic xenografts, form relatively well-circumscribed GBMs, genetic
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mouse models that result in spontaneous tumor occurrence may be better suited
to addressing this important question.
In a Phase III clinical trial, fibroblasts were used to deliver HSV/tk intratumorally to GBM patients as an adjuvant to conventional therapy (surgical
resection and radiotherapy) (Rainov, 2000). In this multi-center controlled trial,
randomized patients received vector-producing mouse fibroblasts cells (cell line
PA317) engineered to deliver the HSV/tk gene in a retrovirus-mediated fashion to
tumor cells. The vector producer cells were injected into the wall of the cavity
formed by surgical tumor debulking. Study patients then received intravenous
GCV and radiation versus radiation alone. Unfortunately, median patient survival
was not significantly different compared to the radiation-treated control group.
Most of the recurrences were adjacent to the wall of the cavity and in patients
who succumbed before they were treated with GCV; vector producer cells were
seen at autopsy within a few millimeters of needle tracks. It is not known
whether the outcome resulted from the use of murine-derived cells, nonmigratory fibroblasts, or was a combination of various technical factors. Before
an NSC/tk therapy can be employed in a human clinical trial, preclinical testing
will need to be completed in genetic mouse models of GBM or human orthotopic
xenografts that more closely mimic the human disease. After GCV
administration, it is expected that all the transplanted tk+ stem cells and the
targeted tumor cells would succumb to self-induced death. Ideally, GCV will
need to be administered when the maximum number of stem cells have honed to
GBM cells within the brain.
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Unpublished observations - Intracranial Transplant Models
To understand the in vivo migration capacity of the stem cells towards the
tumor cells, we utilized methods established by Li et al. with modifications (Li et
al., 2005). For preliminary studies, we transplanted neuralized mouse embryonic
stem cells and glioma tumor cells intracranially in wild-type C57 mice, similar to
the methods described for the organotypic brain slices (Figure 14). Animal
studies were performed in accordance with approved protocols outlined by the
Institutional Animal Care and Use Committee of the University of Missouri.
Briefly, before cell injections, mice were anesthetized and placed in a stereotactic
apparatus to secure the cranium. For reference and locations of cell placement,
we referred to the text of ‘The Mouse Brain in Stereotaxic Coordinates’ (Paxinos
and Franklin, 2004). The skin covering the skull was parted and a burr hole was
created. Transplantation coordinates for cortical cell placement just above the
corpus callosum in adult mice was as follows: 0.5mm anterior of bregma, 2mm
lateral from bregma in left or right hemispheres. A 31.5 gauge 10 "l Hamilton
microsyringe (Hamilton Company, Reno, NV) was inserted into the brain to the
point of 4mm ventral from the dura, and allowed to sit for one minute, retracted to
3mm ventral from the dura then removed upon one minute after injection (Li et
al., 2005).
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Figure 14. Intracranial transplant model
As proof of principle, GFP-expressing neuralized mouse embryonic stem cells
(green signal) and RFP-expressing glioma cells (red signal) were intracranially
transplanted into the cerebral cortex of rats. After a few days, the brains were
removed and sectioned to visualize migration. In this section, the stem cells can
be seen in the striatum and the external capsule, and the tumor cells have
migrated on the external capsule down towards the lateral septal nucleus.
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For experiments, tumor and stem cells were injected on the same day in
contralateral hemispheres and, and sacrificed 4 days post-transplant. We
transplanted approximately two million cells (~500,000 cells/ul) of B6 mouse
ESCs in the left hemishphere and one million SF767 cells (500,000 cells/ul) in
the right hemisphere. Upon removal of brains, the brain was fixed in 4%
paraformaldehyde and sucrose protected in increasing concentrations of
sucrose, then OCT embedded. The brains were cryosectioned at approximately
20 µm for visualization.
Brain slices containing the cells were viewed with an epi-fluorescence
Leica stereoscope to determine the migratory capacity of the GFP-expressing
neuralized ESCs towards the RFP-expressing tumor cells (Figure 14). For some
experiments, the animals were sacrificed at between 1-2 weeks post-transplant.
Stem cells were seen co-localized with tumor cells in some sections indicating
that neuralized embryonic stem cells have the capacity to migrate contralaterally
towards glioma cells in vivo.

HSV/tk Vector
The coding sequence for HSV/tk was excised from plasmid pAd-HSV-tk
(Aldevron) and cloned into the Xho1-BamH1 sites of pcDNA3.1 (Invitrogen) to
produce pcDNA/tk (Figure 15). The HSV/tk vector can be transfected into B5
embryonic stem cells and GFP-expressing fibroblast cells (as controls) with
Lipofectamine reagent (GIBCO/BRL), and selected with geneticin (G418).
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Migration of Neuralized mESCs
Cell migration in the brain occurs on migratory pathways such as the
corpus callosum, or the rostral migratory stream (RMS) as is the case for SVZ
born neuroblasts. Studies have shown that neural stem cell lines transplanted
into mouse brain associate with blood vessels and often migrate along blood
vessels (Honda et al., 2007). This relationship has also been described in the
rostral migratory stream. Whitman et al., show that blood vessels and astrocytic
arborizations run parallel to neuroblast migration in the RMS. The contribution of
glia to the structure of the RMS is important, and this study suggests that the
dense vasculature in the RMS plays an important role in modulating the
migratory microenvironment (Whitman et al., 2009). As demonstrated here,
neuralized mESCs have the ability to migrate towards human glioma grafts on
organotypic rat brain slices. Our observations suggest that the stem cells
migrate along the vasculature as well as the fiber tracts (Figure 16).
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Figure 15. TK vector construction
The TK sequence was cloned into a plasmid containing a neo gene. This
plasmid can be transfected into ESCs before neuralization. Transfected cells
can be selected for with G418. Cell suicide can be tested with the addition of
GCV to determine the optimal dosage concentration for in vivo studies.
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Figure 16. Migratory pathways of nESCs
The glioma cells were placed in the top right quadrant of the brain slice, and the
stem cells were placed in the bottom left quadrant of the slice as described in the
methods. After one week in culture, the stem cells formed a distinct linear
organization in the direction of the glioma cells, appearing to surround a blood
vessel (which are in abundance and noticeable in this region during slice
preparation). The mESCs are also seen in the fiber tracts of the corpus
callosum. Regardless of the substrate, the mESCs efficiently navigate towards
the glioma cells. Coronal slice image provided as reference, from (Belicchi et al.,
2004).
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Conclusions
Clinical studies support the feasibility and biosafety of an HSV/tk-based
gene therapy. It remains to be determined in humans if efficient gene transfer to
tumor cells can be achieved using stem cells as a delivery platform. Additional
research is required to elucidate the utility of transplanted stem cells, before
neural, mesenchymal or embryonic cells can be used safely and effectively in the
clinical setting. Neural stem cells transduced with HSV/tk combined with GCV
administration provide a promising new treatment option that may one day
extend significantly the life of patients with GBM.
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CHAPTER 3

ISOLATION AND CHARACTERIZATION OF A POPULATION OF
STEM-LIKE PROGENITOR CELLS FROM
AN ATYPICAL MENINGIOMA

Submitted: Prakash Rath, Douglas C. Miller, N. Scott Litofsky, Douglas C.
Anthony, Qi Feng, Craig Franklin, Lirong Pei, Alan Free, Mark D. Kirk, Huidong
Shi.

3.1 Abstract
The majority of meningiomas are benign tumors associated with favorable
outcomes; however, the less common aggressive variants with unfavorable
outcomes often recur and may be due to sub-populations of less-differentiated
cells residing within the tumor. These sub-populations of tumor cells, termed
tumor-initiating cells, may be isolated from heterogeneous tumors when sorted or
cultured in defined medium designed for enrichment of the tumor-initiating cells.
We report the isolation and characterization of a population of tumor-initiating
cells derived from an atypical meningioma. These meningioma-initiating cells
(MICs) self-renew, differentiate, and can recapitulate the histological
characteristics of the parental tumor when transplanted into athymic nude mice.
Immunohistochemistry reveals protein expression patterns similar to neural stem
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and progenitor cells while genomic profiling verified the isolation of cancer cells
(with defined meningioma chromosomal aberrations) from the bulk tumor.
Furthermore, microarray analysis of gene expression reveals that many epithelial
to mesenchymal transition genes are upregulated in the MICs, consistent with
the presence of both neural stem cell and mature neural cell molecular markers
seen in the derived cultures. Pathway analysis identifies biochemical processes
and gene networks related to aberrant cell cycle progression, particularly the loss
of heterozygosity of tumor suppressor genes CDKN2A (p16INK4A), p14ARF, and
CDKN2B (p15INK4B). Flow cytometric analysis revealed the expression of CD44
and activated leukocyte adhesion molecule (ALCAM/CD166); these may prove to
be markers able to identify this cell type. In conclusion, we identify a tumorinitiating population from an atypical meningioma that displays a unique
phenotype and these results provide increased understanding of atypical
meningioma progression.

3.2 Introduction
Meningiomas are common intracranial neoplasms that account for
approximately 30% of all reported brain tumors (CBTRUS: 2007-2008 Statistical
report: primary brain tumors in the United States).

Most meningiomas are

attached to the dura and press on the brain or spinal cord through the arachnoid,
although unusual examples can arise within the brain’s ventricles or in the
leptomeninges without a dural attachment. These tumors express a phenotype
similar to meningothelial (arachnoid cap) cells both histologically and
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immunohistochemically, and the majority are sporadic, slow growing, and are
classified as benign (WHO grade I) (Willis et al., 2005).

However, more

aggressive variants such as atypical (WHO grade II) and anaplastic (WHO grade
III) meningiomas may express a mesenchymal-like phenotype, and these often
recur and invade the brain following initial removal, or even disseminate to
distant sites (WHO grade III) resulting in a lower median survival compared to
their benign counterparts (Willis et al., 2005). Unusual examples of meningiomas
are associated with genetic syndromes (e.g., Neurofibromatosis Type II, NF2) or
are induced by radiation (Simon et al., 2007).
Whole genome gene expression profiling has provided insight into the
genetic alterations and pathway deregulation of meningiomas, providing a better
understanding of the molecular signature for meningioma variants. Mutations
and aberrant DNA methylation patterns in the well-studied tumor suppressor
gene NF2, located on chromosome 22, have been implicated in more than half of
spontaneous

meningiomas

suggesting

a

role

for

NF2

involvement

in

meningiomas and as a target for therapy (Hanemann, 2008; Liu et al., 2005).
However, additional genetic components contribute to the more aggressive
meningioma variants and include frequent chromosomal aberrations such as the
loss of chromosomal regions 1p, 6q, 10, 14q, 18q, 22q, or the gain of 1q, 9q,
12q, 15q, 17q and 20q (Keller et al., 2009; Watson et al., 2002; Weber et al.,
1997; Wrobel et al., 2005). These include the inactivation of cell cycle genes
either due to homozygous deletion or truncated expression due to mutation, and
may contribute to the malignant growth and progression of meningiomas through
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the deregulation of the cell cycle. Deletions in tumor suppressor genes CDKN2A
(p16INK4A), p14ARF, and CDKN2B (p15INK4B) have been investigated in high-grade
meningiomas and are known to cause cell-cycle deregulation at the G1/S phase
checkpoint (Bostrom et al., 2001; Simon et al., 2007).
Over the past few decades, many studies have identified and
characterized small populations of cells that are present within various tumors.
Designated tissue-specific cancer stem cells (CSCs) or tumor-initiating cells
(TICs) with stem-like properties, these cells are characterized by their in vitro
properties of self-renewal and differentiation, and in vivo tumorigenic capabilities
(Dalerba et al., 2007; Fang et al., 2005; Lapidot et al., 1994; Singh et al., 2004;
Zhang et al., 2008). First described in acute myeloid leukemia (Lapidot et al.,
1994), these “cancer stem cells” are now recognized in a variety of tumors (Hill
and Wu, 2009). According to the cancer stem cell hypothesis, sub-populations of
cells reside within tumors to regenerate and sustain the heterogeneity of the
tumor and its growth.

