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Abstract
Glioblastoma Multiforme (GBM) is the most common type of malignant brain
cancer with a median survival of only 14 months post diagnosis. The current standard of
care for all the patients is maximal surgical resection followed by radiation and
chemotherapy with temozolomide, a DNA alkylating agent. This treatment reduces the
tumor bulk, but is not curative as recurrence is very common. The GBM tumor cell
population is heterogeneous and a small percentage of the tumor cell population, known
as GBM stem cells (GBM-SCs), has the capacity to initiate and sustain tumor growth as
well as the ability to survive in hypoxic tumor niches. Hypoxia drives clonogenicity of
GBM-SCs and increases their ability to resist chemo and radiotherapy. GBM-SCs can be
isolated using cell surface markers such as CD133. However, these markers are not ideal,
as they do not detect all the cancer stem cell populations and their expression can change
in response to the external microenvironment, which may lead to confounding results.
Due to the high mortality associated with these tumors, there is an urgent need
for the development of new therapeutics against GBM and especially ones that
specifically target the GBM-SC population. Further, the lack of good GBM stem cell
markers is a hindrance to our ability to identify and study these cells. In this thesis, I have
identified novel therapeutic targets for GBM-SCs and have characterized novel molecular
markers for GBM-SCs.
First, I have used a genome-wide RNAi approach (~10,000 genes) to screen and
identify genes important for cellular growth and survival, which could potentially be used
to target the GBM stem cell population. Using this unbiased RNAi screening approach, I
identified several genes important in GBM stem cell growth and survival in hypoxic (1%
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oxygen) and normoxic (21% oxygen) conditions. I identified 81 essential genes, which
are required for GBM-SC growth under both normoxic and hypoxic conditions in two
different GBM-SC cell lines. Interestingly, only about a third of the essential genes were
common to both cell lines. This indicates a high degree of variability between the cell
lines and suggests that for a given tumor the majority of potential targets may be tumor
specific highlighting the need for personalized therapies. 30% of the hits under hypoxic
conditions were specific to this oxygen environment suggesting that some genetic targets
are dependent on the oxygen environment. In addition to revealing genetic hits that are
essential genes already implicated in GBM such as CDK4, KIF11 and Ran, the screen
also identified genes that have not been previously implicated in GBM stem cell biology.
One such gene, the Serum and Glucocorticoid regulated Kinase -1 (SGK1) was selected
for further investigation. SGK1 scored as a hit in two different GBM-SC lines in the
pooled RNAi screen. I have validated SGK1 as a gene important in GBM-SC survival
using shRNA mediated knockdown, CRISPR/Cas9 gene modification, as well as
pharmacological inhibition of the kinase. I show that SGK1 depletion induces cell death
specifically in the GBM-SCs and not in traditional serum-dependent glioma cell lines.
This effect is also exclusive to the undifferentiated state of the GBM-SCs.
Finally, to address the need for identification of better molecular markers for
GBM-SCs, I characterized a panel of GBM-SC specific monoclonal antibodies that our
laboratory had generated previously in a collaborative effort with Douglas Jefferson’s
laboratory and Cell Essentials. The antigen for these antibodies is lost upon
differentiation of GBM-SCs and a similar pattern was observed for staining of
undifferentiated and differentiated embryonic stem cells for mAb 7-18. We have
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identified the antigen for mAb 7-18 by immunoaffinity purification and mass
spectrometry to be the Coxsackie virus and Adenovirus Receptor (CXADR), which is
currently being investigated for its utility as a stem cell marker for GBMs. All these
antibodies have also been evaluated for their possible use as toxin conjugated mAb
therapeutics. We have shown that these antibodies bind cell surface antigens, are
internalized, and can detect their antigen in human GBM tissue samples. Thus, these
antibodies may be novel drug development candidates for identifying and possibly
targeting GBM-SC in human GBMs. The results of this thesis have advanced our
knowledge of GBM biology by identifying new genetic targets, which may be
therapeutically relevant and by characterizing new molecular markers to further our
understanding of GBM stem cells.
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Introduction
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Primary malignant brain tumors affect around 7.23 per 100,000 people, and almost
17,000 deaths are expected to be attributed to it in 2016 (CBTRUS 2015), indicating the
high mortality rate of this cancer. Gliomas are the most common primary tumors of the
central nervous system [1, 2].Within this group, astrocytomas account for almost 66% of
all malignant tumors of the CNS. Depending on the ability of the tumors to invade into
the surrounding brain tissue, gliomas can be classified as diffuse tumors, which invade
the surrounding brain parenchyma, and circumscribed tumors having a much clearer
boundary between cancerous and normal brain tissue[3]. Diffuse gliomas can be further
classified into different grades I-IV, based on their histopathology and clinical
presentation[4]. Grade I gliomas are benign and are often non-lethal due to their lack of
progression. Grade II and III tumors are more invasive and aggressive and can progress
to grade IV, which are considered to be incurable. Grade IV astrocytomas are termed as
Glioblastoma Multiforme (GBM), named so due to each tumor's varied appearance both
grossly and microscopically. GBMs make up more than 90% of all astrocytoma cases[4].
Glioblastoma Multiforme and Clinical Relevance
GBM is the most common type of primary tumor of the brain, accounting for ~45% of
malignant gliomas[5, 6]. The hallmark histological features of this tumor include high
mitotic index, diffuse brain infiltration, presence of necrotic regions as well as
microvascular proliferation in the tumors [4, 7]. The current standard of care for GBM
patients is maximal safe resection surgery of tumor from the brain, followed by a regimen
of radio and chemotherapy and adjuvant chemotherapy[8]. Chemotherapy consists of
administration of temozolomide (TMZ), a cytotoxic DNA alkylating agent. Even with
this aggressive treatment regimen, the prognosis for GBMs remains poor with median
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survival of 14-15 months post diagnosis and a low 5.3% 5-yr survival rate for the
patients[8, 9]. Due to its diffuse invasive pattern of growth, the surgical removal of tumor
tissue remains incomplete, leading to relapse within a mean of 6-7 months post surgery,
usually close to the boundary of the original tumor[10, 11]. Recent clinical trials have
tested the use of bevacizumab in GBM, both as standalone therapy and as cotreatment
with TMZ and radiation. Although bevacizumab does increase progression free survival,
there is no effect on overall survival of the patients [12, 13].
80% of all diagnosed GBMs arise de novo, known as primary GBMs, and present with no
previous history of lower grade tumors in the patients [1]. This is in contrast to secondary
GBMs, which are typically diagnosed 5-7 years after the patient has been diagnosed and
treated for a lower grade glioma [14]. Although clinically and histopathologically
indistinguishable, primary and secondary GBMs differ greatly in the genetic landscape of
the tumor cells, with each possessing mutations uniquely present in one or the other[14].
Due to their progression from low grade gliomas, secondary GBMs possess many of the
mutations found in those tumors, the most common being the mutation in isocitrate
dehydrogenase 1/2 (IDH1/2), which is present in almost 90% of secondary GBM
cases[15, 16]. Additionally, other mutations such as in tumor protein p53 (TP53), Alpha
Thalassemia/Mental Retardation Syndrome X-linked (ATRX) genes and the deletion of
1p/19q chromosomal arms are typical in various low grade gliomas [17]. However, these
mutations are not as common in primary GBMs, which possess prevalent mutations in
Epidermal Growth Factor Receptor (EGFR) and Phosphatase and Tensin Homolog
(PTEN) genes, amongst others, not found in secondary GBM tumors [3, 14]. The cooccurrence of mutations in TP53 and EGFR are rare, indicating the independent
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evolution of these tumors and may present a case for classification of these into different
disease groups [14, 18]. A recent TCGA analysis of the mutational profiles of lower
grade gliomas (LGG) revealed that the molecular landscape and not histology was the
best predictor of survival and progression in LGGs. The mutations divided LGGs into 3
subtypes based on the IDH1, 1p/19q and TP53 mutational status. Patients with IDH1
mutation and 1p/19q codeletions had TERT promoter mutations and the most favorable
prognosis from the 3 groups. IDH1 mutants without 1p/19q codeletions, histologically
present as LGGs similar to ones with the deletion, however, almost exclusively possess
mutations in TP53 (94%) and ATRX (87%) and a poorer prognosis [19]. This indicates
the importance and need for molecular classifications for aiding in diagnosis and
treatment.

Figure 1.1: Distinct molecular evolution of primary and secondary GBMs. Different
molecular and genetic events drive the pathogenesis of primary and secondary GBMs,
with rare overlap of predominant mutations in each type. Adapted from Raudino et al.
ISBN: 978-953-51-0989-1, InTech, DOI: 10.5772/52782[20].
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Molecular Characterization of GBMs
The intertumoral heterogeneity in GBMs, as in many other cancer types, is clear[9, 19,
21, 22]. The physiological and genetic differences between each patient tumor presents
with a clinical challenge of personalizing therapy to the patient. Although each GBM
presents with similar clinical and histological features such as microvascular proliferation
and necrosis, the genetic and transcriptional landscape of each tumor may be quite
different [2, 7].
The differences between gliomas have been previously utilized to segregate the tumors
into different subtypes based on patient survival, histological features as well as specific
mutations such 1p/19q deletion, IDH1R132H and EGFRvIII mutations[18, 19, 23–26].
Phillips et al utilized an unbiased classification approach to segregate grade III and grade
IV gliomas, using the transcriptional profile of the tumors [21]. Using k-means
clustering, the authors were able to segregate 76 tumor samples into 3 subgroups;
Proneural, Proliferative and Mesenchymal. The tumors within a subclass were similar in
expression of 32 genes defined for each subclass. Analysis of each subtype revealed the
enrichment of tumors with lower grades in the proneural subtype and lower survival of
the patients with tumors in the mesenchymal or proliferative subtypes[21].
IDH1 was identified as a frequent mutation in grade I-III gliomas and in 85% of
secondary glioblastomas. Patients with tumors possessing this mutation have a better
disease prognosis [15, 16]. However, this mutation is not frequently detected in primary
GBMs (<10%), indicating the distinct molecular origins of the different grades of
gliomas [16, 22]. Classification of gliomas has been performed utilizing the mutation in
the IDH1 gene and TERT promoter methylation as well as taking into account the
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epigenetic differences in tumors[27]. The loss of specific DNA repair enzyme O-6methylguanine-DNA-methyltransferase (MGMT) has been reported in various cancers,
especially in GBMs, where this protein loss is due to methylation of its promoter [28].
MGMT repairs the alkyl adducts on the guanine residue of the DNA, which is the main
mechanism of action of TMZ, the frontline chemotherapy used in GBMs[29, 30]. The
efficacy of treatment by TMZ is reduced when MGMT is expressed due to its ability to
repair the lesions made by the drug. The presence of promoter methylation at the MGMT
locus has been used to group GBMs, and the patients with unmethylated MGMT
promoter have been shown to be at a significantly higher risk of death from GBM due to
lack of response to TMZ [31, 32]. As MGMT successfully predicts the response to TMZ
in patients, this stratification has been proposed as a selection criteria for receiving
adjuvant TMZ therapy [8, 31, 32].
Global DNA methylation profiling and clustering of GBM tumors has led to the
identification of the Glioma CpG Island Methylator Phenotype or G-CIMP+ subclass of
GMBs. This group features hypermethylation of CpG sites in specific subset of genes,
and offers a significant survival benefit. Patients having G-CIMP+ tumors survive almost
3 times longer compared to the G-CIMP- subgroup. Interestingly, the occurrence of GCIMP is highly correlated with the presence of IDH1 mutations in these tumors (87.5%)
and almost all IDH1 mutant tumors possess this hypermethylation [9, 33].This cooccurrence has been attributed, in part, to the epigenetic effects of neo-metabolite 2hydroxyglutarate (2-HG), produced by the IDH1R132H mutant protein [34]. One of the
targets of 2-HG are the ten-eleven-translocation (TET) family of DNA hydroxylases
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which are inhibited by the oncometabolite and this inhibition may result in the G-CIMP
phenotype observed in IDH1 mutant tumors [35, 36].
The Cancer Genome Atlas (TCGA) consortium profiled more than 500 GBM tumors by
performing microarray and DNA sequencing analysis of the tumors. This has led to a
comprehensive cataloging of the genomic and transcriptional landscape of GBM tumors
[9, 18, 22]. Using the transcriptional profile of the tumors, unassisted hierarchical
clustering was able to separate all tumors in 4 robust subgroups; Neural, Proneural,
Mesenchymal and Classical, similar to the previously described classification[21]. In
addition, mutations identified in each sample were also segregated into each of these
subsets.
(A)

(B)

Figure 1.2: TCGA Classification of GBMs. (A) Hierarchical clustering of tumors based
on gene expression groups the tumor into 4 subtypes: Proneural, Neural, Mesenchymal
and Classical. Key proteins in the gene expression signatures are shown for all subtypes.
(B) Mutations cluster into the four subgroups with distinct mutational profile for each
subtype. Adapted from Verhaak et al. Cancer Cell. 2010 Jan 19; 17(1): 98-110[22].
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The classical subgroup consisted of tumors with increased expression of stem cell and
precursor markers such as nestin, and of genes in the Notch and Sonic hedgehog
pathways. The defining feature of the classical subtype is an enrichment of EGFR
amplification, a common genetic event in GBM tumors, which is present in almost all
tumors in this subtype as well as a stark absence of TP53 mutations in this group. More
than half the tumors in the mesenchymal subgroup had mutations in the NF1 gene and an
enrichment of mesenchymal markers YKL40 and MET. The neural subtype was
characterized by the expression of neural markers like SLC12A5 and NEFL. The
proneural subtype featured increase in expression of oligodendrocytic genes like NKX2-2
and OLIG2 as well as alterations in PDGFRA, TP53 and the point mutation in IDH1[22].
Interestingly, G-CIMP+ tumors are enriched in the proneural subgroup and almost
exclusively contribute to the increased overall survival benefit of the proneural group,
which is lost upon separation of the G-CIMP+ and G-CIMP- proneural tumors[9, 18].
Recent single cell analysis studies have shown the significant amount of intratumoral
heterogeneity present in GBM tumors with tumor cell populations with different
mutations and gene expression signatures belonging to the different subtypes present in
each tumor [37, 38]. Furthermore, increasing heterogeneity in the tumor was negatively
associated with disease survival [38]. This indicates that the subtyping of entire or part of
GBM tumors may not be representative of the entire tumor population and would be an
average of the different transcriptional profiles present within a single tumor[3].
Furthermore, although recurrent GBMs almost always maintain the subtype of the
original tumors, the switching of subgroups has also been reported post-treatment in
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gliomas [9, 21]. Thus, interpretation of subtypes of the tumors must be performed with
care during separation of GBM tumors into groups by their gene expression profiles.
Important Pathways in GBM Etiology
Cells require dysregulation of various pathways in order to grow uncontrollably to form a
tumor including increase in proliferation, escaping cell death and ability to sprout vessels
for nutrient supply [39]. The disruption of these processes is observed in GBMs with the
tumors accumulating mutations in key signaling nodes to modulate these pathways [18].
p53 and Retinoblastoma protein (Rb) pathway are regulators of cell cycle control and are
critical tumor suppressor genes whose function is disrupted in 87% and 78% of GBM
tumors respectively [18, 40, 41]. In GBMs, the function of these proteins is compromised
either by direct mutation in the gene itself, or through indirect inhibitory mutations and
gene expression changes in regulatory proteins. p53, the gatekeeper of the genome, is
responsible for a variety of key functions in the cell such as cell cycle regulation,
apoptotic control and DNA repair and damage response[42]. p53 is inactivated in GBMs
by either point mutation to disrupt its DNA binding or deletion of the TP53 gene locus.
Although the mutation is present at a much higher frequency in grade II, III gliomas
(~65%), its ~25% mutational rate in GBMs is significant[9, 19]. Independent of TP53
mutations, amplifications of CDK4, MDM2 and MDM4, upstream negative regulators of
p53 have been observed in a fraction of GBMs[7]. Furthermore, the CDKN2A locus,
encoding the Ink4a and Arf proteins, which function as crucial regulators for p53 as well
as the Rb pathway, is observed to be homozygously deleted in ~49% of GBMs [18, 41].
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These mutations would represent an alternate mechanism for functional suppression of
p53.
In a similar vein, the Rb pathway is also affected by a number of mutations in key genes
and regulators. Rb is the cell cycle regulation checkpoint, and is phosphorylated by a
number of cyclin dependent kinases (CDKs), which in turn triggers the release of the E2F
transcription factor from binding with the RB1 protein, resulting in expression of key cell
cycle proteins. This results in progression through the cell cycle [43, 44]. RB1 is mutated
in ~10% of GBMs, but is modulated further by CDKN2A locus deletion, and
amplification in CDK4 and CDK6 [18, 22, 45].

Figure 1.3: Commonly Mutated Pathways in GBMs. (A) Genomic characterization of
GBM tumors shows striking enrichment of mutations in key regulatory pathways.
Adapted from TCGA. Nature. 2008 Oct 23; 455(7216): 1061–1068
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Receptor Tyrosine Kinases (RTK) are involved in the regulation of various important
cellular processes often abrogated during cancer development such as cell proliferation,
survival and invasion[46]. Various RTKs have been found to be deregulated on the
genomic as well as on the proteomic level in GBMs [18, 47]. The most common mutation
in this family occurs in the epidermal growth factor receptor (EGFR)[9, 18]. Focal
amplifications of the gene and specific extracellular domain mutations are found in
~60%GBM tumor samples[18, 48]. Almost 50% of EGFR amplified tumors (~13% total)
also possess the EGFRvIII mutation. This mutant is an in-frame deletion of exons 27,which results in the loss of the extracellular binding domain of the receptor[18, 49, 50].
This leads to the constitutive activation of EGFR signaling in these tumors and presence
of EGFRvIII is a prognostic indicator of poor patient survival[51, 52]. Furthermore the
presence of this mutation is found to be heterogeneous within the tumor, and although it
is present only in a subset of cells, it can lead to increased proliferation of neighboring
cells, not possessing this mutation through paracrine effects [53, 54]. Platelet Derived
Growth Factor Receptor - α (PDGFRA) amplifications are present in 15% of GBMs [22].
Similar to EGFR, a constitutively active mutant of PDGFRA with in frame deletion in
exons 8-9 is present in ~40% of tumors possessing PDGFRA amplification [3, 18, 55].
Although PDGFRA mutants account for a relatively small fraction of GBMs, the
signature for activation of the downstream pathways is found in ~30% of GBMs [47].
This indicates that the importance of the role PDGFRA is underestimated if only
mutation data is taken into consideration. The activation of this pathway drives the
proneural subtype gene signature in GBMs [22]. The proneural subtype, once the IDH1/2
mutants are ungrouped, has the poorest prognosis of the four subclasses[9]. It's role is

11	
  
	
  

	
  

highlighted by the fact that overexpression of PDGF in the subventricular zone of mice
using retroviruses is sufficient to produce large diffuse gliomas, similar in phenotype to
human GBM tumors[56]. Mutants of other RTKs such as c-MET have also been
identified although they are not as common. Interestingly, the majority of GBMs display
activation of 3 or more RTKs in a single tumor, giving rise to redundancy in signaling
and often crosstalk between the kinases [57]. This cooperativity indicates the importance
of this pathway in tumor development leads to the limited effectiveness of inhibitors
targeting single RTKs.
In addition to receptor kinases, other non receptor tyrosine kinases can also play a key
role in gliomagenesis [58]. Src family kinases, PTK2 (or Focal Adhesion Kinase) and
TNK2 are tyrosine kinases activated in various GBM cell lines and may represent a
subset of non-mutated proteins in the tumors which are important for the development of
the tumor[58]. PTK2 is downstream of integrin proteins, which have been shown to play
a critical role GBM biology [59, 60].
The Phosphoinositide-3-Kinase (PI3K) and Ras pathways are important pathways often
activated in GBMs. Mutations in the PIK3CA catalytic subunit and PIK3R1 regulatory
subunit of PI-3Kinase enzyme in ~15% of GBMs indicates its importance in tumor
formation and maintenance [18]. Downstream of PI3K, PDK1 and AKT have been
shown to be critical effectors in the pathway that are often activated in GBMs. Activation
of these pathways regulates key functions such as cellular survival through FOXO
proteins and cell migration by modulation of the cytoskeletal system [61, 62]. Although
mutations in these proteins are not frequent, Phosphatase and Tensin Homolog (PTEN) is
deleted, mutated or silenced in 40-50% of GBM tumors. PTEN is the major negative
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regulator of the PI3K pathway and its loss by any means leads to an overactivation of
PDK1 and AKT, which then enhances tumorigenicity. The PTEN locus may be deleted
by the loss of chromosome 10q, a common genomic lesion in GBMs [18, 63]. Further,
NEDD4-1, an E3 ubiquitin ligase which regulates PTEN abundance in the cell has been
shown to be overexpressed in GBMs [64]. The importance of PTEN has been
demonstrated using various mouse models in which PTEN is either deleted or is lost in
progressive models of grade III astrocytomas lacking NF1 and p53 [65–67].
Activation of the Ras pathway has been shown to be important in majority of cancers.
Although GBMs don't exhibit overt mutations in the Ras oncogene, there is frequent
deletion in a key negative regulator of Ras, Neurofibromin-1 (NF1) [18]. 15-18% of
GBMs have NF1 either deleted or mutated to the inactive form and resulting in the
activation of Ras and the Mitogen Activated Protein Kinase (MAPK) pathway, which is
important in progression of the cell cycle and for cancer cell proliferation and survival [9,
68]. NF1 mutations are featured in the mesenchymal subtype of GBMs and regulate
downstream pathways such as hyperactivation of mTOR and 4EBP-1, S6Kinase as well
as Signal Transducer and Activator of Transcription 3 (STAT3) [69, 70]. Many
genetically engineered mouse models rely on the deletion of NF1 for tumor formation
although deletion of NF1 alone is not sufficient for glioma formation [71]. Loss of NF1
and p53 with PTEN deletion in glial cells and neural progenitor cells is required for the
formation of malignant astrocytomas in mice resembling GBMs [66, 72].
Various genes involved in the growth and survival of tumor cells often do not possess
mutations, but are activated by upstream mutated effectors, or signals from the
microenvironment. Analysis of TCGA and other gene expression data using network
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analysis algorithms identified various transcription factors important for maintenance of
the tumor, including STAT3, C/EBPβ, RUNX1 and FOSL[73]. STAT3 is a critical
regulator of the stem cell state of the glioma initiating cells and is a key anti-apoptotic
protein in GBMs[74, 75]. The activation of STAT3 and C/EBPβ is enriched in the
mesenchymal subtype of GBMs [73]. Dysregulation of YAP and TAZ have also been
identified using this approach, along with the disruption of the Hippo pathway in the
mesenchymal subtype. Interestingly, TAZ has been found to be hypermethylated in the
proneural subtype of GBM, indicating the difference in signaling dependencies of the
subtypes [76]. Constitutively active transcription factor, NF-κB, has been identified in
glioblastomas. Importance of the NF-κB pathway in cell survival is highlighted by the
presence of mutations in the inhibitory NFKBIA gene, which codes for the NF-κB
inhibitory protein[77]. This mutation occurs exclusively in EGFR wild type tumors [78]
indicating that the NFKBIA and EGFR mutations may be affecting similar pathways
during tumorigenesis. This is particularly interesting given that NF-κB has been shown to
function downstream of EGFR [79]. Activated NF-κB can transcribe pro-survival target
genes leading to disruption of apoptotic death in these tumors.
It is clear that although mutations play an important role in development of GBM tumors,
activated downstream pathways present an important avenue for targeting the
dependencies of the tumors. Identification of key signaling nodes in GBM biology will be
important in understanding the intricacies of the signaling pathways involved. These core
pathway components may represent novel potential targets for the treatment of GBM.
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Cancer Stem Cells in Glioblastoma
GBMs possess a high degree of intratumoral heterogeneity. This heterogeneity is driven,
in part, by the genetic changes occurring during tumor growth as well as by the
microenvironment of different sections of the tumor [80]. Two proposed models may be
used to explain the propagation and the organization of the tumor as a whole. The
stochastic model of tumor growth postulates that all tumor cells maintain their ability to
initiate tumorigenesis. Although the tumor cell cycling is asynchronous and some cells
proliferate at lower frequency, the majority of the cells are contributing to tumor growth
[80, 81]. Alternatively, the hierarchical model proposes that a distinct cellular hierarchy
is present within the tumor where a subset of tumor stem cells has the ability to propagate
and generate new tumors. The bulk of the tumor population in this model are either
differentiated cells or progenitor cells in various stages of differentiation [82, 83].
The cancer stem cell hypothesis as an explanation for the source of heterogeneity in
tumors remains controversial. Evidence supporting the stochastic model of cancer
heterogeneity has also been presented [84]. Although the cancer stem cell hypothesis
does not posit the transformation of a normal stem cell, the driver mutations and the
location of the initiator cells help define the hierarchical organization of the tumor [85,
86]. The identification of a cellular lineage in a tumor depends on the identification of
the hierarchy using various markers. In the case of Acute Myeloid Leukemia (AML) and
GBMs, two cancers with a well defined CSC phenotype, CD34+/CD38- cells and
CD133+ cells respectively were the defined CSC populations [87, 88]. The cells in this
population were exclusively shown to possess tumor initiation ability. However, some
AMLs with CD34-/CD38+ cells and some CD133- GBM cells, have been shown to
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possess tumorigenic properties as well [89, 90]. Similar results were demonstrated for
melanoma with the inability of the putative cancer stem cell marker, CD271, to separate
between tumorigenic and non tumorigenic populations [84]. This brings into question the
use of these markers, as well as whether indeed there is a subpopulation in the tumors
which is exclusively tumorigenic. High heterogeneity and diversity between patient
samples makes it challenging to consistently tease apart CSC populations from cells
which are not stem-like [91]. A key assay performed for CSC characterization is the
mouse xenograft experiments. This assay tests the ability of the cells to form a tumor but
does not directly evaluate their ability to recreate a hierarchy in the transplanted tumor.
Further, this method may be enriching for cells which are capable of tumorigenesis under
xenograft conditions, and not necessarily assay for cancer stem cells from the tumor[91].
Enzymatic dissociation, cell sorting, transplantation site and recipient mouse strain may
all influence the ability of cells to form tumors [91, 92]. Quintana et al showed that by
using a NOD/SCID IL2Rγ null mouse rather than NOD SCID mice, they were able to
significantly increase tumorigenic frequency of the tumor cells. They showed that
approximately 30% of melanoma tumors cells are able to form tumors in mice compared
to only 1 in 106 cells in NOD/SCID mice[93].This suggests there is an immunological
restriction to the xenograft even in NOD/SCID mice. Further, implantation into mice is
not an ideal microenvironment for the human cells to grow, and thus this assay may
select for cells which grow in mice rather than being more tumorigenic [91]. This argues
against the CSC hypothesis as we might be significantly underestimating the tumorigenic
ability of the cells in mice. Interconversion between non-tumorigenic cells to a
tumorigenic phenotype in culture has been previously described [94, 95]. Tumor cells
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may be able to convert due to genetic or epigenetic changes or factors in the
microenvironment [91, 92]. The frequency of this conversion would define whether it is
compatible with the cancer stem cell hypothesis. If this conversion occurs at a higher
efficiency and frequency, it would make it difficult to distinguish between the
populations tumorigenic and non-tumorigenic populations [91]. The CSC population
within the tumors have been hypothesized to be resistant to therapeutics, and thus lead to
recurrence [96]. Although this may be true in some cancer types, other cancer types such
as in testicular cancer, tumor stem cells have been shown to be more sensitive to
chemotherapy in some cases [97]. Further, mutations in key proteins may drive resistance
and recurrence such as in V600E Braf mutant tumors treated with Braf inhibitor,
Vemurafenib [98, 99]. This supports the stochastic hypothesis of tumor progression as
chemoresistance is a feature of mutation possessing cells which are driving growth and
recurrence, and not of a cellular subpopulation of with an inherent chemoresistant
properties[92].
Although not all cancers have a well described cancer stem cell population and hierarchy,
various lines of evidence have been presented for GBMs in support of the cancer stem
cell hypothesis [91]. Studies have isolated cells with neural stem cell like properties from
many human GBMs. It has also been shown that normal neural stem cells can be mutated
to form GBM-like tumors in mice [72, 88, 100–104]. Evidence has also been presented
for dedifferentiation of mature cells into stem-like cells that form tumors in mice [66,
105]. Expression of stem cell transcription factors in non-tumorigenic tumor cells is able
to convert these cells to a tumorigenic phenotype, indicating the importance of the stem
cell state in GBM tumor formation [94]. The various lines of evidence supporting the
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cancer stem cell hypothesis in GBMs are described in the next sections. The tumors that
follow the cancer stem cell hypothesis are also subject to clonal evolution driven by
mutations and the microenvironment and thus these two hypotheses may be either
independent or interacting phenomena to produce heterogeneity in the tumor population
[91].
The hierarchical stem cell theory is modeled on the cellular organization delineated in
various different normal cellular tissues. Particularly in the brain, there is a small
population of neural stem cells residing in specialized niches of the adult brain known as
the subventricular zone and the subgranular zone [106, 107]. Neural stem cells are highly
plastic, undifferentiated and quiescent population of cells. These specialized cells have a
capacity to self renew and to give rise to multiple lineages of differentiated neural cells.
Lineage tracing experiments have captured the generation of brain-specific differentiated
cellular subtypes arising from fluorescent-tagged stem cell populations [108]. Persistent
neurogenesis throughout the human lifetime is required for maintenance of the
preexisting neural circuitry as well as the production and integration of new cells into the
network. This enables maintenance of tissue integrity and organ function [109]. In order
to generate more differentiated cell lineages, NSCs must undergo asymmetric cell
divisions, which entails giving rise to two non identical daughter cells, one of which
retains the stem cell phenotype of the parent cell whereas the other does not acquire those
traits [110]. This not only results in the maintenance of the undifferentiated NSC
population, but the resulting progenitor cell may undergo further division and
differentiation. Neural stem cells have been successfully isolated and cultured as
neurospheres, which have the capacity to be passaged and expanded indefinitely without
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a significant loss in their ability to differentiate into neurons, astrocytes and
oligodendrocytes [111–113].

