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ABSTRACT OF THE DISSERATION (doctorate):

The Combinational Effects of Gamma Secretase Inhibition
and Radiation on the Cancer Stem Cell Population

in Glioblastoma

Yazeed M Alhiyari
Doctor of Philosophy in Biomedical Physics
University of California, Los Angeles, 2014

Professor Frank Pajonk, Chair

Gamma secretase (GS) is an intramembraneous protease that cleaves over 91 different
membrane substrates. GS is responsible for the final S3 cleavage of the notch receptor,
thereby releasing the notch intracellular domain (NICD) into the cytoplasm. Upon
translocation into the nucleus NICD activates the transcription of notch effector proteins
that maintain cell stemness. Due to GS activity on the notch pathway, it has become an
attractive target for cancer stem cells. The cancer stem cell (CSC) hypothesis states that
cancers are generated and maintained by a group of cells that share similarities with
normal adult stem cells. CSCs have been shown to be resistant to most current anti-cancer

treatment approaches, including radiation therapy, thus contributing to tumor

ii



repopulation after therapy. A combinational therapy that targets both cancer cells and
inhibits cancer stem cell growth is highly desirable. Unfortunately, there is inconsistent
data determining the combinational effects of GS inhibitors (GSI) with radiation. In this
study, the efficacy of GSI treatment with radiation therapy in reducing the cancer stem cell
population in glioblastoma multiforme (GBM) was evaluated. Utilizing a panel of GBM cell
lines varying in PTEN, p53, and EGFR status, we evaluated the effects of GSI plus radiation
treatment on the cancer stem cell population, using sphere-forming capacity assays, cell
cycle analysis, and YH2AX and Hoechst/PY staining. Our data demonstrates that PTEN
status plays a role in the sensitivity to GSI treatment in combination with radiation
treatment. In addition, we observed that treating PTEN-wt cell lines with GSI improved
survival among the stem cell population while PTEN-mutant lines showed a reduced
survival. We believe this glioma stem cell protection is mediated through FOXO, or the
Forkhead class O transcription factors, which is positively regulated by functioning PTEN.
In conclusion, this study demonstrates that the effectiveness of combinational treatment of
GSI and radiation on glioma stem cells depends on the genetic background of the tumor.
Specifically, PTENwt neurosphere cell lines are radioprotected under GSI treatment while

PTEN-null neurosphere cell lines become more radiosensitive.
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CHAPTERI: Introduction

Cancers are one of the leading causes of death claiming approximately 8.2 million
lives world-wide (www.who.int). One of the complications of aggressive cancers is that
they frequently recur after treatment. Many mechanisms have been proposed to explain
cancer treatment resistance and recurrence, but a new concept explaining cancer
organization and growth, the cancer stem cell hypothesis, has become an accepted model to
explain cancer treatment failure. The cancer stem cell hypothesis identifies a rare “special
cancer cell”, a cancer stem cell, that drives and maintains tumor growth, development, and
resistance to treatment. Targeting cancer stem cells may provide a more positive outcome
on patient survival. In this study, we test the efficacy of targeting a stem cell pathway to

limit cancer stem cell development, and thus tumor growth in brain cancers.

Cancer stem cells

Cancer stem cell hypothesis

The idea of cancer stem cells (CSCs) has been around for a long time and was first
proposed by Dr. Julius Cohnheim, a German pathologist who lived from 1839-1884. Dr.
Cohnheim significantly contributed to our understanding of neoplastic disease, and was the
first to distinguish between epithelial and mesenchyme tumors, as well as develop a theory

of tumor proliferation and metastasis. The idea of cancer stem cells gained interest again



in 2003 when methods to prospectively identify CSCs were demonstrated (Al-Hajj, Wicha
et al. 2003). Since then, the cancer stem cell field has been pushed by many other groups
including Peter Derks, Harley Kornblum, Frank Pajonk, Inder Verma, and Jeremy Rich to
name a few. These collective publications have contributed to our understanding of cancer
stem cell response to treatment, tumor growth, and development in many different tumor
tissue types. The identification of CSCs has led to the cancer stem cell hypothesis to
describe tumor growth and organization. The cancer stem cell hypothesis states that
tumors are organized hierarchically and there exists a unique and rare population of stem
cells, which maintain the bulk tumor population through the generation of progenitor cells.
Progenitor cells may further generate differentiated cells that constitute the bulk tumor
population. In this model, tumorigenic potential is solely confined to cells that have gained
stem cell like properties, the cancer stem cells. CSCs are a functionally distinct group of
cells with stem like characteristics and tumorigenicity, while the remaining population of
cells have no tumorigenic potential (Clarke, Dick et al. 2006, Kennedy, Barabe et al. 2007).

It is unknown whether CSCs arise from mutations in Adult Stem Cells (ASC) or
mutations in progenitor/differentiated cells, which then gain stem-like features. A cancer
cell must possess the capacity for both self-renewal and tumor formation in order to be
classified as a cancer stem cell (Clarke, Dick et al. 2006). Self-renewal describes the ability
of a stem cell to replicate itself by dividing into the same non-specialized cell type for long
periods of time. Self-renewal is not synonymous with cellular proliferation, in which the
resulting daughter cells are more differentiated and are capable of a limited number of
subsequent cellular divisions. There exist a variety of cellular markers for CSCs (CD133,

CD44, CD24 in brain) (Sahlberg, Spiegelberg et al. 2014). These markers are cancer tissue



type specific and in most cases still fail to capture the true cancer stem cell population.
Evaluating the functional properties of cancer cells, self-renewal via neurosphere
formation assays, and tumorgenicity through limiting dilution in vivo assays, has become
the gold standard to identify CSCs. Just like normal tissues maintain a certain number of
stem cells to replace dying cells or tissue damage, tumors may vary greatly in the number
of CSCs they contain depending on tumor and tissue type (Kelly, Dakic et al. 2007, Eaves
2008). Although normal embryonic stem cells and ASCs have been associated with specific
markers, it has been more difficult and complicated to identify a specific marker for CSCs
(Lottaz, Beier et al. 2010). CSCs have become an important field of study because of their
increased resistance to therapies. Since CSCs are the only cells capable of tumor initiation
and formation, the CSCs hypothesis therefore implies that CSCs are responsible for tumor
relapse after treatment (Rahman, Deleyrolle et al. 2011). There are many publications that
demonstrate that CSCs are more resistant to therapy (Bao, Wu et al. 2006, Salmaggi,
Boiardi et al. 2006, Ghods, Irvin et al. 2007, Shafee, Smith et al. 2008, Frame and Maitland
2011, Chen, Huang et al. 2013) and in some cases the recurring tumor is more aggressive

after treatment (Lagadec and Pajonk 2012).

Gliomas

In the United States, approximately 24,000 new brain cancers are diagnosed and

another 15,000 deaths are attributed to brain cancer each year (www.cancer.gov). Any
tumor that arises from the glial or supportive tissues of the brain is classified as a glioma.
Gliomas constitute approximately 30% of all brain and central nervous system tumors and

80% of all malignant brain tumors (www.abta.org). Gliomas are further stratified into



subgroups:  astrocytoma, brainstem glioma, ependymoma, mixed glioma,
oligodendroglioma, and optical nerve glioma, depending on the cell type they arise from.
Astrocytomas are further categorized by their abnormality and malignancy, grades 1-4. The
most malignant astrocytoma, Glioblastoma, GB, or previously known as glioblastoma

multiforme, GB is the focus of this study.

Glioma Treatment

Surgical debulking is currently the most common initial therapeutic approach for
glioma (Stupp, Tonn et al. 2010). Surgery provides the greatest benefit for low-grade
gliomas adding 40 months to the average survival. In high-grade gliomas tumor debulking
increases survival by only 4 months (Stupp, Tonn et al. 2010). Surgery is generally
followed by radiotherapy. Radiotherapy for glioblastoma is usually applied in 30-33 daily
fractions of 1.8 or 2Gy for a total dose of 59.4 or 60Gy respectively. Hypo-fractionated
radiotherapy treatment schemes (40Gy in 15 fractions) are commonly used for elderly
patients or individuals with other health complications (Buatti, Ryken et al. 2008). The
current standard of care combines radiotherapy with chemotherapy. Temozolomide
(TMZ), an alkylating agent for DNA, is usually the main chemotherapeutic agent utilized for
brain cancers. Many brain tumors have been found to have poor repair of alkylating DNA
damage as a result of inactive MGMT; a gene involved in alkylating DNA damage repair.
Although it is unknown why TMZ treatment still provides a therapeutic benefit in MGMT
positive patients, most clinicians don’t even consider MGMT status when deciding to use
TMZ as part of treatment (Holdhoff, Ye et al. 2012). Other chemotherapeutics such as,

iomustine and procabazine hydrochloride, which are alkylating agents, and vincristine



sulfate, which is a mitotic inhibitor, have been shown in a clinical trial (NCT00003375) to
provide a survival benefit for low-grade gliomas, but have yet to be used regularly in a
clinical setting because the clinical trial is still ongoing (http://www.clinicaltrials.gov/).
Classical chemotherapeutic strategies and treatments that significantly improve the
survival of high-grade gliomas have remained elusive, as standard therapy fails to improve

the two-year survival of high-grade gliomas over 30%.

Glioma Recurrence and Resistance

Despite advances in glioma treatment with radiotherapy and chemotherapy, and the
increased knowledge of glioma biology, long-term survival after treatment remains poor,
with a median five-year survival of only 10%when treated with surgical debulking,
radiation and TMZ (Stupp, Mason et al. 2005). Furthermore, glioma patients quickly
succumb to very aggressive recurrent tumors, with an average median progression-free
survival of 7 months for GB (Stupp, Mason et al. 2005). The tumors that relapse have been
found to have mutations in genes for mismatch repair including, MSH6, MSH2, MLH1, and
PSM2 (Hunter, Smith et al. 2006, Cahill, Levine et al. 2007, Yip, Miao et al. 2009), leading to
TMZ resistance. Another mechanism that contributes to TMZ resistance is the change in
promoter methylation status of MGMT after radiation treatment. Brandes et al
demonstrated that 62% of recurrent brain tumors had changed MGMT methylation status
after surgical debulking, radiation and TMZ treatment when compared to samples taken at
first surgery (Brandes et al,, 2010). The frequent recurrence found in GB has led some
groups to suggest CSCs or in brain, GSCs, to be the cause of recurrence. GSCs have been

found to be more radioresistant and chemoresistant than the rest of the bulk tumor



population. Furthermore, GSCs also possess the properties of normal neural stem cells
(NSCs), with the ability of self-renewal, the ability to produce differentiated progeny, and
repopulate the tumor (Clarke, Dick et al. 2006).. Self-renewal and asymmetric division
allows GSCs to maintain the cancer stem cell pool and produce a differentiated progeny.
Many groups have demonstrated gliomas ability to form in a hierarchical organization
(Altaner 2008, Venere, Fine et al. 2011, Yan, Wu et al. 2014), with a rare “special cell” with
stem like properties supporting the bulk tumor mass.

In patients, these cells, which escape therapy, can stay dormant for long periods of
time after treatment (Allan, Vantyghem et al. 2006). Upon reentry into the cell cycle these
cells that have evaded therapy contribute to local tumor recurrence. Current glioma
treatment focuses on treating the bulk tumor population, and since tumor recurrence is
attributed to therapy resistant GSCs, treatments targeting glioma stem cells may lead to
longer survival. However, it has been proposed that in some gliomas, the differentiated
tumor cell population can revert back into glioma stem-like cells upon glioma stem cell
depletion, thus maintaining a GSC population (Gupta, Chaffer et al. 2009, Chen, Nishimura

et al. 2010). This would eventually result in tumor regrowth.

Therapeutic Resistance

GSCs contribute to therapy resistance through a variety of mechanisms. These
include, but may not be limited to: quiescent phenotype, enhanced DNA repair in GSCs,
expression of drug efflux pumps, and anti-apoptotic proteins. Many groups have reported
that proliferating GSCs can assume a quiescent state and later repopulate the tumor after
DNA repair (Mellor, Ferguson et al. 2005, Scopelliti, Cammareri et al. 2009). Also as

demonstrated in our own lab (Lagadec and Pajonk 2012) and recently confirmed by (Wang,



Li et al. 2014) radiation can cause radiation induced CSCs (iCSCs) formation from
differentiated cancer cells. Furthermore, these iCSC are more aggressive than the original
cancer phenotype (Lagadec and Pajonk 2012). Chemotherapeutics such as TMZ or BCNU
have been shown to cause CSC cell cycle arrest, and reduce neurosphere formation.
However, upon the formation of secondary sphere cultures, they aggressively recover
(Mihaliak, Gilbert et al. 2010). Other labs have published data supporting chemoresistance
of GSCs, comparing the GSC marker CD133+ vs CD133-, CD133+ being more
chemoresistant to a variety of chemotherapeutics (Carboplatin, Taxol, TMZ, VP16) (Liu,
Yuan et al. 2006). In some cases the remaining population of cancer cells after
chemotherapeutic treatments are enriched in CSCs (Kang and Kang 2007). GSCs also
exhibit increased radioresistance in which IR enriches the CD133+ population (Bao, Wu et
al. 2006). CD133+ cells are more radioresistant in colony formation assays, and CD133+
cells only moderately decrease in cell growth following IR treatment (Wang, Wakeman et
al. 2010). Tamura et al. also demonstrated that glioma patients who undergo radiotherapy
have increased levels of CD133+ expression suggesting that CD133+ cells may be more
radioresistant or that radiation promotes the formation of cells with CD133+ expression in
a clinical setting, thus leading to tumor relapse. However, a number of laboratories have
shown that using chemotherapeutics can reduce the CD133+ population (Beier, Rohrl et al.
2008). These inconsistencies can be explained through a variety of mechanisms. But more
importantly, CD133 expression varies greatly within human gliomas independent of cell
stemness, and therefore may not be a good stem cell marker for gliomas. These results

emphasize the need for functional assays such as neurosphere formation or in vivo serial



dilution assays to evaluate stemness. Nonetheless, the general consensus supports the
theory that GSCs are more resistant to glioma therapy.

After cancer treatment, GSCs express many pro-survival and anti-apoptotic proteins. Pro-
survival and anti-apoptotic expression may be mediated in part by hyperactive pAKT
(Strozyk and Kulms 2013), and Notch signaling to maintain GSC formation. Increased
pAKT expression is found in many GBs that have mutated or loss of PTEN expression.
PTEN is mutated or lost in 44% of GBs (Wang, Puc et al. 1997). PTEN acts as a tumor
suppressor by reversing PI3K activity thus negatively regulating pAKT expression and

restricting growth. GBs with loss of PTEN function are more aggressive than PTENwt GBs.