CSCs or brain tumor-initiating cells (BTICs) share

properties of neural stem/progenitor cells (NSPCs) with regard to their ability to
self-renew and differentiate, their enrichment in defined culture conditions, and
their identification based on the molecular markers they express (Singh et al.,
2003).
Identification of CSCs or BTICs has been an active area of research in
cancer biology and understanding these cells may be a first step toward targeting
the underlying causes of recurrent tumors. In the brain, CD133 is a putative
though not exclusive stem cell marker used to identify BTICs and is associated
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with NSPCs, mesenchymal stem cells, progenitor cells, and hematopoietic stem
cells.

Additionally, CD133 is expressed by many tumor types such as

carcinomas of colon, liver, lung, ovary, pancreas and prostate (Fabian et al.,
2009).

A CSC, or initiating population within tumors and tissues have been

identified based on the presence or absence of various molecular markers such
as: CD44+/CD24- for breast cancer, CD44+/CD24+ for pancreatic cancer,
CD44+/ CD133+/- CD166+ for colon cancer, CD44+/ CD133+/ Sca-1+/ CD117+
for prostate cancer, CD44+/ CD117+ for ovarian cancer, CD20+ for melanoma,
and CD90+ for liver and lung (Chu et al., 2009; Fabian et al., 2009; Fang et al.,
2005; Zhang et al., 2008). It is important to note that the overlap of markers and
the lack of consensus in various studies regarding the combination of markers to
identify progenitor cell populations within tumors are due to tissue-specificity, and
can be attributed to the heterogeneous nature of the primary tumor, the culture
medium, or the developmental state of the cells.
In this study, we report the establishment of a cell line with properties of
BTICs, derived from an atypical meningioma. These meningioma-initiating cells
(MICs) have been enriched using serum-free cell culture medium in the presence
of mitogens, initially designed for the isolation and propagation of NSPCs and
BTICs in vitro (Reynolds and Weiss, 1992; Singh et al., 2003).

These cells

exhibit a capacity for self-renewal, differentiation, and recapitulate hallmarks of
the parental tumor when transplanted into athymic nude mice. Gene expression
microarray analysis in conjunction with flow cytometry and fluorescent
immunohistochemistry revealed CD133, CD44, and CD166 surface marker
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expression as properties of this meningioma-initiating cell (MIC).

Array

Comparative Genomic Hybridization (aCGH) identified genomic commonalities of
the MICs with high-grade meningiomas.

Additionally, we provide evidence

supporting the presence of MICs found early in the hierarchal lineage of an
atypical meningioma.

3.3 Methods and Materials
Patient tissue specimens
Tissue samples from the primary atypical meningioma and NSPC samples
were provided via appropriate Institutional Review Board-approved protocols of
the Department of Surgery, Division of Neurological Surgery; and Pathology and
Anatomical Sciences, both in the School of Medicine at the University of
Missouri. The tumor was located in the left fronto-parietal area, attached to the
sagittal sinus and upon removal, was placed in culture medium as described
below. The NSPC sample was obtained from telencephalon and diencephalon
regions of the cerebral hemispheres from a fresh fetal autopsy at 17 weeks
gestational age.
Cell culture
Fresh tissue from the atypical meningioma and NSPC samples were
mechanically dissociated, washed with PBS, and red blood cells were removed
with Histopaque (Sigma). To promote growth of progenitor cells, the cells were
grown as non-adherent cultures in uncoated petri dishes in serum-free growth
medium containing DMEM-F12 (lacking phenol red) supplemented with 20ng/ml
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epidermal growth factor (EGF; Invitrogen), 20ng/ml basic fibroblast growth factor
(bFGF; Invitrogen), 1:50 B27 supplement (Invitrogen), 1:100 N2 supplement
(Invitrogen), and 10ng/ml leukemia inhibitory factor (LIF; Chemicon) as a
permissive factor to facilitate the proliferation of progenitor cells, hereafter known
as “DN2L medium” (i.e. mitogen-containing medium).

For differentiation

experiments, the cells were dissociated and grown on laminin (Sigma) coated 8well chamber slides (BD Biosciences) at a density of 100,000 cells/well in the
presence of DMEM-F12 (“mitogen-free medium”) as described by the
manufacturer (Human Neural Stem Cell Characterization Kit, Chemicon). Cells
were incubated at 37°C with 5% CO2.
Flow Cytometry
For fluorescence-activated cell sorting (FACS), cells grown in DN2L media
were dissociated with cell dissociation buffer (Sigma) into single cell suspensions
and labeled according to the procedures specified by the manufacturer of the
antibodies (R&D systems). Antibodies used were: anti-human ALCAM (CD166)PE conjugated (R&D Systems) and anti-human CD44 APC-conjugated (BD
Biosciences). The corresponding isotype controls were: IgG1 Isotype Control PEconjugated (R&D Systems) and IgG2bK Isotype Control APC-conjugated (BD
Biosciences) (Figure 17 a,b). Upon removal of xenograft tumors, the tissue was
mechanically dissociated and placed into DN2L medium (for MIC enrichment) for
1 week before FACS analysis. Cells were sorted using the CyAn ADP highperformance flow cytometer (Beckman Coulter) and data analyzed with Summit
software (Dako).
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Figure 17. Flow cytometry and IHC Controls
(a) CD166 (b) CD44 flow cytometry control antibodies (c) IHC reference (d) IHC
control
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Animal Xenografts
Animal studies were performed in accordance with approved protocols
outlined by the Institutional Animal Care and Use Committee of the University of
Missouri. For in vivo tumorigenicity studies, cells grown in DN2L medium were
dissociated, counted, resuspended at 5x106 cells in 150 µl 1:1 DN2L
media/Matrigel (BD Biosciences), and injected subcutaneously into seven left or
right flank regions of 6- to 7-week old female athymic nude mice (Hsd:Athymic
Nude Foxn1nu; Harlan). Tumor size was measured weekly using a digimatic
caliper (Mitutoyo) until sacrifice during the fourth week post-transplant for each
group.

The volume (V) of the flank tumor was calculated by multiplying the

longest dimension (l) of the tumor by the shortest dimension (w), by the height
(h), multiplied by 0.5263 ($/6), the standard formula for determining spherical and
elliptical shaped tumors, V = (l)(w)(h)($/6), as described (Ying et al., 2007). Mice
were sacrificed at 4-5 weeks post-transplant and xenograft tumors were
removed.

Portions of the xenograft were snap frozen for DNA isolation (for

aCGH), cryosectioning for immunohistochemistry (IHC), or fixed in 4%
paraformaldehyde and embedded in paraffin for histology, or dissociated and
placed in DN2L medium for MIC enrichment and FACS analysis.
Histology and Immunohistochemistry
For histology, tumor specimens and xenografts were fixed in either 10%
buffered formalin or 4% paraformaldehyde, processed routinely, and embedded
in paraffin. Sections were cut at 8 µm thickness and mounted on slides for
standard Hemotoxylin and Eosin (H&E) staining and histologic assessment.
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Primary antibodies used for IHC were: anti-Vimentin, anti-EMA, anti-GFAP, antiS100, anti-HMB45, anti-MelanA (A-103), anti-Synaptophysin (Dako), NF-M
(RMDO20) (Invitrogen), anti-NeuN (Chemicon), anti-Nestin (Santa Cruz). Avidinbiotin immunoperoxidase detection methods were used for visualization.

For

fluorescence IHC, cells were prepared and processed according to the
manufacturer’s protocol (Human Neural Stem Cell Characterization Kit;
Chemicon).

Tumor cell clusters and neurospheres were embedded in OCT,

sectioned at 10 µm sections in a cryostat, and labeled with antibody as
previously described (Bleau et al., 2008).

Primary antibodies used for

fluorescent IHC were: anti-Nestin, anti-Sox2, anti-#III-tubulin, anti-GFAP, antiNeurofilament 150kd (Chemicon), anti-CD133, anti-CD166, (Abcam), antiVimentin (Dako), anti-Snai1, and anti-Twist1 (ABNOVA). Fluorescently tagged
secondary antibodies used were goat anti-mouse Alexa Fluor 488, goat antirabbit Alexa Fluor 546, and goat anti-rabbit Alexa Fluor 488 (Invitrogen).
Sections were counterstained with Vectashield (Vector Labs) mounting medium
(which contains the DNA counterstain DAPI) before visualization.

Negative

controls were processed as described above with no primary antibody (Figure 17
c,d).
Imaging
Brightfield images of cultured cells were captured with a Nikon D100
camera

through

photomicrographs

an

Olympus

were

CKx41

captured

with

upright
an

microscope.