Figure 1.4: The normal neural and cancer stem cell hierarchy. Normal neural cells
possess a hierarchy of self-renewing stem cells. Cancer stem cell hypothesis postulates
that such as hierarchy also exists within the tumor. Adapted from Beck et al. Nature
Reviews Cancer 13, 727-738 (2013).

Many tumors, including GBMs, have been attributed to possess distinct population with
differential tumorigenic ability. Similar to normal NSCs, a subpopulation of cells in the
tumor have the ability to initiate and maintain tissue growth, in this case the tumor mass
[96]. Cancer stem cells (CSCs) were first isolated from the bone marrow of AML
patients. These cells were a minor subpopulation of the tumor and expressed markers
found on hematopoietic stem cells viz. CD34+CD38-. These cells were able to form
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tumors in SCID mice upon serial transplantation and these tumors had features similar to
the parental AML tumor. Further, other cellular populations were not able to form tumors
on serial transplantation[87]. This instigated the isolation of cancer stem cells from
various different cancers, including GBMs.
Cancer stem cells have been isolated from various brain tumors using CD133 as a stem
cell marker as well as by the ability to form neurospheres in culture[88, 100–102, 114].
CD133 or Prominin-1 is a cell surface glycoprotein, which has been used a marker for the
isolation of normal neural stem cells (for more information, see molecular markers
section below). Singh et al demonstrated that CD133+, but not CD133-, cells from
glioblastomas and medulloblastoma tumors were able to form tumors in SCID mice upon
serial transplantation[88, 100].Further, CD133+ cells isolated from the implanted tumor
and serially transplanted into a secondary mouse also formed a tumor in the
xenograft[100]. In addition to using CD133 as a marker for GBM stem cells, primary
human tumor stem cells were also isolated and cultured in serum-free media
supplemented with Epidermal Growth Factor (EGF) and Fibroblast Growth Factor
(FGF2), similar to the conditions described for NSC cultures[102, 111]. This condition is
not amenable for the survival of differentiated or differentiating cells in the tumor but
enriches for the cells possessing stem cell like characteristics. These cells display the full
complement of features attributed to stem cell cultures such as self-renewal in vitro and
in vivo, as measured using markers and serial xenograft transplantations respectively as
well as the ability to differentiate into different brain specific progeny viz. astrocytes,
neurons and oligodendrocytes [102]. Both these methods, the marker based as well as the
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phenotypic selection, are routinely used in isolation of the GBM stem cell populations
from patient tumors [96].
The enrichment of cells using CD133 as a marker or their ability to form neurospheres
does not reliably ensure that the isolated cells are tumor stem cells [115, 116]. Evidence
for variation in CD133 as a marker is published, and transit amplifying cells, a more
differentiated cell type which still possess some stem cell qualities, may also form
neurospheres in culture (See below) [116]. Thus, strict functional assays are used to
characterize the isolated primary GBM stem cells (GBM-SCs). In addition to possessing
the genomic lesions characteristic of the tumor, the most important functional test is the
ability of the cells to form a tumor in nude mice. The tumor formed should
phenotypically resemble the parental tumor as well as contain cells which have properties
of self -renewal in vitro by serial passaging, and tumorigenesis in vivo by serial
transplantation [100, 102, 117, 118]. Additionally, GBM-SCs in culture should express
proteins such as Nestin, Olig2, Sox2, BMI1, CD133 and L1CAM, which are present in
various undifferentiated cell types. These cells should also give rise to terminally
differentiated brain specific lineages upon differentiation [96, 101, 119, 120].
In order to study GBM in vitro, various cell culture models have been utilized to
represent the biology of tumor cell growth. The two popular preclinical models are the
traditional patient derived serum lines and the cancer stem cells isolated from GBM
tumors. The primary difference between the two models is the use of serum in the growth
medium, with the traditional lines requiring 10% fetal bovine serum for their propagation
[121]. Addition of serum to GBM stem cell neurospheres induces differentiation and loss
of stem cell phenotype, as observed in the case of normal NSCs [102, 122]. Using serum
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glioma lines as a preclinical model poses several disadvantages. Firstly, the characteristic
genetic aberrations in the parental tumors are not preserved in serum glioma cell lines,
leading to misrepresentation of the predominant signaling pathways in effect in GBMs
[123]. Furthermore, the implantation of these cell lines intracranially or subcutaneously
do not phenocopy the parental tumor or the general characteristics of GBMs, which are
seen in tumors derived from GBM-SCs. In contrast, GBM-SCs maintain the genetic
landscape of the tumor in culture as well as give rise to tumors similar to the parental
tumors upon implantation into mice [88, 102, 124]. Additionally as few as 100-1000
CD133+ cells are required for form a tumor in mice upon serial transplantation,
highlighting the tumorigenic capacity of the cancer stem cell population. CD133- tumor
cells, although detected in the mouse brain upon xenografting, are usually unable to form
a tumor and many more cells of the serum glioma lines are required for formation of
tumors intracranially in mice [88].
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Figure 1.5: Key Characteristics of Cancer Stem Cells. Cancer stem cells isolated from
tumors should possess key properties of self-renewal, and tumor initiation and ability to
differentiate into multiple lineages.

To demonstrate the difference between serum glioma lines and GBM-SCs, Lee et al
isolated serum derived glioma lines and neurosphere cultures from the same glioblastoma
tumors [121]. They found critical differences in the growth patterns and tumorigenic
potential upon comparison of the two cell lines derived from the same tumor. The serum
lines although showing fast growth in vitro had significantly reduced tumorigenic
potential compared to the neurospheres and did not phenocopy the parental tumor.
Interestingly, early passage serum lines were non-tumorigenic. On a global scale, gene
expression signatures were compared between the parental tumor, the neurosphere and
serum derived tumor lines as well as with the traditional glioma lines. The parental tumor
and the neurospheres were separated from the lines grown in serum, both traditional and
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patient derived, based on the gene expression profiles by unsupervised clustering. This
indicated that the neurosphere cultures more closely represent the biology of the parental
tumors[121]. Others have also demonstrated that the mutational landscape in a given
GBM-SC line closely resembles the parental tumor from which it was derived. In
addition, GBM-SCs may be cultured as adherent lines on laminin coated plates, which
preserves their stem-like state and thus is useful for performing various phenotypic and
functional assays on these lines [115, 123, 124]. These considerations encourage the use
of patient derived GBM-SC lines as a preclinical model for GBM tumor growth.
Tumor stem cells could arise from either direct mutagenesis of the cells in the stem cell
niche of the brain or through the process of dedifferentiation of more mature cell types
[125]. The undifferentiated progenitor cells in the brain have been suggested as an
initiator cell for the tumors in a number of mouse models [126]. Expression of activated
Ras and Akt in nestin expressing progenitor cells, but not in GFAP expressing astrocytes,
formed high-grade gliomas in mice having features similar to GBM tumors. Interestingly,
the tumor incidence in mice was increased after deleting the Ink4a/Arf locus in addition
to the expression of activated Ras and Akt in either the progenitor cell or astrocytic
populations [127]. By knocking out three important tumor suppressors, p53, NF1 and
PTEN, from nestin expressing neural progenitors, astrocytomas were formed at a 100%
penetrance in the mutant mice [66, 72]. Lineage tracing experiments using similar p53,
NF1 co-deletion identified the oligodendrocytic precursor cells (OPC) as the initiator
clones, which are the largest pool of cycling cells in the brain that may be marked by
Olig2 and NG2 [128–130]. Further, expression of EGFR and PDGF in the neural
progenitor cells by orthotopic gene transfer also led to the formation of malignant
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gliomas especially in the Ink4a-Arf null genetic background [56, 131]. Although there is
mounting evidence for the involvement of stem cells in cancer initiation, dedifferentiation
of astrocytes and surprisingly neuronal cells has also been shown to initiate and form
glial tumors in mice [105, 127, 132]. The possibility of transformation driven
dedifferentiation implies a more complex system of brain tumor initiation. This is also
supported by evidence of on non-transformation driven dedifferentiation of cycling
progenitor cells into somatic stem cells under physiological conditions [80, 133].
Neovascularization is a critical factor in the pathogenesis of GBM and GBM-SCs have
been shown to play a key role in this process [134]. In a p53+/- mouse model as well as
in tumor xenografts, tumor cells demonstrated the ability to transdifferentiate into
endothelial cells to support the angiogenic development in the tumor. Growth of GBMSCs in media for endothelial cell also produced a endothelial like phenotype [135].
Endothelial cells lining the vessels in GBM tumors were found to posses the genomic
landscape typical to the tumor, and were costained with CD31 and GFAP, indicating that
some endothelial cells were indeed formed from a glial tumor lineage, further supporting
this hypothesis [136]. Various studies have now corroborated the ability of GBM-SCs to
transdifferentiate into endothelial cells in culture using matrigel. They are able to produce
tubular and flagstone phenotype typical to endothelial cells in culture as well as
expressing the appropriate endothelial cell markers [137, 138].
GBM-SCs and Therapy Resistance
The current standard of care therapy includes radiation and treatment with temozolomide
and even with aggressive treatment, recurrence is common [11]. This resistance may be
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attributed to the high intratumoral heterogeneity within the tumors, which includes the
presence of the cancer stem cell population. Gene expression and single cell RNA-seq
analysis revealed the presence of multiple molecular subtypes within the tumors and each
subtype may possess differential sensitivity to chemo or radiotherapy [37, 38, 139]. By
subcloning and culturing cells from different locations in the tumors, Meyer et al were
able to demonstrate the differential TMZ sensitivity of certain clones compared to others,
indicating the presence of a preexisting population of TMZ resistant cells within the
tumor[139]. GBM-SCs present within the tumor may be the source of the resistance to
TMZ treatment.
Several other studies have demonstrated a similar resistance of GBM-SCs to TMZ. Using
lineage tracing methods, the tumor stem cell were shown to repopulate the tumor bed
upon ablation of the tumor with TMZ chemotherapy in p53-/pten-/nf1- mutant mice
leading to re-growth of the tumor. Targeted depletion of this population significantly
decreased the tumor cellularity [140]. Several other cancer types have shown similar
phenomena, indicating the importance of these cells in resistance to the standard
therapies and in recurrence of the tumors. GBM neurosphere cultures and GBM-SCs
identified by CD133 marker selection, showed a marked resistance to TMZ treatment,
even at a high concentration of 200µM [141–143]. In contrast, several other studies
demonstrating the sensitivity of GBM-SCs in culture to TMZ have also been published
[144, 145], highlighting the requirement of future studies on this topic. Interestingly,
long term TMZ treatment of PDGF driven mouse glioma stem cells enriched for the
presence of GBM-SCs as assayed by side-population analysis [146], however this claim
remains controversial as well [141, 147]. MGMT expression in GBM-SCs predicted
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resistance of GBM-SC lines to TMZ and imparted ~10 fold lower sensitivity to TMZ
than MGMT non expressors [144, 148]. MGMT remains the key factor in the prediction
of TMZ responsiveness in both tumors and in GBM-SC cultures [31, 33, 149].
Ionizing radiation (IR) is used as a primary therapeutic approach for the treatment of
GBMs until TMZ was added as the cotreatment arm. The treatment with radiation alone
had even shorter time to recurrence in the GBM patients and alluded to the presence of
resistant tumor cells in the brain [11]. Radioresistance of GBM tumors may be attributed
to the presence of radioresistant GBM-SCs within the tumor population. Indeed the
radiation treatment increases the number of CD133 positive in human tumors, as
measured by performing tumor resection before and after radiation [150]. In cell culture
models, treatment of patient derived GBM-SC cultures with 5 Gy IR, lead to an increase
in the number of CD133+ GBM-SCs within the population. This was also observed in
vivo when a mix of CD133+ and CD133- cells were implanted into mice, which were
then treated with 5Gy IR. This resulted in an enrichment of the CD133+ cells from 5% of
the population to 80%, whereas this increase was only up to 25% in the mice that were
not irradiated. The ability of GBM-SCs to survive this insult was due to the lower amount
of apoptosis in response to radiation compared to CD133- cells which in turn may be due
to upregulation of checkpoint proteins CHK1 and CHK2 as well as other DNA damage
repair enzymes [151]. Ropolo et al observed a similar increase in checkpoint proteins
upon IR treatment but not in DNA damaging agents [152]. Although, CD133+ cells have
been shown to be resistant to IR, this resistance may be inherent in the cell line studied,
due to the genomic and transcriptional landscape of the cells [153].

27	
  
	
  

	
  

Various pathways have been implicated in resistance to therapies in GBMs. Segregation
of GBM-SCs into 2 groups, Proneural and Mesenchymal based on gene expression, led to
detection of differential sensitivity of the cells to IR in mouse xenograft models.
Mesenchymal cells were less sensitive to radiation dependent inhibition due to the
expression of various cytokines such as IL6, TNFα and TGFβ and their activation of the
NF-κB pathway [154]. Notch pathway inhibitors, γ secretase inhibitors, have been used
as radiosensitizers in the context of GBM-SCs as well as for cotreatment with TMZ,
which work through inhibition of radiation induced Akt activation. Thus, Notch functions
in resistance by upregulating key anti-apoptotic signaling nodes, to prevent cell death and
promote cell propagation. [155]. Due to the increase in DNA damage repair proteins, the
activation of PARP may be a mechanism of resistance. This was indeed shown to be the
case, and when PARP inhibitors were used it decreased self renewal of the GBM-SCs as
well as sensitized them to IR treatment [156].
Many alternate targeted therapies are being tested for clinical use. These include
inhibitors targeting specific receptor kinases. However due to the high redundancy of
RTK functions, single inhibitors may not be effective due to compensation from other
receptor molecules leading to resistance to that drug [57]. Due to the vast intra and intertumoral heterogeneity, tumors may co-opt different pathways to survive specific chemo
and radiotherapeutic agents and further work is needed to elucidate this in detail to
develop more effective therapeutics.
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Molecular Markers of GBM-SCs
Discovery and enrichment of the cancer stem cell population in GBMs has resulted in a
better understanding of disease progression and tumor maintenance due to their
transcriptional similarity to the parental tumors as well as their ability to create
phenotypically similar intracranial xenograft tumors in mice [88, 102, 121]. Use of stem
cell specific markers have aided in the isolation and enrichment of this population of
cells, many of which have been adopted from their application in the neural stem cell
field [117].
Hierarchical organization of neural stem cells in the brain has been studied in the
Subventricular Zone (SVZ) and Subgranular Zone (SGZ) [157]. In the proposed model, a
small subpopulation of quiescent neural stem cells with the ability of self renewal, named
Type B cells, are at the top of the lineage hierarchy and can be identified using Glial
Fibrillar Associated Protein (GFAP) and Nestin as markers [158]. Other markers specific
to stem cells are Sox2, Olig2 and BMI1. These cells give rise to different progenitor
transit amplifying cell (TAC) populations. Type C progenitor cells are derived from Type
B cells and possess limited self-renewal ability and progressive lineage determination.
The less differentiated TAC still expresses nestin, which is lost when the TAC
differentiates further into a more lineage restricted TAC. The TAC population can be
marked using Doublecortin and Polysialylated neural cell adhesion molecule (PSANCAM) proteins as molecular markers [106]. This population can then give rise to a
migrating type A neuronal lineage restricted cell. These cells can then migrate and
terminally differentiate into a mature neuron and integrate into the existing neuronal
network [80, 109].
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Figure 1.6: Molecular Markers for Detection of Normal Neural Stem Cells. Lineage
specific markers of neural stem and progenitor cells allow the evaluation of each cellular
population independently. Such a lineage marker system is not known for GBM-SCs.