Signaling Pathways

Notch pathway

Notch signaling plays a key role in proliferation, differentiation and survival in many
tissue types under a variety of cellular contexts. Deregulation of the Notch signaling
pathway has been implicated in many cancers (Allenspach, Maillard et al. 2002). In the
brain, Notch signaling has roles in the regulation of migration, morphology, synaptic
plasticity, and survival of immature and mature neurons (Ables, Breunig et al. 2011) as
well as maintaining stemness in NSCs (Hitoshi, Alexson et al. 2002, Johnson, Ables et al.
2009, Ables, Decarolis et al. 2010).

The Notch signaling pathway is an evolutionarily conserved pathway which was
first discovered and characterized in Drosophila where a mutated copy of the gene

generated flies with visibly “notched” wings (Radtke and Raj 2003). From there, the



various homologs were identified in humans. There are four mammalian Notch receptors;
Notch 1 to 4, which are associated with five membrane-bound ligands of the DSL Deta,
Serrate/Jagged, and Lag or (DSL) family. @ The Notch protein is a single-pass
transmembrane protein that contains up to 36 tandem EGF-like repeats in their
extracellular domain (Fortini 2009). The binding between a DSL family member and notch
occurs via direct cell to cell contact thus leading to a structural change exposing the S2 site
for cleavage on the Notch receptor. The ADAM metalloprotease, a member of alpha
secretases, cleaves the Notch receptor at the S2 site in a process called ectodomain
shedding. The left over product of Notch or the Notch Extracellular Truncation (NEXT) can
then become a substrate for gamma secretase proteolytic cleavage at the S3/S4 site
(Stockhausen, Kristoffersen et al. 2010) releasing the Notch Intracellular Domain or NICD
(Fortini 2009, Pannuti, Foreman et al. 2010). In contrast, when the DSL ligand and Notch
receptor interact on the same cell, Notch signaling is inhibited (Jacobsen, Brennan et al.
1998). In canonical Notch signaling, the NICD forms a complex with CBF1/Suppressor of
Hairless/Lag1, also known as RBP-]. CBF1 is a transcriptional repressor that recognizes a 7
base pair DNA sequence (GTGGGAA) (Tun, Hamaguchi et al. 1994). The complex of NICD
and CBF1 recruits transcription factors facilitating in the transcription of downstream
Notch targets, hes/hey family or transcriptional repressors (Iso, Kedes et al. 2003), cyclin D
(Das, Lanner et al. 2010), c-myc (Palomero, Lim et al. 2006), p21 (Niimi, Pardali et al.
2007), and NFkB (Ang and Tergaonkar 2007). Notch signaling can also occur through the
non-canonical pathway, independent of the NICD/CBF1 complex (Andersen, Uosaki et al.

2012). The non-canonical Notch-signaling pathway is a less understood and less well-



studied characteristic of Notch signaling. Canonical Notch signaling is depicting in Figure
A

Abnormal Notch signaling has been attributed to many cancer types, and was first
identified as an oncogene in T-cell acute lymphoblastic leukemia (T-ALL). Upregulation of
the Notch pathway has also been observed in other cancer types such as glioma (Kanamori,
Kawaguchi et al. 2007, Stockhausen, Kristoffersen et al. 2010), breast (Reedijk 2012), lung
(Dang, Gazdar et al. 2000, Westhoff, Colaluca et al. 2009), and cervical cancers (Zagouras,
Stifani et al. 1995). Aberrant Notch activation in solid tumors is due to hyperactivation of
notch ligands or of upregulation of upstream targets of Notch. Notch is an attractive target
for therapy because of its many roles in development, survival, and stemness. Notch can be
inhibited at different steps within its pathway (Rizzo, Osipo et al. 2008), but the most
common laboratory approach to block Notch is through the use of small molecule
inhibitors of gamma secretase. Some gamma secretase inhibitors, R04929097, have been
utilized in Phase 1 and Phase 2 clinical trials. Gamma secretase inhibitors are thought to
block the S3 cleavage step for all four Notch receptors, leading to the NICD to remain bound
thus stopping NICD translocation into the nucleus and further Notch signaling. In in vivo
models, excessive use of gamma secretase inhibition induces goblet cell metaplasia in the
small intestines and leads to gastrointestinal tract cytotoxicity (Barten, Meredith et al.

2006).
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Figure A: Cononcial Notch Signaling Pathway
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Figure A: Notch activation leads to NICD formation and downstream notch
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Notch signaling in glioma

The Notch signaling pathway maintains Neural and glioma stem cells. The effects of
high Notch expression results in a quiescent stem cell phenotype in brain and fibroblast
tissues. In quiescent fibroblast cells, the Notch target gene Hes1 is upregulated and upon
Notch inhibition with DAPT (a gamma secretase inhibitor) or dominant negative form of
Hes1 expression shifts the quiescent cells into a permanent arrested cell cycle state (Sang,
Coller et al. 2008). These permanently arrested cells also express increased b-
galactosidase, a feature of senescence. Finally, re-expression of wtHes1 inhibited the cells
from entering senescence, demonstrating that Notch expression effects the cell cycle and
cell fate.

Notch activity in glioma has been correlated with glioma severity (Wang, Wakeman
et al. 2010). In general, Notch receptors, ligands, and downstream targets are
overexpressed in glioma tissues and cell lines (Kanamori, Kawaguchi et al. 2007, Chen,
Kesari et al. 2010, Jiang, Wu et al. 2011). Notchl expression and protein levels increase
with glioma grade 1 to 4, and high Notchl expression is associated with a poorer
prognostic outcome (Jiang, Wu et al. 2011). Another research group demonstrated that
Notch1 and Notch2, but not Notch3 or 4, are important for regulating GB cell cycle growth
with Notch2 having a more dominate role (Chen, Kesari et al. 2010). Inhibiting the Notch
pathways with siRNA or gamma secretase inhibitors (GSI), decreases the ability of
adherent glioma cultures to form colonies while increasing differentiation in treated cells
(Kanamori, Kawaguchi et al. 2007). Conversely, increasing Notch downstream signaling

targets enhances glioma survival.
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Notch’s role in maintaining GSCs makes it a potentially specific target for inhibiting
GSCs. Notch receptors and downstream targets, hes and hey are upregulated in CD133+ cell
populations (Ulasov, Nandi et al. 2011). Glioma neurosphere cultures with higher Notch
signaling have higher growth rates than those with lower Notch signaling (Zhang, Zheng et
al. 2008). Overexpression of constitutively active NICD in neurosphere cultures further
increases cell growth and neurosphere formation (Zhang, Zheng et al. 2008). Notch
signaling directly activates the transcription of the stem cell marker Nestin (Shih and
Holland 2006), while knocking down Notch with siRNA or GSI decreases both Nestin and
CD133+ markers in neurosphere cultures (Jeon, Jin et al. 2008, Lin, Zhang et al. 2010).

Notch expression causes radioresistance in glioma (Wang, Wakeman et al. 2010)
and treatment with GSI or shRNA, sensitizes neurosphere cultures to radiotherapy (Lin,
Zhang et al. 2010, Wang, Wakeman et al. 2010). However, Notch signaling is not the only
stemness pathway in glioma. Other pathways such as Sonic Hedgehog (SHH) which also
confer radioresistance, GSC renewal, and tumor growth (Clement, Sanchez et al. 2007) in
GB are insensitive to gamma secretase inhibition (Hatton, Villavicencio et al. 2010).
Furthermore, GBs with high Notch expression are susceptible to Notch inhibition via
gamma secrtease while GBs with low/no Notch expression do not respond to treatment
(Saito, Fu et al. 2014). Therefore, although targeting Notch signaling may be effective for a

vast majority of GB tumors there are subsets of GB that do not respond.

Gamma secretase
Gamma-secretase is an aspartyl protease made up of four membrane proteins,

presenilin (PS), nicastrin, PEN2, and Aph-1 (Edbauer, Winkler et al. 2003, Kimberly, LaVoie
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et al. 2003, Fraering, Ye et al. 2004). Together these four membrane proteins function to
identify and cleave type 1 membrane proteins such as Notch and APP in Alzheimers. PSis a
nine-pass transmembrane protein that contains the catalytic activity of the core protease
(Esler, Kimberly et al. 2000, Li, Xu et al. 2000, Laudon, Hansson et al. 2005). Nicastrin
functions in assisting with substrate selection (Shah, Lee et al. 2005). Aph-1 promotes the
assembly, stabilization, and trafficking of the complex (Niimura, Isoo et al. 2005), and PEN2
triggers PS endoproteolysis (Thinakaran, Borchelt et al. 1996, Luo, Wang et al. 2003). To
add to the complexity, PS comes in two isoforms, PS1 and PS2, PS1 being the more
dominant form, but PS selection has been found to vary between tissues. More importantly
however, PS1 and PS2 have strong phenotypic differences between the two PS systems,
and each isoform exhibits differential susceptibility to certain gamma-secretase inhibitors
(Beel and Sanders 2008). Furthermore, Aph-1 has been identified to have three isoforms,
Aph-1a (which has two splicing variants, Aph-1aS and Aph-1aL) and, Aph-1b. Similar to PS,
Aph-1 has tissue specific expression patterns (Hebert, Serneels et al. 2004) and evidence
suggests that each isoform may associate with functionally distinct versions of gamma-
secretease complexes (Serneels, Dejaegere et al. 2005). The various associations with the
four different core isoforms allows gamma-secrtease to cleave over 91 different membrane
substrates (Haapasalo and Kovacs 2011). Understanding the functional significance and
regulation of gamma-secretase mediated cleavage requires further study. Currently, the
functions of some of GS cleaved products like NICD are known, can regulate gene
transcription. It is also thought that the generation of some ICDs may operate as a means

to terminate or antagonize protein signaling, such as in cell adhesion or neurite outgrowth,
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but currently it is not known if all ICDs generated by gamma-secretase even have a function
(Haapasalo and Kovacs 2011).

Of the 91 different substrates gamma-secretase processes, there are many
substrates that can effect the regulation of cell fate, the regulation of cell death, and the
regulation of angiogenesis and tumorigenesis. Cell fate regulation via gamma-secretase is
mediated through Notch and ErbB4 (Srinivasan, Gillett et al. 2000, Fiuza and Arias 2007).
In both cases, the release of the cleaved ICD maintains stemness in brain cancers (Sardi,
Murtie et al. 2006). Gamma-secretase regulates cell death by processing LRP1 (Polavarapu,
An et al. 2008), and p75 (Majdan, Lachance et al. 1997). Cleavage of both LRP1 and p75
leads to apoptosis in neurons, while inhibiting gamma-secretase activity prolongs survival
(Podlesniy, Kichev et al. 2006, Polavarapu, An et al. 2008). Although gamma-secretase may
process many different substrates, loss of Notch signaling through gamma-secretase

inhibition has a greater impact on cell fate then the other membrane substrates.

FOXO family of transcription factors

FOXO has more recently, been implicated in the maintenance of stemness in neural
stem cells, but the signaling involved in FOXO mediated stemness is less understood. FOXO,
or forkhead box transcription factors, consists of FOX01, FOX03, FOX04, and a more
distantly related FOX06. Together, the FOXO class of transcription factors control
apoptosis, stress resistance, longevity, metabolism and cellular development (Calnan and
Brunet 2008). The FOXO family, once activated by phosphorylation of conserved
serine/threonine sites, recognizes the same core consensus motifs TTGTTTAC,

TT(G/A)TTTTC, (C/A)(A/C)AAA(C/T)AA (Furuyama, Nakazawa et al. 2000, Xuan and
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Zhang 2005, Obsil and Obsilova 2011), and therefore serves to integrate many cellular
signals and stimuli. = FOXO proteins function as transcriptional activators, but
bioinformatics analysis suggests FOXO may also act as transcriptional repressors
(Ramaswamy, Nakamura et al. 2002). Currently, the role of FOXO action on tissues has
been determined via conditional knockout mice. Knocking out all three FOXO factors
(FOXO01, FOX03, and FOX04) cause a myriad of abnormalities. Specifically, in stem cells
knockout of FOX03 depletes the stem cell pools of hematopoietic (Miyamoto, Araki et al.
2007) and brain stem cell compartments (Ro, Liu et al. 2013). In differentiated cells FOX01
has been established in metabolic function and insulin resistance (Martinez, Cras-Meneur
et al. 2006). In differentiated tissues many studies have also identified the FOXO03
mediated apoptotic activity after oxidative stress, via BH-3 proteins (Sunters, Fernandez de
Mattos et al. 2003), but it hasn’t until recently been observed that FOX03 also participates
DNA damage repair by interacting with ATM to promote DNA foci formation for repair
(Tsai, Chung et al. 2008). Lastly, FOX0O4 null mice do not show any distinct phenotype
(Hosaka, Biggs et al. 2004), and therefore FOX04 hasn’t been studied as extensively as
FOXO01 and FOX03. FOXO06 expression is found exclusively in the brain, specifically the
hippocampus region and is thought to function in memory consolidation (Jacobs, van der
Heide et al. 2003).