Optronics

Histology

Macrofire

digital

photomicroscope camera mounted on an Olympus BX51 microscope. Confocal
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images were captured with a Zeiss 510 META NLO and a Zeiss 5 live
microscope and processed with LSM 5 Image Examiner software.
Microarrays
Tissue was disrupted using the TissueLyser apparatus (Qiagen). Isolation
of RNA (from cells grown in DN2L media) and DNA (from the primary tumor, cells
in DN2L medium, xenograft, and post-transplant cells in DN2L medium) were
performed using RNeasy and DNeasy mini kits (Qiagen). Subsequent samples
were run on microarrays to assess copy number (CN), loss of heterozygosity
(LOH), and significant differences in gene expression. Sample data generated
for CN and LOH came from an Affymetrix Human SNP 5.0 array interrogating
500,568 SNP probes and 420,000 additional non-polymorphic probes
(Affymetrix, Inc.). Data for gene expression was derived from an Illumina Human
WG-6 v3 Expression BeadChip interrogating ~48,000 transcripts (Illumina, Inc.).
Both array formats are whole genome arrays and the assays were performed in
accordance with the respective manufacturer’s protocol.
Data Acquisition and Analysis
Arrays were scanned to obtain raw data that was imported into Partek
Genomics Suite to generate relevant CN, LOH, and Gene Expression data. CN
values were created using comparisons against a 270 HapMap CN sample
dataset (a value of 2 being a normal diploid CN value). Genetic CN events were
reported as amplifications (CN values >2.3) and deletions (CN values <1.7) using
Partek’s Genomic Segmentation algorithm. Single nucleotide polymorphism
(SNP) genotype data was obtained through Affymetrix’s Genotyping Console to
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create heterozygous and homozygous calls for each SNP, which is then imported
into Partek and compared against a 270 HapMap genotype sample dataset to
generate a list of potential regions with a loss in heterozygosity. Gene
Expression values were created by ANOVA (analysis of variance) 1-way contrast
in Partek to create a differential expression table which is imported and analyzed
in Ingenuity Pathway Analysis (IPA) for functional network and pathway
relevance (Ingenuity® Systems, www.ingenuity.com). A fold change cutoff of +/-2
and p-value cutoff of 0.01 were set to identify significant changes in global gene
expression, and correlated with the CN and LOH data to identify the genes of
interest that were significantly differentially expressed as compared to the
NSPCs. These “focus genes” were overlaid onto a global molecular network
developed from information contained in the Ingenuity Pathways Knowledge
Base, a repository of molecular interactions, events, and associations used for
pathway construction. Specific networks of these focus genes were then
algorithmically generated based on their connectivity. For functional analysis, the
most significant genes from the dataset that met the cutoff and were associated
with biological functions and/or diseases in the Ingenuity Pathways Knowledge
Base were considered for the analysis. Fischer’s exact test was used to
calculate a p-value determining the probability of each biological function and
disease assigned to the data set. Similarly, pathway analysis identified the
pathways from the Ingenuity Pathways Analysis Library of Canonical Pathways,
derived from Ingenuity Pathways Knowledge Base, that were most significant to
the data set. Illumina BeadStudio module was used to generate histograms of
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the average signal. A detailed description of the data generation and analysis
can be found in the supplementary material (Supplementary Information S1).
Raw microarray data have been uploaded to the Gene Expression Omnibus
database and can be accessed via accession # (pending upon acceptance)
(http://www.ncbi.nlm.nih.gov/geo/)
Microarray Data Generation and Analysis
Raw data was imported into Partek Genomics Suite to generate relevant
CN, LOH, and Gene Expression data. CN values were created by logging (base
2) all of the ~900K raw probe fluorescent values compared against a 270
HapMap Sample baseline CN dataset and converting this information into the
corresponding CN values (a value of 2 being a normal diploid CN value).
Genetic CN events were reported as amplifications (CN values >2.3) and
deletions (CN values <1.7) using Partek’s Genomic Segmentation algorithm. A
resulting CN event was required to have a minimum of 10 correlated neighboring
probes with a p-value threshold of 0.001 for the significance of the difference
from two neighboring probes.
SNP genotype data was created by running the ~500K SNP probes
through Affymetrix’s Genotyping Console using the BRLMM genotyping algorithm
to create heterozygous and homozygous calls for each SNP probe. The data file
is imported into Partek and compared against a 270 HapMap genotype sample
dataset for LOH analysis which generates a list of potential regions with a loss in
heterozygosity using a threshold approaching “zero” value (roughly, less than
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0.07) based upon a heterozygous rate of the probes in the region. Normal
regions have a heterozygous rate around 0.3.
Gene Expression values were created by first normalizing the arrays using
a Quantile Normalization in Partek to remove statistical variation. The raw probe
fluorescent values were then logged (Base 2) and contrasted by generating Log2
ratios from the test sample compared to a normal group using an ANOVA
(analysis of variance) 1-way contrast in Partek. This creates a differential
expression table where the log2 ratios were considered significant if the change
from normal was >2 or <-2 and reported as a fold change table. This fold change
table was then restricted to transcripts that had a p-value significance less than
0.01. The resulting data sets from CN, LOH, and Gene Expression analysis
were integrated in Partek to compare the effect of CN and LOH data on the
overall Gene Expression. The resulting table of correlated genes was imported
and analyzed in IPA for functional network and pathway relevance to compare
against the global Gene Expression data generated in the previous step. The
data sets containing the respective gene identifiers and corresponding
expression values were uploaded into IPA. Each gene identifier was mapped to
its corresponding gene object in the Ingenuity Pathways Knowledge Base. A fold
change cutoff of +/-2 and p-value cutoff of 0.01 were set to identify the global
gene expression and correlated with the CN and LOH data to identify the genes
of interest that were significantly differentially regulated.
Fischer’s exact test was used to calculate a p-value determining the
probability that each biological function and disease assigned to the data set is
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due to the effect of the condition as opposed to the biological function
designation occurring by random chance. Canonical pathways were analyzed to
identify the pathways of significance from the Ingenuity Pathways Analysis
library. Significance of the associated pathway was measured by a ratio of the
number of genes from the data set that map to the pathway divided by the total
number of genes involved in respective pathway. Secondly, a Fischer’s exact
test was performed to assess the significance of the association of the focus
genes to the pathway of interest.

3.4 Results
Cells

derived

from

primary

atypical

meningiomas

self-renew

and

differentiate along neuronal and glial lines in vitro.
Fresh primary atypical meningioma specimens, upon dissociation and
RBC removal, were placed in mitogen-containing DN2L media and grown as
non-adherent cell clusters. The cells were sub-cultured weekly for approximately
1 month until it was apparent that only non-adherent cells remained in the dish.
These cells aggregated as small clusters or single cells (Figure 18A top),
compared with the tight spherical formations normally associated with NSPC
neurospheres or tumorspheres, such as those derived from high-grade gliomas
(data not shown).

The cells rapidly proliferated and expressed the NSPC

molecular markers Nestin, SRY-related HMG box gene 2 (Sox2), and CD133
(Figure 18B, left and middle), and expressed the intermediate filament proteins
Vimentin and Glial Fibrillary Acidic Protein (GFAP) (Figure 18B, right). Upon
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dissociating the aggregates and plating on laminin-coated slides in the absence
of mitogens, we observed outgrowth of cellular processes and morphologies
consistent with a differentiated cellular phenotype (Figure 18A, bottom). The
cells were immunoreactive for the mature neuronal markers Neurofilament-M
(NF-M, 150kD) and #III-tubulin (Figure 18C, left and middle), and retained the
expression of Vimentin and GFAP (Figure 18C, right).

The expression of

Nestin, Sox2, and CD133 was similar to the staining patterns seen in NSPCs
grown in the DN2L medium (data not shown). Furthermore, upon the withdrawal
of mitogens, the NSPCs differentiate and express mature cell markers (data not
shown) in a manner similar to that shown here for the meningioma-derived cells.
These results indicate that these tumor-derived cells, or meningioma-initiating
cells (MICs), can self-renew, and following withdrawal of mitogens, differentiate
into neural lineages similar to that of a brain-progenitor cell-type.

However,

unlike the NSPCs, these MICs grown in the DN2L medium expressed the mature
cell marker NF-M (Figure 19).
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Figure 18.

Mitogen withdrawal induces differentiation of MICs A, MICs

cultured in serum-free medium supplemented with mitogens grow as nonadherent asymmetrical clusters of cells (top), and following withdrawal of
mitogens in adherent culture conditions, extend processes and exhibit
morphologies similar to neurons and astrocytes (bottom). B, In the presence of
mitogens, the majority of undifferentiated cells were immunoreactive for neural
stem/progenitor cell markers Nestin and SRY-related HMG box gene 2 (Sox2)
(left), the stem cell marker CD133 (middle), and the intermediate filament
proteins Vimentin and GFAP (right). C, In the absence of mitogens, adherent
cultures expressed the mature cell markers #III-tubulin (left), Neurofilament-M
(middle), and retained the expression of Vimentin and GFAP (right). Nuclei were
counterstained with DAPI (blue). Scale bars for all images 50µm.
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Figure 19. MICs express NF
MICs cultured in DN2L media express the mature cell marker Neurofilament with
DAPI as a nuclear counterstain (blue). Scale bar 50µm.
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MICs are tumorigenic and histologically resemble the primary tumor.
The primary tumor was a dural-based frontoparietal convexity mass
excised at surgery (Figure 20). Sections of routinely processed tumor showed a
meningioma with lobular growth patterns containing epithelioid clusters and
sheets of cells, most sharply demarcated from underlying cerebral cortex (Figure
21). The tumor had a variety of histological features characteristic of
meningiomas, including classical meningotheliomatous meningioma with areas of
sheet-like growth of small to mid-size bland monotonous cells, and other areas
with markedly pleiomorphic cells with large nuclei and large prominent nucleoli.
Several foci contained small cells with hyperchromatic nuclei and scant
cytoplasm (Figure 21 A, top, left-right). There were zones with considerable
fibrous tissue between the cells, particularly in the more pleiomorphic areas. The
tumor showed areas with multiple mitotic figures, which in these areas exceeded
4 mitotic figures in 10 high power (400x) fields. Additionally, the tumor focally
invaded the underlying brain.
The tumor cells were strongly and diffusely immunopositive for vimentin
and in patches had a delicate surface membrane immunopositivity for Epithelial
Membrane Antigen (EMA) and was GFAP immunonegative (with adjacent
immunopositive gliotic brain) (Figure 21 A bottom, left-right). There was
nuclear immunoreactivity for Progesterone Receptors in a small minority of tumor
cells and no immunopositivity for S100 protein, HMB45, MelanA (antibody A103), or pan-cytokeratin (data not shown). Based on the immunofluorescence,
subsequent immunostains were performed on cultured cells (see above), which
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demonstrated no immunoreactivity for the neuronal markers Synaptophysin,
Neurofilament Protein (antibody RMDO20 to NF-M), or Neu-N, or for the neural
precursor marker Nestin (data not shown).
To examine the tumorigenicity of the non-adherent MIC’s (DN2L medium)
we xenografted these cells subcutaneously to the flank regions of athymic nude
mice. After four weeks of growth (Figure 22 B, top left), we observed tumors
that had histological features similar to those of the primary tumor, such as areas
with whorl formation and areas that resembled the more atypical areas of the
parental tumor with more pleiomorphic nuclei and mitotic figures (Figure 22 B,
top right). Similar to the primary parental tumor, the xenograft had diffuse areas
of Vimentin positivity and regions of patchy EMA cell-surface positivity (Figure 22
B bottom, left, middle). However, there were areas of patchy GFAP
immunopositivity in tumor cells, consistent with the immunofluorescence results
from cultured cells derived from the primary tumor (Figure 22 B bottom, right).
Unlike the primary tumor, the mouse xenograft had strong labeling of Nestin and
areas of patchy immunopositivity for Neu-N, Synaptophysin, and NF-M (Figure
23)

!

)#!

Figure 20. MRI image of primary atypical meningioma
Malignant meningiomas account for 4% of all meningiomas. The tumor was
located in the left fronto-parietal area, attached to the sagittal sinus.
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Figure 21. Histological assessment of 1° parental tumor
A, top panel, representative H&E staining of the parental atypical meningioma
exhibiting a variety of histological patterns including areas of atypical cluster
formation (left), highly atypical areas (middle), and small anaplastic cells (right).
A, bottom panel, immunolabeling shows strong, diffuse immunopositivity in
virtually all tumor cells for Vimentin (left), a membranous staining pattern for EMA
with variable intensity (middle), and tumor cells without GFAP staining (right) with
GFAP immunopositivity in adjacent brain. Scale bars for all images 50µm.
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Figure 22. Xenograft of MICs recapitulates features of 1° parental tumor
B, top left, representative image of xenograft tumor 4 weeks after subcutaneous
injection of undifferentiated MICs enriched from the parental atypical meningioma
tumor. Xenograft tumors recapitulate meningioma features and have areas with
whorl formation (top right) and histological patterns similar to the parental tumor.
B, bottom left, mouse xenograft tumor labeled immunopositive for Vimentin,
EMA (bottom middle), GFAP (bottom right). Scale bars for all images 50µm.
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Figure 23. H&E staining of the mouse xenograft tumor
The xenograft tumor showed immunopositive labeling for NeuN (top left), Nestin
(top right), Synaptophysin (Syp) (bottom left), and Neurofilament (RMDO20)
(bottom right). Scale bars for all images 50µm.
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ALCAM/CD166 and CD44 are expressed before and after xenograft.
Surface markers that are associated with progenitor and tumor-initiating
cell populations in other tumor types are used to identify and isolate these cells
from the bulk tumors.

Analysis of the gene expression profile revealed that

hyaluronate receptor (CD44) and activated leukocyte cell adhesion molecule
(ALCAM or CD166) is upregulated in the MICs as compared to the NSPCs (data
not shown).

This expression profile suggested that these markers might be

enriched because of placement in the DN2L medium.

Therefore, we tested

whether this phenotype is present in the primary tumor and could be re-isolated
or re-enriched following xenotransplantation. Fluorescent IHC revealed that the
primary tumor contained scattered cells that were immunopositive for the
expression of ALCAM (Figure 24 A left), whereas nearly all the cells had
expression when cultured in the DN2L medium before transplantation (Figure 24
A middle). Flow cytometric analysis confirmed that the cells grown in the DN2L
medium homogeneously express the surface markers ALCAM and CD44 before
transplantation (Figure 24 B left).

