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Glioblastoma multiforme (GBM) is an extremely aggressive and almost always fatal
brain tumor. GBM literature indicates defective mismatch repair (MMR) mechanisms are not
involved in GBM tumorigenesis as in other tumors, and instigating mechanisms of GBM
tumorigenesis remain unclear. GBM and neural progenitor (NPR) cells were exposed to three
concentrations of H2O2 (0, 0.5, and 1.0 µM), cultured, and then harvested 0, 2, 4, and 6 days postexposure; DNA from cells was amplified with microsatellite primers, investigating whether or not
H2O2 exposure affected microsatellite instability (MSI) in target sequences. Three out of six
markers showed significant MSI in the H2O2-exposed NPR cells. Our results suggest H2O2,
which generates reactive oxygen species (ROS), correlated with MSI accumulation that occurred
in NPR cells in specific DNA regions. Thus, gene expression analysis to assess normal and
abnormal gene expression of GBM and NPR cellss is warranted.
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CHAPTER I
INTRODUCTION

Glioblastoma multiforme (GBM)
Glioblastomas, also called Glioblastoma multiforme (GBM), arise from glial cells such as
astrocytes or glial precursors that are in the central nervous system (CNS) (Holland 2000). These
grade IV gliomas are usually found in adults, are almost always fatal, are extremely aggressive,
and are the most common glioma in humans (Holland et al. 2000; Chang et al. 2007; Rodriguez
et al. 2008; Tate and Aghi 2009; Das et al. 2010; Leaver et al. 2010; Lee et al. 2010; Senft et al.
2010). Glioblastomas can be primary tumors that spontaneously arise in the brain, or they can be
secondary tumors that transform from existing lower grade tumors. In 2005, the annual incidence
of astrocytic tumors was estimated to be 3-4 out of 100,000 people, and 80% of those were
glioblastomas (Joensuu et al. 2005). In a study on brain tumors in the United States, collected
between the years 1977-2000, it was found that approximately 50% of all incidences of primary
brain tumors that occurred were GBM (Hess et al. 2004). GBM are known to be extremely
invasive, have increased and specific morphological angiogenesis , are hard to treat, recur
frequently, and are characterized by areas of focal and central necrosis (Holland 2000; Evans et
al. 2004; Chang et al. 2007; Maxwell et al. 2008; Yacoub et al. 2008; Dixit et al. 2009; Skardelly
et al. 2009; Sungarian et al. 2009; Tate and Aghi 2009; Yin et al. 2009; Yip et al. 2009; Bartkova
et al. 2010; Chiu et al. 2010; Das et al. 2010; Dirks 2010; Ghosh et al. 2010; Lee et al. 2010;
Martinez et al. 2010; Senft et al. 2010).
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Despite considerable advances in cancer treatments, these characteristics still result in
poor prognostics for patient treatment, survival, and recurrence (Holland 2000; Evans et al.
2004; Chang et al. 2007; Maxwell et al. 2008; Yacoub et al. 2008; Dixit et al. 2009; Kang et al.
2009; Sungarian et al. 2009; Tate and Aghi 2009; Yin et al. 2009; Yip et al. 2009; Bartkova et al.
2010; Leaver et al. 2010; Lee et al. 2010; Martinez et al. 2010; Senft et al. 2010). Once GBM or
high grade gliomas have been diagnosed, medium life expectancy is usually less than 12 months,
with some patients surviving for no more than 2 years (Holland 2000; Joensuu et al. 2005; Sun et
al. 2006; Chang et al. 2007; Sihto et al. 2007; Maxwell et al. 2008; Yacoub et al. 2008; Kang et
al. 2009; Sungarian et al. 2009; Yin et al. 2009; Yip et al. 2009; Dirks 2010; Leaver et al. 2010;
Martinez et al. 2010) . Life expectancy after recurrence is also reported to be less than 12 months,
and the five year survival rate is less than 5-10%, even after aggressive therapy (Evans et al.
2004; Sungarian et al. 2009; Yin et al. 2009; Yip et al. 2009). Treatments for GBM usually
include a combination of surgical debulking, cancer drugs, and external beam radiation therapy
(XRT), but, as mentioned, characteristics of GBM tumors make it almost impossible to
completely excise the tumor through surgery, radiation, and chemotherapy (Holland 2000;
Maxwell et al. 2008; Sungarian et al. 2009; Chiu et al. 2010).
GBM are mostly composed of astrocytes, a type of glial cell (Tortora 2005; Yue et al.
2008). Other types of glial cells develop from early neural cells and include neuroglial cells,
ependymal cells, and oligodendrocytes (Park and Park 2010). Overall, glial cells represent
approximately one-half of the cells found in the CNS. These cells do not generate action
potential themselves, but they can multiply and divide in the CNS, filling in spaces left by injury
to neuronal cells (Tortora 2005). It has also been indicated that they protect neurons from
oxidative damage (Tanaka et al. 1999; Lee et al. 2005; Slotkin and Seidler 2009). Astrocytes, the
most common type of glial cell, are star-shaped, and glial cells have many functions in the CNS
(Tortora 2005; Yue et al. 2008). They contain microfilaments that imbue them with strength,
2
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allowing them to support neuronal cells. They aid in maintaining the chemical balance needed
for the generation of nerve impulses (Tortora 2005) . They also maintain the specificity of the
blood-brain barrier through biochemical support of the endothelial cells that form it (Tortora
2005; Yue et al. 2008). Lastly, it is believed that they regulate the growth, migration, cell fate
decisions, and interconnections between neurons in the brain during embryological development
(Lindvall et al. 2004; Tortora 2005). Further evidence also indicates glial cells, astrocytes in
particular, maintain the ability to regulate or at least influence neurogenesis in adults (Fallon et al.
2000; Ming and Song 2005; Kong et al. 2008).
Neuronal progenitor stem cells produce new neurons and glia throughout human adult
life (Fallon et al. 2000; Ming and Song 2005; Leaver et al. 2010). These stem cells are
multipotent and induce the proliferation, migration and neurodifferentiation of neural progenitors
into multiple cell types such as neuronal (in discrete regions), glial, and non-neural cells (Fallon
et al. 2000; Ming and Song 2005; Rieske et al. 2009; Ayuso-Sacido et al. 2010; Park and Park
2010). It was found that glioblastomas contain transformed, multipotent, tumor-initiating cancer
stem cells as well as multiple neural cell types (Rieske et al. 2009; Tate and Aghi 2009; Leaver et
al. 2010) . Some studies have shown strong evidence that brain tumors develop multiple cell
types from undifferentiated or dedifferentiated multipotent neural stem cells because gliomas
arise adjacent to an area called the subventricular zone (SVZ), an area of the brain where neural
progenitors are located (Holland et al. 2000; Liu et al. 2008; Rieske et al. 2009; Ayuso-Sacido et
al. 2010; Dirks 2010; Leaver et al. 2010). It has also been shown that astrocytes can be
experimentally dedifferentiated into glial-like progenitor cells in vitro, suggesting that in vivo
these cells could remain in a proliferative and undifferentiated state (Dai et al. 2001). This
phenomenon could explain the presence of multiple regulatory mechanisms and selection
pressures that aid in glioma development (Leaver et al. 2010). It appears that as these cells are

3
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differentiating, they gradually silence some genes and up-regulate others to result in a specific,
and genetically unstable, phenotype more amenable to tumorigenesis (Rieske et al. 2009).

Genomic Instability
Genetic instability (GI), manifested by multiple mutations believed to occur early in
tumorigenesis, is a hallmark of cancer (Jackson and Loeb 2000). Abundant and variable GI is
reported to be present in gliomas (Martinez et al. 2005; Tate and Aghi 2009; Bartkova et al.
2010). Genetically, GBM presents with various deletions, amplifications, and point mutations
(Holland 2000). The presence of GI can be indicated by microsatellite instability (MSI) (de
Leeuw et al. 2001; Piao and Hei 2001).
Microsatellites, also called short tandem repeats (STR), are short tandemly repeated DNA
sequences (Leung et al. 1998; Jackson and Loeb 2000; Xu et al. 2000; Suraweera et al. 2002;
Zhang et al. 2002; Bacher et al. 2004; Ellegren 2004; Bacher et al. 2005; Hussein et al. 2005;
Buhard et al. 2006; Umar 2006; Giunti et al. 2009; Shah et al. 2010). Microsatellite markers are
classified based on their repeat motif sequence as follows: markers with one nucleotide repeat
motif are mononucleotides, two nucleotide repeat motifs are dinucleotides, three nucleotide
repeat motifs are trinucleodtides, four nucleotide repeat motifs are tetranucleotides, five
nucleotide repeat motifs are pentanucleotides, and six nucleotide repeat motifs are
hexanucleotides (Ellegren 2004).
Microsatellites have often been used in genome mapping and population genetic studies,
but they have also been used as an effective diagnostic tool for cancer detection and risk (Leung
et al. 1998; Jackson and Loeb 2000; Suraweera et al. 2002; Bacher et al. 2004; CoolbaughMurphy et al. 2004; Ellegren 2004; Bacher et al. 2005; Coolbaugh-Murphy et al. 2005; Hussein
et al. 2005; Buhard et al. 2006; Umar 2006; Brouwer et al. 2009). Most notably, it has not only
been used to detect MSI in families with HNPCC, but has also been used in the detection of MSI
4
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in sporadic cancers found in colon, gastric, and endometrial tissues (Jackson and Loeb 2000;
Suraweera et al. 2002; Bacher et al. 2004; Bacher et al. 2005; Hussein et al. 2005; Buhard et al.
2006; Umar 2006).
MSI is defined by the expansion and contraction of repeat motifs for individual
microsatellites during DNA replication and presents as changes in length rather than sequence
(Leung et al. 1998; Jackson and Loeb 2000; Xu et al. 2000; Suraweera et al. 2002; Bacher et al.
2004; Ellegren 2004; Hussein et al. 2005; Shah et al. 2010). MSI analysis is used to detect
variations in length between tumorous DNA and matching non-tumorous DNA to assess overall
genomic integrity (Dams et al. 1995; Leung et al. 1998; Jackson and Loeb 2000; Xu et al. 2000;
Suraweera et al. 2002; Bacher et al. 2004; Hussein et al. 2005). The National Cancer Institute
(NCI) created a panel of 5 markers that is normally used for the detection of HNPCC. This panel
includes markers BAT25 (mononucleotide), BAT26 (mononucleotide), D5S346 (dinucleotide),
D2S123 (dinucleotide), and D17S250 (dinucleotide) (Suraweera et al. 2002; Lucci-Cordisco et al.
2003; Bacher et al. 2004; Buhard et al. 2006; Umar 2006; Giunti et al. 2009). Also, Bacher et al.
(2004) with Promega (Madison, WI), have developed a different set of multiplex microsatellites
that contain mononucleotides only, reporting that this type of repeat motif is more sensitive to
instability in comparison to dinucleotide markers. The best mononucleotide markers, they
reported, were BAT25, BAT26, NR21, NR24, and MONO-27 (Bacher et al. 2004). There are
three diagnostic classifications for MSI based on the number of markers that show instability in
the five marker panel. Tumors showing instability in 2 or more markers are classified as MSIHigh (MSI-H), one marker is classified as MSI-Low (MSI-L), and no marker instability is
classified as microsatellite stable (MSS) (Suraweera et al. 2002; Lucci-Cordisco et al. 2003;
Bacher et al. 2004; Coolbaugh-Murphy et al. 2004; Buhard et al. 2006; Umar 2006; Giunti et al.
2009).

5
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MSI found in coding regions could alter protein expression and function, while MSI
expansion in non-coding regions will not, most likely, induce a direct change in protein function.
However, it could alter mRNA transcription as the repeat is transcribed (Brouwer et al. 2009).
Microsatellites, while very polymorphic, are believed to have biological functions.
Microsatellites within intragenic regions such as promoters, 3’-untranslated regions, or introns,
could play roles in chromatin organization and recombination, as well as affect gene function and
expression by regulating transcription rates, RNA stability, splicing efficiency, and RNA-protein
interaction; their role in gene regulation is suggested by their preferential location within mRNA
(Brouwer et al. 2009; Shah et al. 2010). This could indicate why MSI in these regions can have
such negative impacts on cell signaling, transcription, and translation (Brouwer et al. 2009).
Clearly, alterations in microsatellite length could affect tumor formation through
frameshift mutations within exons that cause gene inactivation, enhanced transcription factor
binding to microsatellites in promoter regions that cause gene activation, and effects on gene
expression levels because of differences in microsatellite length (Brouwer et al. 2009; Shah et al.
2010). Abundant and varied amounts of GI and MSI has been reported in some glioblastomas
(Dams et al. 1995; Izumoto et al. 1997; Leung et al. 1998; Kanamori et al. 2000; Tate and Aghi
2009; Bartkova et al. 2010). However, it is still unclear exactly when DNA instability of
microsatellites occurs (Brouwer et al. 2009), but it has been reported that MSI is associated with
oxidative stress (Evans et al. 2004).