The structure of all FOXOs consists of a Forkhead domain, or DNA recognition
binding domain, a nuclear localization signal (NLS), a nuclear export sequence (NES), and
varying numbers of serine and tyrosine phosphorylation sites (Greer and Brunet 2005).
Furthermore, FOXO proteins can undergo various post-translational modifications or

acetylation events altering its DNA binding affinity, and recognition. FOXO proteins are
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constantly shuttling between the cytoplasm and nucleus however, in all cases, FOXO
activation requires nuclear localization to interact with DNA (Brownawell, Kops et al.
2001). FOXO export from the nucleus abrogates any downstream FOXO signaling, by
inhibiting FOXO binding to DNA. The FOXO pathway is regulated by PTEN/PI3K/AKT
signaling (depicted in Figure B). pAKT, the active form of AKT, negatively regulates FOXO
activity by phosphorylation on threonine-32, serine-253, and serine-315, thus masking the
nuclear localization sequence (NLS) preventing FOXO nuclear localization and promoting
FOXO degradation. This causes FOXO to be exported from the nucleus leading to its
degradation (Biggs, Meisenhelder et al. 1999, Brunet, Sweeney et al. 2004). PTEN
antagonizes PI3K/AKT by reversing the action of PI3K. This action positively regulates
FOXO, allowing sustained FOXO expression (Luo, Yang et al. 2013). The multiple
phosphorylation sites on FOXO proteins integrate many signaling pathways allowing for a
differential response to stimuli. The different environmental context and cell type
determine FOXOs phosphorylation patterns and hence response to stimuli (Calnan and
Brunet 2008). In the presence of growth factors FOXO1 is phosphorylated at S249, S322,
and S325 leading to its export from the nucleus by 14-3-3 (Brownawell, Kops et al. 2001),
while under a stress response Ser90, Ser284, Ser294, Ser300, Ser413, Ser425, Thr427, and
Ser574 are just a few phosphorylation sites that may be utilized for nuclear localization
(Greer and Brunet 2005). As stated earlier, FOXO3 mediates apoptotic activity after
oxidative stress through BH-3 proteins such as BIM (Sunters, Fernandez de Mattos et al.
2003). Alternatively, FOX03 phosphorylation by c-JUN and MST1 then subsequently are

deacetylated by sirtuin-1 (SIRT1) in the forkhead domain, leads to the inhibition of FOXO-
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induced expression of pro-apoptotic genes and enhanced expression of genes involved in
cell cycle regulation, DNA-repair, and stress resistance (Brunet, Sweeney et al. 2004).

The dynamics of how FOXO proteins are regulated, and the combination of
phosphorylation and acetylation events are poorly understood. It is clear however, that
FOXOs carry out differential functions that depend on the tissue type, environmental

stimuli, and cells phase or stemness (Asserlechner 2012).
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Figure B: FOXO regulation
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FOXOs in neural stem cells

Throughout the development of the nervous system, FOXO members are likely to
play many seemingly contradictory roles. However, in stem cells FOX03 has established
itself as a key regulator of stem cell quiescence in the hematopoietic system, adult muscle
stem cells, and now neural stem cells (Miyamoto, Araki et al. 2007, Renault, Rafalski et al.
2009, Gopinath, Webb et al. 2014). FOXO3’s regulation of stemness is linked to the
expression of genes involved in maintaining quiescence, preventing premature
differentiation, and regulation of oxygen metabolism (Renault, Rafalski et al. 2009). FOX03
knockout mice share a similar phenotype to PTEN knockout mice in that the brains of these
mice are larger due to rapidly proliferating stem cells. However, PTEN functions as a
negative blockade on quiescence stem cell cycle entry (Groszer, Erickson et al. 2006), while
FOX03 promotes genes required for quiescence and stemness (Gopinath, Webb et al.
2014). The difference is observable in in vivo mouse models between PTEN null mice and
FOXO null mice. Both PTEN knockout and FOX03 knockout mice show a depleted neural
stem cell pools, but FOX03 null mice suffer because the resulting neural stem cells have a
severely limited proliferating capacity (Renault, Rafalski et al. 2009). One mechanism by
which FOXO03 blocks premature differentiation is by inhibiting ASCL1 dependent
neurogenesis (Webb, Pollina et al. 2013). Through a CHiP analysis, Webb et al. found that
FOXO03 shares many targets of ASCL1, and also suggested some other targets of FOXO
expression may be Notch target genes like Hes1. Lastly, although not established in neural
cells, FOX01 in muscle tissue has been shown to interact with the CSL or (CBF1) to
promote corepressor clearance of the Notch signaling pathway. In doing so, FOXO1 inhibits

myoblast differentiation through the expression of Notch target genes (Kitamura, Kitamura
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et al. 2007). Furthermore, FOX03 has been shown to regulate the expression of both
Notch1 and Notch3 (Gopinath, Webb et al. 2014). Although the mechanism of how FOXO
regulates Notch receptors and notch activity is not fully understood, it does provide an

interesting alternative mechanism for Notch activation.

Research objectives:

In the interest of improving current glioma treatment outcomes, we evaluated the
efficacy of combinational treatment of GSI plus radiation to reduce glioma recurrence. In
this study, we focus on evaluating the effects of GSI and radiation on GSCs with different
genetic backgrounds. The basis for this research is that current radiation and
chemotherapeutic treatment do not provide curative means for patients. Here, we
investigate how PTEN radio-protects GSI treated GSCs, and we propose this mechanism is

through FOX03 mediated control of quiescent stem cells.
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CHAPTER 2: Materials and Methods

Considerations when growing GSCs

Traditionally, glioma cell cultures are grown as adherent cultures supplemented
with serum. However, the gene expression profiles of adherent cultures can vary
drastically from the original tumor (Lee, Kotliarova et al. 2006) and when these cultures
are transplanted into intracranial xenograph animal models they fail to grow in a diffuse
phenotype as observed in glioma patients. Adherent or serum grown cells also have
relatively low CSCs within the population, the majority of the cells being differentiated
cells. Currently, there are two methods to propagate CSCs: the neurosphere method, which
is the most popular, and the laminin-coated plate method. Gliomas grown in neurosphere
cultures, are in a defined serum-free media supplemented with growth factors (EGF, FGF).
Glioma neurospheres form non-adherent spheres with a greatly enhanced population of
CSCs that closely resemble the original tumor genetically and morphologically in
intracranial xenographs. The neurosphere model is a good in vitro model because it more
closely maintains the characteristics of the tumor from which it was derived (Lee,
Kotliarova et al. 2006, Ernst, Hofmann et al. 2009). However, neurospheres that grow to
large tend to have more cell death as a result of lack of nutrients to diffusion to the interior
of the sphere (Woolard and Fine 2009). In the Laminin-coated method, cells are grown
adherently on plates coated with laminin in serum-free media (Pollard, Yoshikawa et al.
2009). Laminin coated cultures have the added benefit that of less cell death than
neurospheres grown cultures. However, because cells grown in laminin plates are more
homogeneous, the cultures do not exhibit hierarchical growth, which is one defining

characteristic of a CSC (Venere, Fine et al. 2011).
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Because the neurosphere methods more closely represents in vivo tumors
genetically and produces progenitor cells we chose the neurosphere method to enrich for
GSCs for our experiments. To solve the lack of diffusion of nutrients to the interior of the
neurospheres, neurospheres where dissociated weekly. To ensure drug treatment diffused
to all neurosphere cells, neurospheres were dissociated one day before drug treatment

occurred.

Cell Culture

U87 and U87 PTEN cell lines were a kind gift from Dr. Paul Mischel (Department of
Pathology, UCSD). Cell lines 146, 189, 2345, ES were a kind gift from Dr. Harley Kornblum.
ZsGreen-cODC positive fluorescence correlates with current stem cells markers as well as
functional assays. In all GBM lines (146, 189, 2345, ES, U87, and U87 PTEN), cells were
cultured in the log-growth phase in Dulbecco’s modified Eagle Medium (DMEM)
(Invitrogen Carlsbad, CA) supplemented with 10% fetal bovine serum (Sigma-Aldrich, St.
Louis, MO), penicillin (100 units/ml) and streptomycin (100 pg/ml) (both Invitrogen). All
cells were grown in a humidified incubator at 37C with 5% CO2.

To convert adherent cell lines to neurosphere cultures were trypsinized and
immediately plated defined serum-free media consisting of DMEM/F12 1:1 (Life
Technologies 11320-033) B27 (Invitrogen) HEPES (Life Technologies 15630-130) 1% pen-
strep (Life Technologies 15140-122) 20ng/mL epidermal growth factor (Sigma Aldrich),
20ng/mL basic fibroblast growth factor 2 (Sigma-Aldrich), 5Sug/mL bovine insulin (Sigma-
Aldrich), 4ug/mL heparin (Sigma-Aldrich) in ultra low-adhesion suspension culture plates.

Neurospheres were dissociated, and reseeded in plates after one a week or when the media
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needed to be changed as indicated by phenol red color change (phenol red is a pH

indicator, and turns yellow with the pH become increasing more acidic).

Drug Treatment

Gamma-Secretase Inhibitior WPE-III-31C also known as InSolution gamma-
Secretase Inhibitor XVII, was purchased from Millipore. GSI concentration was determined
on the inhibitory concentration 50%, or IC50. It was determined that 5uM of WPE-III-31C
would provide 100% inhibition for 1 day. LY294002 concentration was determined based
off of previous literature (Takeuchi, Kondo et al. 2005) in which 5nM of LY294002
demonstrated inhibition of pAkt with limited cell death. Adherently grown cells were
treated with corresponding drugs when they reached 80% confluence, while neurosphere
or suspension grown cultures were dissociated, reseeded and treated the next day with the
corresponding drug. Dissociating the neurosphere allows the drug to penetrate all the cells
in culture. Large spheres limit drug diffusion for cells residing in the interior of the
neurosphere. After GSI or LY treatment, if cells were going to also receive radiation, then

cells were allowed to incubate for 4 hours with GSI/LY before irradiation.

RNA isolation

RNA was harvested from the cells grown adherently or in suspension in 10cm
dishes using 1mL Trizol reagent (Invitrogen) according to the manufacturer’s protocol.
RNA concentration was measured using a Nanodrop and lug of RNA was converted to

cDNA using Super Script III First-Strand Synthesis (Invitrogen) for future use in
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Quantitative-PCR (g-PCR). g-PCR was performed using the BioRad iQ5 Real-Time PCR

machine. SYBR Green was used as the reporter system in the q-PCR master mix (BioRad).

RT-PCR and qRT-PCR
Quantitative PCR was performed in the MY iQ thermal cycler (Bio-Rad, Hercules, CA,

www.bio-rad.com/) using the 2x iQ SYBR Green Supermix (Bio-rad). C; was determined for

each gene and AAC: was calculated relative to the designated reference sample (RPLPO).
Gene expression values were then set equal to ~ 2-24Ct a5 described by the manufacturer of
the kit (Applied Biosystems). An annealing temperature of 54 °C was used and ran for 50
cycles for the following primers: PCR primers were synthesized by Invitrogen and designed
for the human sequence of FOXO1 (Forward: 5’-GACAGCCCTGGATCACAGTTT-3' and
Reverse 5’-CGGTCATAATGGGTGAGAGTCT-3’), FOXO03 (Forward: 5’-
CGGACAAACGGCTCACTCT-3" and Reverse: 5’-GGACCCGCATGAATCGACTAT-3’), FOX04
(Forward: 5’-TCTGGGGGAAAAGGTACACAC-3’ and Reverse: 5’-
CTCCCTTCCGAGGACCTGTTA-3"), Grxl (Forward: 5-TGCAACCAGTTTGGGCATCA-3’
Reverse: 5-ACCGTTCACCTCGCACTTC-3’), and RPLPO (5’-GGCGACCTGGAAGTCCAACT-3’
Reverse: 5-CCATCAGCACCACAGCCTTC-3"). Hes1 (Forward: 5-AGTGAAGCACCTCCGGAAC-
3, Reverse 5’-TCACCTCGTTCATGCACTC-3’), Hey1l (Forward: 5’-
GCTGGTACCCAGTGCTTTTGAG-3’, Reverse: 5-TGCAGGATCTCGGCTTTTTCT-3’), HeyL
(Forward: 5’-GCCCGGGGTTCTATGATATT-3’, Reverse: 5-GAGTTCGGCCTTCACAAAAG-3’)
Notch1 (Forward: 5’-CAGGCAATCCGAGGACTATG-3’, Reverse: 5’-
CAGGCGTGTTGTTCTCACAG-3’), Notch2z (Forward 5’-CACTGGGTCGATGATGAAGG-3’,

Reverse 5’-ATCTGGAAGACACCTTGGGC-3"), Notch3 (Forward 5’-
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TCTTGCTGCTGGTCATTCTC-3’, Reverse 5-TGCCTCATCCTCTTCAGTTG-3") and Notch4
(Forward 5’-CACTGAGCCAAGGCATAGAC-3’, Reverse 5-ATCTCCACCTCACACCACTG-3’) .
The AACt method was used and gene expression recorded relative to U87. Normalization

was performed utilizing RPLPO as a housekeeping gene.

Western Blotting

Cells were lysed on ice using RIPA buffer. The lysates were centrifuged at 12,000
rpm for 15 mins at 4 C, and the protein concentration in the supernatant was determined
using the microBCA protocol (Pierce, Rockford, IL). The protein lysate was separated using
an SDS-PAGE gel and then transferred to a Polyvinylidene difluoride (PVDF) membrane
(BioRad). Membranes were blocked in 4% BSA/Tris Buffered Saline (TBS)-0.01%
Tween20 and then blotted overnight for the various proteins: rabbit anti-PTEN primary

antibodies (Abcam Y184, Cambridege, MA, 1:2000, www.abcam.com), anti-EGFR

(Nanomarkers MS-400-P0), anti-pAkt (Cell Signaling S473), and anti-Akt (Cell Signaling
#9272S). Antibodies used for the loading controls were: GAPDH (abcam ab9484) or alpha-
tubulin (Calbiochem Cat#: CP06). After washing, the blots were incubated with anti-rabbit
horseradish peroxidase-conjugated secondary antibody (1:50,000 GE Healthcare Bio-
Sciences, Pittsburgh, PA,
www.gelifesciences.com/webapp/wcs/stores/servlet/Home/en/GELifeSciences-US/) and
visualized by ECL plus Membrane Blotting Detection System (Pierce, ECL 2 Western
Blotting Substrate #80196, Rockford, IL) using a laser scanner (Typhoon 9410, GE

Healthcare).
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Radiation Treatment

Both cells grown in adherent and suspension conditions were irradiated at room
temperature using an experimental X-ray irradiator (Gulmary Medical Inc. Altlanta, GA) at
a dose rate of 1.43Gy/min for the time required to apply the prescribed dose of 2, 4, 6, or

8Gy.

ROS measurements

ROS measurement were carried out using the dichlorofluorescein assay (DCF) as
described in previous literature (Hafer, Iwamoto et al. 2008). Cultured cells were
trypsinized then washed with 5mL of 1x PBS. Cells were counted and 1 million cells were
resuspended in 1mL of PBS. DCF was added to corresponding tubes at a concentration of
50uM and the mixture of DCF and cells were incubated in the dark at 37C for 30 minutes.
After 30 minutes, cells were placed on ice and maintained in the dark while transporting
them to and from the X-ray machine. Cells were either sham irradiated or irradiated with

8Gy and immediately analyzed via FACs in the green fluorescent channel.