After removal and dissociation of the

xenograft, the cells were placed into DN2L medium for one-week before analysis,
the length of time necessary to re-isolate the non-adherent only population of
cells from the dissociated bulk tumor. Fluorescent IHC indicated that the majority
of cells post-transplantation expressed ALCAM (Figure 24 A right), and flow
analysis confirmed the expression of ALCAM, as well as CD44 in nearly all of the
cells (Figure 24 B right). The lower expression level in the primary parental
tumor as compared to the pre-transplant cells suggests the enrichment in culture
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Figure 24. MICs express ALCAM and CD44
Fluorescent immunohistochemistry and flow cytometric analysis show that
culture medium enrich for an ALCAM+, CD44+ subpopulation of cells.
A, staining in cryosections of fresh frozen primary tumor show areas of scattered
ALCAM expression (left) and increased abundance of cells expressing ALCAM
with time in DN2L media prior to transplant (MICs pre-transplant) (middle). The
xenograft tumor was dissociated and cultured in DN2L media until non-adherent
cells remained (MICs post-transplant). Post-transplantation MICs expressed an
abundance of ALCAM (right).

B, Flow cytometric analysis reveals the near

uniform expression of ALCAM and CD44 pre- and post-transplant. Nuclei were
counterstained with DAPI (blue). Scale bars for all images 50µm.
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of an ALCAM+ population of cells (derived from the primary tumor), that was
either maintained or re-enriched in DN2L medium by cells derived from the
xenograft.

MICs derived from the parent tumor and from the xenograft show a
genomic expression pattern similar to that of the parent tumor.
Deletions or mutations in the NF2 gene, located on chromosome 22, are
implicated in the tumorigenesis of many meningiomas, therefore; the NF2 gene
status of MICs grown in DN2L medium and a sample from the paraffinembedded primary tumor were analyzed to define specific cytogene changes in
these cells (Testing done in the Neurofibromatosis Laboratory of Massachusetts
General Hospital, Dr. Xie Win).

Analysis of the coding regions of exons 1

through 17 showed no deletion of the NF2 gene in either the primary tumor
specimen or the cultured cells derived from it, and no mutation (limited exon
analysis). We performed aCGH and SNP genotyping analysis to determine CN
and LOH for four different samples: 1) the primary parental atypical meningioma,
2) cells derived from the parental meningioma and grown in the DN2L medium,
3) the xenograft, and 4) the non-adherent population of the cells dissociated from
the xenograft that had been placed in the DN2L medium (Figure 25 A). An LOH
event is indicative of the genotype expressed, whereas the loss or gain of CN
may influence the differential gene expression. We performed an allele-specific
analysis of all the samples and confirmed that the MICs were derived from the
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Figure 25. Copy number variations in MICs
Genome-wide copy number analysis suggests that the MICs are a subpopulation
derived from the primary parental tumor. A, aCGH graphs represent genomewide gains (red) and loss (blue) with the chromosomes distributed on the x-axis
and the copy number on the y-axis. Shown are the parental tumor (top left),
MICs pre-transplant (bottom left), the primary xenograft (top right), and the DN2L
cultured cells post-transplant (bottom right). All conditions depicted conserved
chromosomal gains (large black oval). B, region 9p21.3 (small black oval Figure
4A), the location of tumor suppressor genes CDKN2A (p16INK4A), p14ARF, and
CDKN2B (p15INK4B), showed a one-copy loss of heterozygosity (LOH) that was
conserved in all samples.
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parental tumor. The chromosomal aberrations of the primary tumor (Figure 25 A
top left) included gains in regions of chromosomes 3,7,9, and 11. The MICs
(pre-transplant) (Figure 25 A bottom left), subsequent xenograft (Figure 25 A
top right), and cells derived from the xenograft (MICs post-transplant) (Figure
25 A bottom right) had the same gains in regions of chromosomes 3, 7, and 9.
Unlike the primary tumor, the pre-transplant MICs, xenograft, and MICs posttransplant showed gains in regions of chromosomes 1 and 17, and loss of
amplification in chromosome 11. There were minor regions with chromosomal
deletions, generally consistent in all four samples. Of interest was region 9p21.3,
the location of CDKN2A (p16INK4A), p14ARF, and CDKN2B (p15INK4B), well-known
tumor suppressor genes and regulators of cell cycle progression (Figure 25 B
left). Alterations at this locus are evident in a minority of atypical meningiomas
(WHO grade II) and a majority of anaplastic meningiomas (WHO grade III)
(Bostrom et al., 2001). SNP genotyping and copy number analysis revealed a
single copy LOH event for all three of these genes in the primary atypical
meningioma, whereas the subsequent samples showed homozygous deletions
(complete loss) (Figure 25 B right).

Microarray and functional pathway analysis of MICs.
The genome-wide expression profile revealed upregulation of many epithelial to
mesenchymal transition (EMT) associated genes and the deregulation of genes
involved in the Wnt-signaling pathway of MICs, as compared with NSPCs. The
EMT associated genes differentially upregulated were: LEF1, SNAI2 (Slug),
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TGFB3, TGFB1, TGFBR2, and TWIST1 (Figure 26 A). These 6 genes have
been shown to play a part in the EMT program by contributing to the stable loss
of E-cadherin, a key mechanism in the stabilization of the mesenchymal state
(Polyak and Weinberg, 2009).

To further investigate the presence of EMT-

related genes, we performed fluorescence IHC on the MICs (DN2L medium) and
analyzed Snail and Twist expression (Figure 26 B).

MICs showed strong

staining for both Snail and Twist, suggesting a link to a stem cell-like
characteristic. To understand the biological functions associated with the MICs
versus the NSPCs, we analyzed candidate genes with Ingenuity’s Pathway
Analysis (IPA) software. Using Partek software to integrate aCGH and gene
expression microarray, we identified 1138 transcripts as being differentially
expressed (p < 0.01). Inserting this list into IPA generated 27 gene networks.
We focused on the top network associated with functions important in Cancer,
Cellular Growth and Proliferation, and Connective Tissue Development and
Function (Figure 27 A).

This network was of particular interest due to its

inclusion of many cyclin-dependant kinase-associated genes. The upregulation
of cyclin D (CCND3) and down-regulation of cyclin D2 (CCND2) and cyclindependent kinase inhibitor B1 (CDKN1B or p27) identifies genes responsible for
deregulation of the cell cycle for the MICs. Canonical pathway analysis revealed
the Wnt/#-catenin pathway as including the most differentially expressed genes
(Figure 27 B).

The genes in this pathway include the upregulation of Wnt-

signaling activators (CCND1, FZD6, LEF1, TGFBR2) and the downregulation of
Wnt-signaling inhibitors (SFRP1, SFRP2, SOX4, SOX11, SOX12), highlighting
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Figure 26. MICs express markers of EMT
Expression of epithelial to mesenchymal transition (EMT) genes in MICs. A,
histogram of EMT genes shows differential upregulation in MICs as compared to
NSPCs: LEF1 (lymphoid enhancer-binding factor 1), SNAI2 (snail homolog 2,
also known as Slug), TGFB3 (transforming growth factor, #III), TGFB1
(transforming growth factor, #I), TGFBR2 (transforming growth factor, # receptor
II), and TWIST1 (twist homolog 1). B, fluorescent IHC expression of key EMT
genes, SNAI1 (also known as Snail) and TWIST1 in MICs.
counterstained with DAPI (blue). Scale bars for all images 50µm.
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Figure 27. MIC pathway analysis and gene networks
Ingenuity Pathways Analysis of the differentially expressed genes in the MICs as
compared to NSPCs. A data set containing gene identities and corresponding
expression values was uploaded into IPA, where each gene identifier was
mapped to its corresponding gene object in the Ingenuity Pathways Knowledge
Base. The genes were overlaid onto a global molecular network developed from
information contained in the Ingenuity Pathways Knowledge Base where
networks were then algorithmically generated based on their connectivity. A,
The analysis identified 16 molecules in this network and categorized them as
related to Cancer, Cellular Growth and Proliferation, Connective Tissue
Development and Function. Genes shaded red are identified as upregulated
and, green, downregulated.

B, top canonical pathways, and C, diseases

associated with the differentially expressed genes. The Functional Analysis of a
network identified the biological functions and diseases that were most significant
to the genes in the network.

For example, Canonical pathways analysis

identified the Wnt/#-catenin pathway as being the top pathway associated with
the differentially expressed gene set.
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the relevance of a common stem and progenitor-signaling pathway in these cells.
The diseases strongly associated with the differentially expressed gene list were
‘Genetic Disorder’, ‘Cancer’ and ‘Neurological Disease’, appropriately identifying
the core processes of these cells (Figure 27 C).

3.5 Discussion
In this study, we describe a tumor-initiating subpopulation of cells derived
from an atypical meningioma. These meningioma-initiating cells (MICs) exhibit
properties of self-renewal, and upon the withdrawal of mitogens, are capable of
differentiating into mature neural (neuronal and astrocytic) lineages.

Upon

transplantation into athymic nude mice, the resulting tumors recapitulate the
histological phenotype of the parental tumor. Meningiomas are thought to arise
from

arachnoidal

cap

(meningothelial)

cells

(Perry

A,

2007),

arising

embryologically from neural crest and mesoderm, rather than neural ectoderm
(Catala, 1998; Perry A, 2006).

However, the histogenesis has not been

completely resolved, and the meningothelial phenotype has both ectodermal
characteristics, frequently expressing epithelial membrane antigen (EMA) and
forming desmosomes, and mesenchymal characteristics capable of synthesizing
collagen (Perry A, 2006). Although there are rare descriptions of meningiomaderived cells expressing neurofilaments (Ikeda and Yoshimoto, 2003), the full
neuronal and glial phenotype expressed in this study (Neurofilament, #III-tubulin,
GFAP) with simultaneous expression of neural stem cell markers (Nestin, Sox2,
and CD133), has not been previously reported.
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The propagation of a tumor with features of an atypical meningioma by
transplanting cells derived from an atypical meningioma supports the role for a
tumor-initiating cell phenotype and presupposes its use as a model for studying
meningioma tumors and meningioma progression. The flank model induction of
meningioma tumors, augmented by the addition of matrigel, has been shown to
recapitulate the features of primary meningiomas with regard to the cytogenetic
abnormalities, histological, immunohistochemical and ultrastructural features,
lending support to the observations reported here (Ragel et al., 2008).
Microarray analysis of gene expression and copy number variations indicates
that these MICs are a sub-population derived from the original tumor (rather than
a contamination by a stem- and/or progenitor cell not derived from the original
neoplastic clone) and can be identified through the expression of, among other
markers, ALCAM and CD44. Microarray and pathway analysis suggests the loss
of tumor suppressor proteins CDKN2A (p16INK4A), p14ARF, and CDKN2B
(p15INK4B), and the upregulation of epithelial to mesenchymal transition (EMT)
genes, as key contributors to the phenotype of these cells, and suggests a
mechanistic role for tumor progression in the absence of an NF2 mutation.
Genes involved in the G1/S phase transition are important for cell cycle
progression and the aCGH indicates that there is a heterozygous loss of
CDKN2A (p16INK4A), p14ARF, and CDKN2B (p15INK4B) in the primary tissue, and a
homozygous loss in the subsequent samples. However, it is possible that the
heterozygous loss reported in the bulk primary tissue is due to the contribution of
two cell populations, that of cells with two normal copies, and that of a cell
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population which harbors the deletion of both copies, such as the MIC population
containing a homozygous deletion of this region.
An epithelial to mesenchymal transition (EMT) is believed to play a role in
the pathogenesis of carcinomas, where subpopulations acquire mesenchymal
features such as motility, invasiveness, and resistance to apoptosis.

In

meningiomas, malignant progression is seen as an increase in the frequency of
genetic alterations and not defined by the type of genetic alteration (Bostrom et
al., 2001; Simon et al., 2007; Weber et al., 1997).