Several proteins have been used to evaluate the undifferentiated nature of GBM-SCs in
culture which are known to be expressed in neural stem cells [96]. Transcription factor
Sox2, one of the four Yamanaka factors, is known to drive stemness and is suppressed in
differentiated cells [159, 160]. GBM-SCs that show higher expression of Sox2 in culture
are more tumorigenic and knock down of Sox2 by shRNA decreases of cell viability.
Moreover, treatment of cells with TGF-β increased expression of Sox2 leading to
increased tumorigenecity in mice [161]. Musashi-1 and Olig2 are other markers which
are used to assay the undifferentiated phenotype of GBM-SCs as their expression is wellstudied in other undifferentiated cell types [162]. Furthermore, Suva et al demonstrated
that expression of SOX2, Olig2, POU3F2 and SALL2 into differentiated, non
tumorigenic GBM cells, were able to convert them into tumor propagating cells,
indicating the importance of these stem cell factors in GBM biology [94]. These are all
however, internal markers, that are not useful in enrichment of GBM-SCs from tumors. A
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number of cell surface markers have been used to identify and enrich the GBM-SC
population within the tumor, the most widely used being CD133.
CD133, or Promnin-1, is a 120 KDa cell surface glycoprotein discovered in the CD34+
hematopoietic stem cell population [163]. This was then subsequently discovered in
leukemic cells in both CD34+ and CD34- cells from patients [164, 165]. The protein for
CD133 is heavily glycosylated and that is putatively detected by the AC133 and AC141
CD133-specific antibodies used in the literature, with overlapping populations stained by
the antibodies recognizing the two epitopes [163, 164, 166, 167]. Although the presence
of the glycosylated cell surface antigen is restricted to few tissues like bone marrow and
progenitor cells, the CD133 mRNA is widely expressed in various tissues including
placenta, pancreas, kidney and liver [164, 166]. The presence of the AC133 antigen for
CD133 has been utilized in the isolation of the neural stem cell progenitors as well as
cancer stem cell populations from various cancer types such as colon cancer [163, 168,
169]. Singh et al first demonstrated the ability to use surface expression of CD133 as a
marker for enrichment of a highly tumorigenic population from GBM and
medulloblastoma patient tumors. A small number cells from the CD133+ population,
even as few as 100 cells, were able to form tumors in mice as opposed to CD133- cells
which were non-tumorigenic [88, 100]. Various studies have now corroborated the
enrichment of GBM-SC population using cell sorting by CD133 detection which have
confirmed their stemness using phenotypic assays and by gene expression [96]. The
amount of CD133 positive cells found in the gliomas is relatively high with 20-30% of
the tumor cells staining positive, whereas a smaller fraction was stained in grade III
medulloblastoma. This difference has been speculated to be linked to the aggressiveness
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of the tumor [100], which has been corroborated by observing the staining pattern in low
grade and high grade gliomas [170, 171]. Further, immunostaining with CD133 also
demonstrated variable staining patterns, either as islands of positive cells or as single
positives [100]. Interestingly, the frequency of CD133+ clusters was correlated with
increasing malignancy [172]. A hallmark of stem cells is the ability to divide
asymmetrically giving rise to 2 daughter cells, one of which retains stem cell properties
and the other possesses more differentiated characteristics. CD133+ cells were shown to
divide asymmetrically and the distribution of CD133 varied between the two daughter
cells, with more CD133 present in the stem-like daughter cell [173]. Although there is a
decrease of the cell surface antigen of CD133 with differentiation, CD133 is still
expressed at the mRNA and protein level and no change is observed upon differentiation
[167, 174]. This indicates that the glycosylation and surface presentation of the antigen
may be more important for GBM-SC identity than mRNA expression, which has been
shown to be widely expressed even in non-transformed and non-stem populations [164,
166, 167, 175].
AC133 positivity has since been shown to have prognostic value, with increased CD133
staining independently linked to poor progression-free and overall survival [90, 172,
176]. Further, the ability to isolate GBM-SCs using CD133 was itself a negative
prognostic indicator [176, 177]. Costaining of CD133 and other stem cell markers has
also been studied. CD133 and nestin coexpression in gliomas, has shown that the amount
of staining observed inversely correlates with survival in glioma patients [178] and, in a
different study, the CD133 expression was highly correlated with the expression of stem
cell marker Musashi-1 [171]. However, other studies have rejected the use of CD133 as a
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prognostic indicator as they found no correlation of CD133 expression with survival or
tumor grade in GBM and other gliomas [179–181].
Although CD133 antigen expression is widely used in the GBM-SC field to isolate and
enrich for stem cells, various studies show that in some tumors, tumorigenic cells are not
restricted to the CD133+compartment of the tumor [149, 182, 183]. Similar observations
have been made in neural stem cells as well with isolation of stem cells which are
CD133-negative [184]. Cultures grown from CD133-negative populations, although less
frequent to grow than neurospheres from CD133-positive cells, also recapitulated the
phenotypic characteristics of GBM-SCs demonstrated by the latter [185]. Although both
populations have the ability to enrich for GBM-SC neurospheres, the resultant cells
possess different transcriptional profiles indicating that different pathways may be coopted by these cells to produce the stem-like phenotype [185]. Using the AC133 epitope,
this group was able to group the AC133+ as type 1, resembling the expression pattern of
fetal neural stem cells and AC133- cells, possessing a transcriptional profile similar to
adult neural stem cells [185]. Wang et al engrafted CD133- neurospheres into rats and
upon subsequent analysis of xenograft tumors, found an upregulation of AC133 epitope
as well as CD133 mRNA. These cells also possessed the characteristics attributed to
stem-like cells [182]. In another study, tumors with deleted PTEN, usually by
chromosome 10 alteration and not CD133 positivity, was demonstrated as the primary
factor influencing the ability of the cells to grow in culture as neurospheres [183].
Additionally the authors provided evidence of 3 distinct types of neurosphere cultures
which included neurospheres which were separated into CD133- and CD133+
neurospheres, but were able to give rise to spheres with mixed CD133 expression
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(positive and negative) and CD133- cultures which only produced CD133- progeny upon
propagation. All 3 types expressed stem cell markers, had ability to differentiate as well
as to form tumors upon engraftment. Although Type 1 CD133- neurospheres formed the
most aggressive tumors and type 3 tumors possessed a more differentiated phenotype and
could exclusively be marked by TBR2, CULX2, DLX2 and DLX1 progenitor markers.
The authors proposed a hierarchy where type 1 CD133+ may arise from type 2 CD133stem cells, and give rise to type 3 CSCs, and a tumor may be a mix of all three types of
GBM-SCs [183]. CD133, in GBM-SCs as well as neural stem cells, has been shown to
be significantly lower in slower cycling cells, with the expression of the epitope and
mRNA increasing when cells are released from cell cycle arrest [184, 186]. This perhaps
explains its inability to detect the different stem-like cell population within the tumor, and
as GBM-SCs are believed to be quiescent, CD133 may not be able to detect the
population with most stem-like properties.
Given the application of CD133 as a marker for stem-like cells, it is surprising that its
role in GBM-SCs is not well understood [174]. Recently, studies have demonstrated a
functional role for CD133 in self-renewal of GBM-SCs with knockdown of CD133
leading to decreased self-renewal capacity but no increase in apoptosis [187]. Further,
CD133 can respond to environmental stimuli via the PI-3-Kinase pathway to affect
downstream signaling [188]. Many different stimuli and pathways have been associated
with the upregulation of CD133, such as hypoxia, mitochondrial stress and TGF-β1
[189], [190], making it’s expression dependent on the culture conditions used to grow the
cells. Altogether, these studies demonstrated that CD133, although a useful tool in
enrichment of GBM-SC for in vitro culture, is not a marker for all GBM-SC populations
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and other markers are required for use with or instead of CD133 to detect the stem cell
populations in the GBM tumor samples.
In view of this evidence, several alternative markers for enrichment of GBM-SCs have
been suggested. Stage-specific embryonic antigen 1 (SSEA-1 or LeX or CD15) is a
neural stem and progenitor cell marker widely used to mark mouse embryonic stem cells
and is expressed in the developing CNS of mice [191, 192]. However, SSEA-1 marks
more differentiated human cells and its absence is considered a marker for human
embryonic and induced pluripotent stem cells [193]. Son et al evaluated CD15 as a
marker for GBM-SCs comparing it to CD133 [194]. Unlike CD133, which was unable to
identify CD133+ cells in 40% of the tumors tested, CD15+ was able to isolate GBM-SCs
from all but one tumor and from all tumors without a CD133+ population. This enriched
population co-expressed many stem cell markers and was highly tumorigenic.
Importantly, they also demonstrated the exclusive ability of CD15+ cells to differentiate
into various brain specific cell types [194]. CD15 expression was also utilized for
marking cells derived from primitive neuroectodermal tumor-like subgroups of GBMs,
although it did identify cancer stem cells in the CD133-/CD15- compartment [195].
However, the utility of CD15 as a marker has been called into question by a study
showing that there was no difference between CD15+ and CD15- cells in the properties
that define GBM-SCs [196]. Integrin α-6 is a cell surface receptor for laminin, a major
extracellular matrix protein in the brain and is known to play a key role during
development of the brain [197]. It was shown to be expressed in 3 undifferentiated cells
viz. embryonic, hematopoietic and neural stem cells [198]. Integrin α-6 is key for growth
of neural stem cells in laminin based cultures [199]. Integrin α-6 has been proposed as a
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marker for enrichment of GBM-SCs from tumors [59]. Costaining with CD133 identifies
double positives for both markers as well single positives for each antigen. Integrin α-6 +
cells were able to form spheres at a significantly higher efficiency than integrin α-6
negative cells. Further, depletion of the protein resulted in loss of self-renewal and
tumorigenesis. High expression of integrin α-6 correlated with shorter survival for
xenografted mice. Cells staining positive for Integrin α-6 were enriched in the
perivascular niche in the tumor, which is known to be an important microenvironment for
GBM-SCs [59, 200]. A2B5, a glial progenitor marker, was also evaluated as a stem cell
marker by its ability to identify CD133- cancer stem cells. Twenty-five tumors could be
divided into 3 groups of cells with the following populations: A2B5+CD133+,
A2B5+CD133−, and A2B5−CD133−. Between these populations, A2B5+/CD133- stained
populations were the most tumorigenic in mice, followed by A2B5+/CD133+ and lastly
double negative cells. However, A2B5 marked a majority of the cells in the tumor
(~65%), calling into question the specificity of the stem cell population isolated [201].
A2B5 has also been used to separate different populations of cells from neurosphere
cultures derived from primary GBMs [202]. Double staining with CD133 was also
performed with Tenascin-C (TNC), an extracellular matrix glycoprotein, upregulated in
several diseases, stained gliomas progressively with grade and was able to isolate
tumorigenic, neurosphere forming cells from the tumor population [203]. CD90, a
glycophosphotidylinositol (GPI) anchored cell surface protein, was downregulated upon
differentiation of GBM-SCs and was also able to identify cells which were CD133
negative but were clonogenic in culture compared to CD90 negative cells [204]. To
identify novel markers for GBM-SCs, Liu et al performed a phage display screen in vivo,
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by injecting the bacteriophage library into a subcutaneous tumor growing in the mouse.
CD133+ GBM-SCs were isolated from this tumor by FACS and subsequent enrichment
of the bound phages was performed. VAV3, a Rho GEF and CD97, cluster of
differentiation marker 97, were identified as the top screening hits. Both these hits were
overexpressed in GBMs and were shown to be important for GBM-SC self renewal and
tumorigenecity in mice [205]. Isolation of cells using these markers enriched for the
classical subtype of GBM-SCs indicating that these may be used to differentiate between
the different GBM tumor subtypes in vitro [205]. Cell surface protein CD44, which has
been used as a marker for breast cancer and prostrate carcinomas, was also used in GBMs
to isolate GBM-SCs. CD44/Id1 double positive cells were tumorigenic and were found in
the endothelial niche of the tumor. These markers were also prognostically relevant in
GBMs, with higher expression of CD44/Id1 correlated with poor survival [206].
Comparison of the gene expression signatures of CD133 and CD44 isolated cells found
that the CD133 population was enriched for the proneural signature whereas the CD44
cell population were more mesenchymal in gene expression. Thus, these markers may be
able to independently identify different subtypes of cells within the tumor [207] The
potential of CXCR4 as a marker should also be evaluated as it was coexpressed with
various stem cell markers in primary and recurrent GBMs, whereas a receptor family
member, CXCR7 did not show this same enrichment [208].

37	
  
	
  

	
  

Marker Type

GBM-SC Marker
NES
Olig2

Internal

Cell surface

MSI1
Sox2
Bmi1
Id1
ALDH1A3
CD133
CD15 or SSEA-1
ITGA6
A2B5
CD44
TNC
CD90

Description
Nestin
Oligodendrocyte Lineage
Transcription Factor 2
Musashi RNA Binding Protein
1
SRY Box 2
Bmi Polycomb Ring Finger
Inhibitor of DNA Binding 1
Aldehyde dehydrogenase
Prominin 1
Fucosylltransferase 4
Integrin α-6
Cell surface ganglioside
CD44 Adhesion Molecule
Tenascin-C
Thy-1 Cell Surface antigen

Reference
[178]
[120]
[209]
[161]
[210]
[211]
[212]
[88]
[194]
[59]
[201]
[207]
[203]
[204]

Figure 1.7: Table of putative stem cell marker for GBM-SCs. List comprises of both
internal and external markers used for GBM-SC identification in the literature. Cell
surface markers would be most useful in isolation of GBM-SCs form tumors.

The heterogeneous nature of GBMs makes it a challenge for identification of a 'one size
fits all' marker for the stem cell population. The expression of marker proteins may vary
between patient tumors. Further identification and rigorous experimentation is required to
ensure that the enriched population is GBM-SCs using clonogenicity and tumorigenicity
assays. It is clear that it is unlikely that a marker will be identified which is unaffected by
cellular processes and environmental stimuli, especially in the case of cell surface
proteins. The expression of these proteins may start changing as soon as the tumor is
dissociated for GBM-SC isolation, further complicating our ability to correctly identify
these cells. Further, single marker studies may be over-estimating the cancer stem cell
populations in the tumor and multiple markers may need to be utilized for better

38	
  
	
  

	
  

characterization of these cells. We are indeed limited by our ability to accurately mark
these cells before their antigen profile on the surface is disrupted upon tumor resection
[96, 213]. Intracellular markers are useful in mouse experiments, but do not allow for
enrichment of human GBM-SCs from the tumor population. Thus, investigation should
also be focused on the expression of various proteins in their niche on GBM tumor
sections in order to identify markers, which may indeed mark the initiator cells in the
tumor.
The Hypoxic Niche in GBMs
Solid tumors such as GBM usually outgrow the normal nutrient supply available. As the
tumor grows larger, the interiors of the tumor are not as well vascularized as the rest of
the neoplastic mass, leading to a depletion of nutrient and oxygen content. This
physiological reduction of oxygen content is termed hypoxia and is a prominent feature
in many types of cancers [214]. Physiological oxygen concentration in the brain ranges
from ~5-10% [215, 216]. Hypoxic regions are required during development and influence
survival and differentiation of embryonic and neural stem cells by notch signaling
mediated mechanisms [217]. Tumors may possess oxygen concentrations ranging from
0.1-5%. This is usually in the form of a gradient, with higher amount of oxygen available
to regions near vasculature, and this oxygen availability decreases as a function of
distance from the blood vessel [216, 218]. Necrotic regions are formed in niches
exhibiting severe hypoxia/anoxia and lack of nutrient supply [2]. The presence of a
disorganized vascular network also leads to the significant variation in the blood flow to
the region of the tumor, resulting in the intermittent oxygen delivery to the tissues,
termed as cycling hypoxia. In such lesions, oxygen may be delivered to the tissue either
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at a high frequency (usually in hours) or at low frequency (in days), which contributes to
the degree of hypoxia present in each tissue, and changes the mechanism of cellular
response to this stress[214, 219].
Hypoxic regions are a hallmark of GBM pathogenesis with the tumors exhibiting necrotic
cores termed as psuedopalisades [4]. This region is characterized by the presence of
hypercellularity surrounding a necrotic core formed due to cellular migration away from
the anoxic regions of the tumor [220]. Due to increase in growth of the tumor mass,
hypoxic niches within the tumor increase due to the lack of vasculature in the interior.
This results in the upregulation of various angiogenic factors, such as angiopoietin-2 and
Vascular Endothelial Growth Factor (VEGF), to give rise to new blood vessels for
nutrient supply. However, due to the absence of adequate regulation, capillaries formed
possess various structural and functional abnormalities, including irregular architecture
and absence of basement membrane [221]. This further, leads to leakiness and irregular
blood flow, which in turn again upregulates angiogenic signals. This cycle eventually
leads to exacerbation of hypoxia, apoptosis in the cells residing in the niche, and
migration of surrounding tumor tissue, giving the appearance of psuedopalisades[222,
223]. The physiological importance of tumor hypoxia is underscored by the poor
prognosis associated with the increasing volume of necrotic and hypoxic niches found in
the tumor [224, 225]. These niches are not dependent on the size of the tumor as even
smaller sized tumors possess necrotic cores [226]. Further, the presence of these niches
negatively impacts the effectiveness of the radiation therapy, which is based on the
generation of free radicals using tissue oxygen [214]. Radiation affects the tumor cells by
creating DNA lesions as well as by utilizing intracellular oxygen to produce reactive
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oxygen species (ROS). These ROS species can cause further oxidative damage to the
DNA as well as other components of the cell machinery. Limited amount of oxygen in
the hypoxic tissues restricts the damage by radiation to mostly direct DNA damage. This
is efficiently by the DNA damage and repair response. Three times the amount of
radiation is required to produce the same toxicity in hypoxic niches compared to
surrounding normoxic tissue [225, 227]. In addition to contributing to radioresistance,
hypoxia also drives an increase in MGMT, the DNA repair enzyme which repairs the
lesions formed due to TMZ treatment, in the resident GBM-SC population. This
increased expression hampers the cytotoxic effects of TMZ leading to chemoresistance in
the tumors [228]. Furthermore, hypoxia also maintains the cells in a quiescent state and
upregulates various DNA damage pathway proteins including checkpoint proteins, CHK1
and CHK2, leading to an increase in resistance to both radio- and chemo-therapy [229,
230]. Samples of tumor cells from the tissue surrounding hypoxic regions, were shown to
possess invasive mesenchymal properties driven by the transcriptional program of
STAT3 and p300 compared to cells away from that niche [231].
The Hypoxia Inducible Factors or HIFs primarily mediate the molecular changes in the
cells due to hypoxia. These proteins are transcription factors which are regulated by the
oxygen content available to the cells [232]. HIFs are heterodimeric comprising of an
oxygen sensitive α-subunit and a constitutive β-subunit also known as aryl hydrocarbon
receptor nuclear translocator or ARNT. There are 3 HIF complexes formed in the cells,
HIF1, HIF2 and HIF3, which possess the HIF1α, HIF2α, or HIF3α subunit respectively.
Although, these isoforms are moderately similar to each other (~50% homology), their
downstream function and regulation are distinct. In the presence of sufficient oxygen,
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prolyl hydroxylases (PHDs) hydroxylate HIFs within its oxygen dependent domain,
which facilitates the binding of von Hippel-Lindau protein (pVHL), an E3 ubiquitin
ligase [233–235]. pVHL ubiquitinates the HIF subunit leading to its proteolytic
degradation [236, 237]. Under hypoxic conditions, the PHD activity is inhibited, leading
to stabilization of HIF α-subunit, its dimerization with the constitutive β-subunit and
translocation to bind hypoxia responsive elements (HREs) with consensus sequence 5'RCGTG-3', (where R is any purine) on the genome [238]. HIFs activate a transcriptional
program which influences key cancer processes such as angiogenensis, cell survival and
proliferation [239]. HIF1α is ubiquitously expressed in all tissues whereas HIF2α is
restricted to particular cell types such as the endothelium and neural crest derivatives
[240]. Although, HIF1α	
   and	
   HIF2α share many downstream targets such as GLUT1,
VEGF, TIE2, and ANG-2, targets such as ALDA and PGK are specific to HIF1α whereas
HIF2α specifically regulates TGF-α, Oct4 and cyclin D1 [239, 241, 242]. This regulation
occurs post DNA binding as the consensus sites of the two proteins is identical
[243].Thus the roles of the HIFs are considered complementary and not redundant, which
is strongly supported by the different mechanisms of embryonic lethality in HIF1α and
HIF2α null embryos [244, 245]. The expression of HIF1α and HIF2α in GBMs has been
linked to tumor aggressiveness and poor prognosis [246]. They have been shown to be
present in the tissue surrounding the necrotic core as well as in other hypoxic regions
[220, 228, 247]. Although, HIF1α was present in the tumor as well as the normal brain,
HIF2α was preferentially expressed in the tumor cells [214].
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Hypoxia, HIFs and GBM-SCs
The hypoxic niche has been found to impact the functional properties of GBM-SC
population. Using marker data, the GBM-SC population has been shown to be enriched
in the hypoxic niches of the tumors [228]. Furthermore, cells isolated from the hypoxic
core were found to possess more immature characteristics, and were more clonogenic and
tumorigenic under neurosphere growth conditions [228, 248]. Using CD133, Sox2 and
Oct4 as a marker for stemness, incubation at 7% O2 (hypoxic, but physiological oxygen)
was shown to increase the number of CD133+ cells in the population. Furthermore,
hypoxia conditions further aided in the self-renewal of these GBM-SC lines. This effect
was transient and was able to be reversed when cells were incubated back at 20% [153].
Daoy medulloblastoma cells also exhibit an increase in CD133+ cells upon exposure to
hypoxia [249]. Siedel et al made a similar discovery when incubating the cells at 1%
oxygen, and observed an increase in the percent of CD133+ cells. Increase in stemness
was also characterized by other markers such as CXCR4 and A2B5 [250]. In addition to
this, there is a reported increase in size and the total number of neurospheres isolated in
hypoxia, but 1% hypoxia also inhibits a downregulation of the gene makers expressed
during differentiation of GBM-SCs, such as GFAP and Tuj1. This increase was
dependent on the PI3Kinase, ERK and mTOR pathway, as was tested using specific
inhibitors for these important cellular pathway, which attenuated the CD133+ fraction
[189]. GBM-SCs also showed an increase in expression of HIF2α in the CD133+
population of the cell compared to the CD133- cells, and this signature was associated
with an upregulation of c-Myc, Nanog and Oct4 mRNAs [95]. Hypoxia is a critical factor
in the neovascularization of the tumors [134]. The transdifferentiation of GBM-SCs has
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been demonstrated in various studies and hypoxic conditions are key in this
transdifferentiation process. GBM-SCs were shown to transdifferentiate to the endothelial
lineage in xenograft tumors and were enriched in the hypoxic niches [135].
Specific roles of HIF1 and HIF2 are unclear in GBM with studies showing contrasting
results. CD133+ GBM-SCs were more responsive to hypoxia, forming larger and more
spheres compared to CD133-cells. Furthermore, expression of a degradation resistant
HIF1α construct, lead to the increase in clonogenicity of the GBM-SC line, which was
not further affected by hypoxia, indicating that the effect of hypoxia in these cells is
mediated through HIF1α [251]. Soeda et al used three neurosphere lines to show that
HIF-1α but not HIF-2α protein was responsive to 1% hypoxia and knocking down HIF1α
only resulted in decreased clonogenicity in vitro [189]. In contrast to these studies, others
have elucidated the role of HIF2α exclusively in these cells. Increased clonogenicity
observed in CD133 negative cells cultured long term at 2% hypoxia was shown to be
mediated by HIF2α. Use of oxygen stable form of the HIF2α increased the number of
CD133 positive cells in the population as well as increasing the clonogenicity, stemness
and tumorigenicity of CD133 negative GBM-SCs [95, 252]. A separate study
demonstrated that knock down of HIF-2α but not HIF-1α was sufficient to reduce the
hypoxia induced expression of stem cell markers and clonogenicity [250]. These data
were supported by Li et al, who showed that HIF2α gene expression is higher in CD133positive than in CD133-negative cells. Further, HIF2α mRNA levels were responsive to
hypoxic conditions in CD133+ cells, whereas HIF1α was ubiquitously expression in both
CD133 positive and negative cells. However, the authors do show that both factors
influence tumorigenicity with mice injected with GBM-SCs containing HIF2 or HIF1
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knock down surviving for longer time. Clinically patients with higher expression of
HIF2α are correlated with a poor prognosis [253]. Taken together, this indicates that
HIF2α may be the more clinically and biologically relevant in GBM-SC biology.
However, the disparate in vitro results are likely reflective of the heterogeneity of GBMSC cell lines.
Given the importance of the HIFs in the etiology of GBM, the tumor cells may use
several different pathways to influence the expression of HIFs. Mutations in the pVHL
tumor suppressor would stabilize the HIFs due to the its inability to degrade it leading to
accumulation [254]. IDH1/2 produces neometabolite 2-hydroxyglutarate which may
inhibit the PHD proteins responsible for hydroxylation of HIFs at proline residues as the
first step of the degradation of HIFs [35]. Other major pathways influencing hypoxia
signaling include the EGFR and Ras mitogenic pathway as well as the PI3 Kinase
pathway. All 3 pathways, which may include mutations in key nodes such as EGFR and
PTEN deletion, deregulate mTOR leading to stabilization of HIF1α even under normoxic
conditions [229]. Further, MDM2 also regulates HIF1α levels by influencing its
degradation [255]. Aberrations in these pathways may lead to stabilization of HIFs and
the development of a psuedohypoxic state, which is amenable for mutagenesis and
tumorigenesis. Targeting hypoxic signaling may be done by either targeting these
upstream pathways, targeting the HIFs directly through inhibitors or by using cytotoxic
drugs which work specifically under hypoxic conditions such as TH-302 [256–258].
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Summary
GBM stem cells are considered to be the major cause of GBM recurrence contributing to
its poor prognosis, due to its ability to survive the current standard of care therapies and
its ability to thrive under hypoxic conditions. Our knowledge about this population is
further limited by the dearth of cell surface markers to identify these cells within the
tumor population. This thesis attempts to address both these important issues in the field.
In chapter 3, we aim to identify novel molecular vulnerabilities of GBM stem cells under
different oxygen availability conditions using a pooled RNAi screening approach for
growth and elucidate the underlying mechanism regulated by the identified gene.
Chapter 4 aims to identify novel molecular cell surface biomarkers to distinguish GBM
stem cells from differentiated cells, which do not possess stem like characteristics. To
this end, we performed a monoclonal antibody screen to identify and evaluate these
antibodies as potential markers and therapeutics for targeting GBM-SCs.
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Chapter 2
Materials and Methods
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Culture of GBM-SC Lines
Primary GBM stem cell (GBM-SC) lines, GS6-22, GS7-2, GS11-1, GS13-1 and MGG 8
were cultured in serum-free and growth factor rich stem cell media (SCM) and passaged
by an acid base sphere dissociation protocol using accutase enzyme (Invitrogen, CA) as
previously described [74]. SCM was made using Dulbecco's modified Eagle's medium
(DMEM)/F12 (Invitrogen, CA) with 1% Penicillin/Streptomycin and supplemented with
neural supplement Gem21 (Gemini Bioproducts, CA), Epidermal Growth Factor (EGF)
(20 ng/ml; Peprotech, NJ), and human basic-Fibroblast Growth Factor 2 (bFGF-2) (20
ng/ml; Peprotech). MGG8 lines was kindly provided by Hiroaki Wakimoto, PhD
(Massachusetts General Hospital, MA) [124].Glioma serum cells, U251, A172, U373 and
human fibroblast line, Hs27 were cultured and passaged in DMEM with 10% Fetal
Bovine Serum and 1% Penicillin-Streptomycin. H04 and SW06 normal human neural
progenitor cells were kindly provided by Dr. Dennis Steindler and were grown in DMEM
with 5%FBS, N2 Supplement (Invitrogen) and 20ng/ml EGF and bFGF. For growing
cells on laminin and for differentiation, plates are coated with poly-L-ornithine for 1 hour
at 37°C followed by washing and coating with 2µg/ml Laminin for 2 hrs at 37°C. To
induce differentiation, GBM-SCs are plated in DMEM/F12 media with Gem21 only (no
EGF, bFGF) and cultured for 48 hrs. Following aspiration of media, DMEM with 2%
FBS is added to the cells for 7-10 days for complete differentiation. GBM-SCs can also
be grown on laminin in stem cell media as undifferentiated stem cell cultures [115].For
hypoxia experiments, C-chambers with a custom gas mix (5%CO2, balance nitrogen;
Airgas, MA) was setup and used as per manufacturer's instructions (Biospherix, NY).
Following inhibitors and drugs were used in this thesis: SGK1 inhibitor GSK650394
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[259] (Tocris, MN), KIF11: Monastrol [260], Proteasome inhibitor MG132,pan-caspase
inhibitors z-VAD-FMK and q-Vd-OPh [261, 262] (Sigma, MO), JNK inhibitor
SP600125 [263] and p38 MAPK inhibitor SB239063 [264] (SelleckChem, MA).
siRNA and Plasmid Transfection
Cells were dissociated and plated in 96 well plates (for growth curve) or 6- well plates
(for RNA or protein isolation) at 50% confluence and placed in standard culture
conditions overnight. For siRNA transfection, RNAiMax (Invitrogen, CA) was diluted at
a concentration of 0.2µl per well (for 96 well plates) or 6µl per well (for 6-well plates) in
opti-MEM (Invitrogen, CA). The siRNA was separately diluted to achieve a final (in
well) concentration of 10nM or 25nM and mixed with prepared RNAiMax solution. After
incubation for 15 mins, the RNAiMax:siRNA mixture was applied to the plated cells
dropwise. Cells were subsequently allowed to grow for 4 days for the growth assay or 2
days for RNA or protein extraction. The following siRNAs were used in this study;
siKIF11 (SMARTpool L-003317-00-0005), siCXADR (SMARTpool L-003650-00-0005)
(Dharmacon, CO).
For plasmid transfection experiments, GBM-SCs were plated at 50,000 cells per well in a
6 well plate and grown overnight in standard culture conditions. 10µg of constitutively
active IKK-β plasmid was diluted in opti-MEM media and Trans-IT transfection reagent
(Mirius Bio, WI) was separately diluted to 3 times the amount of plasmid in opti-MEM.
These mixtures were combined and after 30 min incubation at room temperature, it was
applied to the cells. Protein was collected 3 days post-transfection. For the growth assay,
transfected cells were counted and equal numbers of cells were plated into 96 well plates
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24 hours post-transfection. Cell viability was assayed 5 and 10 days after plating. A
control RFP plasmid (kindly provided by Ira Herman's laboratory) was utilized to check
for efficiency of transfection, which was determined by FACS (data not shown).
Plasmid and Lentivirus Preparation
Lentiviral

constructs

expressing

Scramble-shRNA,

SGK1-shRNA

((1)