Clonogenic Survival Assay

1 million cells were plated in 10 cm dishes one day prior to radiation and/or drug
treatment. The next day, cell plates were treated with the appropriate drug or control and
incubated for 4 hours. After a 4-hour incubation, plates were trypsinized and cells are
harvested, washed with 1x PBS and counted. Cells for both treated and untreated

conditions were resuspended in eppendorf tubes such that there were 512 cells per 100uL
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for 0Gy, 1024 cells per 100uL for 2 Gy, 2048 cells per 100uL for 4 Gy, 4096 cells per 100uL
for 6 Gy and, 8192 cells per 100uL for 8Gy. eppendorf tubes were then irradiated with the
corresponding dose. Each radiation dose was plated in triplicate with 100uL of cells from
the corresponding eppendorf tubes such that 0Gy received 512 cells per plate, 2Gy received
1024 cells per plates, ending at 8Gy receiving 8192 cells per plate. Plates were incubated
for 3 weeks. Media was removed and 70% ethanol fixed the cells for 5 minutes. 70%
ethanol was removed and a 5% crystal violet stain was applied to the dishes and allowed to
stain for 5-10 minutes. The 5% crystal violet solution was poured off and the remaining
stain was gently washed off in warm water. Plates were allowed to dry over night and
scanned the next day. Colonies were counted from scanned images using the free open-
source software Image]. Colonies containing a density of 250 cells were counted, and the
number of colonies formed per plate is expressed as a percentage of the initial number of

cells plated.

Neurosphere-forming capacity assay

Similar to the clonogenic assay, dissociated neurosphere cells were resuspended in
eppendorf tubes at concentrations of 512, 1024, 2048, 4096, and 8192 cells per 100ul for
each corresponding radiation dose of 0, 2, 4, 6, and 8Gy. Neurosphere cells were then
plated in serum free media, in ultra-low adhesion 96-well plates in 200ul DMEM/F-12
supplemented with 0.4% bovine serum albumin (BSA) (Sigma-Aldrich), 10mL/500mL of
B27 (Invitrogen), 5ug/mL bovine insulin (Sigma-Aldrich), 20ng/mL of basic fibroblast
growth factor 2 (Sigma-Aldrich) and 20ng/mL of epidermal growth factor (Sigma-Aldrich).

96-well plates were serially diluted and after 15 days in culture, neurospheres with
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diameters larger than 100um were counted. The numbers of neurospheres were
expressed as a percentage between the numbers of cells plated verses the number of

spheres counted.

gH2Ax Formation Assay

Cells were plated at 100,000 cells per 10 cm dish, allowed to grow for 2 days, and
then treated with GSI or DMSO control 4 hours prior to 0 or 8Gy irradiation. Cells were
then harvested and fixed in 70% ice-cold ethanol over night at -20C either 30 minutes or 24
hours after IR exposure. Samples where then washed to remove the 70% ethanol and
incubated with anti-gH2Ax (Millipore H2A.X Ser139 FITC 16-202A) at 1:200 dilution for 4

hours at room temperature before analysis via FACS in the green fluorescent channel.

Cell Cycle Analysis

Cells grown under adherent conditions were trypsinized and then washed with 1x
PBS three times. Afterwards, cells were fixed in 70% ice-cold ethanol over night at -20C.
Cells grown in neurosphere suspension conditions were collected in media, spun down,
and then washed with 1x PBS two times. Neurospheres were then allowed to incubate in
200uL TrypLE for 10 minutes at 37C. Neurosphere were then passed though a fire
polished glass pipette for dissociation. Afterwards, dissociated neurospheres were
replated and allowed to recover for two days before harvesting. After two days,
(dissociated neurospheres haven’t started to clump but are still single cells) dissociated

neurospheres were harvested, washed two times with 1x PBS and fixed in 70% ethanol
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over night at -20C. Both neurosphere grown and adherently grown glioma cells were
incubated in Hoechst dye (5ug/mL) for 45 minutes in the dark at room temperature. PY
staining (10ug/mL) was added immediately after the 45 minutes incubation of Hoechst,
and incubated an additional 10 minutes in the dark at room temperature. Cells were spun
down and washed with PBS once, and then resuspended in 100uL of 1x PBS for FACs

analysis.

Statistics
Statistics were done in Graphpad Prism. Comparisons between groups were done
using students t-test, and significance was taken at p <.05%. Survival curves were fitted

using the linear quadratic model.
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CHAPTER 3

Results: GBs sensitivity to Gamma-secretase inhibition and radiation

depends on PTEN status.

Currently, the combination of surgery, IR, and chemotherapy provide the best
treatment for gliomas. However, even with the advancement in our understanding of
glioma, better dose delivery treatment modalities for radiation, and more potent
chemotherapeutic drugs for glioma tissues, the 5-year median survival after treatment
remains low. The development of drugs or techniques that target the factors that cause
glioma recurrence, i.e. GSCs are promising for future treatments. Taking into consideration
that many glioma subtypes rely on notch signaling, and Notch is critical in glioma stem cell
maintenance, we were interested in evaluating the efficacy of combinational treatment by
blocking Notch with GSIs and radiation. Interestingly, previous studies have demonstrated
that there is a group of glioma stem cells that respond to GSI mediated Notch inhibition and
a subgroup of non-responders to GSI treatment. (Saito, Fu et al. 2014). Saito et al. did not
evaluate how this translates with radiation therapy. However, Debeb et al. reported that
treatment with GSI radio-protected breast cancer stem cells. Radioprotecting a CSC
population would be a counterproductive measure to curative therapy. Hence, we first
generated survival curves for neurospheres, and adherently grown cultures for a variety of

patient derived GB cell lines (146, 189, 2345, ES, U87MG, U87MG PTEN restored). Utilizing
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escalating doses of radiation, 0, 2, 4, 6, and 8Gy, with or without combined treatment GSI,
5uM WPE-III-31C, we were able to establish the initial effects of GSI and radiation on the
survival of GSCs. Utilizing primary, secondary, and tertiary sphere forming capacity, we
were able to determine the effects of GSI, IR alone, or GSI and IR in combination, to the
long-term proliferative potential of glioma stem cells. Next, we established some of the
genetic differences between our GB lines that are known to effect tumorigenicity via
western blotting. Lastly, to determine if changes in DNA damage response produced the
differences we observed in neurosphere survival curves, we performed gH2Ax staining.
gH2Ax served as a surrogate marker to measure DNA double strand breaks. We further
investigated the differences between PTENwt cell lines and PTEN mutant cell lines that
could account for the differences we observed in GSC survival, and we propose a

mechanism to describe our observations.

Results

Establishing glioma neurosphere cultures

As a first step in understanding how glioma stem cells respond to treatment with
radiation and GSI individually we first converted adherent glioma cell lines to serum-free
neurosphere media establishing primary neurosphere cultures. Neuroosphere
morphology between the cell lines (U87, 189, 146, 2345, ES, U87PTEN resotred) all had
moderately dense spheres with 146 and 189 being harder to dissociate during sphere
passages. 2345 and ES represented a much slower growing neurosphere population while

U87MG and U87MG PTEN restored had the fastest growing spheres. The percent of
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spheres capable of forming neurospheres, neurosphere-initiating cells, varied between the
cell lines, with U87MG/U87MG PTEN restored having the highest percent of sphere
formation at 2.12% +.57 (Figure 1a).

Neurosphere cultures are a convenient method to study glioma stem cells, however,
analysis of neurospheres should not be used to make direct comparisons to in vivo tumor
formation or growth. The in vitro setting lacks much of the biological niche that regulates
the balance between growth and death, and in vitro methods are designed to improve
growth conditions for cells compared to an in vivo setting. The neurosphere culture lines,
146, 189, 2345, ES, U87MG, U87MG PTEN restored have not all been established on their
ability to form tumors in nude mice. Furthermore, the PTEN and EGFR status was
established via western blotting, while p53 and MGMT status was already determined by
the labs who derived the cell lines. PTEN, EGFR, p53 and MGMT status have all been
implicated in glioma resistance to therapy, and therefore it is important to determine if
they also play a role in the effectiveness of GSI treatment. 2345 is the only cell line with
mutant p53 status; all cell lines have some level of active MGMT. 146, 189 and U87MG
PTEN restored have normal PTEN expression, while 2345, ES and U87MG have no PTEN
expression. Only ES and 146 have low EGFR expression while the rest of the cell lines have
normal EGFR expression. The status of each cell line is summarized in Table 1. Treatment
with GSI shows no significant difference in sphere formation between untreated cell lines
except for cell lines 2345, and ES, (both PTEN null) where treatment with GSI increased the

percent number of spheres (Figure 1b).
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Figure 1A: Neurosphere Initiating Potential

Neurosphere Initiating Potential

3-
©
q) —
£
2
w2
o
o - 1
Q.
2 4
o —_I— -
o
)
o

C Q.; ) ) ) ) /\l

.-f;bb‘ Q/% '\qu '\b“.o Q&Q/é \)(b
K3
Neurosphere Line
2345 ES 189 146 U87PTEN U87MG

.69% +.11 75%+.33 13%+.79 1.4%*.13 1.4% + .23 2.12% .57

Figure 1a: Neurosphere plated at low density represent the population of cells with
tumor initiating potential or neurosphere initiating potential. Here we show the
neurosphere initiating potential of our human derived GB cell lines. Replicates were
averaged and error bars displayed as standard error of the mean.
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Table 1: Cell Lines

ES 2345 146 189 U87MG U87MG

Low Normal Low Normal Normal Normal

Normal Mutant Normal Normal Normal Normal

ES 2345 146 189 ~ U8TMG PTEN

Bl

—

EGFR .

Table 1: Shows the different cell lines and their status in relation to PTEN, EGFR,
MGMT and p53.
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Figure 1B: DMSO vs GSI treatment on Neurosphere formation

DMSO vs GSI treated on Neurosphere Initation Potential
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Figure 1b: Here we compare neurosphere initiation potential when treated with GSI
verses DMSO control treatment. Only 2345 and ES showed a significant increase in
sphere formation while GSI does not affect neurosphere formation for the rest of the
cell lines. Replicates were averaged and error bars are displayed as standard error of
the mean.
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Irradiating our cell lines with 0, 2, 4, 6, or 8Gy and plating them for neurosphere formation
assays and classical clonogenic assay allowed us to generate survival curves Figure 2a and
Figure 2b. Consistent with current literature, our PTEN null glioma neurospheres lines
(2345, ES) were more radio-resistant than the PTEN-wt neurospheres (146, 186) (Figure
4a, Figure 5) (Hambardzumyan, Becher et al. 2008). However, U87MG (PTEN-null)
neurospheres were more radiosensitive then U87MG PTEN restored (Figure 4b, Figure 5).
In a classical clonogenic assay comparing adherent grown cultures, UB7MG was more
radioresistant than U87MG PTEN restored. Comparing adherent grown survival curves
between all cells lines showed no correlation to radiosensitivity between PTEN-null and
PTEN-wt glioma cell lines (Figure 3).

To evaluate the effects of combined treatment of GSI and radiation we performed
neurosphere formation assays and clonagenics treated with GSI with the varying doses of
IR, 0, 2, 4, 6, 8Gy. When comparing control treated neurosphere survival curves to the GSI
treated neurosphere survival curves, we observed that for the PTEN-wt lines, GSI showed a
radio-protective effect. In the PTEN-null glioma cell lines, GSI enhanced radiation
sensitivity (Figure 6). In survival curves generated from adherently grown cultures, no
correlation could be found between radiation sensitivity and PTEN status (Figure 7). Since
PTEN plays a role in the combined response of GSI and IR, we decided to use U87MG
(PTEN-null) and U87MG PTEN restored as our model system for further investigation on

the effects of GSI with radiation.
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Figure 2 : Clonogenic Survival Assay
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Figure 2: A) Represents survival curves generated from adherently grown cultures.
Cell lines colored in pink are PTEN-wt cells lines while cell lines in black are PTEN-
null. B) Represents the difference between our syngeneic model U87MG and U87MG
PTEN restored. Curves were generated using GraphPad Prism and fitted using the
Linear-Quadratic Model for radiation survival. Error bars represent the standard

error of the mean.
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Figure 3: 10% Survival
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Figure 3: Illustrates the 10% survival dose between the adherently grown glioma cell
lines. PTEN-null glioma lines are depicted in blue, while PTENwt lines are depicted in
white. The 10% survival dose has no correlation to PTEN status. 10% survival dose
was calculated using the a and f ratio generated by fitting the survival curves to a
Linear-Quadratic Model.
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Figure 4: Neurosphere Survival Assay
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Figure 4: A) Represents survival curves generated from neurosphere grown
cultures. Cell lines colored in pink are PTEN-wt cells lines while cell lines in black
are PTEN-null. B) Represents the difference between our syngeneic model U87MG
and U87MG PTEN restored. Curves were generated using GraphPad Prism and fitted
using the Linear-Quadratic Model for radiation survival. Error bars represent the
standard error of the mean.
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Figure 5: 10% Neurosphere survival

10% Neurosphere Survival
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Figure 5: Illustrates the 10% survival dose between the neurosphere grown
glioma cell lines. PTEN-null glioma lines are represented in blue, while PTENwt
lines are represented in white. The 10% survival dose has no correlation to PTEN
status. 10% survival dose was calculated using the a and f ratio generated by
fitting the survival curves to a Linear-Quadratic Model.
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Figure 6: Neurosphere Survival Treated with GSI
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Figure 6: Shows the neurosphere survival curves for untreated (black) and treaded with
GSI (BLUE dotted) lines. The PTEN-null neurosphere lines, top three graphs (U87MG, ES,
2345), are radiosensitized to GSI treatment while the PTENwt neurosphere lines bottom,
3 graphs (U87MG PTENwt, 146, 189) are radioprotected.
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Figure 7: Clonogenic Surivival Assay treated with GSI
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Figure 7: Shows the adherently grown survival curves untreated (black) and treated with
GSI (red dotted) lines. There is no consistent correlation between PTEN-null adherently
grown lines top three graphs (U87MG, ES, 2345), verses the PTENwt adherently grown
lines, bottom 3 graphs (U87MG PTENwt, 146, 189).
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Glioma neurospheres express Notch receptors and downstream targets