Oxidative Stress
The current literature indicates that glioblastomas, as well as other types of tumors, are
under a heightened state of oxidative stress (OS) because of increases in the generation of
reactive oxygen species, and that ROS plays a role tumor proliferation (ROS) (Chiu et al. 2010;
Das et al. 2010; Ghosh et al. 2010; Park and Park 2010). ROS are highly reactive and unstable
6
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free radicals that steal electrons from proteins, lipids, carbohydrates, other nearby molecules, and
DNA to become stable (Gilgun-Sherki et al. 2001; Klein and Ackerman 2003; Evans et al. 2004;
Agarwal et al. 2005; Simm and Brömme 2005; Agarwal et al. 2008; Uttara et al. 2009). Some
common free radicals are hydroxyl (OH·), superoxide (O2·-), and nitric monoxide (NO·). Other
compounds such as hydrogen peroxide (H2O2) and peroxynitrite (ONOO-) are not free radicals
but can be generated through chemical reactions in the cell (Uttara et al. 2009). When free
radicals steal electrons, they cause a chain reaction that damages the molecules it stole electrons
from, and this damage can result in single- or double- strand breaks in the DNA (Agarwal et al.
2005; Agarwal et al. 2008; Uttara et al. 2009).
ROS can come from exogenous sources such as ultra violet radiation, ionizing radiation,
electromagnetic radiation, tobacco smoke, chemical, and environmental pollutants (Evans et al.
2004; Burke and Wei 2009; Uttara et al. 2009). ROS can also be generated endogenously
through normal cellular metabolism (Gasche et al. 2001; Andersen 2004; Evans et al. 2004;
Simm and Brömme 2005; Uttara et al. 2009; Chiu et al. 2010; Circu and Aw 2010). Despite the
damage that free radicals can cause, they do a play a role in cellular regulation or as secondary
messengers in physiological processes such as cell proliferation, survival, and apoptosis (Evans et
al. 2004; Agarwal et al. 2005; Lee et al. 2005; Simm and Brömme 2005; Agarwal et al. 2008;
Chiu et al. 2010; Circu and Aw 2010). For example, ROS generation can activate mitogenactivated protein kinases (MAPKs) which are classified in the following three major subfamilies:
(1) extracellular signal-regulated kinase (ERK), (2) c-Jun N-terminal kinase (JNK/SAPK), and
(3) p38 kinase (Lee et al. 2005; Uttara et al. 2009). For these normal cellular functions, the body
is kept in a homeostatic state between ROS generation and neutralization through the use of
antioxidants that scavenge for free radicals before they can cause damage (Klein and Ackerman
2003; Agarwal et al. 2005; Agarwal et al. 2008; Uttara et al. 2009; Circu and Aw 2010).
Sometimes, persistent and increased accumulation of ROS can become too much for the
7
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antioxidants to maintain oxidative homeostasis, leading to an OS condition (Chang et al. 2002;
Klein and Ackerman 2003; Agarwal et al. 2008; Uttara et al. 2009). There are DNA repair
mechanisms to mend damage caused by ROS, and in the event that the damage is too severe,
there are other mechanisms that can induce apoptosis (programmed cell death) to keep damaged
and mutated DNA from accumulating in an organism (Chang et al. 2002; Peterson and Cote
2004; D'Errico et al. 2007).
Unfortunately, neural tissue seems to be prone to increased free radical generation and is
considered to be particularly sensitive to oxidative damage for several reasons. First,
mitochondria in the brain must constantly consume oxygen in order to generate enough energy
for the promotion of normal brain functions (Gilgun-Sherki et al. 2001; Andersen 2004; Lee et al.
2005; Slotkin and Seidler 2009; Uttara et al. 2009). This is especially true during brain
development (Slotkin and Seidler 2009). It has also been reported that 1-2% of all oxygen
consumed by the brain is converted into ROS (Uttara et al. 2009). Second, the brain’s membrane
lipid composition contains high amounts of polyunsaturated fatty acids that can be easily
oxidized, leading to increased ROS generation (Lee et al. 2005; Slotkin and Seidler 2009; Uttara
et al. 2009). Increased lipid peroxidation has been noted in some neurodegenerative diseases
(Gilgun-Sherki et al. 2001). Third, in comparison to other body tissues, the brain has relatively
lower antioxidant capacity (Uttara et al. 2009). Again, this is especially true during brain
development, when antioxidant levels are even lower than in an adult brain, but it also true in
older brains that have less antioxidant scavenging activity coupled with decreased regenerative
capabilities (Gilgun-Sherki et al. 2001; Slotkin and Seidler 2009). Fourth, a unique source of
ROS generation is attributed to excitotoxicity caused by the metabolism of excitatory amino acids
and neurotransmitters, mainly glutamate, and ROS can also increase glutamate release, promoting
even more ROS generation (Gilgun-Sherki et al. 2001). Fifth, OS in neural tissue increases as the
brain ages, and since neurons are post-mitotic, they cannot repair oxidative damage as easily,
8
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making them more susceptible to it (Andersen 2004; Uttara et al. 2009). This, in turn, increases
the amount of ROS generation because glial cells will express particular genes in response to
neural cell damage, such as from ROS. However, when glial express these genes in a nonspecific manner to destroy damaged cells, it can actually cause more neural damage (Andersen
2004). Taken together, there is strong evidence that the brain, in comparison to other body
systems, clearly generates more ROS, is exposed to more ROS, has fewer antioxidants to
scavenge free radicals, and is, overall, more susceptible to states of OS (Andersen 2004; Lee et al.
2005; Slotkin and Seidler 2009; Uttara et al. 2009).
Excessive generation of ROS has been linked to accidental cell death, apoptosis, chronic
diseases, degenerative diseases, cancer, inflammation, myocardial infarction, strokes, and aging
(Andersen 2004; Lee et al. 2005; Dixit et al. 2009; Uttara et al. 2009; Park and Park 2010). OS
has also been implicated as either a direct or indirect contributing or influencing force on several
neurodegenerative diseases such as Parkinson’s Disease, Alzheimer’s Disease, amyotrophic
lateral sclerosis (ALS), also known as Lou Gehrig’s Disease, and multiple sclerosis (Lee et al.
2001; Li et al. 2003; Andersen 2004; Lee et al. 2005; Uttara et al. 2009; Nakamura and Lipton
2010). Anderson et al. (2004) showed this through post-mortem brains of patients with these
diseases, and results indicated ROS effects were seen in brain regions specific to each disease
respectively. It has also been speculated that neuronal disorders such as autism spectrum disorder
(ASD) are possibly affected by OS (Kern and Jones 2006).

Cell Repair in Response to DNA Damage
The increased GI and treatment resistance of GBM implicates a failure of the cellular
DNA damage responses. These pathways have recently been identified as inhibitors to activated
oncogenes and tumorigenesis in early tumor lesions. In some tumors, like testicular germ cell
tumors, it was found that DNA damage response activation was very low or absent. Bartkova et.
9
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al. (2010) found that DNA damage checkpoint signaling is abnormally activated from low-grade
to high-grade gliomas in a large fraction of cells, possibly encompassing glioma stem cells.
One response to DNA damage, the DNA mismatch repair (MMR) mechanism, is critical
for preserving genomic integrity (Hsieh and Yamane 2008), and therefore, it is critical for
maintaining microsatellite stability as well (Shah et al. 2010). There is evidence showing that
defects in MMR mechanisms leads to MSI (Leung et al. 1998). It has also been reported that
MSI is found in familial cancer syndromes, specifically HNPCC, as well as various types of
sporadic human tumors such as colorectal, gastric, endometrial, and cervical cancers (Dams et al.
1995; Izumoto et al. 1997; Leung et al. 1998). Jackson and Loeb (2000) worked with
Escherichia coli (E.coli) and suggested that oxidative DNA damage from endogenous sources
could increase the frequency of strand slippage during replication or repair synthesis, thus
increasing overall GI, and slippage of the replication fork was one of the first proposed
mechanisms for DNA instability in microsatellites (Brouwer et al. 2009). However, according to
Martinez et al. (2005), who assessed MSI in genes important to MMR, they did not discover
aberrations in the important MMR genes in glioblastoma. Instead, he concluded that MSI present
in tumors may be due to inactivated minor repair genes and not from the genes mutL homolog 1,
colon cancer, nonpolyposis type 2 (E. coli) (MLH1) and mutS homolog 2 , colon cancer,
nonpolyposis type 1 (E. coli) (MSH2), therefore deficient MMR does not seem to play a role in
tumorigenesis of GBM (Martinez et al. 2005).

Angiogenic Factors of Glioblastoma
It has been reported that several factors play a role in glioma-induced angiogenesis, a
hallmark of glioblastoma. Factors such as vascular endothelial growth factor (VEGF), fibroblast
growth factor (FGF), platelet-derived growth factor (PDGF), and stem cell factor (SCF; also
known as mast cell growth factor MGF) , are the most commonly implicated in playing a role in
10
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tumorous angiogenesis through induction of endothelial cell proliferation, regulation of the
expression of proteases on endothelial cells that are necessary for angiogenesis or by regulating
each other (Dunn et al. 2000; Joensuu et al. 2005; Lee et al. 2005; Sun et al. 2006; Sihto et al.
2007; Skardelly et al. 2009; Tate and Aghi 2009).
The v-kit Hardy-Zuckerman 4 feline sarcoma viral oncogene homolog (KIT) gene
encodes a proto-oncogene that is a type 3 transmembrane receptor for SCF, an important growth
factor in numerous cell types: hematopoietic stem cells, mast cells, melanocytes, germs cells, and
neural stem cells. Hematopoiesis, gametogenesis, and melanogenesis are all associated with KIT
activation. KIT is normally expressed in a variety of tissues such as bone marrow cells, mast
cells, interstitial cells of Cajal, epithelial breast cells, basal skin cells, oocytes, spermatocytes, on
circulating endothelial precursor cells, and human umbilical vein endothelial cells (HUVEC) (Sun
et al. 2006; Sihto et al. 2007).
It has been reported that the KIT/SCF signaling pathway plays a role in normal
angiogenesis (Sun et al. 2006; Sihto et al. 2007; Skardelly et al. 2009). In liver injury, SCF
production is reported to be increased to promote liver regeneration, an angiogenic dependent
process (Greene et al. 2003; Ren et al. 2003; Sun et al. 2006). In the brain, SCF may function
normally as a survival factor for neural stem cells, and in normal neurons, SCF is over-expressed
in vivo in response to various brain injuries due to the migration of neural stem cells to the site of
cerebral injury (Sun et al. 2006; Sihto et al. 2007).
It has also been reported that SCF and KIT play a role in tumor-induced angiogenesis,
and that several types of human tumors may over-express or have mutations in KIT such as
gastrointestinal stromal tumors, systemic mastocytosis, and mast cell leukemia (Sun et al. 2006;
Sihto et al. 2007; Skardelly et al. 2009). More pertinent to our application is the evidence that
KIT has been found mutated in glioblastoma, and KIT, as well as SCF, have been found to be
over-expressed in the microvessels and endothelial cells of glioblastomas, and it is generally
11
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over-expressed more in glioblastoma than in other types of endothelial tumors. This indicates
that overexpression of KIT or SCF is associated with tumor-induced angiogenesis and is
especially important for glioma progression and growth (Sun et al. 2006; Sihto et al. 2007).
For this reason, KIT and SCF have become established markers of human glial tumors
(Skardelly et al. 2009). It has been shown that primary high-grade gliomas consistently express
more SCF than low grade gliomas, and low-grade gliomas are less angiogenic than high grade
gliomas (Sun et al. 2006). This suggests that KIT and SCF are expressed in a grade-dependent
manner in primary human glioblastomas, and as such, SCF expression in gliomas is responsible
for the aggressiveness of the tumor, as well as directly correlating to shorter patient survival time
(Sun et al. 2006; Skardelly et al. 2009).
Further evidence that the overexpression of SCF and KIT is involved with angiogenesis
in gliomas is indicated by the location of SCF overexpression in malignant gliomas. It has been
reported that normal neurons, near or within, the invading border of malignant gliomas express
high levels of SCF or KIT, indicating that the normal neurons are being forced into supporting
and inducing the angiogenesis of the invading tumor cells, and these invasive regions that overexpressed SCF also precisely co-localize with pronounced angiogenic regions along the border of
the tumor. Neurons that were far from the tumor mass, however, did not over-express SCF (Sun
et al. 2006; Skardelly et al. 2009).
VEGF is also known to be over-expressed in glioblastoma, involved in glioma
progression, and has been implicated as a glioma-mediated angiogenic factors (Dunn et al. 2000;
Sun et al. 2006; Sihto et al. 2007; Tate and Aghi 2009). The gene VEGFR2 is the receptor and
main mediator of VEGF-induced endothelial cell survival, proliferation, permeability, and
migration (Tate and Aghi 2009). VEGF is reported to be highly over-expressed in almost all
high-grade gliomas, especially GBM, where its receptor, VEGFR2, is also over-expressed on
glioma associated endothelium. Unlike SCF, over-expression of VEGF in glioblastoma is pre12
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dominantly adjacent to areas of necrosis, consistent with hypoxia induction. These areas of
necrosis and tumor hypoxia, where VEGF is most highly expressed, are not the areas with the
most angiogenesis. Those increased angiogenic areas, as mentioned, occur in the invading tumor
border where SCF is most highly expressed. However, both VEGF and SCF are thought to be coinvolved in glioblastoma angiogenesis (Sun et al. 2006). VEGF expression can also be increased
by multiple angiogenic growth factors like beta-FGF, EGF, and PDGF (Tate and Aghi 2009).
PDGF, a family of platelet-derived growth factors, is a ligand for receptor PDGFRA.
PDGFRA is normally expressed by, and functions in, a variety of tissues such as capillary
endothelial cells, vascular smooth muscle cells, osteoblasts, glia, and neurons (Dunn et al. 2000;
Tate and Aghi 2009). It affects embryonic development, CNS development, the vascular system,
tissue homeostasis, and wound healing (Dunn et al. 2000). High levels of PDGF ligands and
their receptors are expressed in human gliomas, and there has been evidence that PDGF could
affect the differentiation or dedifferentiation of glioma cells (Dunn et al. 2000; Dai et al. 2001;
Tate and Aghi 2009). In vitro, it was shown that PDGF could block the proliferation and
differentiation of some glial progenitors that give rise to oligodendrocytes or astrocytes (Dai et al.
2001).
PDGFRA signaling is important for the function and survival of blood vessel pericytes
(Sihto et al. 2007; Tate and Aghi 2009). When secreted by activated endothelial cells, pericytes
are recruited to site of newly sprouting vessels to aid in establishment of new basement
membranes. PDGFRA is expressed in gliomas and implicated in regulating and modifying
malignant glioma angiogenesis and, as such, has been implicated as a glioma-mediated
angiogenic factor (Dunn et al. 2000; Tate and Aghi 2009) . However, PDGF over-expression
tends to occur in lower grade tumors and not in primary high-grade gliomas. It is seen to be overexpressed in secondary higher-grade tumors that were transformed from lower-grade gliomas. It
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has been suggested that PDGF, while possibly having a mitogenic autocrine role, is probably not
a major angiogenic factor in high-grade gliomas (Sun et al. 2006).

Phosphorylation of H2A.X to Assess Apoptosis
Ataxia telangiectaisia-mutated (ATM) gene is an important regulator of cell cycle
checkpoints. ATM-initiated signaling is one of the first responses to double-strand DNA breaks
(DSBs). This pathway arrests cell division until repairs can be made, and H2A.X, a variant
isoforms of the histone H2A protein, is a major substrate in the kinases of this pathway. It has
several serine residues that are phosphorylated in response to DSBs (including serine 139), which
in turn recruit DNA repair mechanisms to the area of damage. Apoptosis will occur if the
damage is severe enough, and one of the first actions after apoptosis induction results in more
DSBs due to the genome being processed into smaller fragments. Therefore, by detecting the
phosphorylated H2A.X at serine 139 with a flow cytometer, it can be used as a marker for
apoptosis; this is one of the earliest detectors of apoptosis (Rogakou et al. 1999; Kuo and Yang
2008).
My hypothesis is that ROS could be an initiator of the mutagenesis and genetic changes
that lead to glioblastoma multiforme (GBM) in humans and is characterized by increased
genomic instability (GI) that can be measured by microsatellite instability (MSI) in target
sequences.

Research Objectives
A.

Determine the amount of cells harvested and undergoing apoptosis in

glioblastoma multiforme and neural progenitor cells lines over time after ROS
exposure.
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B. Determine the amount of microsatellite instability (MSI) present in glioblastoma
multiforme and neural progenitor cell lines over time after ROS exposure.

C. Identify possible microsatellite markers of interest in regard to glioblastoma
multiforme prognostics, initiation, progression, migration, and aggression.

15
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CHAPTER II
MATERIALS AND METHODS

Cell Culture Maintenance and Subculturing
Aliquots of reagents (i.e. medium, laminin, PBS, H2O2 and Accutase) used in cell culture
in vitro maintenance, subculturing, or exposure were pre-warmed to 37°C thirty minutes prior to
use. All cell culturing was performed in a sterile room, horizontal laminar flow cabinet, and
incubator. Protocols for malignant glioblastoma multiforme and neural progenitor cell culture
maintenance and subculturing, both with and without a laminin matrix, were standardized in our
lab prior to exposure experimentation to allow for optimal growth and viability (unpublished
data).