TRCN0000312568, (2) TRCN0000010432, (3) TRCN0000194957), and RBX1-shRNA
(TRCN0000272521) in the PLKO.1 vector backbone were obtained (Sigma, MO). The
p53-shRNA plasmid was kindly provided by the Charlotte Kuperwasser laboratory.
PLKO.1 plasmids were transformed, amplified and purified in chemically competent
DH5α E. Coli using Plasmid Miniprep Kits. The plasmids of interest were co-transfected
with VSVG and VPRΔ8.2 plasmids into 293T cells using Trans-IT transfection reagent
(Mirius Bio, WI). After 24 hours, transfection media was removed and replaced with
DMEM with 30% FBS. Virus containing supernatant was removed 48 hours and 72 hours
post-transfection. Polyethylene Glycol (PEG) was added to collected viral supernatant to
final concentration of 5%, mixed thoroughly and incubated overnight. The mixture was
then centrifuged for 15 minutes at 3000 rpm at 4°C, and pellet re-suspended in DPBS to
1/10th the original volume.
Preparation of the lentiviruses used for the pooled shRNA screening was performed
according to manufacturer's instruction (Cellecta Inc, Decipher Project, CA). Plasmids
for the viruses were provided as 3 modules, each containing ~27,500 unique hairpin
constructs. Virus preparation was performed in six 15 cm dishes and 10µg for pooled
library (Module 1,2 or 3) was used per plate (total of 60µg per experiment). Library
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constructs were cotransfected with VSVG and VPRΔ8.2 plasmids into 293T cells using
Trans-IT transfection reagent (Mirius Bio, WI). Virus was collected and concentrated as
described above.
LentiCrispr V2 plasmid was obtained and amplified using standard techniques in Stbl3
competent E. Coli cells (Addgene, MA). LentiCrispr V2 plasmid was digested with
Bsmb1 for 10 minutes, followed by inactivation at 80°C for 20minutes and treated with
alkaline phosphatase for 20minutes (Thermo Fisher, MA). The digests were run on
0.75% agarose gel and digested plasmid was eluted using GeneClean DNA Elution kit
(MP Biomedicals, CA). DNA Oligos designed based on methods recommended in the
Crispr protocol and small genomic guides used in previous study [265]. Oligos were
annealed in BioRad Thermocycler by increasing temperature to 95°C for 10 minutes and
slowly ramping down temperature by 5°C/min until temperature reached 25°C. Annealed
oligos were then diluted and ligated using Quick Ligation Kit (New England Biolabs,
MA). Stbl3 cells were transformed with ligated plasmid and colonies selected on LBAmpicillin plates. The cloning was confirmed using standard sequencing methodology.
Lentiviral Titration and Cell Line Viral Transduction
Prepared and concentrated lentiviruses (except Screening Library plasmids) were titered
using U251 glioma cell lines. U251 cells were plated at density of 12,500 cells/well in 24
well plates in media with polybrene (2ug/ml). 6 dilutions were prepared for each
lentivirus with the most concentrated dilution containing 1µl of concentrated virus and 10
fold subsequent dilutions. Viruses were applied on the cells for 24hrs, after which media
was changed. 48hrs post transduction, puromycin is added at a final concentration of
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1µg/ml and cells are allow to grow until colonies are observed in the most diluted wells.
Cells are subsequently fixed with ice-cold methanol for 10mins (Sigma, MO) before
staining with 0.5% crystal violet in 25% methanol. Plates are washed with DI water, and
colonies are counted to estimate virus titer.
For viral transduction of GBM-SCs and other glioma lines, cells were plated at required
confluence and viral particles are added at an MOI of 2 (for lenticrisprv2) or 10 (for
PLKO) in media containing polybrene (GS6-22 and cell lines: 2µg/ml; MGG 8: 1µg/ml).
Media was changed after 24 hours and puromycin added 48 hours post transduction
(Serum glioma lines, H04, SW06: 2µg/ml; GS6-22, HS27: 1µg/ml; MGG 8: 0.1µg/ml).
Cells were allowed to grow for 7-10 days for growth assays and 2-4 days after selection
for RNA and protein isolation.
Pooled shRNA screening of GBM-SCs
Genome-wide pooled shRNA lentiviruses were prepared as per manufacturer's protocol
(Cellecta Inc, CA). The screen was performed on GBM-SC lines to identify gene
essential for cell growth. Cells were infected with lentivirus in media with polybrene
(2ug/ml) at MOI of 0.5 to ensure maximum number of single viral integrants per cell.
Number of cells was adjusted to allow for at least 200 integrations per shRNA construct
to maintain the complexity of the library. After 48 hours post infection, cells were
selected for infection using puromycin (0.1-1ug/ml) for further2 days. Genomic DNA
was isolated from one-third of the infected cells as a reference time point for infection.
Remaining cells were placed under normoxic (21%) or hypoxic (1%) conditions. Cells
were expanded as and when required. After 10 and 18 days following growth in
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normoxic and hypoxic conditions respectively, genomic DNA from cells from both
treatment conditions was isolated using ethanol precipitation. Two-step Polymerase
Chain Reactions (PCR) was setup up as described and primers were designed and
synthesized (IDT, IA) according to manufacturer's instructions (See Primer Table). PCR
was used to amplify unique 18-nucleotide bar-code specific to each shRNA construct.
Briefly, for the first round of PCR, 200ug of genomic DNA from the cells was amplified
using Taq polymerase (Clontech, CA) using the following cycling conditions: 94°C for
3mins, 16 cycles of (94°C for 30 sec, 65°C for 10sec, 72°C for 20 sec), and 1 cycle of
68°C for 2 mins. Custom index sequences were inserted in forward primer of the second
PCR step in order to multiplex different samples in a sequencing run. PCR product from
the previous round was used as a template. Following PCR amplification (Qiagen, MD)
and gel extraction (GeneClean, MP Bio, OH), Next Generation Sequencing (NGS) was
performed in the Tufts University Core Facility (TUCF, MA) using Illumina HiSeq 2500
High Throughput Sequencer. Data was analyzed using Galaxy software and bar codes
were resolved and identified using Decipher Deconvolution software according to
manufacturer's instruction (Cellecta, CA).
Data Analysis
After deconvolution and enumeration of the samples, each hairpin was normalized to the
total number of reads for that sample. Normoxic and hypoxic sample hairpins were
compared with the reference sample hairpins and fold change and subsequently log2 fold
change was calculated. Median Absolute Deviation (MAD) score of the population was
derived and then a Z score based on MAD score was calculated for each hairpin [266].
MAD analysis minimizes the effect of outliers on the population by calculating a robust Z
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score. A cutoff of median ± 3 MAD and <0.5 fold change was applied to the hairpins and
at least 2 hairpins targeting a gene needed to meet this criteria for a gene to be considered
a hit. Bayesian Analysis of Gene EssentiaLity (BAGEL) algorithm is a python based
program which was available online through the referred paper [267]. After downloading
necessary files, the analysis was run on the screening data using WinPython32 program
to produce an output containing the Bayes Factor score for each tested gene. BF>5 was
applied as a criterion for essentiality. Gene lists were analyzed for enriched canonical
pathways and functions with Ingenuity Pathway Analysis (IPA) (Qiagen, CA).
Prestoblue and MTS Cell viability assays
To measure viability of GBM-SC lines in response to shRNA or inhibitor treatment, cells
were dissociated and plated with virus or inhibitor at 3000-5000 cells per well
concentration in 96 well plates (Corning, NY). Lentiviral particles (for transduction
protocol see above) and inhibitors are added to the wells containing the cells and the cells
were allowed to grow for 5-7 days. GBM-SC neurospheres were dissociated to single cell
suspension by trypsin (Sigma, MO) and cell viability was assessed using the membrane
permeant, resazurin based Prestoblue Cell Viability reagent (Life Technologies, NY).
Metabolically active cells reduce Prestoblue to yield a red fluorescent resorufin product,
which was quantitatively measured in a Spectrafluor Plus plate reader (Ex
544nm/Em590nm) to determine relative numbers of live cells. No trypsin treatment is
required for adherent cells H04 and SW06, which may be directly assayed by addition of
prestoblue in the wells.
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Glioma line cell viability was assessed using CellTiter 96®AQueous One Solution Cell
Proliferation (MTS) assay (Promega, WI). Cell were plated and treated with inhibitor or
lentiviral particles as described above, and MTS assay was performed at 72 hours
according to the manufacturer’s protocol
Western Blotting
Cells were lysed in RIPA buffer containing protease and phosphatase inhibitor cocktails.
Protein concentrations were determined using BCA method (Thermo Fisher, MA).
Lysates were separated using ready-made SDS-polyacrylamide (SDS-PAGE) gels and
transferred onto nitrocellulose membrane (Thermo Fisher, MA). Nitrocellulose
membranes were blocked with 5% non-fat dry milk, in TBS-T (10 mMTris-HCl pH 7.5,
100 mMNaCl, and 0.05% Tween 20), and incubated with primary antibody overnight.
The following antibodies were utilized in this study: SGK1, total and cleaved PARP,
cleaved caspase 3, total p53, phospho-Ser258-FOXO3a, Bcl2, Bcl-xL, Mci-1 (Cell
Signaling, MA); β-catenin, total Caspase 3 and cleaved caspase 9 (Abcam, MA); β-Actin
(Sigma, MO). phospho-Ser315 FOXO3 was a gift from Dr. Michael Greenberg and antiFLAG antibody was a kindly provided by Dr. Ira Herman. Blots were then washed with
TBST and incubated with a horseradish peroxidase conjugated secondary antibody
(BioRad, CA). Bands were visualized with high-sensitivity chemiluminescence reagent
(Pierce Biotechnology, IL) using autoradiography film (Denville Scientific, NJ).
SYPRO RUBY staining
Protein samples were collected and quantified and protein were resolved by SDS-PAGE
as stated above. Following gel electrophoresis, the gel was transferred into a fix solution
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(50% methanol, 7% acetic acid) for 30 minutes. This was repeated once with a fresh fix
solution. Gel was then incubated in SYPRO® Ruby gel stain (Invitrogen, CA) overnight
on an agitator at room temperature. Following this, the gel was incubated in wash
solution (10% methanol, 7% acetic acid) for 30 minutes and then imaged using the
BioRad Gel Doc XR+ gel imaging system. For mass spectrometry analysis in chapter 5,
once the bands to be isolated were identified, they were cut from the gel using clean razor
and stored in an eppendorf tube for shiiping to the Taplin Mass spec facility.
Annexin V/ Propidium Iodide Apoptosis Assays
shRNA or drug treated cells were stained using an Annexin V-GFP/PI staining kit (BD
Pharmigen) according to the manufacturers protocol. Briefly, 1x104 cells were infected in
6-well plate with control and targeted shRNA and selected with puromycin. Cells were
accutased, washed twice with 0.1% BSA in PBS and resuspended in PBS at 1x106
cells/ml density. FITC conjugated Annexin V and/or Propidium Iodide (PI) was added to
the cells and incubated for 15 minutes at room temperature. Control lentivirus infected
cells, which were unstained or stained with only FITC Annexin V or PI, were used as
controls. Cells were analyze using FACSCalibur flow cytometer and data were analyzed
using Summit software.
RNA Extraction and Real time PCR
Cells were lysed with Trizol extraction reagent, with 1ml Trizol used per 10 million cells.
Phenol chloroform extraction was performed as previously described. RNA quantity and
purity was determined using NanoDrop Spectrophotometer (Thermo, DE). For each
condition, 1µg of RNA was used to set up a reverse transcription (RT) reaction to
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produce cDNA using iScript cDNA synthesis kit (BioRad, CA). 2µl from the RT reaction
was used as a template for qPCR. Qiagen SyBr Green Mastermix reagent was used for
qPCR and samples were run using Agilent Mx3000p qPCR machine using standard
protocol with dissociation curve. Data were analyzed using ΔΔCt method of
quantification of fold change to compare samples. Primers used are listed in Table 2.1.
in vivo Xenograft Mouse Injections and Luciferase Assay to Follow Tumor Growth
Eight-week or older NCR nude athymic mice were injected with established cell lines
infected with non-targeting control or SGK1 knockdown shRNA construct. Stereotactic
injection was performed using previously described protocol [268]. Briefly, mice were
anaesthetized using Ketamine:Xylazine (100mg/kg; 20mg/kg respectively) and placed in
stereotactic frame. An incision was made using an 11-0 blade to expose the bregma. A
small hole was drilled in the skull using a 22 gauge needle, followed by injection of cells
2mm deep into the brain using Hamilton syringe (Hamilton Company, NV). The rate of
injections were controlled to 1µl/min using the World Precision nanoinjector apparatus.
Mice were then sutured and allowed to recover and monitored daily. A post injection
luciferase assay was performed the next day and then once a week, to assess tumor
growth by injecting Vivoglo luciferin (Promega, WI) and imaging the mice using a
Xenogen IVIS-200 small animal imaging system.
Live cell staining by Flow Cytometry
GBM-SCs were dissociated using accutase as described above and 1 x 105 - 1 x 106 cells
were resuspended in PBS with 1% BSA. Fc binding sites were blocked using Fc Block
(Miltenyi Biotech) for 10 mins at 4°C. After 1x PBS wash, cells were incubated with the
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primary antibody (undiluted supernatant for mAbs) for 20 mins. After washing the
primary antibody with PBS, cells are incubated with AlexaFluor488 secondary antibody
for 20 mins. Cells were washed twice with PBS and resuspended in 300µl PBS. Cells
were analyzed by FACS using MoFlo sorter and data analysis using Summit software.
Immunoflorescence
GBM-SCs were seeded into 96 well plates coated with laminin (Corning, NY) and treated
with shRNA or inhibitors. For IF staining, cells were washed with ice-cold PBS and
fixed in 4% paraformaldehyde (Signma) for 10 min at RT followed by permeabalization
with 0.1% Triton X-100 in 1% BSA. Cells were then blocked with 10% goat serum
(Abcam, MA) in PBS. Overnight staining with the primary antibodies was performed (at
1:100 dilution unless otherwise noted). After washing away primary with cold PBS 3
times, cells were incubated with Alexa488 or Alexa 536-labeled anti-rabbit
secondary antibody (1:500) (Invitrogen) at room temperature for 1 h. The cells were
washed with cold PBS, and counterstained with DAPI (Invitrogen). Plates were examined
for fluorescence intensity using EVOS fluorescence microscope.
Immunohistochemistry
Unstained paraffin section slides were de-paraffinized using a xylene-ethanol washing
protocol starting with 100% Xylene, 50% Xylene - 50% Ethanol, 100% Ethanol and
subsequent decreasing amount of alcohol content till slides were finally in DI water.
Antigen retrieval by heating was performed on slides in sodium citrate buffer and
allowed to subsequently cool down to RT. Sections were blocked with 10% normal goat
serum (Abcam, MA) for 1 hour, followed by overnight incubation with primary antibody
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(mAb undiluted supernatant) in the cold room. After washing with PBST 3 times,
sections were incubated with 3% w/v H2O2 for 10 min. After serial washing,
bound primary antibody was detected by adding a HRP conjugated secondary antibody
3,3'-diaminobenzidine (DAB) (Abcam). Sections were counterstained with hematoxylin
and dehydrated using the protocol for de-paraffinization in reverse order. Slides were
mounted with coverslips and observed under the EVOS light microscope.
Caspase 3/7 activity assay
GBM-SCs were seeded into 96 well plates coated with laminin (Corning, NY) and treated
with shRNA or inhibitors.The Caspase-Glo® 3/7 Assay was performed according to
manufacturers instruction. Caspase-3/7 released by the cell acts on the tetrapeptide
sequence DEVD which is cleaved to induce luciferase signal which was detected using
the Tecan spectrophotometer and luminometer.
Immunoaffinity Purification
GBM-SCs and other cell lines were lysed using RIPA buffer as previously described.
Immunoaffinity purification was performed by scaling up Crosslink Immunoprecipitation
(IP) Kit protocol, which was used previously according to the manufacturers instruction.
10 ml Protein G beads were added into a 50ml conical tube and washed using PBS
containing 0.01M sodium phosphate, 0.15M NaCl; pH 7.2 buffer which enables effective
coupling of antibody to the beads. 0.1mg of mAb 7-18 antibody was applied to the beads
at a concentration 10µg/ml for 2 hours. Following centrifugation and washing away
unbound antibody, the coupled antibody-beads were crosslinked by
Disuccinimidylsuberate (DSS) at a concentration of 250 µM DSS crosslinker. The
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reaction was performed for 1 hour at room temperature and subsequent washing with
0.1M glycine elution buffer pH 2.8 stopped the crosslinking reaction. The lysate was
applied to the crosslinked antibody-bead complex overnight in the cold room. Prior to
application, lysate was precleared using G-beads by incubating them for 1 hour at RT.
The following day, the lysate-beads mix was poured into 15ml titration column and the
lysate was allowed to flow through after the beads settled. The column was then
thoroughly washed with PBS. Elution with Glycine buffer was performed and 200 µl
fraction were collected which were run on a gel for western blotting and SYPRO Ruby
staining.
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(A)

(B)

Table 2.1: Primers used in Pooled shRNA Screening. (A) The list of forward and
reverse primers for the two step PCR reaction. The N position in RevGex PCR2 change
according to the barcode inserted.(B) Index Barcode sequences for RevGex PCR2
primers
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Table 2.2: qPCR Primers: List of the qPCR primer sequences used in this thesis.

Table 2.3: Guide Sequences Targeting SGK1: Guide sequence for non-targeting
control and SGK1 specific test guides.
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Chapter 3

Identification of targets for GBM-SCs using Pooled shRNA
screening under normoxia and hypoxia

Figure Contributions:
TRC Screening Part of Figure 3.7 was contributed by
Surbhi Goel-Bhattacharya and Sejuti Sengupta.
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Introduction
GBM is the most aggressive form of primary brain cancer with a very poor prognosis of
only 14 months post diagnosis and with treatment [3, 11]. The standard of care therapy
does not completely ablate all the tumor cells and thus, tumor recurrence is almost
inevitable [269]. This is attributed to a small subpopulation of cells within the tumor
which are resistant to frontline therapy and are responsible for tumor maintenance and
growth[140, 151, 200]. These cells, known as tumor or GBM stem cells, also have a
unique ability to thrive in hypoxic niches, with the microenvironment driving
clonogenicity and ability of the cells to resist therapy [228, 251, 270].
There is extensive heterogeneity between and within GBM’s [9, 38]. There has been an
effort to characterize the mutations occurring in GBMs and other gliomas, in order to
identify vulnerabilities in these tumors. However, a mutation based inquiry does not
identify the non-mutated genetic targets and an unbiased approach is required to
systematically identify genetic dependencies. In order to find genes that are not only
important in growth and maintenance of the bulk of the tumor, but also can be used to
target cancer stem cell growth under hypoxic conditions, we have used an unbiased
pooled shRNA screening approach to identify genes which are important in GBM-SC
growth and survival under both normoxic and hypoxic conditions. Using this negative
selection screen, we have screened ~10,000 genes in the two different patient derived
GBM-SC lines.
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Results
Pooled shRNA Screening of GBM-SCs
To identify genes important for the proliferation and survival of GBM stem cells under
normoxic and hypoxic conditions, we utilized a near genome-wide pooled shRNA
screening approach to target ~10,000 genes. The 10,000 genes are divided into 2 module
sets with each module containing ~27,500 lentiviral hairpins targeting 5,000 genes. Each
gene is targeted with a minimum of5 unique hairpin sequences to control for potential
off-target effects of a single shRNA sequence. Each shRNA construct contains an 18nucleotide barcode sequence unique to the hairpin. Next Generation Sequencing enables
identification and enumeration of the barcodes for each shRNA, which is integrated in the
genomic DNA of the transduced cells.
The pooled lentiviral transduction was performed on GBM-SCs considering two
important factors. First, the library was transduced at a multiplicity of infection (MOI) of
0.5. The low MOI ensures the presence of a single viral integrant per cell in the majority
of the population. This decreases the probability of the phenotype occurring due to the
combined effect of knockdown of multiple genes in a cell. Second, to control for position
specific integration effects and to average out behavior differences between individual
cells, 200 unique cells were infected per shRNA. This also reduces the phenotypic effects
of co-occurrence of multiple hairpins in a given cell, as the probability of the same two
genes getting co-transduced more than once is low.
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Identification of Essential Genes in GS6-22 and MGG 8 Cell Lines
The GS6-22 and MGG 8 GBM stem cell lines were each transduced with the lentiviral
library and infected cells were selected with puromycin for 48 hrs. Following selection,
the cells were pooled and divided into 3 equal groups. One group served as the reference
sample for the distribution of transduced shRNAs in the library, and genomic DNA was
isolated immediately. The other two groups of cells were grown either under normoxic
conditions (21% oxygen) for 10 days or under hypoxic conditions (1%) for 18 days. This
time difference was due to the fact that GBM-SCs grow at a slower rate under hypoxic
conditions. The slower doubling times require increasing the assay length to achieve at
least 4 population doublings so that inhibitory shRNAs will be significantly depleted
from the population. Genomic DNA was then isolated from the cells grown under both
oxygen conditions. For all the three samples (reference, normoxia and hypoxia), the viral
integrants containing the shRNA barcodes were amplified by PCR and the products were
sequenced using Illumina HiSeq next generation sequencer (Figure 3.1A). Sequencing of
the reference, normoxia and hypoxia, enumerated the relative abundance of each 18-nt
barcode from each sample. These barcodes were mapped to specific shRNAs and further
to the targeted genes. Knockdown of essential proteins by the shRNA would lead to the
loss of cellular viability for the cell, resulting in its dropout from the population and
hence the reduction in the abundance of the shRNA barcode in that cell population.
Following sequencing, to normalize for the different numbers of total reads from the
sequencing of each sample (reference, normoxia or hypoxia for a given GBM-SC line),
the abundance of each hairpin was normalized to the total number of reads for the entire
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Figure 3.1: Identification of Essential Genes in GBM-SCs. (A) Schematic of screening
methodology used to screen GS6-22 and MGG 8 Cell Lines. (B-D) Comparison of hits in
different conditions as determined by MAD Analysis of screening data in both cell lines
in Hypoxia (1% Oxygen) and Normoxia (21% Oxygen). A 3 MAD and <0.5 fold change
cutoff was applied to all hairpins. Genes with at least 2 qualifying hairpins was scored as
a hit. Comparison between normoxia and hypoxia hits (B) in GS6-22, (C) in MGG 8 and
(D) common to both cell lines.
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population of that sample. The barcode depletion in the normoxic and hypoxic samples
was quantified for all hairpins tested by comparing the abundance of the same barcode in
to the aforementioned reference control sample. This was done by calculating the fold
change of abundance between the test condition and the reference control. Hairpins that
were not detected in the reference sample were excluded from further analysis, which
was a rare occurrence in the screens.
Hit Selection
GBMs exhibit high inter-tumoral heterogeneity and likely possess varying genetic
dependencies based on the mutations and expression profiles of the individual tumors. In
order to identify core essential genes, we screened two different patient derived GBM-SC
lines; GS6-22 and MGG 8. Both cell lines were screened in triplicate for essential genes
in normoxia and hypoxia. By comparing the gene hits from two cell lines, we aimed to
identify key growth and viability factors common to different tumors. Once the screening
was completed, the analysis to determine essential genes was performed using two
published methodologies; Median Absolute Deviation (MAD) method and the Bayesian
BAGEL algorithm.
Median Absolute Deviation (MAD) score is a robust statistical parameter which is less
sensitive to the presence of outliers in the population compared to the Z- Score [266]. The
MAD score is calculated for every hairpin separately and for the population as well. The
population MAD is used to determine the cutoff to be used for the screening data. Fold
change was determined for all replicates individually and then the median fold change of
the replicates was calculated for further analysis. To test the concordance between the
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replicates, we compared the log2(fold change) values of the hairpins in each replicate in a
cell line and condition with one another, and found a concordance ranging from 0.6 to
0.75 between the samples. The Median Absolute Deviation (MAD) score was calculated
for each hairpin in the population. A hairpin was considered a hit if its MAD score was
>3 median absolute deviations from median of the population. Due to the detection of
hairpins with less than 50% loss of abundance in the conditions compared to the control
using this criterion, we applied an additional cutoff of fold change of <0.5 to ensure that
the effect of the hairpin was biologically relevant. A gene was considered a candidate hit
if at least 2 hairpins targeting the gene, matched the above criteria. This helps minimize
false positives due to off-target effects.
Using the MAD analysis, we identified 448 (~4.5%) and 728 (~7%) genes, which were
essential for GS6-22 cells under normoxic and hypoxic conditions respectively. Of these,
248 genes were important to maintain viability under both conditions in this cell line
(Figure 3.1 B). MGG 8 cells required 532 (~5%) genes and 179 (~2%) genes for survival
or proliferation in normoxia and hypoxia respectively, out of which 124 genes were
essential in both conditions (Figure 3.1C). The variable hit rate may be a function of the
genetic (such as mutations) as well as physiological (rate of proliferation) difference in
these cell lines, which presumably represents the variations observed between distinct
tumors. Comparison between the hits in the two cell lines was performed under both
conditions. Under normoxic conditions, 174 genes are essential to both cell lines, which
represents 32% and 38% of the total normoxia hits in GS6-22 and MGG 8 cells
respectively. 118 genes (~1.2%) are required for the growth of both cell lines under
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Figure 3.2: Selected Essential Genes for GS6-22 and MGG 8 in Both Conditions as
well as Hypoxia Exclusively. Gene hits between GS6-22 and MGG 8 under normoxia
and hypoxia were compared to find gene hits in both conditions. Hypoxia specific hits
represent genes, which score as a hit in hypoxia but not under normoxic conditions.
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hypoxic conditions (Supplementary Figure S1). The 81 core essential genes, i.e. genes
important for both cell lines under both normoxic and hypoxic conditions, were identified
(Figure 3.1D). Selected essential genes are listed in Figure 3.2 and are annotated if they
are known to be relevant in cancer biology. Approximately 50% of the normoxia genes
are also essential for survival under hypoxic conditions. By contrast, close to 70% of the
genes important for survival under hypoxic conditions are also essential for survival
under normoxia (Figure 3.1D). Selected hypoxia specific genes are listed in Figure 3.2.
This analysis indicates that most survival genes are common to both conditions and
relatively fewer genes are required for hypoxic survival exclusively. Identification of
these pathways that these genes regulate may be important in understanding the biology
of GBM stem cells in the hypoxic microenvironment. The core essential gene list
represents the best candidates for drug discovery for targeting GBM stem cells across
multiple GBMs under both normoxia and hypoxia.
The core list of essential genes consists of various proteins involved in key housekeeping
functions of the cells. Indeed many of these genes, almost 50%, were previously known
to be important for cell viability and have been identified by various screens as a part of
the core set of essentiality genes for different cell lines [267, 271]. Top hits of the screen,
include genes important in transcription (eg. POLR2B), translation (eg. RPS6, RPL30)
as well as part of the proteasomal machinery (eg. PSMA1, PSMB2) (Supplementary
Table S1). These key functions are important for all cell types and enrichment of these
hits confirms the validity of the screen.
Analysis of the core essential gene list using Ingenuity Pathway Analysis
(www.ingenuity.com) likewise revealed the enrichment of canonical pathways involved
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(A) Pathways Affected by Core Essential Genes