To confirm that our neurosphere cell glioma lines express Notch receptors, Notch
downstream targets, and that GSI reduces downstream Notch target genes, we preformed
RT-PCR on Notch receptors 1-4 and notch target genes Hes1, Heyl and HeyL treated with
and without GSI. Neurosphere lines U87MG and U87MG PTENwt, both express high levels
of transcripts for Notch receptors 1-4, and the downstream products of Notch, Hes1, Hey],
HeyL. The major difference between these cell lines is that U87MG PTENwt has a much
lower expression of Notchl transcripts while a much higher expression of Notch4
compared to U87MG. Notch 2 Expression has been implicated in protecting glioma stem
cells from radiation (Wang, Wakeman et al. 2010), and in both cell lines, UB7MG, U87MG
PTENwt, we observe a dramatic increase in Notch 2 transcripts after 8Gy of IR with U87MG
increasing 6345 fold while U87MG PTEN increased 17 fold (Figure 8a, Figure 8b). US87MG
also had a significant reduction in Notch1, 45 fold, and Notch3, 49 fold, expression (Figure
8). Comparing the notch receptor expression of U87 to US7PTEN at 0Gy we find that
U87MG has an 8.8 fold higher expression of Notch1l while U87MG PTENwt has a 954 fold
higher expression of Notch2. However, these values are considered to be not quite
significant with p values of .6 and .602 respectively (Figure 8c). After radiation however
Notch receptors 1, 2, and 3 in UB7MG PTENwt increases 5.7 fold, 5.5 fold, and 1194 fold
respectively. Only Notch?2 receptor expression was considered significant with a, p value of
.018, while Notchl and Notch3 expression were not quite statistically significant with p
values of .062 and .06 respectively (Figure 8d). Notch4 receptor expression does not
change significantly between 0 or 8Gy and did not vary between U87MG and U87MG

PTENwt neurosphere lines. Evaluating the combination of GSI and radiation treatment
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(Figure 8e) we observe that U87MG PTEN increase Notch receptor expression 1-3 while
U87MG only increase Notch receptor 2. Comparing the downstream products of Notch
activation we find that the initial level of transcription of Hes1, Heyl, and HeyL between
U87MG and U87MG PTENwt are comparable with Hes1, Heyl and HeyL expression being
2280 = 1247, 14905 * 1948, and 26907 + 8417 respectively for U87MG and 2733 + 83,
6436 £ 3476, and 30321 + 8174 respectively for UB7MG PTEN (Figure 9a). However, Hes1
failed to increase upon radiation in U87MG PTEN compared to U87MG neurospheres
(Figure 9b). Treatment with GSI reduced Hes1, Hey1 but not HeyL transcripts in U87MG
after 8Gy radiation (Figure 9c), while UB7MG PTEN restored shows no significant change in
Hes1 Heyl, and HeyL after GSI treatment after 8Gy radiation (Figure 9d). These results
demonstrate that the presence of an active Notch pathway, and that GSI at least in PTEN-

null neruosphere cell lines, consistently reduces downstream notch factors.
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Figure 8A: Base Levels of Notch receptor expression in U87MG
after 0Gy and 8Gy
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Figure 8a: U87MG Notch receptor expression at baseline (0Gy) and after
8Gy of radiation treatment. Expression values represent ACt and are
normalized to RPLP0. Changes in Notch1 expression are significant with p
value =.043, Notch1 at 0Gy 280775 + 10709, at 8Gy 6165 * 269. Changes
in Notch2 are significant with a p value =.039, Notch2 at 0Gy 37.6 + 37.6,
at 8Gy 238600 * 81989. Changes in Notch3 expression are significant
with a p value =.0124, Notch3 at 0Gy 9368 + 1312, at 8Gy 190 + 55.
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Figure 8B: Base Levels of Notch receptor expression in U87MG
PTEN after 0Gy and 8Gy
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Figure 8b: U87MG PTENwt Notch receptor expression at baseline (0Gy)
and after 8Gy of radiation treatment. Expression values represent ACt and
are normalized to RPLPO. Changes in Notch2 expression are significant with
p value =.0486, Notch2 at 0Gy 35327 + 12775, at 8Gy 625217 + 238761
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Figure 8C: Notch receptor expression U87MG verses US87MG
PTEN at 0Gy
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Figure 8c: U87MG Notch receptor expression compared to U87MG PTENwt do
not differ significantly. Mean and SEM are as follows: Notch1 U87MG 280775 *
107690 and 31791 * 15797 for U87MG PTEN p value = .06, Notch2 U87MG
37.67 + 37.67 for UB7MG PTEN 35327.0 £ 12775, Notch3 U87MG 9368 + 1312
for UB7MG PTEN 115996 + 61364 p values = .20, Notch4 U87MG 268375 *
243692 for UB7MG PTEN 316787 + 85332
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Figure 8D: Notch receptor expression U87MG verses US7MG
PTEN at 8Gy
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Figure 8d: Comparing U87MG verses U87MG PTENwt notch receptor induction
after radiation we find that U87PTENwt has a significant increase in Notch2
expression, p value = .018, with a mean and SEM of 285936 * 94073 for US7MG
and for UB7MG PTENwt 1577757 + 311187. Notchl increases U8§7MG PTEN but
is not quite significant with a p value of .062 and mean and SEM for U87MG 6165
+ 269 and U87MG PTEN 35327 + 12775. Notch3 expression is also not quite
significant with a p value of .06, and mean and SEM for U87MG 487 + 55 and
U87MG PTEN 227049 + 51141. Notch 4 is not significant with a corresponding
mean of 102697 + 19151 for U87MG and 157803 + 33716 for U87MG PTEN.
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Figure 8E: Notch receptor expression after GSI plus radation

treatment
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Figure 8e: Notch receptor expression comparing GSI plus radiation treatment
verses DMSO and radiation. U87MG PTEN has an increase in Notch receptors 1 -
3 while U87MG only increases in Notch receptor 2.
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Figure 9: Downstream Notch target gene expression treated

with 0Gy or 8Gy
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Figure 9: A) Establishes the baseline levels of the downstream Notch signaling
factors Hes1, Heyl and HeyL comparing U87MG verses U87MG PTEN. We observe
no significant differences in initial levels of downstream Notch factors. Heyl
expression in U87MG is 2280 + 1247 and in U87MG PTEN 2733 = 83. Heyl
expression in UB7MG is 14905 + 1948 while in U87MG PTEN it is 6436 * 3476.
HeyL expression in UB7MG is 26907 * 8417 while in U87MG PTEN 30321 + 8174
B) Depicts the downstream Notch signaling factors Hes1, Heyl and HeyL after 8Gy.
Hes1 expression is significantly more in U87MG than in UB7MG PTEN neurosphere
lines. Hes1 expression for UB7MG is 352108 + 78963 while U87MG PTEN is 2180 *
53 with a p value of .004. Heyl expression in U87MG is 82436 + 54161 while in
U87MG PTEN it is 49950 + 20025. HeyL expression in U87MG is 44543 + 15543
while in U87MG PTEN itis 55019 * 1091.
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Figure 9C: U87MG Downstream Notch target gene expression

after GSI plus 8Gy
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Figure 9a: The effect of GSI treatment and radiation on the
downstream products of the Notch pathway in U87MG. The
mean and SEM for Hes1 DMSO 352083 + 75977 verses GSI
3983 + 150 with a p value .0045. Heyl expression DMSO
137436 £ 62053 and GSI treated 5271 + 2178 with a p value
of .07. HeyL expression DMSO treated 39288 + 12007 and
GSI treated 35870 + 2292, which is not significant.
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Figure 9D: U87MG PTEN Downstream Notch target gene
expression after GSI plus 8Gy
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Figure 9b: The effect of GSI treatment and radiation on the
downstream products of the Notch pathway in USB7MG. The
mean and SEM for Hes1 DMSO 2180 * 92 verses GSI 2745 *
487 with a p value = .37. Heyl expression DMSO 49950 *
34684 and GSI treated 18915 + 5066 with a p value of .46.
HeyL expression DMSO treated 55019 + 1890 and GSI treated
267170 = 34376, which is not significant.
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GSI plus Radiation enriches self-renewal of PTEN-wt neurospheres

Measuring neurosphere propagation in the form of generating primary, secondary,
and tertiary neurospheres helps to determine the self-renewing capacity after a treatment.
After dissociating the neurospheres and re-plating the cells at low density, we can
determine if the treatment with GSI has a long-term effects on GSCs proliferative potential.
Both glioma neurosphere cultures, UB7MG PTEN and U87MG, experience a reduction in
neurosphere formation by second passage. However, by tertiary neurosphere formation
both neurosphere lines recover. U87MG PTENwt treated with GSI plus radiation not only

recovers but increases in neurosphere formation compared to radiation treatment alone.

GSI treatment does not affect the DNA damage response

Survival curves describe the relationship between radiation dose and the fraction of
cells that survive that given dose. There are models to explain the shape of a survival
curve, namely the linear quadratic model or multi-target model, but these do not describe
the biophysical processes that occur during ionizing radiation exposure. In mammalian
tissues, dose survival curves exhibit a linear region, which equates to cell killing that is
proportional to dose, while the shoulder region of the curve represents cell killing that is
proportional to dose squared. The biological explanation is based on DNA double strand
breaks being the sole important lesion determining cell death. Therefore, the initial slope
of the curve represents a single hit by IR to DNA that causes cell death while, the final slope
after the curve represents the two independent ionizing events the lead to a lethal DNA

double
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Figure 10: Primary, Secondary, and Tertiary neurosphere

formation
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Figure 10: Shows the effect of GSI treatment and radiation over the course of 3
neurosphere dissociations. U87MG PTEN and U87MG experience a reduction in
neurosphere formation by second passage. However, both neurosphere lines
recover. UB7MG PTEN treated with GSI has a larger increase in neurosphere
formation by tertiary formation.
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strand break. Measuring DNA double strand breaks thus becomes the important factor in
determining sensitivity to ionizing radiation. Biologically, however, DNA damage from IR
can occur in two ways, direct action, and indirect action. Direct action involves IR
imparting energy directly on the DNA causing a lesion, while indirect action involves the
creation of unstable free radical intermediaries with then go on to cause DNA lesions. In
both cases, we can ultimately measure DNA double strand breaks via gH2Ax, a nucleosome
protein bound to DNA that is phosphorylated upon DNA double strand breaks. We
measured DNA double strand breaks using a fluorescent anti-gH2Ax antibody. We
measured the induction of gH2Ax 30 minutes after radiation to assess DNA damage from
IR, and 24 hours after IR to observe if there was reduced DNA repair efficiency. In both
cases, 30 minutes after or 24 hours after, we observed no change in DNA damage when
compared to 0Gy DMSO or GSI treated, or when comparing 8Gy DMSO to 8Gy GSI treated in
both cell lines. Furthermore, there is no difference in DNA damage received between
U87MG and U87MG PTENwt. This affirms that GSI doesn’t affect the DNA damage response

(Figure 11).

Forkhead Box 3 (FOX03) expression in PTEN-wt neurospheres is changed by GSI

The FOXO class of proteins has been found to mediate the response to oxidative
stress. Oxidative stress is one of the mechanisms IR causes damage to DNA. FOXOs can
effect the survival and fate decision of cells upon oxidative stress. Since FOXO is part of the
PTEN/PI3K/AKT pathways, we wanted to evaluate if GSI affects the FOXO pathways by

affecting cell survival after treatment and radiation. Utilizing the DCF assay, which

56



measures reactive species with a chemical that fluoresces green upon oxidation. The more
free radical activity, the more green fluorescence can be measured via FACs. We observed
that U87MG PTENwt had lower initial oxidative (1459 * 17) stress over U87MG (3243 +
207). Furthermore, upon radiation exposure U87MG PTEN marginally increases in
oxidative stress to 2011 * 67 while U87MG significantly increases from 0 to 8Gy (5196 *
18). The difference between oxidative stress U87MG PTEN and U87MG at 8Gy is also
significant (Figure 12). Since the oxidative impact between the U87MG and U87MG PTEN
were different, we then measured the expression levels between the different FOXO
factors, FOX01, FOX03 and FOX04 using qRT-PCR at 0Gy and 8Gy treated and untreated
with GSI. We found that U87MG PTEN neurospheres were enriched in FOX3 over
adherently grown U87MG PTEN, and U87MG didn’t differ in FOXO03 levels (Figure 13h).
Furthermore, FOX03 expression was significantly higher in U87MG PTEN over U87MG
(Figure 13f) in all conditions, 0Gy and 8Gy treated and untreated with GSI. Lastly, in
U87MG PTEN, we observed a decrease in FOX03 expression upon radiation that was
rescued by GSI treatment in the 8Gy GSI treated (Figure 13f). However, the difference
between the decrease of FOX03 and the rescue of FOX03 expression in the 8Gy GSI treated
was considered to be not quite significant (p = .12). FOXO1 and FOX04 levels did not

change significantly between the two neurosphere cell lines (Figure 13).
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Figure 11: A) U87MG PTEN neurospheres FACs analaysis after gH2Ax staining.
Peaks represent from left to right, no fluorescent antibody control, 0Gy DMSO
(orange), 0Gy GSI treated (cyan), 8Gy DMSO (red) and 8Gy GSI treated (blue). No
shifts in the peaks are observed from GSI treatment. B) Shows the evaluation of
U87MG neurospheres, in this chart from left to right 0Gy DMSO (orange), 0Gy GSI
treated (green), 8Gy DMSO (red) and 8Gy GSI treated (blue). Again there are no
shifts in the peaks in the GSI treated samples, when compared to their corresponding
radiation dose received.
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Figure 12: Oxidative Stress (DCF Assay)
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Figure 12: Measurement of oxidative stress
through free radical action on DCF. Here we find
that initial levels (0Gy) of oxidative stress are
lower in U87MG PTEN (1459 *= 17) over US7MG
(3243 + 207) with a p value of .04. After
radiation U87MG increases significantly from
3243 +£207 to 5196 * 18 (p = .045). US7MG PTEN
after radiation increased to 2011 + 67.
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Figure 13: FOXO expression in Adherent and neuroshere
cultures
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Figure 13: A, B, C) Show the expression levels of FOX01, FOX03 and FOX04 in adherently
grown conditions. GSI treatment only reduces FOXO1 expression in U87MG. The FOXO
expressions are comparable between U87MG PTEN and U87MG in adherent conditions except
FOXO1 expression is increased in UB7MG (1137 + 121) verse U87MG PTEN (276 = 126)
E,F,G) Show the expression levels of FOX01, FOX03 and FOX04 in neurosphere conditions.
The FOXO levels between U87MG and U87MG PTEN are not significantly different except for
FOXO03. FOXO03 expression in UB7MG PTEN was increased over U87MG in all conditions, 0Gy,
8Gy, 0Gy GSI, and 8Gy GSI with a mean and SEM of (DMSO U87MG PTEN19650 + 1583,
U87MG 1954 = 230, with a p value of .012, GSI treated U87MG PTEN 18058 + 2308 verses
U87MG 2935 + 472 with a p value of .0037, 8Gy treated U87MG PTEN 11321 * 1423 verses
U87MG 1277 + 495 with a p value of .0039, and 8Gy GSI treated U87MG PTEN 20422 + 3239
verses 2392 *+ 1268 with a p value of .0085.) Lastly, radiation reduces FOX03 expression in
U87MG PTEN, which is restored in GSI plus radiation, but is not considered to be significant p
values of .12.
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Figure 13H: FOX03 expression in Adherent vs Neurosphere
comparison
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Figure 13: H) We demonstrate that FOX03 expression is
enriched in U87MG PTEN when compared to U87MG and to
adherently grown conditions. FOX03 expression in US7MG
PTEN adherent is 1914 =+ .58 while U87MG PTEN
neurospheres had 19650 + 1128 with a p value of .0001
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GSI treatment alters the quiescent population of neurosphere cells.