Cell Culture Maintenance
A cryo-preserved sample of a malignant human glioblastoma multiforme (GBM) cell line
M059K, passage 76, was purchased from American Type Culture Collection (ATCC, Manassas,
VA). The cancer cells, henceforth to be called “GBM,” were grown in a T-25 culture flask with
3ml of supplemented culture medium. The supplemented culture medium consisted of
Dulbecco’s Modified Eagle’s Medium (DMEM) + Glucose (Invitrogen, Carlsbad, CA), and was
supplemented with 2.5 mM L-glutamine (Invitrogen, Carlsbad, CA), 15 mM HEPES
(Invitrogen, Carlsbad, CA), 0.5 mM sodium pyruvate (Sigma Aldrich, Saint Louis, MO), 1.2 g/L
sodium bicarbonate (Sigma Aldrich, Saint Louis, MO), 0.05 mM non-essential amino acids
(Invitrogen, Carlsbad, CA), 10% fetal bovine serum (FBS) (Invitrogen, Carlsbad, CA), and 1%
16
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antibiotic-antimycotic (Invitrogen, Carlsbad, CA). GBM cells were maintained in a humidified
atmosphere at 37°C and in the presence of 5% CO2. Every 3 days, spent culture medium was
replaced with 3ml of fresh supplemented medium (described above). Cultures were also
monitored daily using a phase-contrast microscope to ensure that the cell morphology remained
constant.
A cryo-preserved sample of an immortalized human neural progenitor (NPR) cell line
ReNcell CX, passages 1-2, was purchased from Millipore (Millipore, Temecula, CA). These
cells, henceforth to be called “NPR,” were grown in 3 ml of culture medium in a T-25 culture
flask that had been freshly coated with a 20 µg/ml laminin (Sigma Aldrich, Saint Louis, MO)
matrix 4 hours prior to seeding (laminin coating protocol described below). The culture medium
used was ReNcell NSC Maintenance Medium (Millipore, Temecula, CA). This medium was
aliquotted, and each aliquot was freshly supplemented with 20 ng/ml of epidermal growth factor
(EGF) (Lonza, Walkersville, MD) and 20 ng/ml of basic fibroblast growth factor (bFGF)
(Invitrogen, Carlsbad, CA). No antibiotic-antimycotic was used with the NPR cell line because it
interferes with the cell immortalization vector. Cells were maintained in a humidified atmosphere
at 37°C and in the presence of 5% CO2. Every 2 days, spent culture medium was replaced with
3ml of fresh supplemented medium (described above). Cultures were also monitored visually
under the microscope to ensure that the cell populations remained undifferentiated and constant.

Coating Culture Flasks or Wells with a Laminin Matrix
Following the instructions for the correct culturing of the immortalized human neural
progenitor cell line ReNcell CX, (Millipore, Temecula, CA), we prepared flasks coated with a 20
µg/ml laminin (Sigma Aldrich, Saint Louis, MO) matrix four hours prior to seeding NPR cells
into new flasks. Following the manufacturer’s protocol, we prepared a 20 µg/ml laminin solution
in 1.5 ml of non-supplemented Dulbecco’s Modified Eagle’s Medium (DMEM) + Glucose
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(Invitrogen, Carlsbad, CA). This solution was then added to new sterile flasks and incubated for
4 hours in a humidified atmosphere at 37°C and in the presence of 5% CO2. After the 4 hour
incubation, the 20 µg/ml laminin solution was removed from the flasks and discarded. The flasks
were then washed twice with 3 ml of warm 1X PBS, and the 1X PBS was discarded each time.
Approximately 2.5 ml of the ReNcell NSC Maintenance Medium (Millipore, Temecula, CA) was
then added to the flasks, and the flasks were then kept in a humidified atmosphere at 37°C and in
the presence of 5% CO2 until the cultures were ready to be seeded.

Cell Culture Subculturing
Cultures from the GBM cells were subcultured when they reached 90-100% confluency,
approximately every 4-6 days. Cultures from the NPR cells were subcultured when they reached
90-100% confluency, approximately every 6-8 days. Prior to subculturing, new flasks were
coated with laminin (as described previously) for the NPR cells. The NPR cells were also
subcultured if the cells had not reached 90-100% confluency after 9 days in the same flask
because the laminin matrix needed to be replaced at this time to guarantee the laminin’s
continued effectiveness for cell attachment. To passage both cell lines, the spent culture medium
was removed. Cultures were then incubated for 3 minutes at 37°C with 1.5 ml of Accutase
(Millipore, Temecula, CA). After 3 minutes, cultures were examined under an inverted light
microscope to determine if all cells had detached from the culture flask. If some cells were still
attached, cultures were incubated for an additional 2 minutes at 37°C. Once all cells had
detached, 1.5 ml of supplemented medium, respective to the two cell lines, was added to the
culture flask to deactivate the Accutase. Dissociated cells were transferred to a 15 ml falcon tube
and centrifuged at 300 x g for 5 minutes to pellet the cells. After centrifugation, the supernatant
was removed and discarded. The pelleted cells were gently resuspended with a pipette in 2 ml of
fresh supplemented medium, respective to the two cell lines. The resuspended cells were then
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split into new culture flasks (non-coated for M095K and laminin-coated for ReNcell CX) that
contained an appropriate volume (final culture flask volume of 3 ml) of fresh supplemented
medium, respective to the two cell lines. Medium was changed as described previously, and
cultures were maintained in a humidified atmosphere at 37°C and in the presence of 5% CO2.

Hydrogen Peroxide (H2O2) Exposure Protocol
Protocols for the GBM and NPR cells involving exposure time, H2O2 concentrations, cell
collection days, and concentration of seeded cultures were previously standardized in our lab
prior to beginning the exposure experiment in order to allow for optimal growth and viability of
cells throughout the collection days after exposure (unpublished data).

Cell Culture Preparation for Hydrogen Peroxide (H2O2) Exposure
To prepare cultures for exposure to hydrogen peroxide (H2O2) (Fisher Scientific,
Houston, TX), each human cell line, GBM (passage 81-83) and NPR (Passage 4), was seeded into
separate wells of a 6-well culture plate, for a total of 12 sample wells per cell line to allow for
samples to be taken on each collection day and H2O2 exposure concentration. Cells were seeded
at approximately 80,000 cells per well, as determined by cell counting using a hemocytometer.
Cells were maintained in 1.5 ml of appropriate supplemented medium, and incubated in a
humidified atmosphere at 37°C and 5% CO2. All cell cultures for both cell lines were cultured
on a 20 µg/ml laminin matrix that was coated into the wells four hours before use with the
previously described laminin protocol. Cells were deemed ready for the exposure experiment
when they reached approximately 80% confluency, which occurred 2 days after seeding for the
malignant GBM human cell line and 3 days after seeding for the NPR cell line.
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Hydrogen Peroxide (H2O2) Exposure
Optimal exposure time, H2O2 concentration, days to harvest cells, and exposure protocols
were previously standardized before beginning experiment (unpublished data). Once GBM and
NPR cells reached approximately 80% confluency, either 2 or 3 days after seeding, they were
exposed to H2O2 to induce generation of reactive oxygen species (ROS). Per exposure protocols
developed in previous experiments (unpublished data), the culture medium was removed and
discarded from the cell cultures. Each cell culture in the 6-well plates was gently washed twice
with 3ml of warm 1X PBS (1X PBS used for washing was removed and discarded after each the
first and second wash). Cells were then treated with either no exposure (1X PBS with 0.0 µM
H2O2), low concentration exposure (1X PBS with 0.5 µM H2O2), or a high concentration
exposure (1X PBS with 1.0 µM H2O2), which was gently added to the appropriate culture well for
a final volume of 1.5ml, an amount equal to the volume of culture medium volume used during
normal culturing in the 6-well plate. Cells were then incubated at 37°C in a humidified
atmosphere at 5% CO2 for 30 minutes.
At the end of the 30 minute exposure period, the treatment liquid was slowly and gently
removed from the cell cultures. Cells were then, with extreme care, gently washed twice with 3
ml of 1X PBS (this PBS was removed and discarded for each individual wash). After washing
the cells, 1.5 ml of appropriate culture medium was slowly added. Cells were maintained in a
humidified atmosphere at 37°C and in the presence of 5% CO2. They were then cultured until
their specific collection day (0, 2, 4, or 6 days post H2O2 exposure).

Harvesting Cell Cultures Exposed to H2O2
Cells were collected on day 0, day 2, day 4, and day 6 post H2O2 exposures. In the case
of day 0, cells were collected immediately after the 30 minute exposure period. From previous
standardization protocols involving H2O2 exposure of the GBM and NPR cells, we decided to end
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the experiment on day 6 because the GBM cells usually reached 100% confluency by this time
and the laminin matrix became less efficient for cell growth of the NPR cell line. If cultured past
day 6, our data could have been skewed due to cell death and detachment caused by
overcrowding and aged laminin. On collection days of both cell lines, spent culture medium was
gently removed, and 1.5 ml of Accutase was added. Cell cultures were incubated for 3 minutes at
37°C and then examined under an inverted light microscope to determine if all cells had detached
from the culture flask. If all the cells were not detached, cultures were incubated for an additional
2 minutes at 37°C. Once all cells had detached, 1.5 ml of appropriate supplemented medium was
added to the culture flask to deactivate the Accutase. Dissociated cells were transferred to a 15ml
conical tube and centrifuged at 300 x g for 5 minutes to pellet the cells. After centrifugation, the
supernatant was removed and discarded. The pelleted cells were gently resuspended in 1 ml of
1X PBS. Cells were then immediately processed for cell counting, flow cytometry, and DNA
purification.

Flow Cytometry Protocol
Cell Counting
The cell suspensions in 1 ml of 1X PBS were immediately processed for cell counting
with a Beckman Coulter Counter Z Series (Beckman Coulter Brea, CA). 100 µl aliquots of the
cell suspensions were used to enumerate cells collected, per the manufacturer’s instructions.
Once specific cell counts were determined and recorded for each cell sample, cells were
processed for flow cytometry.

Flow Cytometry
Flow cytometry was done on the FACSCalibur Flow Cytometer (BD Biosciences, San
Jose, CA) using the H2A.X Phosphorylation Assay Kit that contained Anti-phospho-H2A.X
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FITC conjugate, normal mouse IgG FITC conjugate, Fixation Solution (16X), Wash Solution
(10X), and Permeabilization Solution (10X) (Millipore, Temecula, CA). Each cell suspension
was processed in triplicate: two samples were processed with the Anti-phospho-H2A.X FITC
conjugate, and the third sample was processed similarly except that no label was added as a
control sample. Three extra individual samples were also included to allow for an isotype control
with normal mouse IgG FITC conjugate labeled control.
In a 96-well V-bottom tissue culture plate, each cell suspension was added to an
individual well at a concentration of 100,000 cells per well. Excess cells from each sample were
placed on ice to await DNA purification after flow cytometry was complete. Cell samples were
then gently resuspended in 50 µl of 1X Fixation Solution and incubated on ice for 20 minutes.
Samples were centrifuged at 300 x g for 1 minute, and the supernatant was removed and
discarded. Samples were washed twice with 1X PBS at 3 times the volume of the fixative used,
approximately 150 µl of 1X PBS per wash. Samples were centrifuged at 300 x g for 1 minute,
and the supernatant was removed and discarded. Each sample was then gently resuspended in 50
µl of 1X Permeabilization Solution. Next, 3.5 µl of Anti-phospho-H2A.X FITC conjugate, no
label, or normal mouse IgG-FITC conjugate was added to the appropriate sample well, and cell
samples were then incubated on ice for 20 minutes with occasional gentle agitation. Cells were
centrifuged at 300 x g for 1 minute, and the supernatant was removed and discarded. Each cell
sample was washed with 100 µl of 1X Wash Solution. Cells were centrifuged at 300 x g for 1
minute, and the supernatant was removed and discarded. Each cell sample was then resuspended
in 150 µl of FACS buffer (BD Biosciences, San Jose, CA). Finally, 100 µl of each resuspended
sample was diluted into 400 µl of FACS buffer to be analyzed with flow cytometry. Cells
undergoing apoptosis were evaluated by phosphorylation detection of the Anti-phospho-H2A.X
FITC conjugate for each cell sample, H2O2 exposure concentration, and collection day. Forward
and side light scatter analysis, indicating individual and overall size and granularity of the cell
22

Template Created By: Damen Peterson 2009
sample populations were also generated by flow cytometry. Any excess samples after flow
cytometry was performed were collected for DNA purification.

DNA Purification and Quantification
Collected cell cultures from the exposure experiment of both cell lines, GBM and NPR,
were resuspended in 200 µl of 1X PBS. DNA purification was performed using the Purelink™
Genomic DNA Mini Kit (Invitrogen, Carlsbad, CA) according to the manufacture’s protocol.
Each DNA sample was resuspended in approximately 50 µl of the resuspension buffer provided
with the Purelink™ Genomic DNA Mini Kit. Concentrations for each DNA sample were
obtained and recorded through analysis with a Nanodrop ® ND-1000 spectrophotometer. GBM
and NPR cell samples that had only been cultured in their respective supplemented medium (i.e.
not been experimentally exposed to H2O2 or 1XPBS) were also collected, purified, and quantified
as a naïve control to determine any normal occurrence of mutation frequencies already present in
each cell line (GBM and NPR).

Microsatellite Panel Selection and Standardization
Six microsatellite markers were chosen to create a PCR panel to analyze mean mutational
frequencies of microsatellite instability (MSI) for malignant human glioblastoma multiforme and
immortalized human neural progenitor cell lines after exposure to a source of reactive oxygen
species (ROS). Microsatellite markers for this panel were chosen based on current literature that
notes markers and genes of interest in GBM, diagnostic panels currently in medical use for other
types of tumors, previous experiments in our lab with other tumor types, and location of these
markers in regards to specific genes (Table 1).
During cell culture maintenance, but before exposure to H2O2, cell cultures from both cell
lines, GBM and NPR, were collected for DNA purification and standardization of the PCR Panel.
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Cells for standardization were collected, purified, and quantified, described previously, and PCR
amplification was performed (protocol described in another section).

PCR amplification with

this microsatellite panel was first done with large pool replicates (approximately 0.1 ng/µl - 1
ng/µl per PCR reaction) for each cell line to determine the wild type alleles. Actual PCR
microsatellite mutational analysis needed to be done at a single genome equivalent
(approximately 12.5-50 pg/µl) to enable statistically significant results with relatively low
replicate numbers (Coolbaugh-Murphy et al. 2004; Coolbaugh-Murphy et al. 2005). Methods for
determining single genome equivalents for each sample are described below.

Determination of Single Genome Equivalents
Sample Dilutions
Before mutational analysis could be conducted, the DNA samples were first titrated to
single genome equivalents. Determined by Poisson analysis, single genome equivalents for each
DNA sample ensure the sensitivity of PCR analysis to detect wild type and mutated alleles at
their appropriate frequency (Coolbaugh-Murphy et al. 2004; Coolbaugh-Murphy et al. 2005).
For each DNA sample, serial dilutions were made at 0.1 ng/µl, 0.05 ng/µl, and 0.025
ng/µl. Poisson analysis, along with a stable PCR Multiplex containing 3 markers (VWA,
D8S1179, and FGA) developed and standardized in our lab (unpublished data), was used to help
approximate the DNA concentration for each individual sample that would result in a single
genome equivalent. The equation for Poisson analysis is λ=-ln(K1/K), where λ = the average
number of amplifiable DNA molecules in each PCR reaction, K1 = the total number of alleles
expected minus the number of alleles observed, and K = the total number of alleles expected as
described by Coolbaugh-Murphy et al. and Zhang et al (Zhang et al. 2002; Coolbaugh-Murphy
et al. 2004; Coolbaugh-Murphy et al. 2005). PCR amplifications were performed with this
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multiplex panel for each DNA sample and concentration in triplicate and with appropriate
negative controls in a 96-well plate.