For example, the high

frequency of NF2 mutations in certain types of meningioma variants has been
suggested to contribute to a mesenchymal-like phenotype (Simon et al., 2007).
Although these cells do not display mutations in the NF2 gene, we see the
upregulation of genes and signaling mechanisms essential for the acquisition of a
mesenchymal phenotype. In particular, the MICs upregulated genes known to be
strong initiators of EMT such as TGF#1, and the transcription factors Twist, Snail,
and LEF1 (Medici et al., 2008; Polyak and Weinberg, 2009). LEF1 has recently
been shown to be a pivotal molecule in the convergence of the TGF-# and
Wnt/#-catenin signaling pathways and may play a strong role in the cross talk of
many signaling pathways that converge upon an EMT outcome (Mani et al.,
2008; Medici et al., 2008).
Interestingly, we observed expression of Neurofilament-M and GFAP in
the cultured cells and in a sub-population of the xenograft tumors. One possible
explanation of this phenotype, particularly the expression of the mature neural
markers seen when cultured in the DN2L medium, is that of a de novo de-
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differentiation (or reprogramming) of a mature cell type to that of a less
differentiated state.

In particular, GFAP expression is absent in the great

majority of meningiomas, but is a common feature in neural stem cells.

In

culturing these cells, the DN2L medium was supplemented with LIF, common in
some defined neural stem cell media (Singh et al., 2003). The addition of LIF
has been shown to induce GFAP expression in mouse embryonic neural stem
cell cultures, while maintaining their stem and progenitor cell traits (Bonaguidi et
al., 2005). The expression of GFAP we see when culturing the cells in the DN2L
medium may be explained via this LIF signaling mechanism.

However, the

strong labeling of GFAP seen in the mouse xenograft after residing in vivo for
more than thirty-days suggests a LIF independent phenomena, possibly a de
novo differentiation since the xenograft lacks the exogenous LIF provided in the
DN2L media.
Together with expression of NF-M and GFAP in the DN2L medium, we
observed expression of ALCAM and CD44 in almost all of the cells, which was
not expected.

In a study of prostate cancer xenograft tumors, the CD44+

prostate cancer cell sub-population was shown to be enriched in tumorigenic
cells and share many traits of stem-like cancer cells (Patrawala et al., 2006).
Additionally, a comparison of gene expression profiles between fresh-frozen
primary meningiomas and their derived cell cultures, identified CD44 as being
differentially upregulated in the cultured cells (although the culture medium in this
study included growth in serum-containing media) (Sasaki et al., 2003).
Similarly, ALCAM (CD166), a cell adhesion and cytoskeletal protein has been
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described as a stem cell marker for melanomas and there was an increased
ALCAM expression in metastatic melanomas compared to the primary site
tumors or benign melanocytic lesions, suggesting a role for ALCAM in tumor
invasion and progression (Klein et al., 2007; Lunter et al., 2005). Here we see
ALCAM expression in the primary tissue and the uniform expression of CD44
and ALCAM in these cells suggests that either the culture medium augment this
expression, or this expression pattern is a property of the non-adherent
population of this atypical meningioma. These markers may be used to select
and identify a tumor-initiating cell population in atypical meningiomas and it will
be important to examine additional cases of atypical meningiomas with similar in
vivo growth properties for the co-expression of ALCAM, CD44, and CD133 as
potential biomarkers.
In addition to the expression of putative stem cell markers, IPA canonical
pathway analysis revealed that the most differentially expressed genes were
present in the Wnt pathway. It is known that Wnt pathway is activated in stem
and progenitor cells and the deregulation of the molecules in this pathway may
lead to cancer (Reya and Clevers, 2005). The association of the Wnt pathway
with MICs seen here suggests an additional link to a progenitor population. In a
study looking at the correlation between Wnt-signaling in atypical and anaplastic
meningiomas containing losses on chromosome 10 and 14 (Wrobel et al., 2005),
two Wnt pathway genes were shown to be upregulated in anaplastic compared to
benign meningiomas, one of them cyclin D1 (CCND1), similar to the gene
identified in our results. The deregulation of genes involved in the Wnt-signaling
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pathway is a feature of MICs, and this signaling pathway in combination with
EMT may contribute to the features of malignant progression and the presence of
a stem cell-like subpopulation.
In summary, we describe a cell line derived from an atypical meningioma
that is capable of expressing proteins of neuronal and glial derivation, suggesting
that meningioma-initiating cells retain the potential to express a glioneuronal
phenotype.

These findings support the idea of an early-lineage stem cell

phenotype in meningioma-initiating cells, a finding that provides new insight into
the tumorigenesis and malignant progression of atypical meningiomas.
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CHAPTER 4

An Integrative Microarray-based Analysis of Gene Expression,
Copy Number, LOH, and DNA Methylation Profiles of
Glioblastoma Stem Cells

Submitted: Prakash Rath, Alan Free, Douglas C. Miller, N. Scott Litofsky,
Douglas C. Anthony, Qi Feng, Lirong Pei, Mark D. Kirk, Huidong Shi.

4.1 Abstract
Glioblastoma multiforme (GBMs) are notorious for their resistance to
complete surgical resection, radiation and chemotherapy, and recur nearly 100%
following treatment. There is increasing evidence that this clinical phenotype is
associated with populations of stem cells that harbor within high-grade malignant
gliomas, which presupposes that novel approaches for treating GBMs will come
from targeting the cancer stem cell population. However, little is known about
this population. Based on this hypothesis, we explored the genetic and
epigenetic landscape of glioma stem cell-like cells (GSCs) derived from primary
GBMs. For this study, fresh dissociated primary GBMs, and normal
diencephalonic regions were placed in medium designed to enrich for cells with
stem cell-like properties. Using genome-wide microarray-based platforms, we
analyzed the gene expression, copy number, and LOH events. To investigate
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the DNA methylation, we performed a Methylated CpG Island Amplification
(MCA) coupled with a 105K custom-designed CpG island oligonucleotide array
(MCAM). Integrated analysis was performed using Partek Genomics Suite
software, and functional associations were derived from Ingenuity Pathway
Analysis platform. Through immunohistochemical and copy number analysis, we
identified the enrichment of GSCs from the parental tumor. GSC tumor spheres,
and neural stem and progenitor cell (NSPC) neurospheres, exhibited the capacity
of self-renewal by forming secondary spheres. Neural/embryonic stem cell
properties were characterized by the presence for the molecular markers Nestin,
Sox-2, Musashi, and CD133. Mitogen withdrawal resulted in the outgrowth of
neurites and the expression of the neuronal lineage markers B-III tubulin and
Neurofilament-M, and astrocytic marker GFAP. Expression analysis revealed the
upregulation of multiple Hox family members in two GSCs. Integrative
microarray analysis identified the TGF-# and the Wnt/#-Catenin signaling
pathways as being the most significant pathways effected by the differentially
expressed gene set, with some genes being hypo- or hypermethylated, and
containing an LOH or copy number aberrations. In this study we characterized
GSCs obtained from primary human specimens by microarray and
immunohistochemical analysis, and profiled the aberration of genes in two
common canonical pathways deregulated in GBMs. These results highlight the
synchronicity between the CN, LOH events, and DNA methylation effect on gene
expression. These results provide insight into the molecular mechanism of
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GSCs and may have implications for tumorigenesis and the development of
targeted therapies against entire pathways.

4.2 Introduction
Glioblastoma (GBMs) (WHO grade IV) are highly infiltrative, aggressive
tumors, rendering complete surgical resection difficult. The remaining cells
proliferate rapidly and as a result, patient survival is low. The median survival of
patients with GBMs is approximately one-year with less than 4% survival fiveyears post-diagnosis (CBTRUS: 2007-2008 Statistical report: primary brain
tumors in the United States). The remnant cells contributing to tumor recurrence
are postulated to be the result of a cancer stem cell population that is refractory
to all treatment modalities. According to the cancer stem cell hypothesis, a
subpopulation of cells reside within the tumor is responsible for the initiation,
propagation, maintenance of heterogeneity, and recurrence of high-grade
gliomas such as GBMs (Vescovi et al., 2006). Little is understood about
glioblastoma stem cells (GSCs) and characterizing this population has directed
much attention regarding the design of targeted therapies to prevent tumor
recurrence.
To isolate the stem cell-like population, gliomas are cultured in defined
medium in the presence of mitogens. This methodology was initially designed for
the propagation of neural stem cells and facilitates the capacity of self-renewal
and differentiation (Lee et al., 2006; Singh et al., 2004; Vescovi et al., 2006).
Studies have shown that GBMs cultured in defined medium facilitates the
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enrichment of stem cell-like subpopulations, but more importantly, well
represents the primary GBM it was derived from (Lee et al., 2006; Li et al., 2008).
During progression, GBMs accrue many aberrations that contribute to the
anaplastic phenotype. Genomic and epigenomic studies have been conducted
to identify abnormalities in genes and pathways, and recently, the Cancer
Genome Atlas (TCGA) Research Network conducted a large-scale study of the
genomic alterations in GBMs (2008; Foltz et al., 2009; Martinez et al., 2009; Yin
et al., 2009). This systematic, multi-dimensional analysis confirmed previously
well-known genetic events, and identified genetic alterations not previously
reported in GBMs. Global studies such as these provide great insight into the
molecular mechanisms of GBMs as a whole, however, analysis from bulk tumor
populations potentially overlook the expression profiles of the rare cancer stem
cell and may identify genes involved in the regulation of non-tumorigenic cells
(Ward and Dirks, 2007).
The present study was designed to study genome and epigenome of
GSCs derived from primary GBM specimens. Through immunohistochemistry
and microarray technologies, we explored the genome alterations of GSCs as
compared to NSPCs. The deregulation of the TGF-# and the Wnt/#-Catenin
signaling pathways were identified as containing the most differentially expressed
molecules from our dataset. Within these pathways, we identified DNA
methylation and CN changes that may contribute the differential expression
seen. These results identify aberrations found in pathway related molecules of
GSCs, and their contribution to the deregulation of entire pathways.

!

"+*!