To assess how GS inhibition affects the cell cycle we evaluated the cell cycle profile
of adherently grown and neurosphere cultures using Hoechst staining one day after
treatment with or without GSI, radiation, or combinational radiation and GSI. Hoechst
staining will stratify cells based on DNA content. Cells occupying the G1 phase of the cell
cycle have the lowest amount of DNA compared to S/G2 phase cells where DNA is being
duplicated already. A cell cycle histogram contains a G1, S, and G2/M peak, and depending
on gating parameters, one can also view a sub-G1 peak. The sub-G1 peak describes
apoptotic cells. We used sub-G1 peak analysis to evaluate GSI on cell viability.
Furthermore, we evaluated the quiescent population of cells using a combination of
Hoechst and pyronin y (PY) staining to compare DNA verses RNA content. Graphing DNA
verses RNA or (Hoechst verses PY) generates a plot with four quadrants. Quiescent cells by
definition exhibit little to no RNA content and hence occupy the lower left quadrant where
the least amount of staining was taken up due to low DNA and RNA content. By
comparison, cells occupying the G1 phase have high RNA but the same amount of DNA
content as quiescent cells and therefore occupy the upper left quadrant. Lastly, the cells
occupying either S/M/G2 are shifted along the Hoechst axis because they contain the most
DNA content but equivalent RNA content to G1 cells. Example figures on how a cell cycle
profile, sub-g1 peak and Hoechst/PY quiescent staining looks like are in displayed in
Figure 14 and Figure 16 respectively.

In neurosphere grown cultures, cell cycle analysis between each cell line revealed
that PTENwt neurosphere lines with GSI treatment changed the cell cycle profile when

combined with IR, by increasing the percent of cells occupying the G1 phase of the cell
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cycle. This cell cycle change in G1 was significant for 189 and not quite significant for
U87MG PTENwt, with an average of 13.5% (p =.012) increase for 189 treated with GSI and
8Gy and of 13.4% (p =.16) increase for UB7MG PTEN. PTEN-null U87 and ES exhibited no
change in cell cycle distribution. Adherently grown U87MG and U87MG PTENwt lines
displayed the similar cell cycle distributions to their neurosphere grown counterparts.
Lastly, all cell cycle distributions exhibited radiation induced G2 arrest causing an increase
in cells occupying the G2 phase after radiation (Figure 15).

Evaluating the quiescent population in the neurosphere lines displayed two effects.
First, radiation causes a depletion of quiescent stem cells. Second, the rate at which the
quiescent population changes is more significant for PTEN-null lines. Adding GSI and IR
causes PTEN-null neurosphere lines to retain their quiescent population. The effect was
reversed for PTENwt neurosphere lines. PTENwt neurospheres had a reduction in their
quiescent population when treated with the combination of GSI plus IR (Figures 18a, 18b).
No changes in the quiescent population were observed in adherently grown U87MG or
UB7MG PTEN (Figure 17).

To evaluate cell death after treatment we analyzed the sub-G1 peak that forms
representing an apoptotic group of cells. We found that in PTEN-null neurosphere lines,
the percent of cells occupying the sub-G1 peak doesn’t change under any condition.

However, in the PTENwt neurosphere lines, we observed an increase
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Figure 14: Cell Cycle Analysis and Sub-G1 peak
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Figure 15: Neurosphere /Adherent Cell cycle Data
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Figure 15: In the PTENwt neurosphere lines 189 and U87MG PTENwt, we observed
that without radiation, GSI does not change the cell cycle distribution. Radiation
individually causes cell cycle arrest while, GSI plus IR increases the G1 phase of the
cell cycle. However, in the U87MG and ES, PTEN-null neurosphere lines we
observed no difference in cell cycle when compared to the corresponding radiation
treatment. Lastly, the cell cycle changes both U87MG and U87MG PTEN grown
adherently respond similarly to their neurosphere grown counterparts. U87MG
PTEN G1 phase averaged at 8Gy 46.6% * 6.3 while 60.7% * 5.13 with a p =.16 when
treated with 8Gy and GSI. 189 averages 50% * 5.01 at 8Gy while 8Gy with GSI
averaged 74.26% * 2.4 withap =.012.
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Figure 16: Heochet/PY FACS Analysis
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Figure 16: Demonstrates how the quiescent gating is depicted in graphical
format. Dual staining with Hoechst/PY results in four quadrants. The upper
left quadrant represents the G1 phase of the cell cycle, the lower left quadrant
represents the quiescent population, and the upper right represents the G2/M
phase of the cell cycle.
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Figure 17: GO, Quiescent Neurosphere population in U87MG
and U87MG PTEN treated and untreated with GSI/radation
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Figure 17: Quiescent population after radiation normalized to 0Gy in
U87MG PTEN and U87MG adherently grown. Treatment with GSI

does not significantly change the number of cell occupying the
quiescent state.
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Figure 18A: GO, Quiescent Neurosphere population change after
Radition in PTEN-null cell lines
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Figure 18a: Represents the change in the quiescent population normalized to 0Gy.
Anything less than 1 means the quiescent cells entered the cell cycle. At 8Gy we see
the quiescent neurosphere population enter the cell cycle in both PTEN-null cell lines.
Upon treatment with GSI less quiescent cells enter the cell cycle. The value or ES at
8Gy was .14 * .06 while radiated and treated with GSI was .405 + .02 with p = .04.
U87MG at 8Gy was .7 +.069 while at 8Gy with GSI was 1.716 + 1.31 and ap =.03.
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Figure 18B: GO, Quiescent Neurosphere population change after
Radiation in PTEN-wt cell lines

Quiescent population change upon IR Quiescent population change upon IR
2.01
2o * * Bl 189
’ Il US7MGPTEN &
2 9 151
S 151 2
= S 10
8 104 =
E E
S 05 2 9
0.0-
0.0
O 2
o} 23 o O
QQe (5\0 OQ &
N Q® C’)* >
© >
Treatment Treatment
Figure 18b: Represents the change in the
Quiescent population change upon IR quiescent population normalized to 0Gy for
2.01 B 6 PTENwt neurosphere lines. In U87MG PTEN

and 189, we observe that at 8Gy there is
minimum change in quiescent, while when
10 treated with GSI the quiescent population
reduces and enters the cell cycle. US7PTEN

0.57 at 8Gy was 1.05 £ .045 and at 8Gy with GSI
_-_-_ treatment .726 * .053 with a p =.008. 189
0.0
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9 N at 8Gy was .826 * .014 while at 8Gy treated

*o“ %@O with GSI was .375 + .086 p = .0068. 146

& showed no change between treated and
Treatment

untreated with 8Gy the average being .45 +

.01 and 8Gy treated with GSI .53 +.02.
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Figure 19: Sub-G1 peak Analysis
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Figure 19: A) Depicts UB7MG verses UB7MG PTENwt 100-sub-G1 peak values, and
represent viable cells. U87MG PTENwt has a minium increase in viable cells when
treated with GSI plus radiation compared to radiation alone. U87MG does not
change. B) Depicts another PTENwt neurosphere line. 189 displays a drop in
viable cells after radiation. Combinational treatment of GSI plus radiation, show a
minimum increase in viable cells over radiation alone. C) Depicts a PTEN null
neurosphere line which follows the same pattern as U87MG. No changes in
viability observed in any of the conditions.
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in the sub-G1 peak after radiation treatment. When GSI is added in combination with
radiation treatment we observe a decrease in the sub-G1 peak indicating a larger viable cell

population (Figure 19).

PI3K inhibition plus a combination of GSI and radiation improves survival of PTEN-
null neurospheres

To phenotypically mimic U87MG PTEN, with functioning PTEN in U87MG we utilized a
PI3K inhibitor, LY294002. LY inhibits the action of PI3K therefore copying PTEN by
negatively regulating AKT, and reducing pAKT. We utilized the neurosphere assay and
treated U87MG neurospheres with 0Gy, or 8Gy, then with 0Gy or 8Gy with the addition of
PI3K inhibitor, and lastly 0Gy or 8Gy with GSI plus PI3K inhibitor. This would allow us to
test if we could rescue the response we see in U87MG PTEN when treating U87MG with
LY/GSI and radiation. Interestingly, the combinational treatment of LY/GSI plus radiation
improved survival of UB7MG when compared to GSI plus irradiation alone or LY alone. The
PI3K inhibitor when administered alone radiosensitizes U87MG by reducing neurosphere
formation at both 0Gy and at 8Gy. GSI treatment alone slightly enriched for neurospheres
at 0Gy but in combination with radiation, radiosensitized. Lastly, we observed that U87MG

radiation enriches for neurospheres when compared to 0Gy (Figure 20).
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Figure 20: Neurosphere formation in U87MG treated with PI3K

inhibitor
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Figure 19: A) Shows the number of
neurospheres after each drug treatment at
0Gy in UB7MG. Here we observe that LY
reduces neurosphere formation. B) Shows
the effect of drug treatment after
radiation. LY/GSI and 8Gy of radiation
significantly increases percent
neurosphere formation 1.29 =+ .075
compared to LY plus 8Gy .38 + .018 p =
.007. C) Normalizing 8Gy to 0Gy, we see
that GSI and LY treatment alone reduces
neurosphere formation while LY/GSI plus
8Gy increases neurosphere formation in
U87MG. Effect of GSI plus 8Gy .16 = .01,
effect of GSI/LY plus 8Gy .26 +.015
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Chapter 4

The proposed model for Notch inhibited glioma stem cell maintenance

Discussion

The relative radioresistance of glioma cell lines in culture do not differ from other
curable cancers. Even though GBs share similar radiosensitivities to other curable cancers,
current treatments for patients do not provide the same survival benefit. This may
suggests that the brain microenvironment enhances the survival of GSCs after treatment.
The GSCs that survive radiation or chemotherapeutic treatment can repopulate the tumor
(Sakariassen, Immervoll et al. 2007, Mihaliak, Gilbert et al. 2010).

Previous research utilizes CD133+ or CD44+ cell surface markers to identify GSCs.
Current GSC markers, CD133+ and CD44+, do not capture the entire GSC
population(Brescia, Richichi et al. 2012). In order to capture the full GSC population we
utilized neurosphere cultures, which enriches for GSCs. Neurosphere culturing methods
have the added benefit that they more closely represent in vivo tumors genetically and
phenotypically, compared to adherently grown culturing methods. To evaluate our human
derived glioma cell lines we first characterized them by looking at the common mutations
found in GB (MGMT, PTEN, p53 and EGFR). Mutations in MGMT, PTEN, p53 or EGFR play a
role in the changes in radiosensitivity and/or drug treatment. Knowing the status of
MGMT, PTEN, p53 and EGFR in our cell lines will help us determine if one of the particular

mutations affects the treatment sensitivity with GSI, and GSI plus radiation. Since PTEN

73



activity demonstrated a consistent radioprotective effect in combination with GSI
treatment. This lead us to utilize the syngeneic model, UB7MG (naturally PTEN-null) and
U87MG with PTENwt restored (call UB7MG PTENwt) through retroviral vector infection, to
carry out further experiments. PTEN is part of the PI3K/AKT/PTEN/FOXO pathway;
therefore we evaluated pAKT and PTEN activity via western blotting while FOXO signaling
was assessed via qRT-PCR. pAKT expression was inhibited by inhibiting of PI3K in PTEN-
null cell lines. Given the results of our data we determined that FOX03 plays a role in GSC

maintenance upon Notch inhibition via gamma secretase.

Glioma cell lines and current literature

Upon radiation treatment, PTENwt gliomas have been identified to be more
radiosensitive (Li, Kim et al. 2009). This is consistent within our GB lines as well; ES and
2345 (PTEN-null) neurosphere cultures have a higher survival over 189 and 146 (PTENwt)
neurospheres. Interestingly, our syngeneic model was consistent with literature in that
U87MG PTEN-null was more radioresistant, but only in adherently grown cultures. In
neurosphere grown cultures, U87MG PTENwt has superior survival over U87MG.
However, the increased survival in U87MG PTEN neurospheres was limited to primary
neuropsheres only, and upon passaging into secondary neurosphere formation the
radioprotection was lost. U87MG PTENwt neurosphere grow slower than the U87MG
PTEN-null counterparts. We attributed the delayed cell cycle death upon radiation in
U87MG PTENwt neurospheres to mitotic catastrophe (Vakifahmetoglu, Olsson et al. 2008).
In a situation of mitotic catastrophe a tumor cell that has suffered DNA damage may divide

a few times eventually dying during a mitotic event. Dissociation of neurospheres and
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replating as single cells into secondary cultures allows us to identify which cells still have
the capacity to replicate, by evaluating new sphere formation. The reduced number of
spheres after radiation in UB7MG PTENwt suggests that the initial radioprotective effect
observed after radiation may just be a delayed cell death response.