PCR Amplification of Multiplex Panel to Determine Single Genome Equivalents
PCR amplifications were performed in a total reaction volume of 10 µL containing 1X of
Buffer D [800 mM Tris HCl, 200 mM (NH4)2SO4, and 0.2% w/v Tween 20] (US DNA, Fort
Worth, TX), 2.5 mM MgCl2 [25 mM] (US DNA, Fort Worth, TX), 0.1X of Solution L (US
DNA, Fort Worth, TX), 1.25 U of Hot-MultiTaq DNA polymerase [5 U/µL] (US DNA, Fort
Worth, TX), 4% of DMSO [80% v/v] (Sigma Aldrich, Saint Louis, MO), 0.4 mg/ml of Bovine
Serum Albumin [2 mg/ml] (BSA) (Thermo Scientific, Rockford, IL), 0.3 mM of dNTPs [10 mM]
(Applied Biosystems, Foster City, CA), and 0.375-0.750 µM of each primer mixed with 25 µM of
both forward (fluorescently labeled) and reverse (unlabeled) primers (Table 2). Solution L was
used as an additive that enhances the amplification of difficult templates.
PCR was performed on a PE 9600 thermocycler using a ramping cycling protocol. 1
cycle of 95°C for 11 minutes; 1 cycle of 96°C for 1 minute; 10 cycles of [94°C for 30 seconds,
(ramp 68 seconds to 58°C) hold at 58°C for 30 seconds, (ramp 50 seconds to 70°C) hold at 70°C
for 60 seconds]; 25 cycles of [90°C for 30 seconds, (ramp 60 seconds to 58°C) hold at 58°C for
30 seconds, (ramp 50 seconds to 70°C) hold at 70°C for 60 seconds]; 1 cycle of 60°C for 30
minutes; and hold at 4°C. Negative controls were included in each PCR to monitor for
contamination.

Detection and Analysis of Amplified PCR Products to Determine Single Genome Equivalents
After PCR amplification of each DNA sample and concentration, samples were prepared
for fragment analysis. 1.0 µl of each PCR product was mixed with 4.35 µl of Hi-Di™
Formamide and 0.15 µl of GeneScan™ 500 LIZ Size Standard (35-500 bp) (Applied Biosystems,
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Foster City, CA). Samples were denatured for 3 minutes at 95°C in order for PCR fragments to
be separated, and they were detected with an AB 3130xl Genetic Analyzer (Applied Biosystems,
Foster City, CA).
Data were analyzed with the software GeneMapper Version 4.0 (Applied Biosystems,
Foster City, CA) to determine the DNA concentrations for single genome equivalents. Through
previous standardization with this multiplex and Poisson analysis, we determined that the DNA
concentration that resulted in allele drop-out would give us the approximate DNA concentration
for single genome equivalents. Once these DNA concentrations were determined, 1 ml dilutions
were made for each sample to be used for PCR amplification with the PCR panel selected to
measure MSI.

Amplification of the PCR Panel to Determine Microsatellite Instability (MSI)
For each sample and with each primer, 48 PCR sample replicates and 16 PCR negative
control replicates were prepared. PCR amplifications were performed in a total reaction volume
of 10 µL containing 1X of Buffer D [800 mM Tris HCl, 200 mM (NH4)2SO4, and 0.2% w/v
Tween 20] (US DNA, Fort Worth, TX), 2.5 mM MgCl2 [25 mM] (US DNA, Fort Worth, TX),
0.1X of Solution L (US DNA, Fort Worth, TX), 1.25 U of Hot-MultiTaq DNA polymerase [5
U/µL] (US DNA, Fort Worth, TX), 4% of DMSO [100% v/v] (Sigma Aldrich, Saint Louis, MO),
0.4 mg/ml of Albumin Standard [2 mg/ml] (BSA) (Thermo Scientific, Rockford, IL), 0.3 mM of
dNTPs [10 mM] (Applied Biosystems, Foster City, CA), and 0.6-5.0 µM of forward
(fluorescently labeled) and reverse(unlabeled) mixed singleplex primer [25 µM] (Table 3).
Solution L was used as an additive that facilitates amplification of difficult templates. DNA
samples were used at concentrations that resulted in single genome equivalents (Table 4)
determined with Poison analysis and a PCR multiplex designed in our lab as described above.
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PCR was performed on a PE 9600 thermocycler using a ramping cycling protocol. 1
cycle of 95°C for 11 minutes; 1 cycle of 96°C for 1 minute; 10 cycles of [94°C for 30 seconds,
(ramp 68 seconds to 58°C) hold at 58°C for 30 seconds, (ramp 50 seconds to 70°C) hold at 70°C
for 60 seconds]; 25 cycles of [90°C for 30 seconds, (ramp 60 seconds to 58°C) hold at 58°C for
30 seconds, (ramp 50 seconds to 70°C) hold at 70°C for 60 seconds]; 1 cycle of 60°C for 30
minutes; and hold at 4°C. Negative controls were included in each PCR to monitor for
contamination.

Detection and Analysis of PCR to determine Microsatellite Instability (MSI)
After PCR amplification of each DNA sample and concentration, samples were prepared
for fragment analysis. 1.0 µl of each PCR product was mixed with 4.35 µl of Hi-Di™
Formamide and 0.15 µl of GeneScan™ 500 LIZ Size Standard (35-500 bp) (Applied Biosystem,
Foster City, CA). Then, the samples were denatured for 3 minutes at 95°C in order for PCR
fragments to be separated, and they were detected with an AB 3130xl Genetic Analyzer (Applied
Biosystems, Foster City, CA).
Data were analyzed with the software GeneMapper Version 4.0 (Applied Biosystem
Foster City, CA). This software produced electropherograms that display amplified products as
peaks. Microsatellite markers were used to determine mutational frequencies of the exposed
samples and are classified by their repeat motifs. For example, a mononucleotide marker would
have a repeat motif one nucleotide repeated a certain number of times such as (A)12, and a
dinucleotide marker would have a repeat motif of two nucleotides repeated a certain number of
times such as (AT)5. The other classifications are trinucleotide, tetranucleotide, and
pentanucleotide.
Mutations were characterized based on any changes in the base pair (bp) size from the
wild type allele, which is caused by expansion or contractions of the microsatellite marker. To be
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counted unstable, changes in markers had to meet strict scoring rules based on their classification
to avoid counting stutter or artifact from the PCR process. MSI analysis was done with
mononucleotide, dinucleotide, and tetranucleotide markers. A mononucleotide marker was only
considered unstable if the change in size was -3 or +3 repeat motifs from the wild type allele. For
example, a wilt type allele for a mononucleotide marker that was 150 bp would have to be less
than 147 bp or greater than 153 bp to be considered a mutation. A dinucleotide marker was only
considered unstable if the change in bp size -3 or +2 repeat motifs from the wild type allele. For
example, a wild type allele for a dinucleotide marker that was 150 bp would have to be less than
144 bp or equal to or greater than 155 bp to be considered a mutation. A tetranucleotide marker
was only considered unstable if the change in bp size was -1 or +2 repeat motifs from the wild
type allele. For example, a wild type allele for a tetranucleotide marker that was 150 bp would
have to be less than 142 bp or equal to or greater than 154 bp to be considered a mutation. Also,
for each marker, expansions or contractions that were -10 or +10 repeat motifs were not
considered mutations.

Statistical Analysis
Mean mutational frequencies (total number of wild type alleles as they relate to the
number of mutant alleles in each marker) were determined for each cell line at their specific
exposure concentration and collection day with the SP-PCR software version 2.0 (M.D. Anderson
Cancer Center Houston, TX). Differences in mutation frequencies, apoptosis, and number of cells
harvested were calculated using a two tailed t-test and the statistical package SAS/win 9.2 (SAS
Institute, Cary, NC). Mutation frequencies for informative markers, apoptosis, and cell numbers
harvested were considered statistically significant when the p-value was ≤0.05 and were
considered marginally significant if the p-value was between 0.05 and 0.10.
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Table 1

Microsatellite markers used for MSI analysis.

PRIMER
NAME

REPEAT
MOTIF

LOCATION IN
CHROMOSOME

D2S123

(CA)21

2p16.3

NUCLEOTIDE
PRIMER
LOCATION

PROXIMAL
GENE POSITION
GENES
RELATIVE TO PRIMER

NRXN1
CH 2: 51,288,437MSH2
51,288,647
MSH6
EPCAM

BAT26

(A)26

2p22-p21

CH 2: 47,641,487MSH2
47,641,608
MSH6
ASB9

DXS9902

(AGAT)10

Xp22.31

29
DXS6801

BAT25

MONO-27

(ATCT)10

(A)25

(A)27

Xq21.32

4q11-q12

2p22.3

ASB11
CH X: 15,323,616PIGA
15,323,787
VEGF-D

GENE NAME

5’ upstream 0.03 Mb

neurexin 1

5’ upstream 3.5Mb

mutS homolog 2, colon cancer, nonpolyposis type 1 (E. coli)

5’ upstream 3.3Mb

mutS homolog 6 (E.coli)

5' upstream 0.03Mb

epithelial cell adhesion molecule

Intronic

mutS homolog 2, colon cancer, nonpolyposis type 1 (E. coli)

3' downstream 0.37 Mb

mutS homolog 6 (E.coli)

5' upstream 0.04 Mb

ankyrin repeat and SOCS box-containing 9

Intronic

ankyrin repeat and SOCS box-containing 11

3' downstream 0.01 Mb

phosphatidylinositol glycan anchor biosynthesis, class A
c-fos induced growth factor (vascular endothelial growth factor

3' downstream 0.04 Mb

PIR

3' downstream 0.08 Mb

pirin (iron-binding nuclear protein)

PABPC5

5' upstream 1.9 Mb

poly(A) binding protein, cytoplasmic 5

CH X: 92,511,174- PCDH11X
92,511,298
NAP1L3

5' upstream 0.63 Mb

protocadherin 11 X-linked

3' downstream 0.41 Mb

nucleosome assembly protein 1like3

FAM 133A

3' downstream 0.42 Mb

family with sequence similarity 133, member A

PDGFRA

5’ upstream 0.43 Mb

platelet-derived growth factor receptor, alpha polypeptide
v-kit Hardy-Zuckerman 4 feline sarcoma viral oncogene

CH 4: 55,598,151C-KIT
55,598,277
VEGFR2

CH 2: 39,572,995- MAP4K3
39,573,149
CDKL4

Intronic
Intronic

kinase insert domain receptor (a type III receptor tyrosine
)
mitogen-activated protein kinase kinase kinase kinase 3

5’ upstream 0.12 Mb

cyclin-dependent kinase-like 4

3’ downstream 0.35 Mb
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Table 2
PRIMER
NAME
VWA
D8S1179
FGA

Multiplex primer concentrations.
PRIMER SEQUENCE ( 5'-3')
F: GGCTGCAGGGCATAACATTA
R: GCCCTAGTGGATGATAAGAATAATCAGTATGTG
F: GGACAGATGATAAATACATAGGATGGATGG
R: ATTGCAACTTATATGTATTTTTGTATTTCATG
F: ACCAAATTGTGTTCATGAGTATAGTTTC
R: ATTCTATGACTTTGCGCTTCAGGA

SIZE
RANGE
(bp)

PRIMER [ ]
PER
REACTION

Label

140-160

0.375 µM

FAM

210-240

0.75 µM

FAM

330-360

0.4 µM

FAM

NOTE: For determining single genome equivalents for each DNA sample, these three stable
microsatellite markers were multiplexed together for each PCR reaction. The forward
primers (F:) was fluorescently labeled (shaded gray), and the reverse primer (R:) was
not. Primers were fluorescently labeled with FAM.
Table 3

Primer sequences and concentrations used for PCR reactions.

PRIMER
NAME

CLASSIFICATION

D2S123

Dinucleotide

BAT26

Mononucleotide

DXS9902

Tetranucleotide

DXS6801

Tetranucleotide

BAT25

Mononucleotide

MONO-27

Mononucleotide

FORWARD AND REVERSE PRIMER
SEQUENCE (5' TO 3')
F: AAACAGGATGCCTGCCTTTA
R: GGACTTTCCACCTATGGGAC
F: TGACTACTTTTGACTTCAGCCAGT
R: AACCATTCAACATTTTTAACCCTT
F: TGGAGTCTCTGGGTGAAGAG
R: CAGGAGTATGGGATCACCAG
F: CATTTCCTCTAACAAGTCTCC
R: CAGAGAGTCAGAATCAGTAG
F: TCGCCTCCAAGAATGTAAGT
R: ATTTCTGCATTTTAACTATGGCTC
F: TGTGAACCACCTATGAATTGCAGA
R:
ATTGCTTGCAGTGAGCAGAGATCGTT

SIZE
RANGE
(bp)

PRIMER
[ ] PER
REACTION

LABEL

200-232

0.6 µM

FAM

100-138

1.0 µM

FAM

170-186

5.0 µM

FAM

126-134

1.0 µM

FAM

114-124

1.25 µM

HEX

142-164

0.6 µM

HEX

NOTE: This table contains information on the primers classification, sequence, size,
fluorescent label, and the concentration that was used in the final PCR reaction.
Forward primers (highlighted gray) were the labeled primer. Primers were
fluorescently labeled with either FAM or HEX.
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Table 4

DAY
Day 0

Day 2

Day 4

Day 6

DNA sample concentrations.
GBM CELL LINE
STOCK
DNA [ ] PER PCR
TREATMENT
DNA [ ]
REACTION
(H2O2)
39.75 ng/µl
0.0 µM
0.075 ng/µl
0.5 µM
17.99 ng/µl
0.05 ng/µl
1.0 µM
14.44 ng/µl
0.05 ng/µl
23.87 ng/µl
0.0 µM
0.025 ng/µl
0.5 µM
28.2 ng/µl
0.05 ng/µl
1.0 µM
19.6 ng/µl
0.05 ng/µl
26.71 ng/µl
0.0 µM
0.025 ng/µl
0.5 µM
15.19 ng/µl
0.05 ng/µl
1.0 µM
10.85 ng/µl
0.05 ng/µl
62.47 ng/µl
0.0 µM
0.025 ng/µl
0.5 µM
10.43 ng/µl
0.05 ng/µl
1.0 µM
7.34 ng/µl
0.05 ng/µl

Naïve Controls
(GBM/NPR)

106.55 ng/µl

0.025 ng/µl

NPR CELL LINE
STOCK DNA DNA [ ] PER PCR
[]
REACTION
6.78 ng/µl
0.025 ng/µl
7.33 ng/µl
0.025 ng/µl
9.32 ng/µl
0.025 ng/µl
13.27 ng/µl 0.05 ng/µl
6.59 ng/µl
0.05 ng/µl
8.56 ng/µl
0.05 ng/µl
52.24 ng/µl 0.05 ng/µl
4.9 ng/µl
0.025 ng/µl
7.13 ng/µl
0.025 ng/µl
80.19 ng/µl 0.05 ng/µl
4.03 ng/µl
0.05 ng/µl
6.66 ng/µl
0.05 ng/µl
71.9 ng/µl

0.025 ng/µl

NOTE: GBM denotes the malignant glioblastoma human cell line, M095K. NPR denotes the
immortalized human neural progenitor cell line, ReNcell CX. Collection days and
H2O2 exposures are shown. Naïve controls are listed in last row for each cell type.
Table shows the purified stock concentration of each DNA sample, as well as the
concentration in the final PCR reaction that resulted in amplification of a single
genome equivalent. DNA concentrations are reported in ng/µl.
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CHAPTER III
RESULTS

Flow Cytometry Results from GBM and NPR Cell Lines
The malignant glioblastoma human cell line M095K (GBM) and the immortalized human
neural progenitor human cell line ReNcell CX (NPR) were exposed to three concentrations of
H2O2 (0.0 µM, 0.5 µM, and 1.0 µM) and harvested on four different days post exposure (day 0, 2,
4, and 6). These samples were processed for flow cytometry with the H2A.X Phosphorylation
Assay Kit (Millipore, Temecula, CA), which serves as an early indicator in detecting apoptosis in
a cell (Millipore, Temecula, CA). Based on previous experiments for each cell line, the M1 gate
from flow cytometry histograms was considered to be non-apoptotic, and the M2 gate was
considered to be apoptotic (Table A.1). A light scatter analysis was also produced that indicated
shifts in individual cells and overall cell sample populations in size and granularity. The number
of cells harvested from cell cultures was determined by the total number of cells counted for each
cell type, collection day, and exposure concentration (Table A.1).