4.3 Methods and Materials
Patient tissue
Tissue samples from GBM specimens and fetal brain-derived neural stem
and progenitor cells (NSPCs) from diencephalonic regions were provided via
appropriate Institutional Review Board-approved protocols of the Department of
Surgery, Division of Neurological Surgery, and Pathology and Anatomical
Sciences in the School of Medicine at the University of Missouri.
Cell culture
Specimens were mechanically dissociated, washed with PBS, and red
blood cells removed with Histopaque (Sigma). Cells were expanded in DMEMF12 (no phenol red, Invitrogen) containing 20% FBS (Atlanta Biologicals) and
Penicillin-Streptomycin (Invitrogen) in tissue-culture flasks and maintained for no
more than two passages (Liu et al., 2006). Following expansion, the cells were
grown as non-adherent cultures in un-coated petri dishes in serum-free defined
medium containing DMEM-F12 supplemented with 20ng/ml epidermal growth
(EGF; Invitrogen), 20ng/ml basic fibroblast growth factor (bFGF; Invitrogen), 1:50
B27 supplement (Invitrogen), 1:100 N2 supplement (Invitrogen), 10ng/ml
leukemia inhibitory factor (LIF; Chemicon), as a stem-cell permissive medium to
facilitate the growth of neurospheres and tumorspheres, hereafter known as
“DN2L medium”(Inagaki et al., 2007).
Immunohistochemistry
Neurospheres and tumorspheres were embedded in OCT, and 10"m
sections were labeled with antibody as previously described (Bleau et al., 2008).
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For differentiated cells, the samples were labeled and processed as described in
the Human Neural Stem Cell Characterization Kit (Chemicon). Primary
antibodies used were anti-Nestin, anti-Sox2, anti-Musashi, anti-BIII Tubulin, antiGFAP, anti-Neurofilament 150kd (all from Chemicon), and anti-CD133 (Miltenyi
Biotec). Secondary antibodies used were anti-mouse Alexa Fluor 488, anti-rabbit
Alexa Fluor 546, and anti-rabbit Alexa Fluor 488 (all from Invitrogen). Sections
were counterstained with Vectashield (Vector Labs) mounting medium that
contains the DNA counter stain DAPI, before visualization. Negative controls
were processed as described above with no primary antibody.
Imaging
Brightfield images of neurospheres and tumorspheres were captured with
a Nikon D100 camera through an Olympus CKx41 upright microscope. Confocal
images were captured with a Zeiss 510 META NLO and a Zeiss 5 live and
processed using LSM 5 Image Examiner software.
Microarrays
Total DNA and RNA were isolated (DNeasy, RNeasy kit; Qiagen) from
primary tissue and DN2L cultured cells upon disruption with the TissueLyser
apparatus (Qiagen). For gene expression experiments, specimens were profiled
using the Human W-6 v3.0 Expression BeadChips (Illumina, Inc.) which assays
>48,000 transcripts and covers >25,400 genes in the NCBI RefSeq database.
For array comparative genomic hybridization (aCGH) experiments, to assess
copy number (CN) and loss of heterozygosity (LOH), specimens were profiled
using Affymetrix Human SNP 5.0 array (Affymetrix, Inc.), which contains over
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500,000 SNP probes and 420,000 non-polymorphic copy number probes. Both
platforms are whole genome arrays and assays were performed in accordance
with the respective manufacturer’s protocol.
For methylation analysis, Methylated CpG Island and Amplification with
microarray (MCAM) was performed as previously described in (Bennett et al.,
2009) (Figure 28). Briefly, DNA from tumor and normal (NSPCs) samples were
digested with SmaI and XmaI, ligated to adapters, then PCR amplified for
methylation fragments. After purification, the amplicons, which represents the
methlyated fragments in the genome, were fluorescently labeled and hybridized
to a 105K custom-designed Agilent CpG island oligonucleotide array (Agilent
Technologies). The tiling array was designed to cover 50bp to 2000bp SmaI
fragments that overlap with CpG islands in the human genome. The total
number of SmaI fragments covered is 29,875, which overlap with 13,385
annotated CpG island in the UCSC genome browser. The probe spacing for the
tiling array is approximately 100bp, and a total of 99,027 probes (45-60 mer)
were synthesized on each array. The microarray images were scanned by an
Agilent scanner, and processed using FeatureExtraction 9.1 software (Agilent
Technologies). Raw microarray data have been uploaded to Gene Omnibus
database and can be accessed via accession # (pending upon acceptance)
(http://www.ncbi.nlm.nih.gov/geo/).
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Figure 28. Methylated CpG island Amplification with Microarray (MCAM)
MCAM is used to detect the difference in the methylation status between a tumor
and a control sample. In this schematic, a box represents the DNA and the
bullets represent Sma1 specific cut sites located at CpG islands. The filled
bullets represent a methylated CpG island. Sma1 cuts its recognition sequence
(CCCGGG) when it is not methylated, leaving a blunt end as shown here for
fragment a of the normal DNA. The samples are then digested with Xma1, which
cleaves methylated CCCGGG sites resulting in sticky ends. Adaptors are then
ligated to the methylated fragments and PCR amplified. The methylated
amplicons are then labeled with fluorescent dyes, Cy5 for tumor amplicons and
Cy3 for normal amplicons. The amplicons from each sample are then hybridized
to the microarray and scanned for analysis. In this example, the red signal on
the microarray indicates that fragment b is hypermethylated in the tumor sample.
Similarly, the green signal indicates that fragment d is hypermethlyated in the
normal sample. If both samples contain a fragment that is equally methylated,
the signal readout would be yellow, such as the case for fragment c shown here.
Figure adapted from (Estecio et al., 2007)
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Data analysis
Gene expression, methylation, copy number (CN), and loss of
heterozygosity (LOH) analyses were performed using Partek% Genomics Suite
software. Briefly, CN events were reported based on Partek’s Genomic
Segmentation Algorithm and single nucleotide polymorphism (SNP) genotype
dataset was generated through Affymetrix’s Genotyping Console and compared
against a standard 270 HapMap genotype dataset in Partek. Differential gene
expression values were created by an Analysis of Variance (ANOVA ) in Partek
to create tables of differentially expressed genes. For methylation analysis,
oligonucleotide probes were first grouped based on the SmaI fragments that they
matched, and then the average of the differential log2 values of all probes
represented in each SmaI fragment was calculated. A cutoff log2 value of ±1.3
was used to determine hypo or hypermethylation, respectively. Only SmaI
fragments that fell within the promoter or first exon regions were considered for
the pathway analysis described below.
Unique gene lists for DNA methylation, gene expression, LOH and CN
were annotated to the appropriate gene for correlations between genetic and
epigenetic events. Datasets were imported into Ingenuity’s Pathway Analysis
(IPA, Ingenuity% Systems) for constructions of networks. The differentially
expressed genes were overlaid onto a global molecular network developed from
information contained in Ingenuity’s Pathways Knowledge Database, a repository
of molecular interactions, events, and associations, used for pathway
construction and functional associations.
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4.4 Results
Neurospheres and tumorspheres exhibit stem cell properties
All samples were placed in DN2L medium (Figure 29 a-c). The NSPCs
and 3/5 GBMs proliferated and were passaged multiple times, indicating the
ability to self-renew. NSPCs aggregated as free-floating cell clusters and
proliferated as tight spherical shapes (a). Cells from GBM sample 1239 and
1175 initially aggregated as spheroids but did not proliferate as robustly and
therefore was not passaged as the other samples (data not shown). This is
consistent with other reports that not all primary GBM spheres can be passaged
for multiple times. GBM 1133 had a unique morphology as compared to the rest
of the tumors, whereas GBM 1142 and 1063 had similar growth properties. We
decided to analyze 1063 (b) and 1133 (c). GBM 1133 could be passaged for
many times and aggregated as spherical clusters but in each petri dish, it was
apparent that a portion of the cells appeared more ‘sticky’ and semi-adherent.
The dual properties of non-adherent and adherent growth of stem cell-like cells
derived from GBMs have been previously reported (Gunther et al., 2008), and
recently, studies have shown that stem cell properties can be maintained in nonadherent and adherent conditions (Inagaki et al., 2007; Pollard et al., 2009).
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Figure 29. GBM cells exhibit stem cell-like properties
GBM cells cultured in stem-cell selective medium enrich for cells capable of selfrenewal and differentiation, similar to neural stem and progenitor cells.
Representative bright field images show DN2L cultured NSPCs and GBMs
growing as spheres (a-c). Neurospheres and tumorspheres were
immuonoreactive for neural stem cell markers Sox2, Nestin (d-f), CD133 (g-i),
and Musashi (j-l). Upon mitogen withdrawal, the cells extended processes and
exhibited morphologies similar to neuronal and astrocytic cells. Differentiated
cells expressed mature cell markers GFAP, #3-tubulin (m-o) and Neurofilament
(p-r). Nuclei were counterstained with DAPI. Scale bars for all images are
50µm.
.
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Figure 30. Copy number profiles of primary and cultured GBMs
NSPCs showed a normal genome with negligible gain/loss, consistent with the
DN2L cultured cells (a,b). Primary GBM specimens contained gain/loss
hallmarks of GBMs (i.e. gain of ch.7) (c,e,g,i,k). Copy number analysis of DN2L
cultured cells from tumors 1239 and 1175 suggests that a cell population with
minor chromosomal aberrations were enriched (d,f). In contrast, cultured cells
from tumors 1142, 1133, and 1063 showed a cancer genome similar to the
primary parental tumor (h,j,l).
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Fluorescent staining revealed immunoreactivity for stem cell markers Nestin,
Sox2, CD133, and Musashi in NSPCs (d,g,j) GBM 1063 (e,h,k) and GBM 1133
(f,i,l). NSPCs and GBM 1063 uniformly expressed Sox2, Nestin and CD133,
whereas GBM 1133 showed low-level expression of Sox2 and CD133. For
differentiation experiments, the cells were dissociated and placed on laminincoated glass slides in mitogen-free medium. All specimens exhibited neurite
outgrowths and morphologies consistent with differentiated cells. The majority of
the cells in all samples were strongly immunoreactive for astrocytic marker GFAP
and mature neuronal cell marker Neurofilament (m-r), whereas a smaller subset
of cells expressed #3-tubulin (Figure2 m-o).
Copy number aberrations in primary tissue and enriched populations
The results of the copy number analysis for the primary specimens and
the DN2L cultured cells are shown in Figure 30 (spikes at centromeric and
telomeric regions of the chromosomes are considered artifact, i.e. ch.2, ch.1415). Primary NSPC sample (a) and DN2L enriched sample (b) showed a normal
copy number karyotype. Primary GBM specimens 1239 (c), 1175 (e), 1142 (g),
1133 (i), 1063 (k) all contained multiple chromosomal gain and loss. Recently, a
comprehensive analysis of the genetic aberrations of primary GBMs identified
consistent chromosomal alterations in regions of chromosome 1p, 7, 8q, 9p, 10,
12q, 13q, 19q, 20, and 22q (Bredel et al., 2009). The most frequent GBM
alterations are the amplification in regions of chromosome 7, seen here for all the
primary tumors, and the loss of regions in chromosome 10, seen here in GBMs
1239, 1142 and 1133. As mentioned above, GBM samples 1239 and 1175 did
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not proliferate in DN2L medium; however, enough DNA was obtained from the
cells that aggregated from the initial seeding. The copy number (CN) results of
DN2L grown cells from GBM specimens 1239 (d) and 1175 (f) did not contain a
large percentage of cells with the cancer genome as seen in the matched
primary tissue. As a result, GBM 1239 and 1175 were excluded from further
analysis. DN2L cultures from GBM samples 1142 (h), 1133 (j), and 1063 (l)
showed cells with multiple chromosomal aberrations, similar to that of the
matched primary tumors indicating that a large percentage of cells in the DN2L
culture contained the cancer genome. Here we demonstrate the isolation of a
glioma stem cell-like cell (GSC) that contains a cancer genome similar to the
parental tumor.
Gene expressions show HOX gene network upregulation
Genome-wide microarray studies were carried out to identify the
differential gene expression patterns for DN2L cultured cells, and shown as a
volcano plot (Figure 31). Differential gene expression of the grouped tumors
(GSC 1142, 1133, and 1063) versus NSPCs identified 119 genes up regulated
(fold change greater than 2, p-value < 0.05) and 190 genes down regulated (fold
change less than 2, p-value < 0.05). Initial analysis regarding the relationship of
the differentially expressed genes indicated the up regulation of several HOX
genes, therefore we focused on the entire Homeobox (HOX) gene network.
Cluster analysis revealed the up regulation of many HOX family genes in GBM
samples 1063 and 1133 (Figure 2B), including strong expression of HOX C4, C6,
A9, and A10.
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Figure 31. Differential gene expression profile of GSCs
Relative gene expression profile of GBM 1133, 1063, and 1142 compared to
NSPCs. (A) Volcano plot highlights the differentially expressed genes. Each
gene is represented by a single dot. Genes that have a 2-fold expression
change and meet the p-value threshold (< 0.05) are considered differentially
expressed (B) Heat map analysis identifies many HOX genes in GSC 1133 and
1063 as being up regulated.
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Overall, Hox gene heat map showed GSC samples 1133 and 1063 clustered
closer together and GSC 1142 and NSPCs clustered similarly.
DNA methylation profiles of GBM stem cells
In a recent study, Lee et al., identified that the epigenetic silencing of
BMPR1B effects the Jak/STAT pathway in a subset of GBM initiating cells, and
promoter demethylation of this gene was able to induce the loss of tumorigenicity
(Lee et al., 2008). Based on this study, we sought to find out additional targets in
epigenetic modulation and to understand the global relationship between the
epigenome and genome, particularly the role promoter/first exon DNA
methylation may contribute to the differential expression profile of GSCs. To do
so, we utilized the Methylated CpG island Amplification with Microarray (MCAM)
to identify hypermethylated loci. This method selectively amplifies methylated
DNA fragments (Estecio et al., 2007). We used a custom designed
oligonucleotide tiling array that contains probe coverage of about half of all CpG
islands across the genome. The genomic DNA from GSCs and NSPCs was
labeled with Alexafluor647 (Red) and co-hybridized with DNA from NSPCs
labeled with Alexafluor555 (Green). Data was extracted using the Agilent
Feature Extraction tool and imported into Partek Genomics Suites for methylation
identification.
All probes on the custom array were first grouped based on the SmaI
fragments that they matched, and then the average of the log2 ratios of all
probes representing each SmaI fragment was calculated. Each fragment
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(ranging from 1-5 per gene) was annotated to a particular gene to attribute
methylation specific regions for each gene. For the analysis, the promoter and
first exon regions of the genes were analyzed. A differential log2 value (tumor vs.
normal) value > 1.3 (~2.5 fold enrichment) are considered hypermethylated and
a value < -1.3 are considered hypomethylated. Table 2 shows the
hypermethylated genes common in all three GSC populations. Of the
hypermethylated genes, PENK and ST8SIA3 genes were down regulated in all
samples, and PENK reported a copy-neutral LOH event in GBM samples 1133
and 1063.
Integrative analysis demonstrates dysfunction of common networks.
To understand the functional associations of the molecules in the
differentially expressed data set of GBM 1142,1133, and 1063, we utilized
Ingenuities Pathway Analysis (IPA) platform. The grouped GBM datasets were
compared to the NSPCs and showed the Wnt/#-Catenin and TGF-# signaling
pathways to be the most significant based on Fischer’s exact test. Each GSC
sample was analyzed to understand the contribution of
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Table 2
Genes Hypermethylated in 3/3 GBM stem cells 1133, 1063, and 1142.
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expression, DNA methylation, CN, and LOH events of individual molecules in
these pathways. Figure 32 A represents the differential gene expression values
were overlaid onto the canonical Wnt/#-Catenin signaling pathway for GSC 1133.
Table 2A shows the integrative analysis of copy number, LOH, and DNA
methylation status of the representative genes in the pathway. Of the 27 genes
differentially expressed, 10 genes were up regulated and 17 genes were down
regulated. Two genes, FZD8 and FZD9, were shown to be hypermethylated and
down regulated with an LOH event. Seven genes contained a one-copy
amplification, 8 genes a one-copy deletion, and CDKN2A reported a
homozygous deletion. The genes with the highest fold change difference
compared to NSPCs were SOX8 (-60 fold change) and SFRP1 (-25 fold change).
Differential expression indicates an increase of Wnt activators (TGF-#, TGFBR,
Wnt, Frizzled, LEF/TCF) and decrease of Wnt inhibitors (SFRP, SOX). Figure
32 B represents the differential gene expression of GBM 1142 overlaid onto the
TGF-# signaling pathway. Integrative analyses of representative genes are
shown in Table 3. Of the 15 differentially expressed genes represented, 12
genes were up regulated and 3 genes down regulated. One gene HRAS, is
down regulated and hypermethylated, whereas three gene BMP2, SMAD7, and
SOS2, were upregulated and hypomethylated. BMP2 and BMP7 genes reported
a one-copy amplification whereas no
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Figure 32. Integrative pathway analysis of GSCs
(A) GBC 1133,1063, and 1142 gene expression analysis identified the Wnt/#Catenin and TGF-# signaling pathways as being the most significant. (B)
Representative molecules in the Wnt/#-Catenin signaling pathway for GSC 1133.
(C) Representative molecules in the TGF-# signaling pathway for GSC 1142.
Genes shaded gray identify present genes from the input dataset that were not
differentially expressed. Red shade indicates genes that are up regulated, green
shade indicate genes that are down regulated; white shaded genes were not
represented but incorporated into canonical pathways. Node intensity indicates
the degree of differential expression, and double-lined nodes (i.e. Wnt, not WIF1)
represent family of genes. For expression values of individual genes, see Table
3. The asterisk symbol represents molecules represented by multiple
methylation probe fragments; the most differentially methylated fragment is
shown.
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Table 3. Integrative pathway analysis of GSCs – gene list
List of genes and genetic alteration present in the Wnt/#-Catenin signaling
pathway for GBM 1133 and TGF-# signaling pathways for GBM 1142.
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deletions were reported for the molecules represented in this pathway. The
differential gene expression indicates the deregulation of the TGF-# signaling
pathway, a known occurrence in high-grade gliomas that contributes to a poor
prognosis (Bruna et al., 2007).