(B) Comparison between pathways when known essential genes are excluded

(C) Top Pathways and Networks represented by Hypoxia Specific Gene Hits

Figure 3.3: Ingenuity Pathway Analysis of essential genes from screen. (A) Top
canonical pathways enriched by analyzing 81 genes essential to both cell lines under both
conditions. (B) Comparison between (A) and the common hits after removing known
essential genes. (C) Top canonical pathways and networks enriched by analyzing hypoxia
specific gene hits.
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in translation and proteasomal degradation. This was mainly on account of a number of
elongation factors and proteasome subunits that were scored as hits in the screen, as was
to be expected (Figure 3.3A). Removal of these known essential genes did not
significantly change the pathway enrichment (Figure 3.3 B). However, a few pathways
important in GBMs such as Ran signaling, which is known to play a role in various
cancers including GBM, were no longer enriched after removal of the known essential
genes from the list of hits, indicating its core function in various cell types.
(Supplementary Figure S3.2) [272]. A number of calpain proteases and GRB2
contributed to the enrichment of FAK signaling, which was unchanged in the
comparative analysis in Figure 3.3 B. (Supplementary Figure S3.3). Interestingly, known
important GBM pathways such as MAPK or RTK signaling pathways were not enriched
in this list. This may be due to redundancy in the proteins present in these pathways as
well as due to the compensation by other signaling pathways involved in survival of these
cells. Interestingly, hypoxia signaling was enriched as a canonical process in the hits that
were common to both conditions. This may be due to the HIF genes being activated in
normoxia in these cells lines and their role in the induction of stemness. This was not
observed in the analysis of hypoxia-specific gene hits from the screen (Figure 3.3C).
Although hypoxia relevant genes were not overrepresented in this analysis, the top
networks regulated by these genes are known to be important in cancer biology.
Data Analysis Using BAGEL algorithm and Comparison with MAD
To compare and contrast the genes that are identified using 2 distinct published statistical
methods, we performed a second data analysis using the Bayesian Analysis of Gene
EssentiaLity (BAGEL) algorithm [267, 271]. This algorithm calculates a Bayes Factor
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for each gene to estimate the probability of its essentiality utilizing two gene lists to train
the algorithm; an essential and a non-essential gene list. Using data from previously
published screens across different cancers and cell lines, the essential gene list comprised
of genes commonly scored as hits across various cell lines in different screens and the
non essential gene has genes with no effect on cellular proliferation or survival. The
Bayes Factor (BF) determines whether a test gene is more likely to be an essential gene
than a non-essential gene. BF>5 for a gene indicates that it is likely to be essential for
maintaining cellular viability. In contrast to the MAD analysis, the bayes factor combines
the effects of all targeting hairpins to generate a common score for each tested gene.
The bayes factor was calculated for each gene in the pooled screen of GS6-22 and MGG
8 cell lines by the BAGEL algorithm and a cutoff of BF>5 was applied. We were able to
identify 152 core essential genes (2% of library) common to both cell lines under
normoxic as well as hypoxic conditions (Figure 3.4A). 42 hypoxia specific genes were
identified by this analysis method. Comparing the hits using BAGEL to the 3 MAD
analysis, we observed that almost all genes (66 hits out of 81 genes; 82%) identified
using the MAD analysis were also detected by BAGEL (Figure 3.4B). However BAGEL
missed 15 genes that were detected using MAD analysis, likely due to high number of
ineffective hairpins targeting those genes (Figure 3.4C). At least some of these genes
were validated (see below) suggesting that the BAGEL method is overly strict and misses
some true positives. Only 4 hits were common between the hypoxia specific genes
determined by both analysis methods (Figure 3.4D).
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(B)

(C)

(D)

Figure 3.4: Analysis using BAGEL Algorithm and Comparison with MAD Analysis.
Pooled screening data was analyzed using BAGEL algorithm and a cutoff of BF>5 was
applied. (A) Comparison of the hit under normoxic and hypoxic conditions in GS6-22
and MGG 8 cell lines separately and hits common to both lines under both conditions.
(B) Comparison of core essential genes from BAGEL and MAD Analysis. (C) Gene hits
detected by MAD analysis but not by the BAGEL algorithm. (D) Hypoxia specific hits
detected by both BAGEL and MAD analysis methods.
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Figure 3.5: Validation of RBX1 and KIF11 Hits from Screen. (A) Viability in
response to shRNA targeting RBX1 was determined in 3 different GBM-SC cell lines.
(B) Images showing the inhibitory effect of knockdown of RBX1 on growth of GS6-22
and MGG 8 cell lines. (C) Cell viability was measured after knocking down KIF11
protein by siRNA in GS6-22 cell lines and by using KIF11 specific inhibitor, Monastrol
(50µM) in 3 GBM-SC lines.
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Validation of the Top Targets from the Pooled Screen
To validate the top hits of the screen, we utilized gene depletion using siRNA and
shRNA, independent from the targeting sequences used in the pooled shRNA library.
Multiple GBM-SC lines were used to validate gene hits including GS6-22 and MGG 8,
which were used in the screen. Ring Box -1 (RBX1), an E3 ubiquitin ligase and Kinesin
11 (KIF11) play critical roles in cell cycle progression and were the top screening hits in
GS6-22 and MGG 8 cells under both conditions. Depletion of RBX1 protein by shRNA
resulted in a significant decrease in cell viability of three GBM-SC lines tested (Figure
3.5 A-B). KIF11 was also validated as an essential gene using siRNA and Monastrol, a
specific KIF11 inhibitor [260]. Both depletion of KIF11 protein and inhibition of its
activity led to a significant decrease in GBM-SC viability (Figure 3.5 C-D).
Analysis of Essential Kinases
Kinases are among the most attractive targets for drug development. They represent key
signaling nodes regulating various processes critical for survival and functioning of the
cells and are quite druggable. Inhibitors targeting kinases have shown efficacy in the
clinic. Small molecular inhibitors for various kinases have been developed, many of
which are commercially available [273, 274].
We identified the kinases, which are important in cellular proliferation and survival of
GBM-SCs in normoxic and hypoxic conditions. Out of 600 kinases tested, 64 kinases
(10.6%) were hits in GS6-22 or GBM 8 in either oxygen conditions. Comparisons were
performed between 4 different groups/conditions viz. GS6-22 Normoxia, GS6-22
Hypoxia, MGG8 Normoxia and MGG 8 Hypoxia. 40 kinases out of the 64 (~63%) hits
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(A)

(B)

(C)

(D)

Figure 3.6: Analysis of Kinase Hits from Pooled shRNA Screen. Kinase hits in each
condition were identified and then comparisons were performed between the hits in the
various condition (A) Venn diagram representing the number of kinase hits in each
sample as well as common hits. If value for an intersection was zero, the number is not
included in the diagram. (B) List of 3 kinases essential under all conditions. (C-D) Top
canonical pathways and diseases by IPA analysis of all kinase hits, unique to any
condition or common to the conditions.
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were unique to a single condition whereas 15 (23%) were present in two conditions. 6
(~9%) kinase hits were observed in 3 out of 4 conditions tested (Figure 3.6A). Only three
Serine/Threonine kinases, Polo-like Kinase 1 (PLK1), Serine/Threonine Kinase 36
(STK36) and Serum and Glucocorticoid regulated Kinase 1 (SGK1) were identified as
essential for both GS6-22 and MGG 8 cell lines under both normoxic and hypoxic
conditions (Figure 3.6B). As the common essential kinases were few in number, we
performed pathway analysis on all the kinases scored as a hit in the screen, by combining
kinases which were unique and common to either condition or cell line (Figure 3.6C).
The top represented pathways included glioma signaling and metabolic salvage
pathways. The glioma signaling network included gene hits which are present in the
growth factor signaling cascade important in GBM growth, proliferation and survival
(Supplementary Figure S3.4). Analysis of various published RNAi screens shows the
high discordance of identified hits when screening with different libraries using the same
cell lines in contrast to the same library [275, 276]. In view of this, comparison of the hits
determined by the kinase analysis from the Cellecta pooled shRNA screen was performed
with the hits identified by an independent arrayed shRNA kinome screen using TRC
library. This arrayed screening was performed by other members of the laboratory on
GS6-22 cell lines under normoxia. Using 2 independent shRNA libraries, should decrease
the probability of identification of a false positive kinase hits due to screen specific
conditions. Using this approach, we identified only 4 kinases, which were scored as
essential in both screens (Figure 3.7). Of the 4 kinases, CDK4 and KDR are well studied
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kinases with known roles in GBM as well as other cancers[18, 22]. Only SGK1 was
identified as a common kinase in both screening hit analyses.

(A)

Gene Symbol

Description

Fold
Change

CDK4

Cyclin Dependent Kinase 4

0.20

CDKL5

Cyclin Dependent Kinase Like 5

0.17

KDR

Vascular Endothelial Growth Factor
Receptor 2

0.48

SGK1

Serum/Glucocorticoid Regulated
Kinase 1

0.46

Figure 3.7: Comparison between Arrayed and Pooled shRNA screen. Gene hits from
pooled and arrayed shRNA library screening forGS6-22 cell line under normoxic
conditions were compared. These independent screens were performed using the same
GS6-22 cell line.
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Dataset
Core Essential Genes

Download Link
http://bit.do/bUGcN

Core Essentials Excluding
Known Viability Genes

http://bit.do/bUGea

Hypoxia and Normoxia
Specific Genes

http://bit.do/bUGei

Supplementary Table S1: List of hits under different conditions. Table contains links,
which will allow access to list of genes scored as hits in the MAD analysis in the
mentioned datasets.

(A)

Supplementary Figure S3.1: Comparison of hits from different GBM-SC lines.
Essential genes from GS6-22 and MGG 8 were compared by condition of growth in the
screen, viz. normoxic and hypoxic conditions.
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Supplementary Figure S3.2: Ran Signaling Network was one of the top canonical
pathways enriched by analyzing top essential genes from both cell lines identified by the
shRNA screen. Highlighted nodes represent hits identified in the screen.
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Supplementary Figure S3.3: Focal Adhesion Kinase Signaling Network. FAK
canonical signaling pathway was identified by analyzing the core essential gene hits from
the screen and was unchanged after analysis was performed on the gene hits after
removal of known essential genes. A number of Calpain proteases are enriched in this
network. Highlighted nodes represent hits identified in the screen.
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Supplementary Figure S3.4: Glioma Signaling Pathway was one of the top canonical
pathways enriched by analyzing top kinases from either cell lines identified by the
shRNA screen. Highlighted nodes represent hits identified in the screen.
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Chapter 4
Role of SGK1 in GBM-SC Proliferation and Survival

Figure Contributions:
Figure S4.4A was contributed by Surbhi Goel-Bhattacharya.
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Introduction
The Serum and Glucocorticoid regulated kinase 1 (SGK1), as the name suggests, was
discovered as a transcriptionally induced gene in the presence of serum and
glucocorticoids. The list of SGK1 inducers has now been expanded to include a number
of different environmental stimuli including oxidative and osmotic stress and UV
irradiation [277–279].SGK1 is an AGC kinase family member which includes kinases
such as Akt, PDK1, PKC and the S6Kinase [280]. Like other AGC kinases, SGK1 is
phosphorylated on its T-loop (Thr256) and hydrophobic motif (Ser422) by upstream
kinases (PDKI and mTORC2 respectively) to regulate its kinase activity [281, 282].
Activation of the Wnt pathway and WNK1 have also been shown to regulate SGK1
activity [283]. SGK1 and AKT share a similar consensus target phosphorylation site
RXRXXS/T [284]. This indicates that these two kinases should share many downstream
targets, which is indeed observed. However, differences in active site conformation, lack
of a lipid binding phox domain and presence of a nuclear localization sequence indicates
complementary and non-redundant functions of the two proteins [282, 285–287]. The
abundance of SGK1 is regulated post-translationally by ubiquitination and degradation by
the CHIP and Cullin-1 ubiquitin ligases and the proteasome respectively with a half life
of around 30 mins [288–290]. This allows the induction and degradation of SGK1 within
20 mins of exposure to inducing stimuli [291]. The most well described role of SGK1 is
the regulation of abundance of the epithelial sodium channel (ENaC) to regulate sodium
excretion in the kidney upon stimulation by aldosterone, an antidiuretic hormone [292,
293]. SGK1 regulates degradation of ENaC by phosphorylating and inhibiting ubiquitin
ligase NEDD4-2 thereby affecting the Na+/K+ movement across the plasma membrane in
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the principal cells of the kidney collecting duct. [294, 295]. This molecular function is
brought to the fore when a salt-free diet is fed to SGK1 knockout mice, which show a
significant loss renal NaCl loss, indicating its importance in the reabsorption of sodium in
the kidney due to decrease in ENaC proteins on the plasma membrane [296]. The
knockout mouse does not have any other obvious deficiencies, indicating that SGK1 is
not essential for cell function and thus may be a suitable drug target for GBMs due to the
low potential of side effects.
The primary role of SGK1 in tumor development is as a regulator of cell death through
multiple different mechanisms. SGK1 is a part of a cytoprotective signaling network
regulating the balance of pro- and anti-apoptotic proteins [291, 297]. The anti-apoptotic
activity of SGK1 is mediated through the phosphorylation of FOXO3a and IKKβ. SGK1
phosphorylates FOXO3 preferentially at Ser315, with Akt acting on Ser258, to sequester
the transcription factor in the nucleus in 293T cells [287, 298]. FOXO3 regulates a
number of pro-apoptotic proteins such as Bim and TRAIL and its sequestration in the
cytoplasm by SGK1 maintains cellular survival [299]. Regulation of NF-κB by SGK1
was shown in breast cancer [300, 301]. NF-κB is a key transcription factor for
maintaining the expression of anti-apoptotic proteins such as the Bcl2 family protein,
Bcl-xL as well as Inhibitors of Apoptosis proteins (IAPs). SGK1 phosphorylates and
activates IKKβ, which in turn phosphorylates inhibitor of NF-κB, IK-β. This allows for
translocation of NF-κB into the nucleus for target gene transcription. p53 reacts to
cellular stress and can function as an activator of apoptosis [302]. SGK1 has been shown
to activate MDM2 dependent degradation of p53, leading to inhibition of its role in
apoptosis [302]. Interestingly, SGK1 has been shown to be transcriptionally upregulated
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in a p53 dependent mechanism, thus uncovering a feedback loop for the regulation of its
function [299, 303]. Regulation of cell death by the JNK pathway was demonstrated
using the neuroblastoma cell lines SH-SY5Y, treated with neurotoxins to generate
reactive oxygen species (ROS). Overexpression of SGK1 decreased generation of ROS
and rescued the cell death phenotype [304]. SEK1, an inhibitor of JNK activity is a direct
target of SGK1 and is the mechanism through which SGK1 may modulate c-jun
transcription [305]. In addition to regulating cell death by apoptosis, SGK1 also mediates
Ca2+ mediated necrotic cell death in a CAM Kinase II dependent manner [306]. Due to
its ability to mediate survival, mice lacking SGK1 are unable to form tumors in the colon
in response to chemical carcinogenesis [307]. SGK1 also promotes radioresistance in
GBM cells lines, with knockdown of SGK1 leading to decreased survival and increased
radiosensitivity [308]. Recurrent mutations in SGK1 have also been uncovered in
Hodgkin's lymphomas, although it is not clear if they are of a functional significance
[309]. In breast cancer cells treated with AKT inhibitor, overexpressed SGK1 mediated
the resistance of the cells unresponsive to Akt inhibition, indicating that this redundancy
with Akt may be functionally significant [310].
SGK1 importance in tumor development is not limited to its pro survival function.
Increase in SGK1 expression was observed in invasive breast cancer cells, compared to
the non invasive cell types [311]. Further, SGK1 participated in glucocorticoid or CSF1
dependent increase in motility and invasiveness of breast cancer cells [312]. SGK1 is
overexpressed in a variety of cancers [291]. Additionally it may play an important role in
angiogenesis during tumor development. Zarripashneh et al showed the role of SGK1 in
endothelial cell migration and angiogenesis following myocardial infarction [313]. It has
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also been demonstrated to protect endothelial cells against oxidative stress and apoptosis
under hyperglycemic conditions [314].
In order to better understand the role of SGK1 in GBM-SCs, we have validated the
screening hit SGK1 in GBM-SC lines using shRNA, Crispr and a SGK1 specific
inhibitor. We have also tested the SGK1 requirement of traditional glioma cell lines,
fibroblasts as well as normal neural stem cell lines. We further attempted to elucidate the
mechanism behind the loss in viability of GBM-SCs and the molecular pathways
involved.
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Results
SGK1 is an Essential Gene for GBM-SC Viability
SGK1 was the only kinase hit which was common to all the tested conditions in the
pooled shRNA screen as well as in GS6-22 cell lines under normoxic conditions in the
arrayed kinome screen. This overlap, in addition to the availability of a SGK1 specific
inhibitor, motivated investigation of the role of SGK1 in GBM stem cell biology.
SGK1 was validated as a gene important for GBM-SC proliferation and survival using 3
different reagents; shRNA, SGK1 specific inhibitor and Crispr. To ensure that SGK1 was
not scored as a hit due to off-target effects of the screening library shRNAs, we used
independent kinase hairpins (from a different shRNA library) to deplete SGK1 mRNA.
GBM-SCs were transduced with lentivirus encoding the shRNA hairpins targeting SGK1.
Following 48h of puromycin selection and 4 days incubation, cell lysates were prepared
for RNA isolation and western blotting. mRNA abundance of SGK1 was measured using
qPCR and protein levels were assayed using western blotting by a SGK1 specific
antibody. 3 distinct hairpins were able to achieve gene expression knockdown by at least
60%, with 2 hairpins working more efficiently, depleting SGK1 protein by more than
75% of the scrambled control (Figure 4.1A). This was concordant with the amount of
decrease in the SGK1 mRNA level (Figure 4.1B). Viability of GBM-SCs after treatment
with shRNAs was measured using the prestoblue viability assay. Depletion of SGK1
protein by shRNA led to a significant decrease in cell viability of GS6-22 and MGG 8
cell lines (Figure 4.1C, D). Similar sensitivity to knockdown was observed in three
additional patient derived GBM-SC lines
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(A)

(D)

(B)

(E)

(F)

Figure 4.1: Validation of SGK1 as a hit using shRNA. (A) SGK1 mRNA abundance
was quantified by qPCR after depletion with SGK1 shRNAs. (B) Western blotting for
cell lysates after SGK1 knock down using three hairpins. β-actin is used as a loading
control. (C-E) Cell viability assay was performed on cells transduced with shRNAs to
SGK1 or scrambled control using Prestoblue viability assay. Cell growth was measured
7-10 days after puromycin selection depending on the cell line used.
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(Figure 4.1E). All three hairpins showed a similar growth phenotype indicating that even
~60% protein depletion is sufficient for cells to lose viability.
For additional validation of SGK1 as a hit using Crispr, two guide RNAs targeting exon 1
in the SGK1 gene locus were designed and cloned into lentivirus constructs also
expressing Cas9 protein. Expression of small guide RNAs abolished SGK1 protein
expression and resulted in a severe loss of viability in GS6-22 cell line (Figure 4.2A,B).
MGG 8 and GS11-1 cell lines were also susceptible to knock out of SGK1 by the guide
RNAs to SGK1 as determined by prestoblue cell viability assay (Figure 4.2C).
Kinases may be important to the cells not only due to their enzymatic function, but also
due to their structural role in cellular processes, as seen in the case of psuedo kinases. To
determine whether the kinase activity for SGK1 is required for maintaining cell viability
of GBM-SCs, we treated GS6-22 and MGG 8 with commercially available SGK1
specific inhibitor, GSK650394 [259]. Treatment with the inhibitor decreased cell growth
in both cell lines at both 5µM and 10µM concentration, with MGG 8 cells demonstrating
higher sensitivity to drug treatment (Figure 4.3A,B and C). Interestingly, the effect of the
drug is not apparent until 4 days of treatment, after which GBM-SC viability decreases
drastically.
The requirement of SGK1 for in vivo tumor growth was assayed using an intracranial
xenograft mouse model. Luciferase-tagged MGG 8 cells were transduced with SGK1
shRNA or scrambled sequence lentivirus, subjected to puromycin selection and viable
cells counted. 50,000 cells per mouse were injected into female NCR nude mice using
stereotactic intracranial injections with MGG 8 cells containing either scrambled

92	
  
	
  

	
  

(A)

(B)

(C)

Figure 4.2: SGK1 knock out using Crispr/Cas9 system in GBM-SC lines. (A)
Western blot was performed to test efficiency of small guide RNAs to knock out SGK1
in GS6-22 cell lines. β-actin was used as a loading control. (B-C) Relative numbers of
viable cells were measured by prestoblue assay after expression of CRISPR/Cas9 guide
RNAs to SGK1 in (B) GS6-22, (C) GS11-1 and MGG 8 cell lines. A non-targeting guide
sequence (Neg Ctrl) was used as a negative control for the western blot and the
prestoblue assays.
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(A)

(B)

(C)

Figure 4.3: SGK1 Kinase activity is important for GBM-SC survival. GSK650394
was added to GBM-SC cultures at a concentration of 5µM and 10µM for different time
durations. (A) Relative numbers of viable cells were measured by the prestoblue assay for
GS6-22 (A) and MGG 8 (B) cell lines treated with the inhibitor. (C) Image of GS6-22
cell lines after treatment with the 10µM SGK1 inhibitor for 5 days and images were taken
using the EVOS inverted microscope at 10X magnification.
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control or SGK1 knockdown (n=11 for shScr, n=10 for shRNA-1, n=11 for shRNA-2).
The time to death for the mice was noted and Kaplan Meier survival curve was plotted.
SGK1 depletion led to a significant increase in survival of the mouse xenografts as
compared to the scrambled control, indicating the importance of SGK1 for in vivo tumor
growth (Figure 4.4). The SGK1 shRNA treated cells were able to form tumors in some
mice, although it is not clear if this was due to growth of MGG 8 cell population resistant
to SGK1 inhibition or if the cells re-expressed SGK1.
Phenotype of SGK1 knockdown is specific to glioblastoma stem cells
In order for a drug to have high efficacy, it is important to target GBM-SC population of
the tumor along with the tumor bulk. To represent the bulk tumor and more differentiated
glioma cell types, we tested effect of SGK1 knock down and inhibition on serum glioma
lines. These are the traditional, widely used cell lines derived from GBM patients.
However, they do not posses stem like characteristics and are grown in presence of 1015% serum in the culture media. Guide RNAs targeting SGK1 cloned into Cas9
expressing lentiviruses were used to knock out SGK1 in U251, U373 and A172 glioma
cell lines. Although efficient SGK1 protein knockout was achieved, U251 cells
proliferation and survival were not affected by depletion of SGK1 as compared nontargeting guide RNA control (Figure 4.5 A,B). U373 and A172 cell lines were also
refractory to SGK1 knockout (Figure 4.5 C). Although A172 shows a trend of sensitivity
to the guide RNAs, this cell line overcomes the proliferation defect after passaging and
grows at a rate similar to the non-targeting control (data not shown). Similar results were

95	
  
	
  

	
  