The radioresistence found in PTEN-null glioma cell lines is attributed to overactive
pAKT (Li, Kim et al. 2009). PTEN reverses PI3K activity, thus negatively regulating pAKT
(Carnero, Blanco-Aparicio et al. 2008). pAKT is responsible for activating mTOR for cell
growth and MDM?2 for inhibition of cell cycle arrest, while also inhibiting BAD and FKHR to
stop apoptosis (Vivanco and Sawyers 2002). Therefore, high pAKT activity leads to
reduced apoptosis and rapid growth found in many cancers with non-functioning PTEN.
The hyperactivation of AKT (pAKT) has been attributed to radioresistance (Li, Kim et al.
2009) and glioma aggressiveness (Chautard, Ouedraogo et al. 2014). We also confirmed in
our syngeneic model, (U87MG, U87MG PTENwt), that lack of PTEN expression does lead to
hyperactivation of pAKT via western blotting, while constituently active PTEN completely
inhibits pAKT. The effects of overexpression of pAKT are visible in primary, secondary and
tertiary sphere forming cultures. When U87MG and U87MG PTENwt neurospheres are
dissociated and passaged into secondary and tertiary sphere forming capacity, we observe
a higher sphere forming potential in PTEN-null U87MG compared to US7MG PTENwt,
demonstrating that PTEN-null GBs have more aggressive GSC growth. Upon radiation, the
number of neurospheres increases dramatically in U87MG verses U87MG PTENwt. The
increase in neurosphere aggressiveness and proliferative potential seen in our own data
for PTEN-null lines is consistent with literature suggesting that hyperactive pAKT leads to

more radioresistent and aggressive tumors (Chautard, Ouedraogo et al. 2014).
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Notch expression is a regulator of neural stem cell renewal and glioma
aggressiveness (Zhang, Zheng et al. 2008, Stockhausen, Kristoffersen et al. 2010, Wang,
Wakeman et al. 2010). GBs that do not depend on Notch signaling are insensitive to GSI
treatment (Saito, Fu et al. 2014). We wanted to confirm that our glioma cell lines would be
affected by Notch inhibition by establishing if our gliomas have increased Notch receptor
and downstream Notch target expression. We analyzed Notch expression through qRT-
PCR in our syngeneic. Our data showed that regardless of PTEN status both neurosphere
lines have increased Notch receptors and downstream Notch signaling. We confirmed that
both U87MG and U87MG PTENwt had expression of Notch receptors 1 - 4. After radiation

Notch receptor expression increased in both neurosphere lines.

Targeting Notch through gamma secretase inhibition

There are many caveats to consider when inhibiting gamma-secretase to block
notch activity. First, the various assembly of the four gamma-secretase proteins (PS, Aph-1,
pen-2, and nicastrin) and their isoforms leads to tissue specific membrane protein
processing, as well as GSI effectiveness. Second, the vast number of membrane proteins
processed, may lead to unknown physiological effects upon gamma-secretase inhibition
depending on the genetic background of the tissue and the environmental stimulus
occurring at the time of gamma secretase inhibition. Although it has been described that
GBs rely on Notch signaling (Chen, Kesari et al. 2010), it has recently been identified that
there is a subset of glioma that are insensitive to GSI (Saito, Fu et al. 2014). It is important
to note that the glioma cell lines that did not respond to GSI treatment were enriched for

CD44, a stem cell marker, which is also processed by gamma secretase cleavage. The
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distinct function of CD44-ICD is not known but it is thought to play a role in the expression
of enzymes for aerobic glycolosis (Miletti-Gonzalez, Murphy et al. 2012). On the other hand
glioma cell lines sensitive to GSI treatment share a proneural phenotype and have high
notch activity (Saito, Fu et al. 2014). We tested the expression of Notch downstream
targets after GSI inhibition (Hes1, Heyl, and Heyl) and found a significant reduction in
Notch target gene expression. This suggested to us that the gamma secretase inhibitor,
WPE-III-31C, is affective at reducing Notch expression in our human derived gliomas. To
be sure that the effects we see are indeed due solely to Notch inhibition would require the
use of siRNA targeting the four Notch receptors. Other publications have already compared
GSI and siRNA against Notch and found that Notch inhibition through GSI is phenotypically

similar to siRNA Notch inhibition (Alqudah, Agarwal et al. 2013).

PTEN confers Radioprotection to GBs treated with GSI

Active pAKT promotes growth and survival proteins. Interestingly however, the
PTEN-null neurosphere lines, the initially more aggressive neurospheres, were sensitive to
GSI treatment in combination with radiation while PTENwt neurospheres were
radioprotected. Radioprotection of the cancer stem cell population upon GSI treatment has
also been demonstrated within inflammatory breast cancer (Debeb, Cohen et al. 2012).
Although no mechanistic explanation was provided for this observed phenomenon, it does
suggest that inhibition of Notch through gamma-secretase cannot be applied as a blanket
treatment to target cancer stem cell populations for all tumor types. The work by Debeb et
al. in breast cancer and our data with glioma suggests that radioprotection of cancer stem

cell populations upon GSI treatment is not unique to one-tumor type but likely a

77



phenomenon in other tumors depending on their genetic background. In neural stem cells
PTEN functions to limit cell cycle entry of quiescent stem cells (Hill and Wu 2009). Loss of
PTEN leads to brain enlargement, increased proliferation and decreased cell death
(Groszer, Erickson et al. 2001). In our data we observe both increased proliferative
potential and reduced cell death after radiation in PTEN-null U87MG compared to U87MG
PTENwt. Neurosphere formation assay demonstrated the increased proliferative potential
in UB7MG, while sub-G1 peak analysis showed less apoptosis after radiation in 8Gy treated
U87MG verses U87MG PTEN. U87MG PTENwt neurosphere treated with GSI prior to
radiation showed reduced apoptosis, increased radioprotection, and sustained increase in
neurosphere generation in primary, secondary and tertiary neurosphere formation.
Comparatively, PTEN-null U87MG showed reduced neurosphere survival, and reduced
neuroshpere formation in primary, secondary, and tertiary neurospheres. No changes in
apoptosis were detectable in sub-gl peak analysis for U87MG. We attributed the lack of
detection due to the fact that PTEN-null cell lines favor senescence after radiation
treatment while PTENwt lines favor apoptosis (Lee, Kim et al. 2011). Sub-g1 peak analysis
cannot detect senescent cells, and therefore no changes in apoptosis would be observed.
To confirm increased senescence is mediating cell death in GSI plus radiation treated
U87MG; measuring [3-galactosidase expression would be the appropriate experiment.
Recently, FOX03 expression has been identified as a key factor for the maintenance
of neuronal stem cells. PTEN positively regulates FOXO expression by reserving PI3K
activity. Measuring FOXO expression in our syngeneic model with qRT-PCR we found that
only FOXO03 expression was significantly higher in UB7MG PTEN. This follows that FOXO

expression is positively regulated by active PTEN. Within U87MG PTENwt, FOXO03
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expression was also significantly much higher than in adherently grown conditions. Our
data suggests that FOX0O3 maybe protecting the stem cell phenotype in GBs treated with

GSL

Radioprotection is not mediated through DNA damage and repair

IR imparts energy displacing electrons. This can happen directly to DNA causing
DNA strand breaks or to any other material in the cell. Ionization of water produces highly
reactive free radicals that quickly steal back the displaced electrons from near by cellular
constituents. Free-radical formation also causes DNA damage and is considered an indirect
mode of DNA damage from radiation. Naturally, high metabolic activity causes the
formation of radical species, and cells are equipped to deal with mild oxidative stress. Many
cancers with PTEN mutations exhibit high oxidative stress as a result of overexpression of
pAKT. In tumors with overactive AKT, the accumulation of reactive oxygen species (ROS)
can eventually lead to cellular senescence (Finkel 2003, Collado, Blasco et al. 2007,
Nogueira, Park et al. 2008). In contrast, functioning PTEN provides oxidative stress
protection by inducing the expression of free radical scavengers (Sakamoto, Iwasaki et al.
2009) through FOXO signaling. FOXO03 increases the expression of the enzyme Manganese
Superoxide Dismutase (MnSOD), a free radical scavenger (Sakamoto, Iwasaki et al. 2009),
thus lowering oxidative stress. The differences we observed in oxidative stress between
PTENwt and PTEN-null UB7MG neurosphere lines led us to test if oxidative stress mediated
increased DNA damage. We measured DNA damage utilizing the gH2Ax phosphorylation.
gH2Ax becomes phosphorylated upon DNA double strand breaks. The number of double

strand breaks increases the number of gH2Ax histones that are phosphorylated.
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Evaluating gH2Ax 30 minutes after radiation measures initial DNA damage received from
IR, while evaluating gH2Ax 24 hours after IR measures repair efficiency. In both cases, 30
minutes or 24 hours later, we did not observe any changes in DNA damage within the GSI
treated or untreated conditions in both U87MG PTENwt and PTEN-null. Furthermore,
there is no difference in DNA damage received when comparing U87MG to U87MG PTEN.
These results establish first, that GSI treatment does not increase DNA damage or affect the
DNA repair response, and second that radioprotection of PTENwt neurospheres treated

with GSI does not depend on DNA damage and repair.

FOXO03 improves survival PTENwt neurospheres treated with GSI plus radiation

There are many established roles of FOXO signaling, which are involved in many
seemingly opposing processes. FOXO1 has been identified in its function with insulin
resistance (Martinez, Cras-Meneur et al. 2006), while one of the first activities described by
FOXO signaling was the FOX03 mediated apoptosis (Sunters, Fernandez de Mattos et al.
2003) and later in neurons after oxidative stress (Xie, Hao et al. 2012). But, FOX03
expression has also been implicated in oxidative stress protection through activation
MnSOD (Sakamoto, Iwasaki et al. 2009). In contrast to inducing apoptosis, FOX03 can also
mediate DNA repair and quiescence. Identifying which role FOXO plays within our cellular
context can be difficult and would require identifying which sites on FOXO03 are
phosphorylated/acetylated and subsequently evaluating what downstream proteins are
activated. However, utilizing our syngeneic model of U87MG, which only differs in PTEN
status, we can make a direct comparison in our observed experimental outcome and relate

this to FOXO expression without evaluating FOXO phosphorylation status, since FOXO is
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part of the PI3K/AKT/PTEN pathway. First we established through qRT-PCR that FOXO
expression, specifically FOX03 expression, is elevated in PTENwt U87MG neurospheres,
but not in PTEN-null U87MG neurospheres. Comparing the qRT-PCR of adherent grown
U87MG PTENwt verses the neurosphere grown culture also showed that FOX03 expression
was enriched in neurospheres but not adherently grown conditions. Given that FOX03
expression was enriched in U87MG PTENwt neurospheres, and U87MG PTENwt
neurospheres exhibited radioprotection when treated with GSI plus radiation we
concluded that FOX03 might be a key player in mediating the radioprotective response
under notch inhibition. FOXO’s diverse functionality can make it difficult to identify which
FOXO pathway predominates. However, observing differences between FOX0O mediated
cell death and survival can be assessed easily. Analyzing sub-g1 peak analysis established
that in U87MG PTENwt treated with GSI plus radiation had improved survival over just

radiation treated neurospheres.

FOXO03 regulates Notch receptors expression

Literature has identified Notch expression to promote a quiescent stem cell
phenotype in glioma (Zhang, Zheng et al. 2008). Recently, FOXO3 has also been implicated
in regulation of stem cell quiescence in the hematopoietic (Miyamoto, Araki et al. 2007),
muscle (Gopinath, Webb et al. 2014) and in neuronal stem cell compartments (Renault,
Rafalski et al. 2009). Consistent with literature, our data for PTENwt or FOXO3 enriched
neurospheres had a larger quiescent population over PTEN-null (FOX03 low expression)
neurospheres (Renault, Rafalski et al. 2009). However, PTEN knockout phenocopies

FOXO03 knock out mice, with a reduced quiescent stem cell population in murine brains.
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The difference being that PTEN negatively regulates quiescent stem cell entry into the cell
cycle (Groszer, Erickson et al. 2006) while FOX03 regulates genes involved in quiescent
maintenance as well as genes involved in cell cycle entry (Renault, Rafalski et al. 2009). In
adult muscle stem cells, FOX03 is suggested to function by activating the Notch pathway
(Gopinath, Webb et al. 2014). Although no established literature has suggested Notch
activation from FOXO03 in the neural system, some of our PCR data suggests downstream
Notch factors may still be active under GSI, and coincide with some of Gopinath et al.
findings in muscle stem cells. For instance, Gopinath et al. finds that FOX03 knockout
reduces the levels Notch receptor 1 and 3. Furthermore, Gopinath et al. demonstrated
through qRT-PCR that FOX03 overexpression increased the levels of notch downstream
targets, Hes1, HesZ2, and HeyL. Consistent with Gopinath et al. results, U87MG PTEN, which
has high expression of FOX03, has higher levels of Notch receptors 1, 2 and 3 compared to
U87MG. Interestingly after radiation treatment U87MG neurospheres lose expression of
Notch receptors 1 and 3 but Notch receptor 2 increases, while U87MG PTENwt
neurospheres maintain Notch 1 and 3 expression while Notch 2 expression is increased
even higher than in U87MG (Notch1l U87MG 6165 *+ 256, Notchl U87MG PTEN 35327 *
12775, Notch 3 U87MG 437 + 55, Notch3 U87MG PTEN 102697 * 19157). Radiation
treatment, which produces oxidative stress on tissues, activates the nuclear translocation
of FOXOs, further increased Notch receptor expression in UB7MG PTENwt, but not US7MG.
Furthermore, GSI plus radiation also had increased Notch receptor expression in U87MG
PTENwt but not U87MG. Lastly, evaluating Notch target genes showed that in the presence
of radiation GSI was ineffective at reducing the expression of Hesl, Heyl and HeyL, in

U87MG PTEN neurospheres, while U87MG had a significant reduction in Notch target gene
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expression. This provides evidence that FOX0O3 may act as a redundant pathway to
maintain the quiescent stem cell pool in the glioma. The increased expression of Notch
receptors 1 and 2 are implicated in promoting tumor resistance in glioma (Wang,
Wakeman et al. 2010), and the overall higher expression of Notch receptors 1, 2 and 3 after
radiation and GSI treatment in U87MG PTEN neurospheres may explain U87MG PTEN’s
increased radioresistance compared to U87MG.

The difference observed in Notch receptor expression between PTENwt and
PTEN-null neurospheres translates in neurosphere formation assay. U87MG PTENwt,
neurospheres treated with radiation and GSI, have increased neurosphere formation in
primary neurospheres. When these primary U87MG PTENwt neurospheres are dissociated
and passage into secondary, and further on into tertiary neurospheres we observe that the
radioprotective effect of GSI in PTENwt neurospheres is sustained. In contrast, U87MG
shows a radiosensitizing effect in primary and secondary neurospheres. When dissociated
and passage into tertiary neurospheres the GSI plus radiation treated U87MG recover.
Treatment with radiation alone produces the opposite effect. U87MG generated more
neurospheres over U87MG PTENwt, resulting from over active pAKT expression. The
neurosphere formation assay establishes that, in PTENwt neurosphere lines, GSI protects
by increasing the number of GSCs, which is visible in tertiary neurosphere formation.
However in PTEN-null neurospheres, GSI reduces the GSC population. The PTEN-null GSCs

that survive combinational treatment eventually recover.