4.5 Discussion
In this study, we examined the stem cell-like subpopulations from primary
GBMs to gain a better understanding of genetic and epigenetic influences on
genes and pathways. Immunohistochemistry of DN2L cultures form GBM 1133
and 1063 emphasize the enrichment of cells with similar phenotypes to that of
the NSPCs. The presence of molecular markers Sox2, Nestin, CD133, and
Musashi indicate the innate properties embryonic and neural stem cell. Mitogen
withdrawal shows that these cells can morphologically resemble a differentiated
cell, which is highlighted by the expression of mature cell markers GFAP, #3tubulin, and NF. All primary tumor samples contained chromosomal gain/loss
GBM hallmarks in multiple regions. Each DN2L culture from GBMs 1142, 1133
and 1063 contained pronounced aberrations of the respective primary tumors
genome. Together with the IHC studies, these results indicate the enrichment of
cancer stem cell-like cells from GBM 1142, 1133, and 1063. DN2L cultured cells
from GBM 1239 and 1175 showed are relatively ordinary copy number. This
result suggests that either a genetically ‘normal’ cell was cultured from the
primary specimen, or, a heterogeneous population that includes a large
percentage of normal cells and a small percentage of cancer cells is present.
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Cluster analysis of the complete HOX gene network, comprising 39 genes,
revealed the up regulation of many HOX genes in GSC 1133 and GSC 1063.
HOX genes encode for transcription factors that modulate cellular processes
such as growth and communication. Hox expression is normally seen during
development, and gradually decreases as differentiation occurs. In neoplasias,
HOX gene expression is re-activated and shown to contribute to cancer
progression (Abate-Shen, 2002; Abdel-Fattah et al., 2006). For GBMs, HOX A6,
A7, A9, A13, B13, D4, D9, AND D13 have been reported to be substantially up
regulated and may contribute to malignancy (Abdel-Fattah et al., 2006; Cillo et
al., 1996). Particularly, an expression signature dominated by HOX genes, which
comprises Prominin-1 (CD133), emerged as a predictor for poor survival in
patients treated with concomitant chemo or radiotherapy (Murat et al., 2008).
Our results indicate that HOX gene up-regulation is a property of GSC 1133, and
1063, and perhaps this deregulation may be a driving force of glioma
progression. Interestingly, the HOX A5 gene was shown to be hypermethylated
and amplified in 3/3 GSCs analyzed. In a study investigating the DNA
methylation status of 87 primary GBMs, the HOXA5 gene was shown to be
hypermethylated in 26% of the samples (Martinez et al., 2009). Promoter and/or
first exon hypermethylation is generally correlated with a reduction in gene
expression, but for GSC 1063 and 1133, HOXA5 is hypermethylated and
upregulated. The result shows the complexity of the tumor genome. The
outcome of gene expression can be contributed by multiple factors. Since both
GSC 1063 and 1133 reported a copy number amplification for HOXA5, one
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possibility is that the copy number amplification has a greater significance on the
regulation of the expression that the DNA methylation.
We identified 17 genes to be hypermethylated in either the promoter or
first exon region of the genes shown in table 1. Of particular interest was the
PENK gene, which was hypermethylated and contained a copy neutral LOH
event. The Martinez et al. study showed PENK gene hypermethylation in 31% of
the GBMs tested. The hypermethylation, down regulation, and LOH seen in here
for GSCs 1133 and 1063 suggests that PENK expression may play an important
role in the progression of some GBMs. Cheng et al, show that opioid growth
factor ([Met5]-enkephalin or PENK) indirectly interacts with CDKN2A to increase
p16 expression, resulting in a negative effect on cell growth (Cheng et al., 2007).
The homozygous deletion of CDKN2A/CDKN2B (p15 and p16) deregulates the
cell-cycle and is a common event seen in GBMs (Rao et al., 2009), as seen here
for GSC 1133. Conversely, The loss of CDKN2A and down regulation of PENK
may have a synergistic effect on the cell cycle. Additionally, for GBMs devoid of
the p16 deletion, the down-regulation of PENK, either by hypermethylation or CN
loss, may contribute to suppressing the activity of p16. In other studies, the
down regulation of PENK in metastatic prostate cells was shown to have an
association on cancer development (Goo et al., 2005), whereas PENK
methylation was reported to be common event in invasive pancreatic
adenocarcinoma, and an indicator of malignancy (Fukushima et al., 2002).
The suppression of genes due to DNA methylation may lead to
uncontrolled cell proliferation. Frizzled homolog 9 (drosophila) (FZD9), a
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member of the Frizzled gene family and receptor in the Wnt-signaling pathway,
was shown to be hypermethylated and down regulated in GSC 1133 and GSC
1142. The Martinez et al. study showed that FZD9 was hypermethylated in a
staggering 80% of the GBMs tested (Martinez et al., 2009). After grouping the
differentially expressed gene list from 3/3 GSCs, we see that the Wnt/#-Catenin
signaling pathway was the most significant pathway associated with our
differentially expressed gene dataset. Wnt signaling is an important process
during development and necessary for the maintenance of pluripotency in
embryonic and adult stem cells (Dreesen and Brivanlou, 2007). Integrative
pathway analysis of the differentially expressed genes in the Wnt/#-Catenin for
GSC 1133 identified multiple genes with copy number gain/loss. The strongest
indicator that proliferation is activated via this signaling pathway is the up
regulation of cyclin D1 (more than 10 fold change). Although Wnt ligand-receptor
family members showed various expression levels, upstream events such as the
up regulation of WNT5A (9 fold change) and FZD1 (8 fold change) and down
regulation of SFRP1 (25 fold change) and SOX 8 (60 fold change) suggests a
synergistic effort is necessary for the activation of this pathway. For GSC 1133,
both WNT7A and its cognate binding partner FZD9 are differentially down
regulated. In one study, the interaction between WNT7A and FZD9 has been
shown to inhibit growth and promote cellular differentiation in a subset of nonsmall cell lung cancer cell lines (Winn et al., 2005). The absence of this signaling
cascade in GSC 1133 may contribute to the milieu of tumorigenic events.
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It is not surprising that the TGF-# signaling pathway contained many
genes that were differentially expressed, as there is crosstalk between this and
the Wnt/#-Catenin signaling pathway, particularly the TGF-# ligand branch of
signaling. TGF-# signaling pathway has long been known to be involved in
embryonic stem cell self-renewal, and for regulating cellular proliferation in
normal epithelial and astrocyte cells (Bruna et al., 2007). However, in some
gliomas, TGF-# can promote tumorigenesis and has recently been shown, along
with LIF, to be an oncogenic factor in glioblastoma initiating cells (Bruna et al.,
2007; Penuelas et al., 2009; Seoane, 2006). Integrative pathway analysis of the
TGF-# signaling in GSC 1142 shows BMP2, SMAD7 and SOS2 genes were
hypomethylated and up regulated. BMP2 gene was also amplified suggesting
multiple mechanisms contributed to the up regulation. BMP2/4 is up regulated in
malignant gliomas and may promote tumor stem cell proliferation, as might be
the case here (Lee et al., 2008).
Conclusions
The results of our study showing the integrative analysis of differential
gene expression, DNA methylation, CN, and LOH in GBM-derived stem cell-like
cell populations, highlight the genetic and epigenetic influences that may
contribute to the phenotype of malignant gliomas. To summarize, a subpopulation of cells derived from primary GBMs exhibit properties of stem cells
with the capability of self-renewal and differentiation. Allele specific and CN
analysis confirms that the cultured cells have a genomic correlation with the
parental tumor, and suggests that a sub-population of cells was selected from the
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heterogeneous tumor. This approach was used to gain insight into the cancer
genome of GBM stem cell and how multiple aberrations contribute to malignant
progression
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CHAPTER 5