Number of cells harvested for GBM and NPR Cells Exposed to H2O2
Over time, PBS-exposed GBM cells were consistently more numerous on subsequent
collection days in comparison to GBM cells exposed to low or high (0.5 µM or 1.0 µM,
respectively) concentrations of H2O2, and these cells were most numerous on day 6 (p=0.0429)
(Figure 1). PBS-exposed GBM cells also increased steadily over time. While PBS-exposed cells
were more numerous, the GBM cells exposed to both low and high concentrations of H2O2 did
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initially increase in cell number from day 0 to day 2, at which point the high-exposed cells
declined steadily in cell number from day 2 through day 6; however, the low-exposed cells were
quiescent until day 4 before finally declining in cell number from day 4 to day 6 (Figure 1).
Over time, PBS-exposed NPR cells were consistently less numerous on collections days,
except for day 6, in comparison to cells exposed to low or high concentrations of H2O2 (Figure 1).
However, the PBS-exposed NPR cells did increase steadily over time except for a slight decline
seen from day 0 to day 2. The NPR cells exposed to low concentrations of H2O2 were
consistently higher on all collection days (p=0.0429), and were highest on day 4 (p=0.0081)
before finally sharply declining on day 6. The NPR cells exposed to high concentrations of H2O2
increased from day 0 to day 4 before declining from day 4 to day 6 (Figure 1).

Apoptosis of GBM and NPR Cells Exposed to H2O2
Significant differences were found in the percentage of apoptosis between GBM and
NPR cells regardless of exposure concentration and collection day (p=0.0288). No significant
differences in apoptosis were detected between the GBM and NPR cells when exposed to PBS,
and apoptosis percents for both cell lines, as well as apoptosis over time, were very similar
(Figure 2). However, for both the GBM and NPR cells exposed to low and high concentration of
H2O2 (0.5 µM and 1.0 µM, respectively), there were significantly higher percentages of apoptosis
at day 0 than any other collection day (p=0.0581) (Figure 2).
On day 0, the amount of apoptosis detected in the NPR cells at the low exposure
concentration was slightly more than 6 times the amount measured for the NPR cells exposed to
PBS (Figure 2). In comparison, the amount of apoptosis for the GBM cells exposed to low
concentrations of H2O2 was approximately 6 times what was measured for the GBM cells
exposed to PBS (Figure 2). In contrast and on this same day (day 0), the amount of apoptosis
detected for the NPR cells exposed to high concentrations of H2O2 was slightly more than 12
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times what was measured for the PBS exposed NPR cells on this same day (Figure 2). In
comparison, the amount of apoptosis for the GBM cells exposed to high concentrations of H2O2
was slightly less than 5 times what was measured for the PBS exposed GBM cells (Figure 2).
Within days, there was a marginally significant difference in apoptosis between low and
high exposure concentrations in the GBM and NPR cells from day 0 to day 6 (p=0.0989).
Apoptosis in GBM cells for both low and high concentration exposures was similar to each other
on all collection days and steadily decreased from day 0 to day 6 (Figure 2). In comparison,
apoptosis in NPR cells did not have similar measurements between the low and high exposure
concentrations (Figure 2). The low exposure concentration of NPR cells showed a more gradual
and smooth decrease in apoptosis from day 0 to day 4 before a non-significant and slight increase
in apoptosis from day 4 to 6; in contrast, the NPR cells exposed to high concentrations of H2O2
had an extremely sharp decrease (approximately 6 fold) in apoptosis from day 0 to day 2 before
slightly increasing from day 2 to day 6 (Figure 2). Regardless of cell type or day measured, the
high exposure concentration (1.0 µM H2O2) showed the most significant changes in apoptosis
(p=0.0316) in comparison to the PBS exposure (Figure 4 and Figure 2). A comparison of cell
numbers collected and apoptosis percentages for GBM can be found in Figure 3 and Figure 4,
respectively. A comparison of cell numbers collected and apoptosis percentages for NPR can be
found in Figure 5 and Figure 6, respectively.

Light Scatter Analysis of GBM and NPR Cells Exposed to H2O2
Light scatter analysis depicting changes in cell size (forward light scatter) and
cytoplasmic granularity (side light scatter) was generated for each cell line, exposure treatment,
and collection day. There did not seem to be a noticeable difference in the cell size and/or
granularity detected between samples from the GBM cells, regardless of exposure concentration
and day collected (Figure 7). However, from the light scatter analysis of NPR cells exposed to
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PBS or day 0 (of any exposure), a shift in cell size and granularity was seen when NPR cells were
exposed to both low and high (0.5 µM and 1.0 µM, respectively) concentrations of H2O2 starting
on day 2 and remaining constant throughout day 6 (Figure 8). It is also interesting to note that
there was a similarity in cell size and granularity of H2O2 exposed NPR cells (day 2-6) to the
GBM cells of any exposure and collection day (Figure 9).

Instability of GBM and NPR Cell Lines
Using six microsatellite markers, PCR amplifications were performed with DNA
extracted from malignant glioblastoma human cell line M095K and the immortalized human
neural progenitor human cell line ReNcell CX post exposure (day 0, 2, 4, and 6). MSI was
assessed by comparing the number of wild type alleles versus number of mutated alleles seen in
each cell line per H2O2 exposure concentration and collection day. The raw data from MSI
analysis (Table A.2) was used to determine the mean mutation frequency for each of these
markers as described previously in the statistical section (Table 5). From the microsatellite panel,
one out of six markers (BAT26), with the exception of one mutation in the NPR cells, was stable
for both the GBM and NPR cells across treatments (Figure B.1and B.2, respectively), and five out
of six markers were unstable (D2S123, MONO-27, BAT25, DXS6801, and DXS9902) (Figure
10). Two out of these unstable markers in GBM and NPR cells, D2S123 (Figure B.3 and B.4,
respectively) and MONO-27 (Figure B.5 and B.6, respectively), showed instability but were not
statistically significant. However, three out of these markers (BAT25, DXS6801, and DXS9902)
showed statistically significant changes in MSI in regard to cell type, exposure concentration
(Figure 11), and collection day (Figure 12 and Figure 13) (p-value ≤0.005) .
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Instability of BAT25 in GBM and NPR Cell Lines
Instability was initially detected in a naïve GBM control with marker BAT25 during
standardization of primers, but no initial MSI was detected with this marker in a naïve NPR
control (Figure 14). GBM cells showed an increase in instability in comparison to the NPR,
regardless of exposure concentration (0.0 µM, 0.5 µM, or 1.0 µM of H2O2) and collection day
after exposure (day 0, 2, 4, or 6) (p=0.0015) (Figure 15) . However, instability of the GBM cells
at all three exposure concentrations fluctuated greatly between exposure concentrations and
collection days after exposure (Figure 15). In comparison, the NPR cells showed a small but
statistically non-significant increase in instability over time when exposed to low and high
concentrations of H2O2 (0.5 µM and 1.0 µM of H2O2), and there was no instability measured for
the PBS exposure (0.0 µM of H2O2) of the NPR cells (Figure 16). When comparing the exposure
levels only (i.e. the average of days 0-6 for each exposure concentration), GBM cells seemed to
show an inverse response to exposure concentrations; as the concentration of H2O2 increased
(from PBS to 0.5 µM to 1.0 µM), instability detection decreased (Figure 11). When comparing
the exposure levels only (i.e. the average of days 0-6 for each exposure concentration) of NPR
cells, exposure to low and high concentrations of H2O2 seemed to result in increased
measurements of instability; the low concentration, however, had more instability than PBS or
high concentrations of H2O2 (Figure 11).

Instability of DXS9902 in GBM and NPR Cell Lines
No instability was initially detected in the naïve GBM control with marker DXS9902
during standardization of primers, but low instability was initially detected with this marker for
the naïve NPR control (Figure 14). In GBM cells, the most significant MSI detection on each
collection day (day 0-6) was greatest in the PBS-exposed cells in comparison to the low and high
concentrations of H2O2 exposed GBM cells (Figure 17) and for all collection days combined
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(Figure 11) (p=0.0216). However, from day 4 to day 6, GBM did show increased MSI when
exposed to both PBS and high H2O2 concentrations, with PBS instability being slightly more than
the high exposure, and the GBM cells exposed to low concentrations of H2O2 decreased on each
subsequent collection day (Figure 17). Instability in the NPR cells exposed to both PBS and the
low H2O2 concentration was low and decreased over time (Figure 18). However, the NPR cells
treated with 1.0 µM of H2O2 showed the most significant amount of MSI on each collection day
(day 0-6) (Figure 18), as well as for all collection days combined (Figure 11), in comparison to
the NPR cells exposed to PBS or low concentrations of H2O2 (Figure 11 and Figure 18)
(p=0.0216); overall, these cells, despite a slight decrease day 2-4, seemed to maintain instability
throughout subsequent collection days in comparison to NPR cells exposed to PBS and low
concentration exposures (Figure 18). When comparing the exposure levels only (i.e. the average
of days 0-6 for each exposure concentration), instability of GBM cells had an inverse
relationship to exposure concentrations (i.e. H2O2 concentrations increased, instability of cells
decreased), and instability of NPR correlated positively with exposure concentration (i.e. with
low or high H2O2 concentrations, instability was increased); NPR cells seemed to have the most
instability at high concentrations of H2O2 in comparison to the PBS and low concentration of
H2O2 (Figure 11).

Instability of DXS6801 in GBM and NPR Cell Lines
Instability was initially detected in the naïve GBM control with marker DXS6801 during
standardization of primers, but no initial MSI was detected with this marker for the naïve control
NPR cells (Figure 14). When exposed to PBS, both the GBM and NPR cells showed some
instability on day 0-4, but there was no MSI detected on day 6 (Figure 19 and Figure20,
respectively). At the low exposure concentration, the GBM cells showed a decrease in the
amount of instability detected throughout subsequent collection days (Figure 19), but in contrast,
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the NPR cells showed a highly significant increase in accumulation of MSI over time at the low
exposure concentration (p=0.0005) (Figure 20). When exposed to 1.0 µM of H2O2, instability of
GBM cells remained fairly constant for each collection day, with the exception of day 2 (Figure
19). When NPR cells were exposed to 1.0 µM of H2O2, instability increased on subsequent
collection days 0-4 but decreased from days 4-6 decreased, measuring approximately 3 fold less
than the low concentration exposure on day 6 (Figure 20). When comparing the exposure levels
only (i.e. the average of days 0-6 for each exposure concentration), instability of GBM cells
decreased as the concentration of H2O2 increased, and the instability of NPR cells increased when
exposed to low or high H2O2 concentrations; NPR cells seemed to have the most instability when
exposed to low concentrations of H2O2 in comparison to the PBS and high concentration of H2O2
(Figure 11)
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Figure 1

Comparison of cell number between GBM and NPR cells.
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Figure 2

Comparison of apoptosis between GBM and NPR cells.
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Figure 3

Number of GBM cells harvested over time after H2O2 exposure.

NOTE: GBM cells (x105) (minus apoptotic GBM, except “Seed”) after H2O2 exposure and over
time. Seed: samples seeded at 0.8x105 cells per well 2-3 days before exposure.

Figure 4

Apoptotic GBM cells harvested over time after H2O2 exposure

NOTE: Percent of (%) GBM cells determined to apoptotic after H2O2 exposure and over time.
No apoptosis done on Seed day, when samples were seeded at 0.8x105 cells per well.
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Figure 5

Number of NPR cells harvested over time after H2O2 exposure.

NOTE: NPR cells (x105) (minus apoptotic NPR, except “Seed”) after H2O2 exposure and over
time. Seed: samples seeded at 0.8x105 cells per well 2-3 days before.

Figure 6 Apoptotic NPR cells harvested over time after H2O2 exposure.
NOTE:

Percent of (%) NPR cells determined to apoptotic after H2O2 exposure and over
time. No apoptosis done on Seed day, when samples were seeded at 0.8x105 cells
per well
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Figure 7

Light scatter analysis of exposed GBM cells over time.

NOTE: Light scatter analysis of GBM cells over time and after exposure to PBS, 0.5 µM H2O2,
or 1.0 µM H2O2. Panel A represents the PBS exposure, panel B represents the 0.5 µM
H2O2 exposures, and panel C represents the 1.0 µM H2O2 exposure. The Y-axis
denotes the side scatter (SSC-H) of light detected from flow cytometry, and as cells
advance along the Y-axis, they are considered to be increasing in granularity. The Xaxis denotes the forward scatter (FSC-H) of light detected, and as they advance along
the X-axis, they are considered to be increasing in size.
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Figure 8

Light scatter analysis of exposed NPR cells over time.

NOTE: Light scatter analysis of NPR cells over time and after exposure to PBS, 0.5 µM H2O2,
or 1.0 µM H2O2. Panel A represents the PBS exposure, panel B represents the 0.5 µM
H2O2 exposure, and panel C represents the 1.0 µM H2O2 exposure. The Y-axis denotes
the side scatter (SSC-H) of light detected from flow cytometry, and as cells advance
along the Y-axis, they are considered to be increasing in granularity. The X-axis
denotes the forward scatter (FSC-H) of light detected, and as they advance along the Xaxis, they are considered to be increasing in size.
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Figure 9

Light scatter analysis comparison between selected exposures and days.