Figure 4.4: SGK1 knock down provides survival benefit using in vivo xenograft
model. Nude mice were injected intracranially using stereotactic injections with 50,000
cells of the MGG 8 line containing either scrambled control (shScr) or hairpin targeting
SGK1 (shRNA-2, shRNA-3). Figure shows a Kaplan-Meier survival curve for mice with
MGG 8 cells with scrambled or SGK1 knock down hairpins. Mice with shRNA targeting
SGK1 have a significant survival benefit compared to the control (p<0.04).
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(B)

(C)

Figure 4.5: Effect of SGK1 Knockout by Crispr on Glioma Serum Lines. Glioma cell
lines were infected with lentivirus encoding Cas9 protein and small guide RNAs targeting
SGK1 gene locus. (A) Cell viability of U251 cell lines by MTS assay after SGK1
knockout using 2 independent guide RNAs measured 5 days post puromycin selection.
(B) Western blot showing efficiency of SGK1 knock out by Crispr. β-actin was used as
loading control. (C) Effect of small guides targeting SGK1 on cell viability in U373 and
A172 cell viability was tested by MTS assay 5 days after selection with puromycin
compared to the non-targeting control.
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obtained using the small molecule SGK1 inhibitor, GSK650394, at the concentrations at
which GBM-SCs were not able to survive. However, the cell lines are sensitive to higher
concentration of the drug, which is likely due to the effect of the drug on off-target
kinases similar to SGK1. This difference in sensitivity is not due to absence of SGK1
expression from the cell lines used (Supplementary Figure SS4.1A). SGK1 is expressed
in neural stem cells, GBM-SCs as well as in the glioma lines tested. Interestingly, using
Oncomine to analyze various GBM-SC and serum cell line data using the Lee study
database, we observed that the serum lines, which are insensitive to SGK1 depletion,
actually have the highest level of expression of SGK1 (Supplementary Figure S4.1B,C)
[121].
Undifferentiated Cell Types are Selectively Sensitive to SGK1 Inhibition
Side effects developed in response to chemotherapeutic drugs are an important concern
during cancer treatment. These side effects are due to the effect of the drugs on normal
cell types in the body. To investigate the importance of SGK1 in normal human cells, we
treated human fibroblast cell lines and normal neural progenitor cells with the SGK1
inhibitor. Hs27 cell fibroblast lines were refractory to SGK1 inhibition (Figure 4.6A).
Interestingly, normal neural progenitor lines, H04 and SW06, showed decreased viability
when treated with GSK650394 (Figure 4.6B). Although the effect was not as pronounced
as observed in GBM-SCs, these cells display sensitivity to SGK1 inhibition. To test the
importance of Akt in these cells, as a point of reference, we used Akt specific inhibitor
MK2206. We observed a dramatic loss of cell viability in the normal neural progenitor
cells as well as in various tested glioma cell lines (Figure 4.6B, data not shown).
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(B)

(C)

(D)

Figure 4.6: Effect of SGK1 inhibitor on non cancer cell lines and differentiated
GBM-SCs. (A) Hs27 fibroblast cell lines were treated with 10µM GSK650394 or DMSO
control for 5 days and viability was measured using MTS assay. (B) H04 and SW06
normal neural progenitor cell lines were also (C) GS6-22 cells were plated on laminin
coated plates and were grown with SCM or were differentiated using 2% serum in
DMEM. After completion of differentiation, 10µM GSK650394 was added to
undifferentiated cells 2 days after plating and to differentiated cells upon completion of
differentiation protocol. Relative cell viability was measured by prestoblue assay. (D)
Western blot for SGK1 protein abundance before and after differentiation. β-actin was
used as loading control.
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Due to the sensitivity of GBM-SCs and normal neural progenitors to loss of SGK1 but
the lack of it in the non-stem cell lines, we hypothesized that SGK1 is differentially
important in the stem-like cells but not in differentiated cell types. To test this, we
differentiated GS6-22 cell lines using 2% serum containing media on laminin, and
compared the effect of the GSK650394 on the differentiated GS6-22 cells to the
undifferentiated GS6-22 grown on laminin (Figure 4.6C). Interestingly, we observed a
loss of sensitivity of GBM-SCs to SGK1 inhibition upon differentiation, indicating that
SGK1 loses critical role in upon differentiation (Figure 4.6 C). The SGK1 protein is
expressed in differentiated cells, although the expression is reduced compared to the
undifferentiated GBM-SCs (Figure 4.6D).
SGK1 is required for cellular survival of GBM-SCs
The reduced number of viable cells observed due to SGK1 depletion may be due to either
the loss of proliferation or due to effect of SGK1 on cell survival of the GBM-SCs. SGK1
depletion did not impact the expression of known stem cell markers (Supplementary
Figure S4.2). As SGK1 is a known pro-survival kinase, we tested the effect of SGK1
depletion on apoptosis. When cells undergo apoptosis, there is an increase in the flipping
of the phosphotidylserine to the cell surface, which may be detected by binding of
fluorescent-tagged Annexin V to this lipid. Annexin V binding is an early apoptosis
marker. This early event is followed by an increase in cell membrane permeability, which
can be detected by incorporation of propidium iodide (PI) into the nucleus of the cell.
Apoptotic cells in the population are double positive for Annexin V
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(A)

(B)

Figure 4.7: Effect of shSGK1 on Annexin V/PI apoptotic population in GS6-22.GS
6-22 Cell line was transduced with shSGK1 or shScrambled lentivirus and puromycin
was used to select uninfected cells. Annexin V-GFP and PI were used to stain cells at day
4 (A) and day 5 (B) post selection and number of events in R3 quadrant containing the
Annexin V and PI double positive cells were quantified.
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and PI staining. To determine whether SGK1 depletion leads to an increase in this
population of cells, we transduced shRNA to SGK1 into GS6-22 cells and following 4
days of selection, assayed for Annexin V and PI apoptosis markers by flow cytometry. A
significant increase in the Annexin V / PI double positive cell population was detected in
SGK1 knockdown cells as compared to the scrambled control (Figure 4.7 A). The
number of cells in this population increases with time at day 5 of treatment (Figure 4.7B).
Treatment with GSK650394 also increases the number of apoptotic cells in GBM-SCs
(Supplementary Figure S4.3A). However, only a small percentage of U251 cells are
positive for this marker (12% as compared to 60% at day 5), demonstrating the
differential sensitivity between stem and non-stem GBM cell lines (Supplementary
Figure S4.3B).
Mechanism of SGK1-dependent Cell Death is Not Caspase-3 Mediated
The canonical pathway for apoptosis induction is via the caspase cascade[315]. Internal
or external death stimuli lead to cleavage and activation of caspases in the cells leading to
cleavage of downstream substrates such as cleavage of poly ADP ribose polymerase
(PARP) by active caspase 3[316]. This change can be detected and used a marker for cell
death by apoptosis. Upon knockdown of SGK1 by shRNA, we observed induction of the
cleaved form of PARP, indicating activation of the caspase cascade (Figure 4.8A).
Although we do observe a decrease in the total caspase -3 and -9 (Figure 4.8 B), we are
unable to detect the presence of or any increase in the cleaved form of the caspases. It is
possible that the cleaved forms of these enzymes are quickly degraded by the proteasome
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thereby preventing their detection. However, addition of proteasome inhibitor MG132 for
24 hours does not enable detection of the cleaved forms of the caspases. Interestingly, the
(A)

(D)

(B)

(C)

(E)

Figure 4.8: Role of Caspase -3 cascade of apoptotic cell death in SGK1 depleted
GBM-SCs. (A) Western blotting to test for induction of cleaved isoform of PARP, a
marker for apoptotic cell death, in SGK1 knock down GS6-22 cell line. β-actin was used
as loading control. (B) Testing activation of caspase 3 and -9 by detection of cleaved
form of enzyme by western blotting. β-actin was used as loading control. (C) Cells were
treated with MG132 proteasome inhibitor for 24 hrs in cells with SGK1 control or knock
down lentivirus. Western blotting was performed to measure abundance of cleaved
caspase 3 under above conditions. (D) Relative number of viable cells was determined by
prestoblue assay of GS6-22 cells co treated with SGK1 inhibitor (GSK650394) and zVad-Fmk, a pan caspase inhibitor. (E) Caspase -3 and -7 activity assay was performed on
shSGK1 cells compared to the shScr. Neg Ctrl represents DMSO treated. Temozolomide
(TMZ) treatment was used a positive control for induction of apoptosis dependent on
caspase activation.
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amount of decrease of total caspase-3 upon SGK1 knockdown is attenuated (Figure
4.8C). This leads us to speculate that the mechanism of cell death by SGK1 depletion
may not be caspase dependent. In concordance with this data, we do not see a rescue of
the cell death phenotype when we co-treat the cells with the SGK1 inhibitor and q-VdOPh, an irreversible pan caspase inhibitor (Figure 4.8 D) [262]. Further using an assay
for caspase-3 and -7 activation, no increase in activity of these enzymes was detected
upon depletion of SGK1 by shRNA (Figure 4.8E). As a control, to show that we can
detect cleaved caspase-3, we added YAP inhibitor, Verteporfin and TMZ as a positive
control in the q-Vd-OPh and caspase activity assays respectively. TMZ increases the
caspase-3 and -7 activity as expected in the assay. Treatment with vertoporfin induced the
cleavage of caspase-3 and PARP in GBM-SCs. The former shows that cleaved caspase-3
can

be

detected

in

the

cell

lines

upon

induction

of

apoptosis

(SupplementaryFigureS4.4A). Further, the induction of PARP by Vertoporfin is
decreased by treatment with caspase inhibitor q-Vd-OPh, showing that q-Vd-OPh is
active in GBM-SCs (Supplementary Figure S4.4B). .
Regulation of Survival Pathways by SGK1 in GBM-SCs is Unclear
FOXO3a and NF-κB pathways are two such known signaling cascades downstream of
SGK1, which may activate apoptosis upon depletion of SGK1. SGK1 specifically
phosphorylates FOXO3a, a pro-apoptotic transcription factor, on residue serine 315
(S315) and sequesters it in the cytoplasm, preventing induction of apoptosis [287]. We
hypothesized that depletion of SGK1 should decrease S315 phosphorylation and increase
FOXO3 in cytoplasm. However, an increase in phospho S315 FOXO3a was observed in
SGK1 depleted cells, indicating compensation by other cellular kinases for the loss of
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SGK1 to retain FOXO3a in the cytoplasm (Figure 4.9 A). Further, we tested the
transcriptional activity of FOXO3a by assaying known FOXO3a targets involved in
induction of apoptosis by qPCR. No dramatic change in FOXO3a target genes was
observed at 24hrs of treatment with SGK1 inhibitor. Even though a few genes do show an
increase at 24hrs, that effect is lost by 48hrs (Figure 4.9 B). As SGK1 has been reported
to affect the localization of FOXO3a, we tested the presence of FOXO3a in different
cellular compartments by immunofluorescence staining. Although, there is a small
increase in nuclear FOXO3a upon treatment with the GSK650394 inhibitor compared to
DMSO control, no such increase was observed upon SGK1 shRNA addition (Figure 4.9
C). Taken together, these results indicate that FOXO3a is not likely to be the primary
mechanism of cell death due to SGK1 depletion.
The NF-κB pathway is an important pro survival pathway in the cell. Downstream target
genes of NF-κB include various Bcl2 family members, which are known anti apoptotic
proteins[301]. SGK1 has been previously shown to phosphorylate and activate IKKβ,
which in turn phosphorylates inhibitory scaffold protein IKβ. This enables release of NFκB into the nucleus for transcription of genes important in maintenance of cellular
viability. To study the effect of SGK1 on the NF-κB pathway, we assayed the subcellular
localization of NF-κB as well as the gene expression of downstream targets. The
subcellular localization of NF-κB remained unchanged upon SGK1 shRNA treatment
compared to the scrambled control (Figure 4.10 A). NF-κB regulates the transcription of
several Bcl2 family members of anti-apoptotic proteins and genes important in cellular
survival. If NF-κB is sequestered out of the nucleus, there would be a change in the gene
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Figure 4.9: Role of FOXO3A in SGK1 inhibition induced cell death. (A)
Phosphorylation sites on FOXO3a were assayed using phospho specific antibodies by
western blotting. β-actin was used as loading control. (B) FOXO3a downstream target
gene expression of pro-apoptotic genes was measured using qPCR. Values were
normalized to the B2M control. (C) Immunofluorescence staining of FOXO3a in
response to treatment with inhibitor or shRNA targeting SGK1.
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Figure 4.10: Role of NF-κB in SGK1 inhibition induced cell death.
(A) Immunofluorescence staining of NF-κB to visualize subcellular localization in
response to treatment with shRNA targeting SGK1. (B) NF-κB downstream antiapoptotic target gene expression was measured using qPCR. Values were normalized to
B2M control. (C) Western blotting to test expression of pro-apoptotic gene targets of NFκB. (D) Western blotting to check for transfection efficiency of Flag-tagged
constitutively active IKKβ kinase (IKKβ-CA) in GS6-22 cell line. (E) Prestoblue
Viability assay to measure difference in growth in untransfected (Neg ctrl) and IKKβ-CA
in response to treatment with SGK1 inhibitor (10µM). Inhibitor treated samples have
been normalized to the DMSO control of that group.
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expression of its targets which we measured using gene specific primers using qPCR. The
expression of anti-apoptotic NF-κB target genes was not significantly reduced by
treatment with the SGK1 inhibitor at 24 and 48 hrs after treatment with inhibitor (Figure
4.10 B). As SGK1has been reported to activate this pathway by activating IKKβ,
constitutive activation of IKKβ should rescue the apoptotic effect upon SGK1 inhibition.
To confirm this, we transfected constitutively active IKKβ (IKKβ -CA) into GBM-SCs
(Figure 4.10 C). This however did not rescue the cell death phenotype observed by SGK1
inhibition (Figure 4.10 D). This shows that NF-κB pathway likely does not mediate the
cell death induced by SGK1 knockdown in GS6-22 cells.
Other signaling pathways such as Wnt, p53 and JNK may be involved in the induction of
cell death by SGK1 depletion. SGK1 affects the stability of β-catenin and p53 by
phosphorylation of upstream negative regulators, GSK-3β and MDM2 respectively
(Figure 4.11)[302, 317]. To examine this, the abundance of β-catenin and p53after
knockdown of SGK1 by shRNA was determined by western blotting. There was no
significant change observed in the abundance of either protein in response to SGK1
depletion (Figure 4.11 A,B). Furthermore, treatment of p53 depleted cells with SGK1
inhibitor resulted in similar sensitivity observed the un-transduced GS6-22 and MGG 8
cell lines, ruling out the involvement of p53-dependent apoptosis induction.
Another hypothesis for this phenomenon was the JNK/p38 stress pathway dependent
apoptosis induction. SGK1 is regulated by various environmental stressors, and may play
a key role in maintaining survival in the presence of basal levels of these factors. JNK
and p38 are stress MAP kinases and have been shown to be activated during cell death
SGK1 has been shown to negatively regulate JNK activity by phosphorylating upstream
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kinase SEK1 [304, 305]. Co-treatment the GS6-22 cell line with either the JNK or p38
inhibitors with GSK650394, however, was unable to rescue to the phenotype observed
upon treatment (Figure 4.11 C,D). Although more definitive experiments need to be
performed to definitively rule out these pathways, these preliminary data suggest that
these pathways may not influence the mechanism of cell death induced by SGK1
depletion and inhibition. Further investigation is required to elucidate the pathways by
which SGK1 maintains survival of GBM stem cells.
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Figure 4.11: Effect of β-Catenin, p53 and JNK pathway on SGK1 inhibition induced
cell death. In GS6-22 cells, (A) Abundance of β-catenin was tested in response to SGK1
knock down by shRNA using specific antibody. (B) p53 protein levels were tested by
western blotting for investigating different in abundance upon SGK1 inhibitor treatment.
p53 was knocked down using shRNA lentivirus and SGK1 inhibitor was added to the
wild type and knock down cell lines. Viability was measured using prestoblue viability
reagent. (C) Cotreatment of GSK650394 (SGK1 inhibitor) with, JNK inhibitor
(SP600125) and p38 inhibitor (SB203580) was performed in GS6-22 cell lines and cell
viability was measured using prestoblue viability assay.
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Supplementary Figure S4.1: Expression of SGK1 in various cell lines. (A) Western
blot showing SGK1 abundance in the cell lines used including GBM-SCs, serum glioma
line, HS27 fibroblast line and normal neural progenitor cells. (B) Data mining Lee Brain
database in Oncomine to compare expression of SGK1 between normal neural stem cells
and GBM stem cells. (C) Comparison of expression of SGK1 in serum-cultured and
serum-free glioma lines by Oncomine using the Lee Brain database.
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Supplementary Figure S4.2: SGK1 knockdown does not affect stem cell marker
expression. GS6-22 cells were transduced with lentivirus with SGK1 shRNA or
scrambled hairpin. After puromycin selection, RNA was extracted and gene expression
changes were measured using qPCR.
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Supplementary Figure S4.3: Comparison of Annexin V/PI stained population after
SGK1 inhibitor treatment. GS6-22 (A) and U251 (B) cell lines were treated with
GSK650394 (10µM) or DMSO control for 4 days. Following this, cells were double
stained with Annexin V-GFP and PI and amount of staining was assessed using flow
cytometry. Quadrant R13, representing the double positive population of cells was
quantified and graphed.
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Supplementary Figure S4.4: Detection of cleaved caspase 3 and PARP after
Verteporfin treatment. GS6-22 and MGG 8 lines were treated with apoptosis inducer
Verteporfin and pan caspase inhibitor, q-VD-OPh for 24 hrs. Western blot to was
performed to detect (A) cleaved form of Caspase 3 (B) cleaved and full-length PARP
protein levels in GBM-SC treated with Vertoporfin and q-VD-OPh as indicated.
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Chapter 5
Identification of molecular markers of GBM-Stem Cells

Figure Contributions:
The following people contributed to the work for Monoclonal antibody screening
(Figure 1, 2A,B): Mike Boncaldo, Forrest White, Maureen Sherry-Lynes, Caitlyn Synder,
Douglas Jefferson, Shelley Grubman, Willem Louis and Brent Cochran
Experiments in the Figures 5.4 and 5.5C were performed by Colleen Flanagan.
Experiments in the Figures 5.7 and 5.9 were performed by Dorjee Norbu.
Other important contributions on this work were made by Sean Koerner, Alex Neil, and
Brendan Waldoch.
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Introduction
The primary marker used for identification of GBM-SCs from a tumor population has
been CD133 [88, 100, 102]. However, previous studies have shown that CD133 may not
be the best marker due to its responsiveness to various external stimuli in both stem cells
and non stem populations [174]. Further, various studies have also found that using
CD133 as a marker may lead to false negatives as CD133- populations in some tumors
may possess stem-like characteristics similar to CD133+ cells as well as give rise to
neurospheres expressing CD133. These cells are postulated to be the true progenitor cell
population [183]. Further, in the hierarchical stem cell models, there may be cells present
that are in the path to terminal differentiate, but have not lost all their stem cell
characteristics, such as transit amplifying cells. There is a need to identify additional
markers, specific to the various types of stem-like cells represented in the tumor, which
may be used in place of or in conjunction with CD133. To this end, we generated
monoclonal antibodies against GBM stem cells in culture. These may have use as
putative biomarkers to various stem states of the tumor cells and may possibly be used
for therapeutically targeting this population.
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Results
Generation and Screening of Novel Monoclonal Antibodies
To isolate markers specific for the undifferentiated state of GBM-SCs, mice were
immunized with a mixture of fixed and live GS6-22 and GS7-2 cell lines, two patient
derived GBM-SC cell lines. Antibody producing B-cells from these mice were then fused
with immortalized tumor cells to make antibody producing and immortal hybridoma
cells. Cells were separated to clone hybridoma cells producing antibodies against a single
antigen. 800 monoclonal antibodies were isolated from different clones for use in the
screening described below (Figure 5.1).
GBM-SC cell lines were differentiated by removal of the growth factors and addition of
2% serum to the growth medium. This differentiates the GBM-SC lines leading to
decrease in stem cell marker expression and a corresponding increase in expression of
differentiation markers [74]. GS6-‐22 GBM stem cells were seeded into 96 well laminin
coated plates at 5000 cells/well and cultured for 1 week in either stem cell media or
differentiation media. Cells were then fixed with 4% paraformaldehyde and stained with
the monoclonal antibodies using goat anti--‐mouse IgG coupled to PE as a secondary
antibody for visualization. Antibody concentrations and staining times were the same
across samples as was the image exposure time and aperture using the imageXpress
microscope. Thus, differences in signal intensity should only reflect differences in
antibody binding. The antibodies that detected their respective antigen in the
undifferentiated state but not after differentiation were considered a screening hit and a
putative stem cell marker. 10 candidate monoclonal antibodies were identified which
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(A)

Figure 5.1: Schematic of the screening strategy. Diagram showing the steps taken to
generate and isolate novel monoclonal antibodies by immunizing mice with live and
fixed GS6-22 and GS7-2 cell lines and screening undifferentiated and differentiated
GBM-SCs for loss of staining in the latter group.
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Undifferentiated GBM-SCs

Differentiated GBM-SCs

(A)

mAb 1-13

mAb 1-38

mAb 1-52

mAb 2-81

mAb 3-3

Figure 5.2A: Representative differential staining of differentiated and
undifferentiated glioblastoma stem cells by monoclonal antibodies. GS6-‐22 GBM
stem cells were grown as undifferentiated or differentiated cells on laminin. Indicated
monoclonal antibodies were used to stain the cells Differences in signal intensity should
only reflect differences in antibody binding. Results for mAbs 1-13, 1-38, 1-52, 2-81, 3-3
are shown.
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Undifferentiated GBM-SCs

Differentiated GBM-SCs

mAb 4-13

mAb 6-18

mAb 7-17

mAb 7-18

mAb 7-23

Figure 5.2B: Screening of Undifferentiated and Differentiated GBM-SCs. Same as
5.2A. Results for mAbs 4-13, 6-18, 7-17, 7-18 and 7-23 are shown.
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were able to stain undifferentiated GS6-22 and GS7-2 cells, but the staining significantly
decreased upon differentiation of the cell line (Figure 5.2A, B). These candidate
antibodies were selected for further characterization.
Monoclonal Antibodies are Specific to Stem Cell Populations
To confirm that the antibodies were able to detect the denatured antigen, extracts of
undifferentiated and differentiated GBM stem cells were assayed by western blotting.
Using this method, we were also able to confirm the stem cell specificity of staining for
these antibodies observed during the screen. 5 out of the 10 candidates were able to detect
their respective antigens by western blotting. These 5 antibodies detected antigens of at
least 4 different molecular weights and were specific to undifferentiated GS6-22 and
GS7-2 stem cell lines from both the GS6-22 and GS7-2 cell lines, but not in differentiated
cells from the same cell line (Figure 5.3). This indicates that at least 4 different antigens
are recognized by these 5 antibodies. mAbs 1-38 and 7-17 recognize proteins of 56 KDa
that could be identical, but mAb 7-17 also recognizes a second smaller protein that may
or may not be a derivative of the larger 56 KDa protein. The β-actin loading control for
the GS6-22 differentiated sample was low, but there was no antigen detected in this
lysate. Although the pattern of staining was similar to GS7-2 cell lines, western blotting
with a more even loading is required to conclusively exclude the presence of the antigen
in the differentiated GS6-22 lysates. However, the immunofluorescent staining would
indicate the antigen is indeed down-regulated upon differentiation. This indicates that the
expression of these antigens is specific to the undifferentiated state of the GBM-SCs and
is independent of the secondary structure of the antigen.
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Figure 5.3: Expression of antigens in GS6-22 and GS7-2 before and after
differentiation. (A) Western blotting was performed using the monoclonal antibodies as
the primary antibody on undifferentiated and differentiated GS6-22 and GS7-2 protein
lysates. β-actin was used as a loading control.
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Figure 5.4: Expression of mAb 1-38 and 7-18 antigens in embryonic stem cells:(A)
Western blot showing the presence of antigen for mAb 7-18 and 1-38 in GS6-22, H3
embryonic stem cell lines as well as in two iPS lines: 151 A mod RNA iPS and BI iPS
cells. Fully differentiated HBD9 or motor neuron line showed no staining. (B) Western
blot for mAb 7-18 antigen in H3 embryonic cells and partially differentiated H3 cells. (C)
Western blotting showing mAb 7-18 antigen expression over a time course of H3
differentiation with SMA iPS motor neurons and HBD9 motor neurons as terminally
differentiated lysates. GS6-22 lysate was used a positive control and β-Actin was used as
loading control.
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As these antigens are specific to the stem cell population, we investigated their presence
in embryonic and induced pluripotent stem cell lines. H3 embryonic stem cells, 151 A
mod induced Pluripotent Stem (iPS) cells and BI IPS stem cells were tested for the
presence of the antigens detected by the monoclonal antibodies. A differentiated motor
neuron produced from HBD 9 ES cell lines, was also assayed for the same. Interestingly,
mAb 7-18 and mAb 1-38 antibodies detected the presence of their antigen in all the
undifferentiated cell lines, but were not able to detect it in the differentiated HBD 9 motor
neuron lysate (Figure 5.4A). Differentiated H3 cells showed similar results when
immunoblotted by mAb7-18 (Figure 5.4B). To determine the point at which the antigen
is lost during differentiation, we procured lysates of H3 embryonic cells at different time
points during differentiation. The abundance of the antigen for mAb7-18 decreases over
the course of differentiation, with the staining completely lost upon complete
differentiation. SMA iPS cells that were completely differentiated to motor neurons also
show no expression of antigen for mAb 7-18 (Figure 5.4C). Two bands are observed in
the lysates, which may indicate the presence of posttranslational modification, or
alternate splice variants of the antigen detected by mAb 7-18. The upper band is the first
to decrease in abundance as early as Day 1 and 3, suggesting that this isoform may have a
special function in the stem cell state.
Candidate Antibodies Do Stain Other Cancer Cell Types
To determine if the antigens are specific to GBM-SCs, we assayed various cancer and
normal non stem cell lines, which are grown in serum containing medium by western
blotting and immunofluorescence. Although, mAb1-38 did not stain any of the tested cell
lines by western blotting, presence of the antigens was detected in HS27, MCF7 and
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Figure 5.5: Expression of antigens for mAbs in serum cell lines. Western blot with
staining for antigen of mAb 1-38 (A) and mAb 1-13 (B) in various glioma (U373, U251,
U87, T98), breast cancer (MCF7), gastric cancer (AGS) and fibroblast (HS27) cell lines.
GS7-2 and GS6-22 lysates were used as positive controls. (C) Expression of antigen in
various recognized by mAb7-18 in colorectal cancer lines (T84, HT29, CaCo2A,
Colo201) was tested using western blot by mAb7-18 antibody.
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U251