GENERAL DISCUSSION

Stem cells: the good and bad
The data presented here underscores the complexity of brain tumors and
the necessity for developing targeted therapies. The emergence of the cancer
stem cell hypothesis has redefined how we think about oncogenesis and stem
cells. The function of stem cells is an important part of our everyday physiology.
Stem cells are involved in the normal turnover of our skin, intestinal tract, and
olfactory neurons, and are critical for replacing injured and damaged tissue.
Equally, they are implicated to be a central component in many malignancies. To
eliminate these rouge cells that are responsible for tumor recurrence, it is
important to understand their unique molecular phenotype and develop
appropriate therapies. In order to administer specific therapies, a ‘personalized
approach’ to medicine may be necessary. Next-generation sequencing and highthroughput technologies are in place to study the full molecular spectrum of
individual tumors. Furthermore, it is apparent there is significant cross-talk
between genes and pathways. Identifying these unique networks will be
essential for deciding what combination of drugs will have the best overall effect.
In this dissertation, the studies and results presented were focused on
understanding and preventing brain tumor dispersal.
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Stem cells as drug-delivery vectors
We have developed an organotypic brain slice model that can be
efficiently used to test the migratory ability of stem cells to glioma cells for the
delivery of oncolytic agents. This ex vivo platform allows us to acquire data at
multiple time points, and effectively visualize migratory pathways. Time-lapse
images taken over the course of six weeks showed the stem cells steadily
populating the glioma implant. This raises the question of whether there was a
mass migration of stem cells arriving at the tumor site at different time points, or if
a few migrating stem cells proliferated at the tumor site? It is likely that both of
these scenarios is plausible. In any case, it is apparent that some populations of
stem cells were responsive to the chemokine gradient secreted by the glioma
cells, and these stem cells had the migratory machinery in place to navigate
through the brain slice. For these studies, the ESCs were neuralized using the 4/4+ retinoic acid induction protocol. Although this protocol coaxes ESCs down a
neuronal lineage, the retinoic acid treatment results in a heterogeneic population
of neural precursor and stem cells, as previously shown (Meyer et al., 2004).
Within the neural niche, there is a well established linear progression of neural
stem cells giving rise to transit amplifying cell, which give rise to migrating
neuroblast cells (Alvarez-Buylla et al., 2002). When the neuralized stem cells
were placed on the brain slice, the cells were possibly at different developmental
states similar to the hierarchal system in the niche. In some brain slices, stem
cells remained stationary at the initial site of transplant, analogous to the true
NSC, some proliferated at the initial site, similar to the characteristics of the
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transit amplifying cell, and some were seen associated with blood vessels and
embedded in the fiber tracts of the corpus callosum (the presumptive neuroblast).
For experiments in which there was no apparent co-localization of the
stem cells and the tumor cells, the site of stem cell placement and the anatomic
composition of the brain slice may have played a factor. Studies have
demonstrated that stem cells preferentially migrate on certain gliophilic and
neurophilic pathways, and along blood vessels (Honda et al., 2007; Soares and
Sotelo, 2004; Whitman et al., 2009). In our studies, we utilized brain slices from
the entire brain. Some sections did not have vasculature or intact migratory
pathways.
However, we were able to see stem cells associated with blood vessel-like
structures and populating the corpus callosum in some slices. Although real-time
data was not available in these studies, it is likely that the perivascular cells and
the cells oriented toward the glioma cells in the fiber tracts are the same cells
populating the glioma cells. Isolating and studying these cells may provide clues
for determining which population of cells is capable of best responding to glioma
associated signals, and navigating efficiently through the brain. These cells
would be of most intesest to define for a drug-delivery candidate. Overall, we
show that neuralized ESCs are capable of migrating directly to glioma cells and
that ex vivo migration assays may be used to elucidate the mechanisms of stem
cells for delivering oncolytic agents to brain tumors.
Throughout our migration studies on organotypic brain slices, it was
apparent that the stem cells would migrate throughout the brain slice. Similarly,
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we expected seeing glioma cells in fiber tracts similar to the stem cells. The
SF767 glioma cells, kindly provided by Dr. Joe Loftus, have been shown to
migrate and invade in brain slices (Lipinski et al., 2005). Although tumor cell
proliferation was apparent in some slices, we did not see the anticipated tumor
cell dispersal on the brain slice. However, it is likely that the cells invaded into
the slice as described in their study. If this were the case, it was not detectable
using epifluorescence microscope in our study. Another possibility is that a
migratory glioma cell population was not present in the tumor cell culture. The
latter possibility leads us to question whether this glioma cell line contained a
cancer stem cell population, which is implicated as the migratory cell population
responsible for the recurrence of malignant gliomas (Singh et al., 2003) (Singh et
al., 2004) (Dirks, 2008).
Brain tumor stem cells
Studies conducted by Fine et al, have determined that the glioma cells
cultured in the presence of serum for extended periods of time (as was the case
for the SF767 glioma cells) poorly represent the phenotype of the primary tumor.
However, fresh dissociated tumors grown in the defined culture condition often
closely mimic and recapitulate the parental glioblastoma phenotypes (Lee et al.,
2006; Li et al., 2008). Additional studies have corroborated these findings and
the field has seemingly shifted to studying the stem cell population of malignant
gliomas to better understand the mechanisms of tumor growth (Bao et al., 2006;
Penuelas et al., 2009; Pollard et al., 2009). If the cancer stem cell is the root of
cancer growth, as the cancer stem cell hypotheses would suggest, then
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identifying and understanding the behavior of these cells will be important for
developing cancer stem cell directed therapies.
Genetic and epigenetic aberrations in GBM stem cells
Our microarray-based studies with glioblastoma stem cells (GSCs) was
designed to gain a global picture of how aberrant DNA methylation, copy number
variation, and gene expression patterns define GSCs. Recently, various teams
of researchers have provided comprehensive studies on the genetic and
epigenetic variations in glioblastomas (2008; Bredel et al., 2009; Nagarajan and
Costello, 2009; Parsons et al., 2008). The commonality in all of these studies is
the use of primary frozen GBMs. The wealth of information provided in these
studies will undoubtedly provide a deeper understanding of the molecular
mechanisms regarding glioblastomas. Nonetheless, as it becomes increasingly
clear that stem cells play a central role in gliomagenesis, the studies with GSCs,
will become more common.
In our study, we define the deregulation of two common stem cell
pathways: TGF-# and Wnt/#-catenin signaling pathways. We showed that many
molecules throughout the pathway are differentially expressed, affected by DNA
methylation, and copy number variation. Understanding the deregulation of the
entire pathway may be necessary for designing drugs to target multiple
molecules. For example, Bredel et al. point out that some GBMs upregulate
certain ‘hub’ genes such as EGFR (upregulated in 50% of GBMs). Hub genes
have such an extensive crosstalk between other genes, networks, and pathways;
a monotherapeutic approach against its oncoprotein (in the case of EGFR) could
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simply fail. Since the signaling cascades of hub genes are interwoven, a therapy
directed against multiple hub genes would perhaps be more effective (Bredel et
al., 2009). Defining the full spectrum of aberrations in glioblastomas using
genomic, epigenomic, proteomic, transcriptomic, metabolomic, etc., approaches
for both primary tumor and its stem cell population, is likely to be completed
soon. However, the challenges ahead are developing systematic approaches for
understanding the interactions of the aberrant genes and their complex networks.
Identifying meningioma initiating cells
As mentioned throughout this dissertation, understanding the
initiating/stem cell population of solid tumors may prove to be of importance for
developing targeted therapies. During our studies of glioblastoma stem cells, we
serendipitously came upon a rapidly dividing cell population derived from a
primary tumor. Not only did this population of cells thrive in the ‘stem cell
medium’, they also grew as clusters of cells, different from the traditional
neurosphere or tumorsphere growth associated with stem cell populations.
Further investigations into the etiology of the tumor revealed it as an atypical
meningioma.
Meningiomas are the most common primary intracranial tumor accounting
for more than 32% of all reported (CBTRUS: 2007-2008 Statistical report:
primary brain tumors in the United States). Atypical meningiomas are grade II
tumors that may have some malignant features such as increased mitotic activity,
and represent about 6-8% of all meningiomas (Wrobel et al., 2005). Virtually
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nothing is known about the putative stem cell population of meningiomas, and
there is question as to whether they even exist.
For our studies, we took a discovery approach and asked questions as to
whether the meningioma cells we were culturing had stem cell-like properties?
Could we see this growth pattern in other atypical meningioma cases? Can
these cells be identified in the primary tumor? Through self-renewal and
differentiation studies, we were able to establish that they had a stem cell-like
phenotype, and through tumorigenic studies, we showed that they can
recapitulate some of the histological features of the parental tumor.
The meningioma-initiating cells, or MICs as we refer to them, contained
hallmark features of both meningiomas, and cells undergoing an epithelial to
mesenchymal (EMT) program (Simon et al., 2007; Weber et al., 1997). Recently,
studies have shown that EMT can generate cells with self-renewal properties,
and possibly other features of stemness (Mani et al., 2008). For the MICs, EMT
upregulation may be a way to identify these cells in other specimens.
Additionally, we performed a gene expression array that revealed the
upregulation of CD44 and CD166 in these cells, which we also identified in the
primary tumor and xenograft by flow analysis and immunohistochemistry. We
identified a gene network that included many differentially expressed genes
including deregulated Wnt/#-catenin signaling pathway, further defining the
molecular mechanisms in these cells. Currently, we are investigating additional
cases of atypical meningiomas.
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Conclusions
Throughout these studies, it has become clear that there is a need to
establish a set of standardized methodologies to better define cancer stem cells.
A seemingly important yet lightly discussed topic in the literature, is the concept
of a migrating cancer stem cell (Brabletz et al., 2005). The cancer stem cell
hypothesis is based on the concept that only a small population of cells within a
tumor can recapitulate the heterogeneity of the parental tumor.
In the neural niches of the SVZ and SGZ, the normal neural stem cell will
give rise to the transit amplifying cells, which in turn gives rise to the migrating
neuroblast. If the cancer stem cell hypothesis holds to be true, this linear
progression of differentiation would feasibly exist for a cancer stem cell. The
‘cancer neuroblast cell’ would have EMT properties (similar to the meningioma
initiating cells), an acquisition that has been described as a decisive step towards
malignancy (Brabletz et al., 2005). After the cell arrives in a nutrient rich area
(similar to the stem cells in the brain slice study), it will establish residence and
proliferate. Unlike a normal migrating cancer cell apparent during metastasis,
cancer neuroblast cells would have defining features and could be traced back to
the cancer stem cell of origin. Identifying the cells responsible for tumor
recurrence in the brain may lead to the identification of a neuroblast cancer cell
that can efficiently navigate in the brain, and help to identify cell types, for drugdelivery, with these properties that can effectively mimic this migratory pattern.
Stem cells and cancer cells share many common properties including
signaling pathways and migratory abilities. The difference is the mutations that
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mark the cancer cells and dictate their fate. Through next generation
technologies, we are beginning to develop a better picture of this relationship.
Although the CSC model may define the properties of some cancers, a
combination of therapies that target the hierarchal structure of tumors maybe be
necessary for combating brain tumor dispersal.
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