NOTE: Figure comparing similarity between changes in the NPR cell line over time after
exposure and an H2O2-exposed GBM cell line. Panel A is the NPR cells exposed to 0.5
µM H2O2, panel B is the NPR cells exposed to 1.0 µM H2O2, panel C is the GBM cells
exposed to 0.5 µM H2O2, and Panel D is the GBM cells exposed to 1.0 µM H2O2. Red
arrows denote changes in NPR cell from day 0 to day 2 (for both 0.5 µM and 1.0 µM
H2O2). Purple arrows denote the comparison in similarity between NPR and GBM
cells (for both 0.5 µM and 1.0 µM H2O2). The Y-axis denotes the side scatter (SSC-H)
of light detected from flow cytometry, and as cells advance along the Y-axis, they are
considered to be increasing in granularity. The X-axis denotes the forward scatter
(FSC-H) of light detected, and as they advance along the X-axis, they are considered to
be increasing in size.
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Table 5

Mean mutation frequency of six microsatellite markers.
TREATMENT

SAMPLE/DAY
GBM
Day 0
GBM
Day 2
GBM
Day 4
GBM
Day 6

46

NPR
Day 0
NPR
Day 2
NPR
Day 4
NPR
Day 6
GBM
NPR

H2O2
0.0 µM
0.5 µM
1.0 µM
0.0 µM
0.5 µM
1.0 µM
0.0 µM
0.5 µM
1.0 µM
0.0 µM
0.5 µM
1.0 µM
0.0 µM
0.5 µM
1.0 µM
0.0 µM
0.5 µM
1.0 µM
0.0 µM
0.5 µM
1.0 µM
0.0 µM
0.5 µM
1.0 µM
Naïve Control
Naïve Control

D2S123
n
30
41
55
45
43
62
50
34
46
46
39
44
85
84
85
92
45
43
94
43
39
90
43
42
27
45

m
0
1
1
0
1
0
0
0
0
0
0
0
2
0
1
0
0
0
2
1
1
1
1
0
0
0

f
0.000
0.013
0.012
0.000
0.017
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.007
0.000
0.005
0.000
0.000
0.000
0.005
0.009
0.012
0.004
0.009
0.000
0.000
0.000

MICROSATELLITE MARKERS
BAT25
MONO27

BAT26
n
33
38
43
40
43
45
37
27
36
40
34
38
43
46
39
48
38
39
38
40
37
36
28
34
30
37

m
0
0
0
0
0
0
0
0
0
0
0
0
1
0
0
0
0
0
0
0
0
0
0
0
0
0

f
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.009
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

n
40
38
43
33
42
37
38
36
40
36
46
36
29
46
44
29
39
47
48
45
44
48
45
47
43
44

m
7
6
4
12
3
0
5
11
2
7
7
5
0
1
0
0
2
3
0
2
1
0
3
2
5
0

f
0.078
0.075
0.036
0.181
0.029
0.000
0.063
0.146
0.023
0.098
0.045
0.071
0.000
0.007
0.005
0.000
0.025
0.016
0.000
0.015
0.008
0.000
0.022
0.011
0.081
0.000

n
31
32
44
25
42
46
42
38
30
33
34
31
46
46
43
44
45
38
46
43
42
48
43
47
42
43

m
0
1
0
0
0
1
1
0
0
1
0
1
0
0
0
0
0
0
0
0
1
0
0
1
0
0

f
0.000
0.019
0.000
0.000
0.000
0.007
0.010
0.000
0.000
0.018
0.000
0.020
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.010
0.000
0.000
0.005
0.000
0.000

DXS9902
n
43
47
37
50
36
73
67
63
64
41
28
28
73
42
31
80
41
32
85
29
68
90
36
30
44
81

m
3
2
0
3
1
1
2
2
0
2
0
1
2
1
2
5
1
2
1
1
2
1
0
1
0
2

f
0.050
0.030
0.000
0.041
0.015
0.007
0.017
0.019
0.000
0.036
0.000
0.023
0.014
0.010
0.039
0.023
0.011
0.037
0.005
0.022
0.017
0.004
0.000
0.021
0.000
0.009

DXS6801
n
27
48
41
51
70
41
67
24
27
26
28
31
74
39
52
77
63
58
73
51
33
86
29
32
41
31

m
1
3
1
3
2
0
3
0
1
0
0
1
1
3
1
1
0
1
2
1
2
0
3
1
9
0

f
0.025
0.044
0.011
0.040
0.016
0.000
0.026
0.000
0.025
0.000
0.000
0.018
0.007
0.036
0.013
0.006
0.000
0.011
0.014
0.014
0.035
0.000
0.064
0.019
0.094
0.000

NOTE: Information provided for glioblastoma (GBM) and neural progenitor (NPR) cells, including a naïve control for each. (n) number of
wild type alleles, (m) number of mutant alleles, and (f) mean mutation frequency. Analyzed with SP-PCR v2.0 (M.D. Anderson
Cancer Center Houston, TX).
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Figure 10
NOTE:

All GBM and NPRinstability from combined days.
Instability of all markers with time points combined.
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Figure 11

Significant GBM and NPR instability from combined days.
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Figure 12

GBM instability of significant markers by day.
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Figure 13

NPR instability of significant markers by day.
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Figure 14

Naïve GBM and NPR instability comparison from combined days.

NOTE: The graph shows the comparison among mean mutation frequencies for three
significant markers (BAT25, DXS6801, and DXS9902) in GBM and NPR cell lines in
their naïve control (in purple), PBS only exposure (in blue), and the low and high
concentration exposures (in red) of H2O2 (0.5 µM and 1.0 µM)
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Figure 15

Mean mutation frequency of marker BAT25 for the GBM cell line.

NOTE: Mean mutation frequency (Y-axis) of GBM cells over time after H2O2 exposure.

Figure 16

Mean mutation frequency of marker BAT25 for the NPR cell line.

NOTE: Mean mutation frequency (Y-axis) of NPR cells over time after H2O2 exposure.
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Figure 17

Mean mutation frequency of marker DXS9902 for the GBM cell line.

NOTE: Mean mutation frequency (Y-axis) of GBM cells over time after H2O2 exposure.

Figure 18

Mean mutation frequency of marker DXS9902 for the NPR cell line.

NOTE: Mean mutation frequency (Y-axis) of NPR cells over time after H2O2 exposure.
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Figure 19

Mean mutation frequency of marker DXS6801 for the GBM cell line.

NOTE: Mean mutation frequency (Y-axis) of GBM cells over time after H2O2 exposure.

Figure 20

Mean mutation frequency of marker DXS6801 for the NPR cell line.

NOTE: Mean mutation frequency (Y-axis) of NPR cells over time after H2O2 exposure.
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CHAPTER IV
DISCUSSION
Glioblastoma multiforme (GBM), a malignant primary brain tumor, is extremely
aggressive and results in poor patient prognosis (Holland 2000; Tate and Aghi 2009; Bartkova et
al. 2010; Leaver et al. 2010). This devastating tumor is also one of the most common types of
brain tumors, and even with the many cancer treatment improvements, it remains an almost
incurable cancer (Holland 2000; Chang et al. 2007; Dixit et al. 2009; Yin et al. 2009; Yip et al.
2009; Bartkova et al. 2010; Kang et al. 2010; Leaver et al. 2010; Lee et al. 2010; Senft et al.
2010). Clearly, there is a need for more research in an attempt to discover what drives tumor
initiation and progression of GBM.
The literature indicates that apoptosis can be caused by excessive amounts of ROS
generation (Andersen 2004; Lee et al. 2005; Dixit et al. 2009; Uttara et al. 2009; Park and Park
2010). Our data support this statement. When both cell lines were exposed to PBS, GBM and
NPR cells did not show differences in apoptosis over time (Figure 2, Figure 4, and Figure 6).
However, both GBM and NPR cells exposed to the low and high concentrations of H2O2 showed
an increase in apoptosis just 30 minutes after exposure (Figure 2, Figure 4, and Figure 6).
Apoptosis then decreased over time in both exposure concentrations and cell lines (Figure 2), and
while most of the decline was gradual, the high exposure for NPR cells showed a very sharp
decrease in apoptosis on day 2 (Figure 2 and Figure 6).
Coupled with decreasing amounts of apoptosis, the number of cells harvested from
exposed GBM and NPR cells also declined slightly over time (Figure 1, Figure 3 and Figure 5),
indicating these cells were possibly under a sufficient state of cellular stress due to increased
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exposure to oxidative damage that could have resulted in apoptosis, repair, or MSI over time.
Also, the NPR cells exposed to the low concentration increased sharply from days 2-4 (Figure 5).
This result could have occurred if the neural progenitor cells lost their multipotency and
differentiated in vitro; also, the nutrient concentration may not have been sufficient to sustain
such an increase in cells, or the culture supplements may not have been suitable for differentiated
neural cells, both of which could result in a decrease in the number of cells harvested as seen
from day 4 to day 6 of low exposure NPR cells (Figure 5).
Neural progenitor cells are morphologically small and uniform during in vitro culturing.
The manufacturer that the cells were purchased from Millipore (Temecula, CA) did include a
protocol on differentiating these cells into neural progenitor derivatives, i.e. neurons and glial
cells. During standardization of cell culturing and H2O2 exposure concentrations, we did induce
differentiation in some of the neural progenitor cells. Neural progenitor cells are small and
slightly elongated, almost like miniature fibroblasts (Figure A.1). After differentiation of the
neural progenitors, changes are visible in the derivative cells (Figure A.2).
We did not have specific markers to detect different cells types, nor enough cells with
which to do so, but forward and side light scatter analysis was generated with the flow cytometer
during H2A.X phosphorylation detection. Changes in forward scatter can indicate changes in cell
size, and changes in side scatter can depict changes in cell cytoplasmic granularity or internal cell
structure (Wynick et al. 1990; Cram 2002). These light scatter analyses indicate that there was an
increase in the size and granularity of the NPRs cells from day 2 to day 6 when exposed to low
and high concentrations of H2O2, and this shift was not seen in the PBS exposed NPR cells
(Figure 8) or in the GBM cells at any exposure level (Figure 7). Interestingly and anecdotally,
the change seen in the exposed NPR cells from day 2 to day 6 made their light scatter analysis
look very similar to the ones from the GBM cells at any time (Figure 7, Figure 8, and Figure 9).
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For the low and high concentrations of exposed NPR cells, the change in cell size and
granularity that was indicated by the light scatter analysis seems to have occurred as a result of
ROS exposure. In the literature, it has been reported that free radicals can play an excitotoxic
role in the brain as neurotransmitters (Gilgun-Sherki et al. 2001). Neurotransmitters, such as
glutamate or nitric monoxide (NO·) for example, have also been implicated in the regulation of
adult neurogenesis (Ming and Song 2005). By exposing the neural progenitor cells to ROS, we
may have instigated differentiation of the neural progenitor cells into downstream derivatives. It
is also worth noting that if the neural progenitor cells did differentiate, it could explain the
decreased cell number from the exposed NPR cells because neurons and glia cells need specific
growth factors to induce an increase in cell number in vitro that are either not reported or
standardized. However, cell sorting and light scatter analysis of the neural progenitor cells, their
specific types of cells derived in normal neurogenesis, from ROS exposure, and in GBM cells
would need to be done in order to clarify why a change was seen in the light scatter analysis of
the NPR cells after ROS exposure and if the similarity between these changes and the GBM cells
is anything other than coincidence.
There have been numerous studies on GBM and other high-grade gliomas that assess
gene expression, mutations, and some MSI analysis. However, most of these studies were
conducted on tumor samples, tumor cell lines, or in animal models and, as such, could only
investigate the already-established presence or continued accumulation of MSI in these models
(Leung et al. 1998; Kanamori et al. 2000; Lee et al. 2001; Srivastava et al. 2004; Joensuu et al.
2005; Martinez et al. 2005; Sihto et al. 2007; Skardelly et al. 2009). There was one study that did
use human astrocytes, which can be differentiated from neural progenitor cells, to assess SCF
expression but not MSI (Sun et al. 2006). To our knowledge, no one has investigated MSI
accumulation due to OS in neural progenitor cells as a proposed model for GBM tumor initiation.
While in vitro models are not a perfect model for in vivo tumor investigation, we feel that this
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model could have practical applications that give insights into the mechanisms of initiation for
GBM tumorigenesis.
For this study, we used six microsatellite markers (BAT25, BAT26, MONO-27, D2S123,
DXS6801, and DXS9902) (Table 1). Two out of the six markers (DXS9902 and DXS6801) were
from other studies in our lab indicating their potential as an unstable marker (unpublished data).
The other four markers that we analyzed (D2S123, BAT26, BAT25, and MONO-27) could be
found in either the original NCI panel or in the new one proposed by Bacher et al. (2004) (Buhard
et al. 2006).
Of those four markers from NCI and the panel reported by Bacher et al. (2004), three
markers (BAT26, MONO-27, and D2S123) were found to be statistically non-significant for
MSI. BAT26 was the only stable marker for both GBM and NPR cells (Figure B.1 and Figure
B.2), and this was in contrast to some literature which reported this marker unstable in several
types of brain tumors, GBM included (Eckert et al. 2007). Differences between their measured
MSI and ours could be due to our stricter scoring rules and use of single cell PCR analysis.
Another paper involving Turcot Syndrome did indicate this marker was unstable. However, this
study was done in pediatric GBM and Turcot patients, a syndrome of HNPCC that presents with
brain tumors, and it is likely that heredity and MMR mutations played a role in the tumor samples
analyzed (Giunti et al. 2009). Also, Poley et al. (2007) reported they found no instability in a
pediatric GBM tumor. One paper did report that BAT26 was stable, as well as reporting that
MMR genes mutL homolog 1, colon cancer, nonpolyposis type 2 (E. coli) (MLH1) and mutS
homolog 2 , colon cancer, nonpolyposis type 1 (E. coli) (MSH2) were not as unstable as other
genes in GBM, and it is known that BAT26 is located intragenic in MSH2 (Table B.1) (Martinez
et al. 2005).
D2S123, another marker near MMR genes (Table B.2), did display non-significant MSI
in GBM and NPR cells (Figure B.3 and Figure B.4). However, while ROS seemed to have an
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impact on MSI of the GBM cells (Figure B.7), they did not maintain instability in this region over
time (Figure B.3). Also, the NPR cells did accumulate MSI over time, but it did not seem to be in
response to ROS exposure because both the PBS and low concentration exposure accumulated
MSI over time (Figure B.3 and Figure B.7). Marker D2S123 is approximately 3.5 Mb
downstream from MSH2 and mutS homolog 6 (MSH6), and it is also near (~0.03 Mb
downstream) of NRXN1, a gene that functions in the nervous system as cell adhesion molecules
and receptors (Table B.2).
MONO-27 also showed non-significant MSI changes, and the MSI detected in the GBM
cells did not seem to be in response to OS (Figure B.5). However, in the case of the highest
exposure concentration for the NPR cells, statistically non-significant MSI accumulation was
seen from day 4 to day 6 when compared to the PBS and low exposure concentrations of the NPR
cells, which did not display MSI on any collection day (Figure B.6). Also, when comparing the
instability found in NPR cells from the PBS exposure with the H2O2 (low and high combined),
the results seem to indicate that while the marker is mutated in the GBM cells already, MSI
accumulation only occurred after exposure to ROS (Figure B.8). MONO-27 is within an intronic
region of the gene MAP4K3, which activates the JNK signaling pathway that is involved in
multiple biochemical pathways including cell proliferation, differentiation, transcription
regulation, and development (Table B.3), and it has been noted that pathways involving
MAP4K3 and JNK are abnormally expressed in glioma cells (Lee et al. 2005; Senft et al. 2010).
The increase in MSI accumulation for the NPR cell at the high exposure concentration and the
fluctuating levels seen in the GBM cells (Figure B.5 and B.6), though both statistically nonsignificant, could indicate that the region MONO-27 is located in could become more unstable
over time either as a direct or indirect response to ROS exposure.
Of those four markers from NCI and the panel reported by Bacher et al. (2004), our
results showed statistically significant differences in only one of those markers, BAT25, in the
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amount of MSI measured at this marker between the GBM and NPR cells (p=0.0015) (Figure 11,
Figure 15, and Figure 16). Our data (Figure 14) showed that MSI was already present for BAT25
in the GBM cells before exposure, and fluctuating levels of instability continued to be detected
for all three exposure concentrations day 0 to day 6 (Figure 15). When comparing the naïve
control, PBS exposure, and H2O2 exposure’s (low and high combined) instability in the GBM
cells, it was observed that H2O2 exposure did have a slight negative impact on MSI frequency
compared to the naïve control and PBS exposure frequencies (Figure 14). As mentioned
previously, Giunti et al. 2009 did MSI analysis with pediatric Turcot patients, and Gafanovich et
al. 1999 analyzed secondary pediatric gliomas. These two studies reported that BAT25 was
unstable, but these studies only report on established MSI and not a mechanism that may be
driving it. Our results for the GBM cells correspond to previous studies (Gafanovich et al. 1999;
Giunti et al. 2009) that indicate that MSI at marker BAT25 is present in GBM tumors, and
fluctuating MSI levels for this marker do not seem to be further influenced by exposure to ROS
but are more likely a normal state found in this GBM cells. However, when combining the
collection days for each exposure for GBM at marker BAT25, the results indicate that exposure to
ROS has a negative effect on MSI present in these cells, with the low concentration exposure
resulting in increased MSI (Figure 11).
In contrast to the fluctuating GBM cells, the NPR cells showed that no MSI was present
for marker BAT25 before exposure (Figure 14). Also, no MSI was detected in the PBS exposure
(0.0 µM of H2O2) over time, but MSI accumulation was detected for the low and high exposure
concentrations (Figure 16). It was also noticed upon comparison of naive, PBS exposure, and
H2O2-exposed mutational frequencies for the NPR cells, that MSI was only detected in the ROS
exposed cell cultures (Figure 14). To our knowledge, no one has reported on the MSI status of
marker BAT25 in neural stem cells. Our results, however, suggest that BAT25 is not normally
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unstable in the neural progenitor cells, but that MSI accumulation occurs over time in response to
ROS exposure (Figure 16).
Marker BAT25 is located on human chromosome 4 in adjacent regions to the v-kit
Hardy-Zuckerman 4 feline sarcoma viral oncogene homolog (KIT) gene, the platelet-derived
growth factor receptor, alpha polypeptide (PDGFRA) gene, and the kinase insert domain receptor
(a type III receptor tyrosine kinase) (VEGFR2) gene (Sihto et al. 2007). BAT 25 is within an
intronic region of KIT, is 5’ downstream from PDGFRA by approximately 0.43 megabases (Mb),
and is 3’ upstream from VEGFR2 by approximately 0.35 Mb (Figure 21, Table 1, and Table 6). It
is also interesting that these three genes, found in close proximity to each other, can all promote
aspects of angiogenesis, a characteristic found in glioblastoma, and that these three genes are also
found to be expressed in varying degrees and tumor-grades in gliomas (Joensuu et al. 2005; Sun
et al. 2006; Sihto et al. 2007; Skardelly et al. 2009). Joensuu et al. 2005 found that KIT,
VEGFR2, and PDGFRA were amplified in 47%, 39%, and 29% of glioblastomas, respectively,
and implied that at least some glioblastomas have all three of these genes active (Sihto et al.
2007). It was also noted that KIT, VEGFR2 and PDGFRA evolved from a common ancestral
gene , and these three genes belong to the type III receptor tyrosine kinases (RTKs) (Joensuu et
al. 2005; Sihto et al. 2007). While the scope of this experiment did not cover gene expression
analysis, these genes, as mentioned, have been implicated in the literature in regard high-grade
gliomas (Evans et al. 2004; Sun et al. 2006; Sihto et al. 2007; Skardelly et al. 2009; Tate and
Aghi 2009). It is also interesting to note that after exposure to ROS, a marker located within and
near these genes appears to accumulate MSI in the NPR cells while appearing to already be
unstable in the GBM cells (Figure 14). Further study and gene expression analysis are needed to
determine if there is a relation between these two events beyond mere coincidence.
Marker DXS9902 was found to accumulate MSI in the NPR cells exposed to high
concentrations of H2O2 in comparison to the PBS and low concentration exposures (Figure 11 and
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Figure 18), indicating that high concentrations of ROS exposure can lead to MSI accumulation in
this region but low concentrations of ROS do not. Also, the NPR cells did show that instability
was present at marker DXS9902 before PBS and H2O2 exposure, but comparison between the
naïve control, PBS exposure, and H2O2 exposures (low and high combined) showed that MSI
increased after exposure to ROS (Figure 14). The GBM cells did display instability in all three
exposure concentrations over time (Figure 11 and Figure 17), but as with the previous marker,
ROS seemed to have an inverse affect on MSI in the GBM cells with this marker, with the
highest ROS exposure having the largest decrease in instability (Figure 11 and Figure 17).
Marker DXS9902 is 0.04 Mb downstream of the ankyrin repeat and SOCS box-containing 9
(ASB9) gene, is within an intron of the ankyrin repeat and SOCS box-containing 11 (ASB11)
gene, is 0.01 Mb upstream of the phosphatidylinositol glycan anchor biosynthesis, class A
(PIGA) gene, is 0.12 Mb upstream of the c-fos induced growth factor (vascular endothelial
growth factor D) (VEGFD) gene, and is 0.08 Mb upstream of the pirin (iron-binding nuclear
protein) (PIR) gene (Figure 22, Table 1, and Table 7). VEGFD binds and activates VEGFR2 and
VEGFR3, all of which are implicated in angiogenesis of glioblastomas. It is interesting to note
that these two regions that are proximal to BAT25 (chromosome 4) and DXS9902 (chromosome
X) both showed instability and that both markers are proximal to angiogenic factors which
happen to be expressed in glioblastoma (Tate and Aghi 2009). Further, the NPR cells for both
markers (BAT25 and DXS9902) displayed increased mutation frequencies when exposed to ROS
(Figure 11 and Figure 18), and in the GBM cells for both markers (BAT25 and DXS9902), MSI
was present throughout all collection days and exposure concentrations (Figure 11and Figure 17).
Lastly, it seems striking that DXS9902 is near a gene that encodes a ligand (VEGFD) for a
receptor (VEGFR2) located near BAT25. However, more human neural progenitor cell lines
need to be analyzed for MSI and gene expression to determine if instability is a normal
occurrence or if it was only in this particular cell line.
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Marker DXS6801 is 1.9 Mb downstream from the poly(A) binding protein, cytoplasmic 5
(PABPC5) gene, 0.63 Mb downstream from the protocadherin 11 X-linked (PCDH11X) gene,
0.41 Mb upstream from the nucleosome assembly protein 1-like3 (NAP1L3) gene, and 0.42 Mb
upstream from the family with sequence similarity 133, member A (FAM133A) gene (Figure 23,
Table 1, and Table 8). MSI was detected for the GBM cells at all exposure levels, indicating that
further MSI accumulation in this marker is not ROS dependent (Figure 19), and that MSI actually
decreases as the exposure concentration to ROS increases, with the low exposure having the
largest decrease in MSI (Figure 11 and Figure 20). When the NPR cells were exposed to low
concentrations of H2O2, MSI accumulation was observed over time, and no MSI accumulation
was observed in the PBS or high concentration exposure (Figure 20). Our results suggest that in
the NPR cells, this marker could be particularly sensitive to ROS. When these cells were exposed
to high concentrations of H2O2, instability (Figure20) and cell number (Figure 2: day 0-6)
increased, while apoptosis sharply decreased (Figure 5: day 0-2). This increasing instability may
have interfered with normal cell functions of NPR cells, prompting a cellular response that
resulted in decreased instability (Figure 20: day 4- 6), decreased cell number (Figure 2: day 4- 6),
and increased apoptosis (Figure 5: day 4 -6). However, the low exposure concentration for the
NPR cells seemed to accumulate MSI over time (Figure 11 and Figure 20) despite decreases in
cell number (Figure 2: day 4- 6) and slight increases apoptosis (Figure 5: day 4-6). These results
could indicate that the low concentration of ROS exposure allowed the accumulation of MSI in
this marker without inducing apoptosis in the unstable cells. When comparing MSI among the
naïve, PBS exposure, and H2O2 exposures (low and high concentrations combined), the NPR cells
showed an accumulation of MSI when exposed to ROS, and the GBM cells show a decrease of
instability for both the PBS and H2O2 exposure concentrations (Figure 11 and Figure 14). This
indicates that overall, the NPR cells can accumulate MSI at this marker in response to ROS
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exposure (Figure 11 and Figure 20, and the MSI in GBM can be affected by both PBS and ROS
exposure (Figure 11 and Figure 19).
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Figure 21