MCF7

HS27

mAb1.38

(B)

Figure 5.6 A-B: Immunofluorescence staining of serum cell lines. Various serum lines
were stained using mAbs by immunofluorescence and imaged using a Zeiss Microscope.
The antigen for mAb 1-38 (A) and mAb 3-3 (B) was expressed in various serum lines.
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U251 cell lines by immunofluorescence (Figure 5.5A, Figure 5.6A). mAb1-13 staining
by western blotting was detected in U251 glioma cells as well as in HS27 fibroblast cell
lines (Figure 5.5B) and mAb 3-3 was able to stain U251, MCF7 and Hs27 cell lines by
immunofluorescence (Figure 5.6B). The other monoclonals were not able to detect the
antigens in these cell lines by immunofluorescence. Four colorectal cancer cell lines were
also stained by western blotting with mAb 7-18. 3 out of 4 tested colorectal cell lines
were positive for the presence of the antigen of mAb 7-18 (Figure 5.5C). Taken together,
these results show that although these antibodies do show some specificity to
undifferentiated stem cells, but the antigens are not exclusively expressed in stem cell
populations and may have a functional role in other more differentiated cells.
Identification of Antigen for mAb 7-18
In order to assess the utility of the antibodies as a cell surface marker or therapeutic, it is
necessary to identify the antigens recognized by the antibodies. mAb 7-18 was chosen for
initial characterization due to its ability to detect its antigen by western blotting in various
undifferentiated stem cell lysates. Furthermore, the antigen for mAb 7-18 is expressed at
a level higher than observed with the other candidate antibodies which should help with
purification and identification.. Our goal was to affinity purify the antigen with the
cognate monoclonal antibody and then identify the antigen by mass spectrometry.
First, we confirmed that mAb 7-18 antibody was binding a protein antigen. Antibodies
often detect post translational modifications (like glycosylation) due to their contribution
to the protein's structure. We inhibited the addition of N-like glycosylation by addition of
tunicamycin to GS6-22 cells prior to collection of cellular lysates, Although one of the
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bands did decrease upon addition of tunicamycin, the smaller antigen was detected by
mAb 7-18 indicating that the antigen bound is likely a protein (Supplementary Figure
S5.1).
Lysates from GS6-22 cells were used to immunoprecipitate the antigen for mAb 7-18.
Antibody was conjugated to protein A/G composite beads. As the band detected by
mAb7-18 in western blots is close to ~50KDa in size, the conjugated antibody was
crosslinked to the beads using Disuccinimidylsuberate (DSS). This prevents the antibody
from being eluted with the antigen and reduces the amount of antibody is detected during
staining of the eluted protein. The heavy chain of the antibody is 55kDa in size and
would contaminate the eluted antigen band after staining the proteins on the gel. The
antigen was successfully immunoprecipitated by the beads and was detected by western
blotting with mAb 7-18 (Supplementary Figure S5.2A). However, the amount of antigen
isolated was not enough for detection by SYPRO Ruby staining, which was required for
detection of the protein by mass spectrometry (Supplementary Figure 5.2B). This was
likely due to small amount of starting material obtained from GBM-SC lysates.
To scale up the amount of antigen, we used the colorectal cancer cell lines, T84 and
CaCo2A, as starting material for the purification as they also express the antigen of
interest and can be grown more easily in larger quantities than the GBM stem cells. A
large scale immunoaffinity column was setup and cell lysate was passed through the
column by gravitational flow. Elution was performed in high salt conditions (4M
Magnesium sulfate) and eluate fractions were collected sequentially. The presence of
antigen in the eluate was detected using western blotting as well as by SYPRO Ruby
staining. We were able to successfully isolate and detect the antigen for mAb 7-18 using
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both methods, with eluate 3 possessing the highest amount of antigen (Figure 5.7A,B).
The resultant band was cut from the gel and sent for mass spectrometry analysis.
Various candidate peptides were identified by mass spec analysis (Figure 5.8A). In order
to identify the antigen for mAb 7-18, we applied the known selection criteria based on
previous experimental data. The antigen for mAb7-18 is detected at ~50 KDa on a
western blot and is present on the cell surface (see below). As the protein is broken down
into smaller peptides for mass spectrometry analysis, a single protein will be divided into
many smaller peptide chains. Detection of only one or two unique peptide sequences for
a given protein increases its probability of being a false positive. For this reason, multiple
unique peptides must be detected for the protein by mass spectrometry for positive
identification of the protein. By investigating the top hits from the results, only the
Coxsackie virus and Adenovirus Receptor (CXADR) protein matched these criteria.
Further, to ensure that this protein was a potential candidate antigen and not a common
contaminant in mass spec analyses, we used the Crapome database to probe the top 20
candidate genes [318]. The crapome database catalogs the various contaminants
commonly detected by mass spectrometry, which can obscure the data that it generates.
Mass spectrometry is sensitive enough to detect the presence of small amount of
contaminants, and this proves to be a drawback during the data analysis. By cataloging
the contaminants, the Crapome database helps in the separation of true hits from false
positives [318]. CXADR is not a common contaminant and was found in only 2/411
experiments in the database (Figure 5.8B). All these data together suggested that CXADR
was a strong candidate for the mAb 7-18 antigen.
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Figure 5.7: Large-scale immunoaffinity purification of mAb 7-18 antigen.mAb- 7-18
was bound to a G-bead column and crosslinked using DSS. T84 and Caco2A lysate was
bound to the column and following elution, sequential fractions of the eluate were
collected. (A) SYPRO Ruby gel staining of proteins found in fraction 3 and 4 of eluate.
Input lysate and mAb 7-18 only were used as a positive control for gel staining and for
correct analysis of eluate band size respectively. Heavy chain of denatured mAb 7-18
runs at ~55 KDa. (B) Western blotting of elution fractions 1-4. IP input and mAb 7-18
only were used as controls for staining antigen and antibody respectively to analyze
correct size of antigen in eluate lanes.
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Figure 5.8: Data Analysis of Mass Spectrometry Results. (A) Putative candidate
antigen was chosen by high number of unique hits, presence on plasma membrane and
approximate size of ~50KDa. (B) The top 20 hits were input into Crapome database to
analyze frequency of hits of each protein found in other unrelated mass spec analyses.
Column 3 represent number of times the candidate protein occurs in different mass spec
results. CXADR is only identified in 2 out of 411 studies, indicating that it's not a
common mass spectrometry contaminant.
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Figure 5.9: Validation of CXADR as putative antigen of mAb 7-18. (A) CXADR
protein was knocked down using siRNA targeting CXADR mRNA and expression of
mAb 7-18 antigen was tested. siDDR1 was used as a positive control for transfection and
knockdown. (B) Recombinant CXADR protein was commercially acquired and was run
of SDS-PAGE gel followed by western with mAb 7-18. Detection of CXADR by mAb 718 confirm the antigen identity of mAB7-18 as CXADR.
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To further test this, CXADR was knocked down using siRNA in the GBM-SC line GS622, and other cancer cell lines such as Caco2A and HeLa. The protein was detected using
mAb 7-18 antibody. If CXADR is the antigen for this antibody, its expression should be
reduced by the siRNA. Indeed, mAb7-18 was able to detect a decrease in expression of
CXADR protein in the lysates of siRNA transfected cells (Figure 3.9A). Death Domain
Receptor 1 (DDR1) was used a positive control for testing transfection efficiency of
siRNA, as it has been used by others in the lab to efficiently knock down DDR1 protein.
Further, a commercially available recombinant CXADR protein was run on a SDS PAGE
gel and mAb 7-18 was used to detect its presence by western blotting. mAb7-18
successfully detected the recombinant CXADR protein by western and the staining
increased with the concentration of the protein loaded(Figure 5.9B). A minimum of
200ng of CXADR was required for detection by mAb 7-18. Taken together, these data
show that the antigen for mAb 7-18 is CXADR. The potential role of CXADR in cellular
viability of GBM-SCs was tested using the siRNA pool targeting CXADR mRNA. No
effect on cellular growth was observed upon knockdown of siRNA in GS6-22 and MGG
8 cell lines (Supplementary Figure S5.3). However, the role of CXADR in invasion and
other cellular processes of GBM-SCs is unknown. The identification of the target
antigens for the other monoclonal antibodies is currently under investigation.
Using Candidate Monoclonal Antibodies as Therapeutics
Antibodies have successfully been used as therapeutics against various cancers[319–321].
Bevacizumab, an anti-VEGF antibody, has shown promise by increasing progression free
survival in GBM patients, individually as well as in conjunction with TMZ [12, 13].
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Monoclonal antibodies against immune system checkpoint inhibitors are currently used in
cancer therapy to boost the body's immune response to the tumor [322]. Identification of
novel targets which may be targeted by the candidate monoclonal antibodies may lead to
the development of new therapeutics for GBMs.
Candidate Monoclonal Antibodies Bind to Cell Surface Antigens
The ability of the candidate antibodies to be used as a therapeutic may depend on its
ability to detect and bind its antigen in a tumor mass. This would require the epitope to be
present on the outer surface of the cell membrane which may be bound by the antibody.
More importantly, the antigens should be present not only in patient derived cell lines,
but also should be expressed in the tumor.
To determine whether the monoclonals bind to the antigens on the cell surface, we
performed live cell staining on three GBM-SC lines; GS6-22, GS7-2 and GS11-1. All ten
candidate antibodies detect their antigens on the cell surface to different extents on each
cell line (Figure5.10). 5 out of 10 antibodies detect cell surface antigens on GS6-22 cells,
whereas all the monoclonals detect their antigens on the surface of GS7-2 and GS11-1
cell lines (Supplementary Figure S5.4 and S5.5). This points to the heterogeneity that is
observed between GBM patients and in stem cell lines derived from their tumors. We
tested the ability of these monoclonal antibodies to function directly as inhibitory
antibodies against the GBM-SC lines. This could entail functional blocking of a receptor
or other antigen target by the monoclonal leading to reduction in cellular growth or
viability. GBM-SCs were treated with 10ug/ml antibody in stem cell culture conditions
and growth and viability was measured using prestoblue viability assay. We did not
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observe any decrease in cell proliferation and survival upon treatment of GBM-SCs with
the naked antibody in any of the 10 candidate monoclonals (Supplementary Figure S5.6).
Internalization of Antigen Bound Monoclonal Antibodies
Antibodies may be conjugated with drugs which may be too toxic for treatment by
themselves. An antibody specific to cancer cells would ensure targeted delivery of the
toxin and death in cancer cells specifically. In order for drug-conjugated monoclonals to
function, they usually need to be endocytosed by the cells, which occurs when the
antibodies are bound to their respective targets. To determine if the antibodies are
potential candidates for this approach, we used GS6-22 and GS7-2 cell lines to determine
whether the antibody bound to the antigens is internalized by the cells. To assay this, we
allowed the antibodies to bind the cells. Following binding, the cells were either
incubated at 4°C as a control to block internalization or at 37°C for 2 hrs to allow for
internalization.. Bound antibodies would be internalized if the cell endocytoses the
antigen. This process would be significantly slower at 4°C, but would proceed at 37°C.
The secondary antibody is then applied to both at the end of the incubation and the
percentage of cells stained by the antibody is determined by flow cytometry.
Interestingly, all the antibodies tested in GS6-22 (5 out of 5) were internalized by the
cells as observed by the loss of staining after incubation at 37°C (Figure 5.11 A,B). In
contrast, only 1 out of 5 antibodies showed this decrease in GS7-2 cells (Figure 5.11 C).
This is likely due to different in times taken by each cell to internalize the antigens from
the cell surface. Taken together, these results indicate that these antibodies may be used
to make drug-conjugated monoclonals, although further experiments are required to test
the efficacy of this approach for each antibody.
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Figure 5.10: Summary of Antigens on Cell Surface of GBM-SCs. LiveGS6-22, GS7-2
and GS11-1 were stained using primary candidate monoclonals and fluorescent
secondary antibodies. Cells positive for immunofluorescence were detected using flow
cytometry and percent of positive cells in population was determined. (A) Table with the
percentages of cells showing cell surface presence of the respective antigens.
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mAbs Detect Antigens in Human Tumor Tissue Sections
The expression of the antigens in the primary tumor is important for the monoclonals to
be

considered

for

either

markers

or

as

therapeutic

candidates.

Using

immunohistochemical staining, we tested the expression of candidate antibodies in
human GBM tumor sections. 7 out of the 10 antibodies detected their respective antigens
in the GBM tumors, with mAb 6-18 staining 4 out of 5 patient tumors tested (Figure
5.12). Out of the antibodies that stained human GBMs, 5 mAbs were used to stain 70
GBM tissue sections on a tissue array. All the 5 tested mAbs were able to detect their
antigen albeit at different quantities and intensities on the array (Figure 5.12). A
composite of the staining observed with different antibodies on individual human GBM
tumors and tissue arrays is shown below (Figure 5.13A, B and C). The antibodies also
showed different patterns of staining. mAb 1-13 stained a subpopulation of cells, which
were present around the blood vessels in some tumors. This antibody may stain an
antigen which may be enriched in GBM-SC derived endothelial cells (Figure 5.13 A).
mAb 4-13 also stained a subpopulation of cells, rather than the entire tumor, which may
represent the more undifferentiated cells in the tumor population (Figure 5.13A). The
pattern of staining for mAb 1-38 was more diverse, with only subpopulations stained in
some tumor, and whole tumor sections stained in other (figure 5.13 B). A similar pattern
was observed with mAb 6-18, which strongly stained many sections and tissue punches
from the array (Figure 5.13 C). These results indicate that at least some these antigens
may detect a subpopulation of cells which may be more undifferentiated in phenotype
consistent with the cancer stem cell hypothesis. The extent of staining may be determined
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(A)

(B)
Before Internalization After Internalization

(C)

(D)

Figure 5.11: Antigen internalization by GS6-22 and GS7-2 cell lines. Cells were
bound with candidate mAbs and were allowed to internalize at 37°C or kept at 4°C as
control for 2 hrs. Fluorescent secondary antibody was used to stain the remainder mAb
on cellular surface and positive cells were measured by FACS. (A) 3 representative mAbs
showing FACS plots for GS6-22 stained before internalization (incubation at 4°C) and
after internalization (incubation at 37°C). (B) Quantification of before and after
internalization cell staining in GS6-22 cell line. (C) Analysis of internalization in GS6-22
represented in percent of internalization per hour. (D)Quantification of before and after
internalization cell staining in GS7-2 cell line.
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Figure 5.12: Summary of IHC staining of human tissue sections by mABs. Five
Human GBM (HuGBM) tumor slices were stained with all monoclonal candidate
antibodies and number of positively stained section are represented in column 2.
Monoclonals which stained HuGBM tumors were used to stain GBM tissue arrays
containing 70 GBM tumor punches. Percentage of positive sections in the tissue arrays
are represented in column 3.
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by the genetic makeup of the tumor and its aggressiveness and the percent of tumor stem
cells in the population of tumor cells. As the antigens for the antibodies are present in
tumor tissue samples, we tested if other cancers may also express these antigens. Tissue
specific stem cells often express similar antigens in different tissues. 5 candidate
antibodies were used to stain tissue arrays containing sections with cancer and
surrounding normal tissues for breast, colon, lung and prostate. 3 out of the 5 antibodies
detected their antigen in breast tumors, whereas 2 antibodies stained cells in colon, lung
and prostate tumors. None of the antibodies showed staining in the matched normal
tissues (Supplementary Figure S5.7, S5.8). Only mAb 7-23 was able to stain all 4 tumor
tissue types, but did not stain the normal tissue sections. These results show that the
antigens are specifically expressed in tumor tissue as compared to normal, making these
antibodies attractive prospective candidates for drug development to target tumors in
addition to glioblastoma.
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Figure 5.13A: Composite of positively stained section in HuGBM tumor slices and
tissue arrays for mAb 1-13 and 3-3. HuGBM tumor sections and tissue arrays were
stained with the candidate monoclonal antibodies indicated followed by secondary
binding of a horseradish peroxidase (HRP) conjugated anti-mouse secondary antibody.
The presence of the antigen antibody interaction was detected using DAB (stains positive
regions brown in color) as a colorimetric stain.
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Figure 5.13B: Composite of positively stained sections in HuGBM tumor slices and
tissue arrays for mAb 1-38 and 4-13. HuGBM tumor sections and tissue arrays were
stained with the candidate monoclonal antibodies indicated followed by secondary
binding of a horseradish peroxidase (HRP) conjugated anti-mouse secondary antibody.
The presence of the antigen antibody interaction was detected using DAB (stains positive
regions brown in color) as a colorimetric stain.
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Figure 5.13C: Composite of positively stained sections in HuGBM tumor slices and
tissue arrays for mAb 6-18 and 7-17. HuGBM tumor sections and tissue arrays were
stained with the candidate monoclonal antibodies indicated followed by secondary
binding of a horseradish peroxidase (HRP) conjugated anti-mouse secondary antibody.
The presence of the antigen antibody interaction was detected using DAB (stains positive
regions brown in color) as a colorimetric stain.
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Monoclonal antibodies were generated against GBM-SCs with the aim of identifying
novel molecular markers for this subpopulation of tumor cells which in addition might be
used as potential therapeutics to target these important cells. These antibodies were
specific for undifferentiated GBM-SCs and did not detect the antigens in GBM-SCs after
differentiation. However, the antigens for a few of the antibodies can also be detected in
non-stem cell lines, which is a disadvantage for their use as a marker – though this is a
common problem for existing stem cell markers such as CD133. Monoclonal antibodies
offer specificity to the antigen which is difficult to achieve using chemical inhibitors. The
ability of these monoclonals to bind cell surface antigens which are internalized, may be
an important characteristic for determining whether these may be good candidates to be
used as drug-conjugated monoclonals. Further, their ability to detect antigens in different
cancer types, but not in normal tissues, may be important for their application in multiple
tumor types and as therapeutics with fewer side effects. The identity of the antigens
recognized by the antibodies, except for mAb 7-18 which we have shown to recognize
CXADR, is currently unknown. In order to evaluate the application of these antibodies as
either markers or therapeutics, it is vital to identify the putative antigens and study the
role they play in GBM-SC biology. The significant of CXADR will be discussed further
in the next chapter.
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(A)

Supplementary Figure S5.1: Effect of tunicamycin on mAb 7-18 Antigen. GS6-22
cells were treated with inhibitor of N-linked glycosylation, Tunicamycin at 10µg/ml or
DMSO for 24hrs and 48hrs. Lysates were collected and western blot was performed to
detect antigen to mAb 7-18.
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(A)

(B)

Supplementary Figure S5.2: Immunoprecipitation of mAb 7-18 antigen using GS622 lysates. Immunoprecipitation (IP) using mAb 7-18 was performed on GS6-22 cell
lysates. The eluate from the IP was analyzed by western blotting and SYPRO Ruby
protein gel staining. (A) Western blot of immunoprecipitation and immunoblotting of
GS6-22 lysates using mAb 7-18.(B) SYPRO Ruby gel staining of mAb 7-18
immunoprecipitation eluate and GS6-22 input lysate.
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(A)

Supplementary Figure S5.3: Relative viable cell number of GBM-SCs after
transfection with siCXADR. (A) CXADR protein was knocked down in GS6-22 and
MGG 8 cell lines using siRNA and cell viability was measured after 5 days of siRNA
treatment using prestoblue viability assay.
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(A)
Unstained
Control

mAb 152

mAb 6-18

No Primary
Control

mAb 1-13

mAb 2-3-1

mAb 3-3

mAb 7-17

mAb 7-18

mAb 1-38

mAb 4-61

mAb 7-23

(B)

Supplementary Figure S5.4: Live cell staining of GS6-22 cells with candidate mAbs.
(A) Candidate monoclonal were used to surface stain GS6-22 cell lines and after addition
of fluorescently labeled secondary, positive cells were measured by FACS. (B)
Quantification of the live cell surface staining using the monoclonals.
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(A)

(B)

Supplementary Figure S5.5: Live cell staining of GS7-2 cells with candidate mAbs.
(A) Candidate monoclonal were used to surface stain GS7-2 cell lines and after addition
of fluorescent labeled secondary, positive cells were measured by FACS. (B)
Quantification of the live cell surface staining using the monoclonals.
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(A)