GSI plus radiation stimulates cell cycle entry in PTENwt neurospheres
Literature has established in both brain and breast cancers that radiation activates

CSCs to proliferate, leading to more aggressive tumors (Rich 2007, Lagadec and Pajonk
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2012). Similarly, after radiation treatment we measured a decrease in the number of GSCs
occupying a quiescent state in UB7MG and U87MG PTEN. The reduction in GSCs occupying
the quiescent state after radiation was greater in U87MG because of the lack of PTEN to
negatively regulate cell cycle entry (Groszer, Erickson et al. 2006). Upon treatment with
GSI, the opposite effect was observed. In two PTENwt neurosphere lines, U87MG PTEN
and 189 the quiescent population after GSI and radiation treatment was reduced, while, the
G1 population increased. In U87MG and ES, we observed an increase in the quiescent
population after GSI plus radiation treatment. Quiescent cells can only enter the cell cycle
at G1 (Schafer 1998), therefore we concluded that GSI stimulates glioma stem cells to enter
the cell cycle upon radiation in PTENwt neurosphere cultures. However, inhibiting notch
through siRNA or GSI, has demonstrated to make stem cells differentiate in in vivo murine
models when evaluated with markers such as Nestin, Sox2 and Tujl (Koch, Lehal et al.
2013). Measuring differentiation is impossible in the in vitro neurosphere culturing
system. Neurosphere media is specifically defined with minimal growth factors, thus
allowing only stem cells, and progenitor cell survival. Glioma cells that do differentiate die,
because of the lack of nutrients required for survival. Attempts to measure changes in stem
cells through cell surface markers will not depict accurate results because the growth
environment doesn’t support differentiated cell survival. However, evaluating
neurosphere formation after GSI plus radiation, demonstrates that PTENwt glioma cell
lines produce more neurospheres than radiation alone. If our GSCs were differentiating
upon treatment we would observe a decrease in neurosphere formation. PTEN-null
neurosphere lines demonstrate a decrease in neurosphere formation after GSI plus

radiation treatment.
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PI3K inhibition plus GSI and radiation leads to radioprotection of PTEN-null
neurospheres.

To mimic PTEN restoration in PTEN-null neurosphere lines we utilized a PI3K
inhibitor. PTEN functions to reverse the action of PI3K (Carnero, Blanco-Aparicio et al.
2008) leading to reduced phosphorylation of AKT. Inhibiting PI3K also reduces
phosphorylation of AKT (Fresno Vara, Casado et al. 2004). Interestingly, inhibiting PI3K
and then treating with GSI and radiation in U87MG produced the same radioprotective
effect seen in UB7MG PTEN. This data suggest that FOXO is the key in providing the
radioprotection in the absence of notch signaling. By inhibiting PI3K we reduced pAKT.
pAKT negatively regulates FOXO expression. Under PI3K inhibition we stabilize FOXO
expression, similar to PTENwt neurospheres. As a result of FOXO stabilization we observe

a radioprotection after GSI treatment.

FOXO as a therapeutic target in GB

FOXO transcription factors were originally discovered through the cloning
chromosomal break points associated with cancer. It was then proposed that FOXO acts as
tumor suppressors, and overexpression of FOXOs in adherent grown cells lines caused cell
cycle arrest or cell death. Through different posttranslational modification FOXO factors
can also regulate detoxification and stress resistance thus protecting tumor cells from

various treatment therapies (Brunet, Sweeney et al. 2004). Current literature suggests that
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FOXO factors may also play a role in the maintenance of stem cells. The dual roles of FOXOs
may dictate the difference between treatment success and failure.

The role of FOX03 in cancer cell and tumor stem cell survival can be summed up
into three main areas, stress protection, stem cell maintenance, and reduction of cell death

from the immune system.

Stress Protection

Although FOXOs were first characterized as tumor suppressor proteins, new data also
suggests that FOXO transcription factors, specifically FOX03, supports cancer development
by protecting tumor cells against oxidative stress by inducing the enzymes MnSOD and
PTEN-induced putative kinase 1 (Pink1) (Kops, Dansen et al. 2002, Lee, lijima-Ando et al.
2009, Mei, Zhang et al. 2009). Pink1 protects cells from stress induced mitochondrial
dysfunction by binding to depolarized mitochondria and inducing autophagy. Deletion of
Pink1 sensitizes cells to growth factor withdrawal induced cell death (Mei, Zhang et al.
2009). Furthermore, FOX03 can induce AKT activity in drug-resistant leukemic cells
through induction of PIK3CA (PIK3CA, is the active catalytic subunit of PI3K) (Hui, Francis
et al. 2008). The activity of AKT further promotes the expression of anti-apoptotic and
growth pathways. Oxidative stress is one means to activate FOXO expression, allowing
FOXO translocation it into the nucleus (Kops, Dansen et al. 2002, Calnan and Brunet 2008).
Although, FOXO activation induced by oxidative stress can lead to apoptosis (Xie, Hao et al.
2012), FOXO03 signaling in quiescent stem cells acts as a protective mechanism from

oxidative stress (Kops, Dansen et al. 2002).
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Stem Cell Maintenance

In chronic myeloid leukemia (CML) FOXO3 critically regulates CSC maintenance.
CML is characterized by the Bcr-Abl genetic abnormality. Brc-Abl induces the PI3K/Akt
signaling pathway, which represses the transcriptional activity of FOX03 in these cancer
cells. However, a major problem with CML treatment is a small population of surviving
leukemic initiating cells (LICs), which promote recurrence of CML. These LICs, had
stabilized FOXO3 expression, which promoted their maintenance and stress resistance
(Naka, Hoshii et al. 2010).

FOXO03 is also an important regulator of stemness in the hematopoietic stem cell
pool. Depletion of FOX03 leads to a reduction colony formation in bone colony formation
assays, as well as increased ROS levels. These FOXO deficient cells are defective for
maintenance of quiescence (Miyamoto, Araki et al. 2007). In muscle tissues FOX03 as has
been demonstrated to maintain a quiescent population of stem cells. While FOX03
deficient lines have a reduced stem cell population and a reduction in Notch receptors 1
and 3 (Gopinath, Webb et al. 2014). Lastly, FOXO3 expression has also been demonstrated
to be required for the maintenance of neural stem cells in the sub-ventricular zone

(Renault, Rafalski et al. 2009).

Reduction of cell death

The environmental niche helps to play a large role in how cancers grow in respond
to various environmental perturbations. Evading immune response is one of the hallmarks
of cancer (Hanahan and Weinberg 2011). FOXO03 represses immune function and

surveillance by inducing apoptosis in T-cells (Pandiyan, Gartner et al. 2004, Dejean, Beisner
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et al. 2009) therefore, reducing immune action on tumor tissues. Many cancers are able to
evade immune surveillance, and FOXO expression may be responsible, thus promoting CSC

survival.

Summary: The model

We’ve established that after radiation PTEN-null neurospheres are more
radioresistant then PTENwt neurospheres through neurosphere survival assays. The
increased radioresistance of PTEN-null tumors is supported by literature and the
mechanism is through hyperactive pAKT expression (Li, Kim et al. 2009). Treating
neurosphere grown cells with combinational treatment of GSI and radiation demonstrated
two outcomes. PTEN-null neurospheres were radiosensitized and PTENwt were
radioprotected. The radiosensitization of PTEN-null neurospheres and radioprotection of
PTENwt neurospheres was observed in neurosphere survival assays as well. Debeb et al.
also demonstrated a radioprotective effect in breast cancer stem cells treated with GSI, but
no distinction was made between PTEN status and radioprotection (Debeb, Cohen et al.
2012). We evaluated changes in DNA damage as a possible mechanism of changes in
radiosensitivity but found that GSI does not affect DNA damage, or repair. Utilizing our
syngeneic model (U87MG, U87MG PTENwt) we evaluated differences in Notch receptor
expression and Notch downstream targets Hesl, Heyl and HeyL via qRT-PCR. We
evaluated the expression of Notch receptors 1 - 4 and Notch downstream targets as they
changed with radiation treatment. Notch receptor 2 increased in both U87MG and U87MG
PTEN. Notch receptor 1 and 3 expression is lost in U87MG after radiation, while

maintained in U87MG PTENwt. After GSI treatment the down stream targets of Notch,
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Hes1, Heyl and HeyL, are reduced in U87MG but not significantly in U87MG PTEN. As a
result of PTEN expression FOXOs are positively regulated (Calnan and Brunet 2008). We
established through qRT-PCR that specifically FOX03 expression is upregulated in U87MG
PTEN neurospheres. FOXO1l and FOXO04 expression do not differ significantly in our
syngeneic U87 model. The enrichment of FOX03 in stem cells and FOX03s role in stem cell
maintenance is supported in literature (Miyamoto, Araki et al. 2007, Renault, Rafalski et al.
2009, Gopinath, Webb et al. 2014). Increased levels of Notch receptors 1 and 3 observed in
U87MG PTEN is consistent with FOXO3 regulation of Notch receptors 1 and 3 in muscle
stem cells (Gopinath, Webb et al. 2014). We provide evidence that GSI plus radiation
treatment in U87MG PTEN improves survival by demonstrating that we have less apoptotic
cells when measured via sub-G1 peak analysis, and by increased neurosphere formation in
tertiary sphere formation assay. We rely on established literature that hyperactive AKT
leads to senescence upon oxidative stress (Nogueira, Park et al. 2008), to explain why we
do not observe an increase in sub-G1 peak in U87MG neurospheres treated with radiation
plus GSI. Senescent cells are not detectable in sub-G1 peak analysis. We demonstrated that
the quiescent stem cell population changes with GSI treatment and with radiation.
Literature supports that; radiation induces stem cell proliferation (Pajonk, Vlashi et al.
2010, Wang, Li et al. 2014). Upon GSI treating U87MG, we observed an increase in the
quiescent stem cell population suggesting that fewer quiescent stem cells enter the cell
cycle. In U87MG PTENwt we observed a reduction in cells occupying the quiescent state,
and an increase in cells occupying G1. Since quiescent cells can only enter the cell cycle
through G1 (Schafer 1998) we interpreted this as GSI treatment stimulates PTENwt

neurospheres to enter the cell cycle upon subsequent radiation treatment. The increase in
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neurospheres in UB7MG PTENwt and decrease in neurosphere in U87MG is supported by
neurosphere formation assay data. To mimic a PTEN restoration in U87MG we inhibited
PI3K activity, and then treated U87MG with GSI plus radiation. We observed a
radioprotective effect similar to U87MG PTEN treated with GSI and radiation. The lack of
active pAKT in the PI3K inhibited U87MG neurospheres allows for FOX0O3 accumulation.
Our data provides the bases for further investigation of FOXO3s role in the stem cell
maintenance in the absence of Notch signaling in the glioma. We have outlined the

proposed model in Figure 21.
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Figure 21: The Proposed Model
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Figure 21: We propose that after IR, the Notch pathway blocks PTEN through Hes1
expression allowing increased pAKT expression leading to stem cell proliferation.
PTEN-null cell lines have a higher number of stem cells entering the cell cycle because
they lack the PTEN blockade leading to hyperactive pAKT. Upon GSI treatment the
Notch pathway is inhibited. When PTEN is functioning, PTEN expression becomes the
dominating presence limiting growth through negative regulation of cell cycle entry
from quiescence. This also allows for the accumulation of FOXO factors, in particular
FOXO03, which can maintain stemness. Upon Radiation and GSI treatment, PTENwt cell
lines rely on FOXO3 expression to maintain the quiescence stem cells. FOXO03
translocates into the nucleus as a result of oxidative stress from IR treatment, thus
differentially activating genes for stem cell maintenance and oxidative stress
detoxification, as well as increasing Notch receptor expression 1 and 3. In PTEN-null
neurospheres, radiation leads to high free radical formation, and no free-radical
detoxification. A high level of free radicals with high expression of pAKT leads to
cellular senescence, resulting in lower neurosphere formation in PTEN-null
neurospheres. The PI3K inhibitor LY phenocopies PTEN functionality, and can rescue
PTEN-null neurosnhere radiosensitivitv once treated with GSIL.
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Study Limitations

The inability to identify all GSCs thru markers makes studying this isolated
population of cells difficult. GSCs are propagated and enriched using in vitro neurosphere
formation in a defined serum free media supplemented with growth factors. These
neurosphere cultures are a heterogeneous population composed of GSCs and early
progenitors. Studies using neurosphere cultures may underestimate the response of GSCs
compared to non-stem cells. Isolating GSC populations through fluorescence activated cell
sorting may be attempted using CD133 or CD44 cell surface markers, but literature as
established that these markers do not encompass the entire stem cells population within a
glioma.

Secondly, the in vivo environmental niche plays another important role in cancer
development and response to treatment. The effects seen in in vitro models, do not always
translate in the in vivo setting. In vivo mouse models also have specific limitations.
Intracranial tumor injections require a specialized head restraint apparatus and injection
needle to precisely and slowly inject tumor cells. The additional handling of tumor cells or
poor injection techniques leads to decreased cell viability and low tumor initiation at the
injection site. A fluorescent or luciferase base reporter system must be used to observe
tumor formation in the brain to determine when to start treatment and to evaluate tumor
growth after treatment. Additionally, targeting such a small tumor volume for
radiotherapy in a mouse model is difficult with current technology. Even with these

challenges the studies here should be validated in an in vivo setting.
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Conclusion

A sustainable cancer cure relies on the elimination and mitigation of all cancer cells.
Targeting cancer cells that maintain the entire bulk tumor population is one means to
achieve sustained cancer remission. Current treatment methods may have different
impacts on the cancer stem cell population, compared to non-cancer stem cells.
Furthermore, treatment methods may protect or increase cancer stem cells. Thus it is
important to understand CSC response to treatment methods. Glioma stem cells are more
radioresistent and chemoresistent than their differentiated counterparts. Currently,
methods to identify and target GSCs are lacking. Surgical debulking, radiation and
chemotherapy are the standard treatment for glioma therapy. Even with the
improvements with radiotherapy and new chemotherapeutics the 5-year survival remains
low.

Although utilizing Notch inhibition, as a target for GSCs is promising, we propose
that Notch inhibition may improve survival for glioma with intact PTEN function.
Genotyping tumors before treatment should be a standard procedure to determine

appropriate treatment methods.
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