Position of marker BAT25 and adjacent genes.

NOTE: Image showing chromosome 4, and the region that marker BAT25 maps to. Genes are
in blue, the red line indicates where marker BAT25 is in relation to those genes, and the
distance of the genes from marker BAT 25 are included in megabases (Mb)
.
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Table 6

BAT25

PRIMER
NAME

Information on genes that are near marker BAT25.
PROXIMAL
GENES

GENE
ALIASES

PDGFRA

CD140A;
PDGFR2;
MGC74795;
RHEPDGFRA

KIT

PBT; SCFR; CKit; CD117

VEGFR2

FLK1; CD309;
VEGFR; KDR

GENE INFORMATION (FROM NCBI)
This gene encodes a cell surface tyrosine kinase receptor for members of
the platelet-derived growth factor family. These factors are mitogens for
cells of mesenchymal origin. The identity of the growth factor bound to a
receptor monomer determines whether the functional receptor is a
homodimer or a heterodimer, composed of both platelet-derived growth
factor receptor alpha and beta polypeptides. Studies in knockout mice
indicate that the α form of the platelet-derived growth factor receptor is
important for kidney development.
This gene encodes the human homolog of the proto-oncogene c-kit, first
identified as the cellular homolog of the feline sarcoma viral oncogene vkit. This protein is a type 3 transmembrane receptor for stem cell factor
[SCF, also known as mast cell growth factor (MGF)]. Mutations in this
gene are associated with gastrointestinal stromal tumors, mast cell
disease, acute myelogenous leukemia, and piebaldism.
This gene encodes one of the two receptors for VEGF which is a major
growth factor for endothelial cells. This receptor, known as kinase insert
domain receptor, is a type III receptor tyrosine kinase. It functions as
main mediator of VEGF-induced endothelial proliferation, survival,
migration, tubular morphogenesis and sprouting. Its signaling and
trafficking is regulated by multiple factors (e.g. Rab GTPase, integrin
alphaVbeta3, T-cell protein tyrosine phosphatase, etc). Mutations of this
gene are implicated in infantile capillary hemangiomas.

NOTE: Table shows the primer, gene name, gene aliases, and gene information adapted from
NCBI’s gene database.
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Figure 22

Position of marker DXS9902 and adjacent genes.

NOTE: Image showing chromosome X, and the region that marker DXS9902 maps to. Genes
are in blue, the red line indicates where marker DXS9902 is in relation to those genes,
and the distance of the genes from marker DXS9902 are included in megabases (Mb).
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Table 7
PRIMER
NAME

Information on genes that are near marker DXS9902.
PROXIMAL
GENES

ASB9

DXS9902

ASB11

PIGA

VEGF-D

PIR

GENE ALIASES GENE INFORMATION (FROM NCBI)
This gene encodes a member of the ankyrin repeat and suppressor
of cytokine signaling (SOCS) box protein family which can interact
MGC4954;
with the elongin B-C adapter complex via their SOCS box domain
FLJ20636;
and further complex with the cullin and ring box proteins to form
DKFZp564L0862
E3 ubiquitin ligase complexes. They may function to mediate the
substrate-recognition of the E3 ubiquitin ligases.
This gene encodes a member of the ankyrin repeat and SOCS boxcontaining (ASB) family of proteins. They contain ankyrin repeat
MGC119168;
sequence and SOCS box domain. The SOCS box serves to couple
MGC119169;
suppressor of cytokine signaling (SOCS) proteins and their binding
DKFZp779E2460
partners with the elongin B and C complex, possibly targeting them
for degradation.
This gene encodes a protein required for synthesis of Nacetylglucosaminyl phosphatidylinositol (GlcNAc-PI) which is the
first intermediate in the biosynthetic pathway of GPI anchor. The
GPI3; PIG-A
GPI anchor is a glycolipid found on many blood cells and serves to
anchor proteins to the cell surface. Paroxysmal nocturnal
hemoglobinuria has been shown to result from mutations in this
gene.
The protein encoded by this gene is a member of the plateletderived growth factor/vascular endothelial growth factor
(PDGF/VEGF) family and is active in angiogenesis,
lymphangiogenesis, and endothelial cell growth. This secreted
VEGFD; FIGF
protein undergoes a complex proteolytic maturation, generating
multiple processed forms which bind and activate VEGFR-2 and
VEGFR-3 receptors. This protein is structurally and functionally
similar to VEGFC.
This gene encodes a member of the cupin superfamily and is an Fe
(II)-containing nuclear protein expressed in all tissues of the body
and concentrated within dot-like subnuclear structures.
N/A
Interactions with nuclear factor I/CCAAT box transcription factor as
well as B cell lymphoma 3-encoded oncoprotein suggest the
encoded protein may act as a transcriptional cofactor and be
involved in the regulation of DNA transcription and replication.

NOTE: Table shows the primer, gene name, gene aliases, and gene information adapted from
NCBI’s gene database.
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Figure 23

Position of marker DXS6801 and adjacent genes

NOTE: Image showing chromosome X, and the region that marker DXS6801 maps to. Genes
are in blue, the red line indicates where marker DXS6801 is in relation to those genes,
and the distance of the genes from marker DXS6801 are included in megabases (Mb)

Table 8

Information on genes that are near marker DXS6801.

PRIMER PROXIMAL
NAME
GENES

DXS6801

PABPC5

PCDH11X

NAP1L3
FAM 133A

GENE
ALIASES

GENE INFORMATION (FROM NCBI)

Encoded protein binds to the polyA tail at the 3' end of most eukaryotic
mRNAs and is thought to play a role in regulation of mRNA metabolic
PABP5;
processes in cytoplasm. Located in a gene-poor region within the X-specific
FLJ51677 13d-sY43 subinterval of the Xq21.3/Yp11.2 homology block and close to
translocation breakpoints associated with premature ovarian failure. It is a
potential candidate gene for this disorder.
The encoded protein consists of an extracellular domain containing 7
cadherin repeats, a transmembrane domain, and a cytoplasmic tail that
N/A
differs from those of the classical cadherins. It is thought to play a
fundamental role in cell-cell recognition essential for the segmental
development and function of the central nervous system.
This gene encodes a member of the nucleosome assembly protein (NAP)
MB20; NPL3; family and is closely linked to a region of genes responsible for several XMGC26312 linked mental retardation syndromes.
CT115;
FLJ37659

Pseudo-gene. Protein coding. Validated

NOTE: Table shows the primer, gene name, gene aliases, and gene information adapted from
NCBI’s gene database.
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CHAPTER V
CONCLUSIONS
We hypothesized that ROS could be an initiator of the mutagenesis and genetic changes
that lead to glioblastoma multiforme (GBM) in humans and is characterized by increased GI that
can be measured by MSI in target sequences. Glioblastoma is an extremely aggressive, usually
sporadic, and fatal tumor, and it is not clear what factors drive the initiation and progression of
this tumor. However, the literature does suggest that GBM mechanisms are not driven by an
MMR defect as in other tumors such as HNPCC, meaning another mechanism must drive the
tumorigenesis of glioblastomas, possibly a mechanism that imbues the tumor with its
characteristic fast growth that results in such a short life expectancy of only 12 months. Also, the
brain must keep a finely balanced homeostatic state between ROS generation and neutralization
because it generates and is exposed to increased amounts of ROS and is more susceptible to OS
in comparison to other tissues in the body. The brain also has excitotoxic neurotransmitters that
can cause ROS damage, as well as be enhanced by ROS damage. These neurotransmitters are
implicated in the literature as regulators of adult neurogenesis that neural progenitor stem cells
undergo in response to brain injury or some other type of pathological stimulation. It is not
currently clear which cell type in the brain transforms into GBM, but it is known that these
tumors characteristically harbor many types of neural cell, including multipotent cancer stem
cells that may be dedifferentiated glial cells or undifferentiated neural progenitor cells. It is
possible that when the brain is exposed to increasing amounts of ROS, it can enter a chronic OS
state that upsets homeostasis of ROS management in the brain, resulting in even more ROS
generation. This excessive exposure to oxidative damage could affect differentiation and
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maintenance of adult neurogenesis, as well as induce DNA damage in specific genes in these
cells, and in an already over-stressed system, repair systems may not be able to efficiently
maintain fidelity of those regions, leading to the incorporation of GI into neural cells. It has been
noted that MSI can indicate overall GI. Also, MSI in intragenic regions could directly affect gene
expression, and even MSI found in non-coding regions could indirectly affect mRNA
transcription. We propose that MSI analysis of glioblastoma multiforme and neural progenitor
cell lines exposed to ROS could help pinpoint which, if any, regions of DNA are particularly
sensitive to ROS damage and MSI accumulation. Any genes in sensitive regions could then be
targeted for expression analysis in future studies to determine if they have an initiative role in the
transformation of neural progenitor stem cells into cancerous ones, as well as which neural cell
type is targeted for transformation. This type of analysis could hopefully be adapted to other
tumor types and give valuable insight into the developmental biology of tumors.
To this aim, we have analyzed six microsatellite markers in malignant glioblastoma and
neural progenitor cell lines in vitro to assess the MSI of these cells over time and after exposure
to a source of ROS. Our results indicated accumulative MSI in the NPR cells over time and after
exposure to a source of ROS in three markers: BAT25, DXS6801, and DXS9902. BAT25 is
located on Chromosome 4 within an intron of one gene and between two others, and all three of
these genes are known to promote angiogenesis in vivo. It has also been shown that all three of
these genes can be up-regulated in GBM and that angiogenesis does play a role in GBM
progression, but it is not known if it also plays a role in the initiation of this devastating tumor.
DXS9902 is on Chromosome X and is also adjacent to an angiogenic associated gene. It is also
adjacent to four other genes that are involved in mediation of ubiquitin ligases, synthesis an
intermediate needed make glycosylphosphatidylinositol (GPI) anchors, and a suspected
transcriptional co-factor that might involve regulation of DNA transcription and replication.
DXS6801 is also on chromosome X and is located near several genes. One gene is a validated
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pseudo-gene and the others are thought to play a role in X-linked mental retardation syndromes,
cell-cell recognition, and regulation of mRNA metabolic processes in the cytoplasm.
We believe our results show a response to ROS damage in the neural progenitor cell line
and indicates a need for normal characterization of MSI and gene expression analysis in neural
progenitor, which has not yet been reported in the literature, and glioblastoma multiforme cell
lines in order to meaningfully compare any changes in MSI and gene expression before, during,
and after exposure to a source of ROS. This could be followed by the identification of new
microsatellite markers and genes to analyze in multiple cancer and neural progenitor cell lines, as
well as with orthotopic mouse models for glioblastoma.
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APPENDIX A
SUPPLEMENTARY DATA
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Table A.1 Apoptosis average and number of cells harvested after exposure.
GBM
DAY

H2O2

Day 0

0.0 µM
0.5 µM

Day 2

1.0 µM
0.0 µM
0.5 µM

Day 4

1.0 µM
0.0 µM
0.5 µM

Day 6

1.0 µM
0.0 µM
0.5 µM
1.0 µM

NPR

PROLIFERATION
(CELLS X 105)

APOPTOSIS
(%)

PROLIFERATION
(CELLS X 105)

APOPTOSIS
(%)

3.59
1.83
2.39
6.45
5.54
5.48
6.72
5.63
3.57
12.00
3.55
1.91

7.97%
62.40%
47.35%
11.65%
51.55%
73.27%
9.62%
31.20%
28.54%
8.99%
11.85%
16.32%

5.17
6.67
5.68
3.72
6.61
6.39
7.27
15.62
8.27
10.63
3.98
3.79

2.77%
32.62%
62.81%
5.36%
9.15%
0.09%
3.46%
4.39%
5.75%
2.45%
6.24%
7.17%

NOTE: Proliferation (x105) and apoptosis (%) are listed for the GBM and NPR cell lines for
each H2O2 exposure concentration (0.0 µM, 0. 5 µM, and 1.0 µM) and for all collection
days (day 0, day 2, day 4, and day 6.)
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Table A.2 Raw microsatellite instability (MSI) detected

SAMPLE/DAY
GBM
Day 0
GBM
Day 2
GBM
Day 4
GBM
Day 6

83

NPR
Day 0
NPR
Day 2
NPR
Day 4
NPR
Day 6
GBM
NPR

TREATMENT
H2O2

n

0.0 µM
0.5 µM
1.0 µM
0.0 µM
0.5 µM
1.0 µM
0.0 µM
0.5 µM
1.0 µM
0.0 µM
0.5 µM
1.0 µM
0.0 µM
0.5 µM
1.0 µM
0.0 µM
0.5 µM
1.0 µM
0.0 µM
0.5 µM
1.0 µM
0.0 µM
0.5 µM
1.0 µM
Naïve Control
Naïve Control

30
41
55
45
43
62
50
34
46
46
39
44
85
84
85
92
45
43
94
43
39
90
43
42
27
45

D2S123
m
%
0
1
1
0
1
0
0
0
0
0
0
0
2
0
1
0
0
0
2
1
1
1
1
0
0
0

0.00%
2.38%
1.79%
0.00%
2.27%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
2.30%
0.00%
1.16%
0.00%
0.00%
0.00%
2.08%
2.27%
2.50%
1.10%
2.27%
0.00%
0.00%
0.00%

n
33
38
43
40
43
45
37
27
36
40
34
38
43
46
39
48
38
39
38
40
37
36
28
34
30
37

BAT26
m
%
0
0
0
0
0
0
0
0
0
0
0
0
1
0
0
0
0
0
0
0
0
0
0
0
0
0

0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
2.27%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%

n

MICROSATELLITE MARKERS
BAT25
MONO27
m
%
n m
%

n

40
38
43
33
42
37
38
36
40
36
46
36
29
46
44
29
39
47
48
45
44
48
45
47
43
44

7
6
4
12
3
0
5
11
2
7
7
5
0
1
0
0
2
3
0
2
1
0
3
2
5
0

43
47
37
50
36
73
67
63
64
41
28
28
73
42
31
80
41
32
85
29
68
90
36
30
44
81

14.89%
13.64%
8.51%
26.67%
6.67%
0.00%
11.63%
23.40%
4.76%
16.28%
13.21%
12.20%
0.00%
2.13%
0.00%
0.00%
4.88%
6.00%
0.00%
4.26%
2.22%
0.00%
6.25%
4.08%
10.42%
0.00%

31
32
44
25
42
46
42
38
30
33
34
31
46
46
43
44
45
38
46
43
42
48
43
47
42
43

0
1
0
0
0
1
1
0
0
1
0
1
0
0
0
0
0
0
0
0
1
0
0
1
0
0

0.00%
3.03%
0.00%
0.00%
0.00%
2.13%
2.33%
0.00%
0.00%
2.94%
0.00%
3.13%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
2.33%
0.00%
0.00%
2.08%
0.00%
0.00%

DXS9902
m
%
3
2
0
3
1
1
2
2
0
2
0
1
2
1
2
5
1
2
1
1
2
1
0
1
0
2

6.52%
4.08%
0.00%
5.66%
2.70%
1.35%
2.90%
3.08%
0.00%
4.65%
0.00%
3.45%
2.67%
2.33%
6.06%
5.88%
2.38%
5.88%
1.16%
3.33%
2.86%
1.10%
0.00%
3.23%
0.00%
2.41%

n
27
48
41
51
70
41
67
24
27
26
28
31
74
39
52
77
63
58
73
51
33
86
29
32
41
31

DXS6801
m
%
1
3
1
3
2
0
3
0
1
0
0
1
1
3
1
1
0
1
2
1
2
0
3
1
9
0

3.57%
5.88%
2.38%
5.56%
2.78%
0.00%
4.29%
0.00%
3.57%
0.00%
0.00%
3.13%
1.33%
7.14%
1.89%
1.28%
0.00%
1.69%
2.67%
1.92%
5.71%
0.00%
9.38%
3.03%
18.00%
0.00%

NOTE: Instability detected for six microsatellite markers for the GBM and NPR cell lines, including naïve controls for each. (n) number of
wild type alleles, (m) number of mutant alleles, and (%) raw microsatellite instability (MSI).
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Figure A.1 Example of undifferentiated NPR cells in vitro.
NOTE: This image shows an undifferentiated immortalized human neural progenitor cell
culture (Subcultured cell line ReNcell CX from Millipore, Temecula, CA).
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Figure A.2 Example of differentiated NPR cells in vitro.
NOTE: This image shows an undifferentiated immortalized human neural progenitor cell
culture (Subcultured cell line ReNcell CX from Millipore, Temecula, CA ReNcell CX).
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Figure A.3 Example of GBM cells in vitro.
NOTE: This image shows malignance human glioblastoma multiforme (GBM) cell culture
(Subcultured cell line M059K from ATCC, Manassas, VA).
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APPENDIX B
NON-SIGNIFICANT RESULTS
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Figure B.1 Mean mutation frequency of marker BAT26 for the GBM cell line.
NOTE: Mean mutation frequency (Y-axis) of GBM cells over time after H2O2 exposure.

Figure B.2 Mean mutation frequency of marker BAT26 for the NPR cell line.
NOTE: Mean mutation frequency (Y-axis) of NPR cells over time after H2O2 exposure.
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Figure B.3 Mean mutation frequency of Marker D2S123 for the GBM cell line.
NOTE: Mean mutation frequency (Y-axis) of GBM cells over time after H2O2 exposure.

Figure B.4 Mean mutation frequency of marker D2S123 for the NPR cell line.
NOTE: Mean mutation frequency (Y-axis) of NPR cells over time after H2O2 exposure.
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Figure B.5 Mean mutation frequency of marker MONO-27 for the GBM cell line.
NOTE: Mean mutation frequency (Y-axis) of GBM cells over time after H2O2 exposure.

Figure B.6

Mean mutation frequency of Marker MONO-27 for the NPR cell line.

NOTE: Mean mutation frequency (Y-axis) of NPR cells over time after H2O2 exposure.
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Figure B.7 Insignificant GBM and NPR D2S123 instability from combined days.
NOTE: Marker D2S123’s mean mutation frequencies from the GBM and NPR cell lines and
between the PBS and H2O2 exposures (0. 5 µM and 1.0 µM, respectively) with all days
combined.

Figure B.8

Insignificant GBM and NPR MONO-27 instability from combined days.

NOTE: Marker MONO-27’s mean mutation frequencies from the GBM and NPR cell lines and
between the PBS and H2O2 exposures (0. 5 µM and 1.0 µM, respectively) with all days
combined.
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Table B.1 Information on genes that are near marker BAT26
PROXIMAL
GENES

GENE ALIASES

GENE INFORMATION (FROM NCBI)

EPCAM

ESA; KSA; M4S1;
MK-1; DIAR5; EGP2; EGP40; KS1/4;
MIC18; TROP1;
EGP314; HNPCC8;
GA733-2; TACSTD1;
EPCAM

This gene encodes a carcinoma-associated antigen and is a
member of a family that includes at least two type I
membrane proteins. This antigen is expressed in most
normal epithelial cells and gastrointestinal carcinomas and
functions as a homotypic calcium-independent cell adhesion
molecule.

MSH2

FCC1; COCA1;
HNPCC; LCFS2;
HNPCC1; MSH2

MSH6

GTBP; HSAP;
HNPCC5; MSH6

BAT26

PRIMER
NAME

MSH2 was identified as a locus frequently mutated in
hereditary nonpolyposis colon cancer (HNPCC). When
cloned, it was discovered to be a human homolog of the E.
coli mismatch repair gene mutS, consistent with the
characteristic alterations in microsatellite sequences (RER+
phenotype) found in HNPCC.
This gene encodes a protein similar to the MutS protein. In
E. coli, the MutS protein helps in the recognition of
mismatched nucleotides, prior to their repair. A highly
conserved region of approximately 150 aa, called the
Walker-A adenine nucleotide binding motif, exists in MutS
homologs. The encoded protein of this gene combines with
MSH2 to form a mismatch recognition complex that
functions as a bidirectional molecular switch that exchanges
ADP and ATP as DNA mismatches are bound and
dissociated. Mutations in this gene have been identified in
individuals with hereditary nonpolyposis colon cancer
(HNPCC) and endometrial cancer.

NOTE: Information on genes near BAT26, a stable marker over time in GBM and NPR cell
lines after exposure to low and high concentrations of H2O2 (0.5 µM and 1.0 µM,
respectively). Gene information adapted from NCBI’s gene database.
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Table B.2 Information on genes that are near marker D2S123.

D2S123

PRIMER
NAME

PROXIMAL
GENES

GENE
ALIASES

NRXN1

PTHSL2;
FLJ35941;
Hs.22998;
KIAA0578;
DKFZp313P2
036; NRXN1

MSH2

FCC1;
COCA1;
HNPCC;
LCFS2;
HNPCC1;
MSH2

MSH6

GTBP; HSAP;
HNPCC5;
MSH6

GENE INFORMATION (FROM NCBI)
Neurexins function in the vertebrate nervous system as cell
adhesion molecules and receptors. Two neurexin genes are among
the largest known in human (NRXN1 and NRXN3). By using alternate
promoters, splice sites and exons, predictions of hundreds or even
thousands of distinct mRNAs have been made. Most transcripts use
the upstream promoter and encode alpha-neurexin isoforms; fewer
transcripts are produced from the downstream promoter and
encode beta-neurexin isoforms. Alpha-neurexins contain epidermal
growth factor-like (EGF-like) sequences and laminin G domains, and
they interact with neurexophilins. Beta-neurexins lack EGF-like
sequences and contain fewer laminin G domains than alphaneurexins.
MSH2 was identified as a locus frequently mutated in hereditary
nonpolyposis colon cancer (HNPCC). When cloned, it was discovered
to be a human homolog of the E. coli mismatch repair gene mutS,
consistent with the characteristic alterations in microsatellite
sequences (RER+ phenotype) found in HNPCC.
This gene encodes a protein similar to the MutS protein. In E. coli,
the mutS protein helps in the recognition of mismatched
nucleotides, prior to their repair. A highly conserved region of
approximately 150 aa, called the Walker-A adenine nucleotide
binding motif, exists in MutS homologs. The encoded protein of this
gene combines with MSH2 to form a mismatch recognition complex
that functions as a bidirectional molecular switch that exchanges
ADP and ATP as DNA mismatches are bound and dissociated.
Mutations in this gene have been identified in individuals with
hereditary nonpolyposis colon cancer (HNPCC) and endometrial
cancer.

NOTE: Information on genes near D2S123, a marker that showed statistically non-significant
MSI over time in GBM and NPR cell lines after exposure to low and high
concentrations of H2O2 (0.5 µM and 1.0 µM, respectively). Gene information adapted
from NCBI’s gene database.
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Table B.3 Information on genes that are near marker MONO-27.
PROXIMAL
GENES

MONO27

PRIMER
NAME

GENE
ALIASES

GENE INFORMATION (FROM NCBI)

GLK;
MEKKK 3;
MAPKKKK
3;
RAB8IPL1;
MAP4K3

This gene encodes a member of the Ste20 family of serine/threonine
protein kinases. The protein belongs to the subfamily that consists of
members, such as germinal center kinase (GCK), that are
characterized by an N-terminal catalytic domain and C-terminal
regulatory domain. The kinase activity of the encoded protein can be
stimulated by UV radiation and tumor necrosis factor-alpha. The
protein specifically activates the c-Jun N-terminal kinase (JNK)
signaling pathway. Evidence suggests that it functions upstream of
mitogen-activated protein kinase kinase kinase 1 (MEKK1). This gene
previously was referred to as RAB8-interacting protein-like 1
(RAB8IPL1), but it has been renamed mitogen-activated protein
kinase kinase kinase kinase 3 (MAP4K3)

MAP4K3
CDKL4

N/A

Pseodo-Gene: protein Coding, Provisional

NOTE: Information on genes near MONO-27, a marker that showed statistically
non-significant MSI over time in GBM and NPR cell lines after exposure to low and
high concentrations of H2O2 (0. 5 µM and 1.0 µM, respectively). Gene information
adapted from NCBI’s gene database.
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