Supplementary Figure S5.6: Relative numbers of viable GBM-SCs treated with
mAbs as naked antibodies. (A) mAbs were added to GS6-22 and GS7-2s at a
concentration of 10µg/ml and effect on live cell number was measured after 5 days using
the prestoblue assay.
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Supplementary Figure S5.7: Summary of staining of tumor and normal tissues.
Tissue arrays (US Biomax Inc) containing tumor and normal tissue punches from the
breast, colon, lung and prostate organs were stained by selected mAbs by IHC. Each cell
represents a section. Blue Cells represent cancer tissue and Green cells are normal
tissues. "X" denotes positive staining in the marked cell.
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Supplementary Figure S5.8: IHC Staining of Normal Tissue Types. Normal section
from Breast, Colon, Lung and Prostate tissue in tissue array (US Biomax Inc) stained
using 5 antibodies viz mAbs 1-13, 1-38, 6-18, 7-17 and 7-23. None of the antibodies
detected their antigens in normal tissues.
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Chapter 6
Discussion and Future Directions
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6.1 Pooled shRNA screening of GBM-SCs
GBM-SCs are important targets for drug discovery since they are resistant to treatment
with conventional chemo- and radio-therapy and are thought to be responsible for tumor
relapse [140, 151]. The enrichment of these populations in hypoxic niches further
enhances these properties leading to incomplete tumor clearance and disease recurrence
in the patients [230]. Hypoxic conditions in the microenvironment may change the
dependency of the cells on particular genetic factors as it does the ability of these cells to
resist chemical and radiological treatment [323]. Besides the known involvement of the
Hypoxia Inducible Factors (HIFs) in cellular hypoxia response, the pathways important
for the cells to survive in hypoxic conditions remain poorly understood [324]. In order to
effectively target GBM-SCs, a better understanding is required of the genes important for
their proliferation and survival under normal oxygen conditions and how these
dependencies change under hypoxia. A good genetic target for drug development should
possess the quality of being targetable using small molecule inhibitors as well as be
required for GBM-SC proliferation and survival in both normoxic and hypoxic
conditions. In addition, the inhibition of the target gene should not be detrimental to other
normal cells in the body.
RNAi screening approaches have been used successfully to identify vulnerabilities of in
vitro cancer cell lines and have led to the development of novel therapeutics against
various types of cancer. Pooled shRNA screening allows for the high throughput testing
of the cells dependence on specific genes without robotics and at a relatively low cost.
This type of screening relies on the integration of one lentiviral shRNA construct per
target cell, so that only one gene is targeted in a single cellular clone. This integrated
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clone can be tagged with a molecular barcode for easy identification and enumeration of
every shRNA hairpin from the pool of cells, all with different integrants.
Using this methodology, we tested the effect of knockdown of ~10,000 genes on the
proliferation and survival of two separate patient derived GBM-SC lines under normoxic
and hypoxic conditions. Data analysis was performed using two distinct methods to
determine the concordance of hits using the two different algorithms.
6.1.1 Comparing MAD and BAGEL Algorithms for Data Analysis
The MAD analysis utilizes a robust Z-score to identify the hairpins which are 3 median
absolute deviations from the mean of the population. In this analysis determinations for
each hairpin were made separately and genes were considered hits if at least 2 hairpins
met the >3MAD and <0.5 fold change cutoff. The 0.5 fold depletion was imposed to
identify the genes with significant effects on cell proliferation.
The Bayesian Analysis using the BAGEL algorithm calculates a Bayes Factor for each
gene to estimate the probability of its essentiality by determining whether a test gene's
mean fold change is more likely to be closer to the known essential genes within the
dataset or to the non essential genes [267]. The known essential and non essential gene
lists have been predetermined using data from numerous previous screens [271]. The
essential gene list includes genes such as those commonly used in the basal transcription
and translation machinery. These genes would be expected to be scored as hits in a
viability screen, due to their requirement in various housekeeping cellular functions
irrespective of the tissue of origin. The non essential gene list comprise of the genes that
had no effect on cellular proliferation or survival as determined by the previous published
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screens. By using the internal data from the screen for this predetermined gene list as a
comparison of the test genes, this allows for robust testing of the requirement of that gene
to the cell.
The bayes factor calculation of the BAGEL algorithm combines the effect of all targeting
hairpins to generate the score. For example, if cell viability is reduced by a fold change of
0.65, but is consistent in 4 out of 5 hairpins, the gene will be deemed essential as opposed
to a gene targeted by 2 out of 5 hairpins which are effective with fold changes of 0.4. The
BAGEL method thus may miss some genes which may be true positives, but are lost due
to averaging the effects of less active hairpins targeting the gene. Any given hairpin may
or may not effectively knockdown the expression of its cognate gene, so a lack of
inhibitory effect of a given hairpin is not significant in the absence of expression
information.
This is in contrast to the MAD analysis in which we require only 2 effective hairpins to
score as a hit. Two shRNAs are required to minimize the number of false positives due
to off-target effects, but to retain most true positives. Of course, true positives that had
only a single effective shRNA would be excluded by the two hairpin requirement. In the
absence of more detailed knockdown data and off-target information, no RNAi analysis
method will be perfect in identifying hits In comparison to other statistical methods such
as BAGEL which rely on information from all targeting hairpins, using the MAD
analysis reduces the number false negative hits missed although there may be a higher
probability of finding more false positives. Comparison of hits from multiple cell lines in
triplicate, should overcome this disadvantage to some extent. Using this criteria increases
the probability of detecting essential genes which would be missed by other analysis
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methods which lay high emphasis on the number of active hairpins targeting the gene.
One such example I have found in this thesis, is SGK1, which was validated as a
definitive hit in Chapter 4. SGK1 did not score as a hit using BAGEL, however was
included in the MAD analysis hit list, which led to its identification as an essential gene
from the screen. SGK1 was a hit in both cell lines and under both conditions by MAD
analysis.
6.1.2 Core Essential Genes in GBM-SCs
The stringent cutoff applied for the MAD analysis resulted in 81 total hits common to
both cell lines and both conditions. Removing the fold change<0.5 cutoff drastically
increases the number of hits but includes hairpins which were only reduced by 30% in
abundance compared to the reference control and are thus have reduced significance in
the biological context. For instance, to achieve a 50% growth reduction over 4 doublings,
requires only a 15% decrease in doubling time per cell division. For this screen, we
would like to find targets that are most likely to have a significant anti-tumor effect. This
pattern emerged due to the clustering of all the hairpins around the mean with most of
them not having a significant effect. Due to the long doubling time and relatively low
saturation density of the GBM-SCs in culture (>24hrs), the duration of the experiment
was probably not enough to allow appropriate number of doublings required to create
adequate separation of the weakly inhibitory hairpins from the rest of the population. This
would lead to a narrower distribution of the data with a low number of hairpins on the
tail, which translates to a lower number of hits. This effect was even more apparent in the
hypoxic condition, in which cells proliferate at a slower rate than in normoxia, for both
cell lines. We attempted to adjust this difference by increasing growth duration for cells
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in the hypoxic conditions. However, this shorter duration and smaller number of
doublings has the advantage of biasing the screen for stronger rather than weaker hits.
Further, the hit rate of the screen may also be influenced by ineffectiveness of the
targeting shRNA sequences and vector. As the multiplicity of infection in the screening is
0.5 to maximize single integrants, it is also possible that the amount shRNA expression
from the single integrated vector is not enough to significantly deplete enough of the
target protein to produce a phenotype. Additionally, the numerous redundancies in the
signaling pathways also adds to the complexity as the knockdown of one protein may not
be enough to produce a phenotype. This may explain why some expected target genes
such as AKT1 were not detected in our screen.
The core essential genes included ones which are required for core processes in cells such
as transcription, translation and proteasomal degradation. To exclude these genes from
the analysis, we compared the essential genes from the screening to the predefined list of
known genes believed to be essential for cellular survival based on multiple screens,
which were used as an internal control training set for the BAGEL algorithm [267]. The
high 50% overlap in these hits indicate the enrichment of genes which produce an
expected growth phenotype upon knockdown. The targeting of these pathways is not
ideal due to their critical functions in the normal cells of the body, inhibition of which
could lead to many side-effects. However, the current standard of care for GBM includes
localized radiation followed by DNA damaging agent TMZ, which also does not
distinguish between normal and cancer cells, but affects the latter more due to their
mitotic index. Similarly, targeting these core processes, is not ideal, but may be effective
due to the dysregulation and hyperactivation of these pathways in cancer tissues [44,
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325]. Inhibitors targeting mRNA translation are currently being investigated, with
candidate drug 4Ei-1 directly inhibiting the cap dependent assembly of the ribosomal
complexes [326, 327]. Further, upstream regulators of translational machinery assembly
such as mTOR, may be targeted in order to affect machinery assembly. Inhibiting the
proteasome has proved a successful strategy with many inhibitors currently in preclinical
trial and some like Bortezomib (or Velcade), that have been approved for use in the clinic
for multiple myeloma [328]. The proteasome shows increased activity in cancer cells and
inhibitors were shown to affect ~60 cell lines but did not affect quiescent or terminally
differentiated cells [329, 330].
6.1.3 Pathways Regulated by Essential and Hypoxia Specific Hits
Ingenuity pathway analysis of the core essential genes identified Protein ubiquitination,
EIF2, EIF4 and Ran signaling as the top canonical pathways, which was expected due to
the abundance of proteasome and ribosomal protein hits. The Ran pathway has
previously been shown to play an important role in the survival of GBM-SCs, which may
be particularly sensitive to Ran inhibition [272]. Removal of the known essential genes
from this set, depleted the ribosomal genes as well as the Ran pathway genes, indicating
its importance in various different cell types as well (Figure 3.3B). Interestingly, hypoxia
signaling was one of the enriched pathways in this core list, implying that the genes
required for signaling under hypoxic conditions are also active under normoxic
conditions. We postulate that this may be due to the existence of a psuedohypoxic state in
the GBM-SCs, which drives the hypoxic signaling network and makes the cells sensitive
to the disruption of this pathway. This psuedohypoxic state may be driven in part by the
constitutive expression of HIF2α in the GS6-22 and MGG 8 cell lines (data not shown).
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The constitutive expression of HIFs in GBM-SCs and their dependence on these factors
for survival has also been previously described [189, 250, 252]. In line with this analysis,
comparison of the normoxic and hypoxic hit lists showed that ~70% of the genes
identified as hits under hypoxic conditions were also enriched under normoxia (Figure
3.1D). In the pathway analysis, the calpain proteases, several of which were identified as
a core essential hits in the screen, were enriched in a number of signaling pathways
including Focal Adhesion Kinase (FAK) signaling. Calpains have been shown to be
required for GBM cell invasion and regulate cell motility through matrix
metalloproteinase 2 in GBM cell lines [331, 332]. However, they likely have additional
functions in GBM-SC as our screening assay did not score cell motility. FAK also plays
a similar role in GBM and has shown to be important in cancer cell survival and TMZ
sensitivity in preclinical models [333]. The presence of multiple hits in one signaling
cascade (like EGFR signaling) would indicate its importance in the two GBM cell lines
as well as the addiction of the cells to this pathway. Intriguingly, none of the key GBM
pathways described by the TCGA were highly enriched by the hits in our common list of
hits. This indicates that different GBM-SCs and tumors may have dependencies on
different pathways for proliferation and survival. Further, many of these key pathways
are likely to possess redundancies in signaling [38] and thus knockdown of one protein
may not produce a defect in growth or loss of survival. For instance, there are 3 AKT
isoforms. It is interesting in this regard that inhibition of the related SGK1 protein has
such a profound effect on GBM-SC survival by itself.
Comparison of the hits derived from GS6-22 and MGG 8, showed that a little over onethird of the hits were common to both cell lines (39% and 32% respectively) under
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normoxic conditions. Under hypoxic conditions, only 17% of hits in GS6-22 were also
identified in MGG 8 cell lines. Although such a limited similarity was unexpected, it was
also not as surprising. The heterogeneity between different GBM tumors is high, and a
tumor may be in one of the 4 gene expression subtypes as defined by the TCGA [9, 19,
22]. Although, computationally these subtypes are distinct, biologically these subtypes
are more fluid and may change depending on the microenvironment of the tumor region
[229]. Further, one tumor may contain different tumor populations from multiple
subtypes. These cell lines have been derived from different patient tumors, and although
mutational and epigenetic landscape of these cells is under investigation, they may rely
on different signaling pathways for proliferation and survival. This is both a major
challenge and an opportunity for targeted therapies and personalized medicine as there
are likely more targets specific to a single GBM than are common between any two
tumors. On a more technical note, the variability in knockdown of the same hairpin on
different cell lines has also been demonstrated [334]. This could also be a factor in the
difference in the hits observed between the two cell lines.
RBX1 and KIF11, the top core essential genes from the screen were independently
validated to be important in GBM-SC proliferation and survival. Both proteins have been
shown to play a role in cancer biology although RBX1 has not been studied in context of
GBMs. Ring-box 1 (RBX1) is an important component of the SCF E3 ubiquitin ligase
complex, which targets up to 20% of cellular proteins for ubiquitination and degradation
including key cell cycle regulators and transcription factors [335, 336]. RBX1 has been
found to be essential for maintaining genomic integrity and has been shown to be
important for proliferation and survival of cancer cells [337, 338]. Gastric cancers with
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high RBX1 expression have a poorer prognosis [339].Kinesin family 11 (KIF11) is a
motor protein which binds to microtubules during the M-phase and anaphase of cell
division and is essential for proper chromosomal segregation [340]. KIF11 has been
targeted in cancer cells by the use of different small molecule compounds and work is
ongoing in preclinical GBM models for KIF11 as a therapeutic target [341].
6.1.4 Comparison of the Kinase Hits from RNAi Screening
Kinases contribute to the tumorigenicity due to their key roles in the various cellular
signaling pathways. Kinases have become a popular drug discovery targets with more
than 25 approved oncology drugs [342]. To specifically identify the essential kinases
from the screen, we utilized two approaches. First, we compared the list of hits in the
pooled screen from all conditions. PLK1, STK36 and SGK1 were identified as the only
essential kinases common to both cell lines in both normoxic and hypoxic conditions.
This highlights the heterogeneity between the GBM-SC lines, with each line having
different dependencies and probably distinct compensatory mechanisms. Polo-like
Kinase 1 (PLK1) plays important role in mitotic progression during cell division. PLK1 is
overexpressed in various cancer types and is a popular target for development of
inhibitors for clinical use [343]. Numerous published siRNA screens have also identified
PLK1 as a hit, indicating its importance in cellular survival [275]. STK36 is a serine
threonine kinase with putative role in survival as a part of the Sonic Hedgehog signaling
by regulating localization of the Gli transcription factors [344]. Lastly, Serum and
Glucocorticoid regulated Kinase 1, an AGC kinase family member, is upregulated by
various external stimuli, and is a known pro survival kinase [278, 291].
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We further compared the kinase hits in the GS6-22 under normoxic conditions to hits
obtained from an independent well by well kinome screen performed on the same cell
line under normoxia. We found that out of 30 hits in the pooled screen, only 4 hits were
common to both the screening methodologies. It was somewhat surprising that hits from
the screening of the same cell line using 2 libraries was so discordant, though this
discordance between libraries has been noted in other RNAi screens [275, 345]. The
efficiency of targeting hairpins and the MOIs of the experiment are variables which are
known to affect hit rate and selection [346]. Out of the 4 hits, Cyclin Dependent Kinase 4
and VEGF Receptor 2, have been extensively studied in cancer, especially in the context
of GBMs and are known to play an important role in tumor maintenance [9, 347]. Cyclin
dependent kinase like 5 (CDKL5), located on the X chromosome, has been associated
with Rett syndrome and X-linked infantile spasms. CDKL5 is developmentally expressed
as well as in the mature neural cells in the adult brain [348, 349]. The role of CDKL5 in
cancer is currently not clear and further work is required to elucidate the sensitivity
possessed by GBM-SCs for depletion of CDKL5.Although most kinases identified from
these analyses are already known to play a role in GBMs, the role of CDKL5 and STK36
in GBM and GBM-SCs is unclear and warrants further investigation. SGK1 was the only
kinase identified in both screens, and was thus chosen for further investigation for its role
in GBM-SCs.
6.1.5 SGK1 is required for GBM-SC proliferation and survival
SGK1 is a transcriptionally induced gene in the presence of a number of different
environmental stimuli including oxidative and osmotic stress and UV irradiation [277,
278]. The primary role of SGK1 in tumor development is as a regulator of cell death.

163	
  
	
  

	
  

Previously, SGK1 has been shown to be part of a cytoprotective signaling network
regulating the balance of pro- and anti-apoptotic proteins through the FOXO3 and NF-κB
cascades [291].
In a recent kinome screen to identify genetic targets regulating mTOR1 activity in NF2deficient meningiomas. mTOR1 is constitutively active in NF2 deficient cells and kinome
screen revealed SGK1 as a key regulator of mTOR1 in an mTOR2 dependent, but AKT
and S6 Kinase independent manner. Sensitivity of the meningiomas to mTORC1/2
inhibitors as well as SGK1 inhibitor suggests this is a potential therapeutic target for this
cancer [350]. In another kinome and phosphatome screen to identify GBM-SC
vulnerabilities, SGK1 was one of the hits of the screen which significantly increased cell
death as measured by PI staining [351]. Although, this study did not validate SGK1 as a
hit, the identification of SGK1 as a cell survival kinase increases our confidence in it as a
bona fide target for GBM-SCs.
Using shRNA, Crispr and a SGK1 specific inhibitor, we validated the importance of
SGK1 in GBM-SC proliferation and survival. Interestingly, this dependence was not
observed in the traditional glioma serum lines. The growth of A172 cells decreased by
approximately 40%, however the resistant population proliferates and can be propagated.
It is possible that the cell culture conditions (serum free, growth factor rich) alter the
pathways that are required for the survival of these cells. PI-3-Kinase can be stimulated
by growth factors, and dependence on downstream effectors of PI-3-Kinase pathways
may be enriched in such a model. This is certainly true for PDK1 and Akt inhibition as
well, which produce an even more robust phenotype than with SGK1 inhibition.
Traditional glioma lines are grown in 10% serum, which itself contains factors
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stimulating these pathways. Further, these cells may possess mutations keeping these
pathways in the activated state irrespective of the presence of growth factors in the
media. Interestingly, H04 and SW06 normal neural progenitor cells were cultured in 5%
serum conditions, but they do show sensitivity to SGK1 inhibition to some extent
suggesting that the serum does not cause the difference in SGK1 dependence. The
inhibitory effect on neural stem cells is a concern for use of SGK1 inhibitor as a
therapeutic due to potential toxicity. However, these progenitor cells do not show the
same level of toxicity as the GBM-SCs, meaning that the drug could possibly be used at a
dosage which would preferentially target the cancer cell population. Moreover, it is likely
that most normal adult NSC’s are quiescent and likely would be more resistant to killing
by SGK1 inhibition in this state (though this needs further testing). Although PDK1 and
AKT inhibition gives a more robust phenotype in GBM-SCs, they also affect the normal
neural stem cells, differentiated GBM-SCs and other glioma lines equally. SGK1
inhibition, however, is specific to the GBM-SCs and this sensitivity is lost upon their
differentiation. Furthermore, normal fibroblast cell line Hs27 was also unaffected by
SGK1 inhibition. This would suggest that the toxicity and side-effects to the drug may
not be as detrimental as in the case of PDK1 and AKT inhibitors. This indicates, that
although SGK1 inhibitor may have limited single agent therapeutic, it may be combined
with a drug which is able to affect the bulk of the tumor like TMZ. This is underscored
by the clinical trials results for Akt inhibitor, Perifosine, in GBM. The clinical trial did
not recapitulate its effectiveness from preclinical studies and has failed. It is currently
being combined with other inhibitors to test efficacy in patients [352]. This highlights a
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recurring problem of resistance in GBMs, and a better understanding of the pathways are
required to devise more effective therapeutics.
The effect of SGK1 inhibition differentially on undifferentiated and differentiated GBMSCs is intriguing as it suggests that the stem cells preferentially depend on SGK1 for
survival. The induction of differentiation will significantly reduce the number of cycling
cells in population. If SGK1 also has a role in cell cycle progression in GBM-SCs, as has
been previously shown, then differentiated cells would not require SGK1 as they are in a
growth arrested state[353].
6.1.6 Mechanism of Cell Death on SGK1 Depletion
We have demonstrated that SGK1 depletion and inhibition leads to an increase in annexin
V and PI staining measured by FACS analysis. This induction of apoptosis is further
evidenced by the increase in PARP cleavage. PARP is a downstream target of effector
caspases and its cleavage is a marker for caspase dependent cell death. However, we do
not observe an increase in the activity or the presence of cleaved form of Caspase 3 and
9. Although total Caspase protein decreases, which may be rescued using proteasome
inhibitor MG132, the cleaved/active form of these enzymes are not detected. This is
further confirmed by the observation that addition of pan caspase inhibitors, Z-vad-FMK
and q-Vd-OPh do not rescue this phenotype. Furthermore, signaling cascades including
FOXO3, NF-κB, JNK, p53, which regulate apoptosis were examined in this study. No
change in FOXO3 and NF-κB target gene transcription or subcellular localization was
observed on SGK1 depletion or inhibition. It is possible that there might not be just one
responsible pathway for this phenomena and that other pathways may compensate for the
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deficiency in the one of the pathways. However, not even a partial rescue of the
phenotype was observed upon co-inhibition of SGK1 and p53, JNK and p38 MAPK,
indicating that the mechanism may be independent of these pathways. This evidence as
well as a lack of a true Annexin V positive only subpopulation of cells in FACS, suggests
that cells may be dying by a either a non-apoptotic form of cell death or a non-canonical
apoptotic pathway.

Figure 6.1: Mechanisms of cell death. Regulated cell death may occur by 7 distinct
mechanisms, five of which are caspase independent. Figure adapted from Linkermann et
al. Nature Reviews Immunology. 14,759–767(2014).

Cells with blockade in the apoptotic cascade, often revert to cell death by necrosis. GBMs
have been shown to be highly resistant to apoptotic stimuli [7]. Blockage of apoptosis by
caspase inhibition or caspase activator Apaf-1 deletion, leads to a decrease in apoptosis
but also causes a concomitant increase in death by necrosis [315]. Decrease in ATP levels
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and mitochondrial dysfunction lead to plasma membrane rupture and cell death. This
switch between apoptosis and necrosis is enforced by a Bcl2 family member, BCL2L12
[354, 355]. This protein is found to be overexpressed in GBMs and is an effective
repressor of the caspase cascades [356]. SGK1 has been shown to mediate necrotic cell
death in breast cancer cells and this may represent the alternate mechanism of cell death
in GBM-SCs [306]. There are 5 other alternate mechanisms of cell death: Caspase 1
dependent pyroptosis. RIPK1 dependent necroptosis, mitochondrial permeability
transition-mediated regulated necrosis (MPT-RN), ferroptosis and NET releaseassociated cell death (which is known as NETosis) (Figure 6.1) [357]. Of these MPT-RN
is mediated by excess calcium release in the cells. SGK1 has been demonstrated to be
sensitive to intracellular Ca2+ and thus this may present a testable hypothesis of cell death
in GBM-SCs [306].
6.1.7 Future Directions
In chapter 3, we identified a number of core essential genes for the two patient derived
GBM-SC lines as well as genes that are exclusively important under hypoxia. Many of
the core essential genes may have important cellular functions in normal tissue types as
well. Thus, pooled screening of the 10,000 genes in normal cell lines such as fibroblasts
and normal neural progenitor cells, may provide us with the hits which may have a
critical function in the normal cells of the body. However, it’s not certain that a list
generated by such a screen would greatly improve on the list of core essential genes
already identified or found in the CRSIPR screen of NSCs conducted by other labs [358,
359].

Inhibition of these targets in normal cells may lead to more side effects of

therapeutics.. Thus, this approach may be used to exclude such hits from the GBM-SC

168	
  
	
  

	
  

screen for target identification which is cancer specific. However, the hit by hit approach
to examining the effects of gene inhibition on non-GBM cells that I have taken in this
thesis for SGK1 might be a better way of examining this given the uncertainties of RNAi
screening. In addition, screening GBM-SCs, normal fibroblast and neural stem cell lines
using the Cellecta module 3 for further 5000 genes may identify additional targets which
may be of interest. The hypoxia specific genes enable the cells to survive under hypoxic
stress. Investigation of their role in GBM-SCs will be important in understanding how the
GBM-SCs respond to the surrounding microenvironment.
The data from chapter 4 have demonstrated the importance of SGK1 in cellular survival
of GBM-SCs. Further investigation is required to better understand the function of SGK1
in GBM-SCs. Although its known role is as a pro-survival kinase, it is likely not the only
role it plays in GBMs. The reason for stimulation of cell death in GBM-SCs is unclear.
The role of SGK1 in maintenance of Na+/K+ homoeostasis may not be limited to kidney
cells, and it may play this role, especially in the brain. Further, its role in regulation and
cytoprotection from ROS in the cells may be important for GBM-SCs due to the hypoxic
microenvironment of their growth. A role for SGK1 in cell cycle progression has also
been found in other cancers which may be relevant to GBMs and should be further
investigated.
In addition to testing these processes separately, a large scale genomic and proteomic
approach needs to be taken to identify the genes and proteins which are regulated upon
SGK1 inhibition and depletion. This may help to understand the pathways that are
regulated by SGK1 in GBM-SCs and in the development of adjunct therapies for SGK1
inhibition resistant tumor populations. Comparing the role of SGK1 in GBM-SCs to its
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effect on non-stem cell lines such as traditional glioma lines, normal fibroblasts as well as
serum lines derived from the same patient tumor as the GBM-SCs, may shine light on its
specific role pertaining to the stem cell population. Further, this may be extended to other
stem cell cultures such as normal neural stem cells, embryonic stem cells and iPS cells to
evaluate whether this process is limited to primitive cell types. The role of SGK1 in cells
may be confounded by the presence of AKT, due to some degree of functional
redundancy of the two proteins. SGK1 and AKT share many substrates, however, their
they do have unique targets as well. A phospho-proteomic approach to determine SGK1
specific substrates would further enhance our knowledge of the role SGK1 plays in
GBM-SC growth and survival. There is also a gap in knowledge about the in vivo role of
SGK1 in tumorigenesis. Although Oncomine analysis of the TCGA did not detect any
overexpression of SGK1 mRNA in the tumors, the activity of the kinase may be aberrant
in cancer cells, which would negate the need of overexpression or mutation of SGK1.
Further, its regulation by ubiquitination and subsequent degradation in normal cells, may
be hampered in the tumors, with gene expression or mutational changes in the proteins
affecting this process to increase SGK1 stability in the tumor cells. The protein
expression and activation of signaling cascades downstream of SGK1 in patient tumors
will inform us of its importance in the tumor maintenance. Further, assaying sections
from different tumor grades of gliomas will show if SGK1 also has a role in lower grade
gliomas or if its role is exclusively in GBMs. Using the SGK1 knockout mouse model
may also be useful in understanding its role in tumor development. Knockout of SGK1 in
different mouse genetic models of GBM, such as p53/NF1 null, PDGF overexpression or
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EGFRvIII mutant mice may further help in elucidating its role in the initiation and
maintenance of GBMs.
6.2 Novel Monoclonal Antibodies Recognizing GBM-SCs
6.2.1 Candidate Monoclonals as Molecular Markers
The current GBM-SC molecular markers have many shortcomings. The primary marker
CD133, is not able to detect all stem cell populations in GBMs, it changes in expression
in response to environmental stimuli, and is also present in many other cell types. There
is a need for identification of novel cell surface markers which would be able to detect
stem cells specifically. An ideal stem cell marker for isolation of GBM-SCs should (i)
able to detect antigen on cell surface, (ii) only detect the antigen in stem cells and not
after differentiation, (iii) should not be expressed or at least presented on the cell surface
in normal or cancer serum cell lines which do not possess stem cell characteristics, (iv)
should only be responsive to changes in stemness and not to microenvironmental
fluctuations and (v) should be expressed in subpopulations of tumor cells.
In Chapter 5, we have generated 10 novel monoclonal antibodies to specifically
recognize GBM-SCs. This was done by immunizing the mice with fixed and live GBMSCs, and generating monoclonal antibodies using hybridoma technology. Each antibody
was screened against undifferentiated and differentiated GBM-SCs and the antibodies
which were specific for the undifferentiated GBM-SCs were considered candidate stem
cell antibodies. 10 monoclonal antibodies were identified which recognize antigens on
the undifferentiated GBM-SCs but the staining is lost or significantly reduced upon
differentiation. 5 of the 10 antibodies detected their denatured antigens undifferentiated
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stem cell lysates, but not in differentiated cell lysates when used for western blotting. At
least 4 of these antibodies detected bands at different sizes and thus are likely to
recognize distinct antigens. Of these, mAb7-18 and mAb1-38 detected stained human
embryonic stem cells and induced pluripotent stem cells positively by western blotting.
The mAb 7-18 antigen progressively decreased upon differentiation, making it a
promising candidate for further investigation. mAb 1-13, mAb 1-38, mAb3-3 and mAb718 also detected their antigen in other serum lines by immunofluorescence staining and
western blotting (mAb 1-38 and mAb 7-18). Although this is a disadvantage, it is
possible that the antigens have different subcellular localization which changes with
stemness and thus these antigens merit further investigation. They may also be useful as
markers in the GBM context.
In order to use the candidate mAbs for therapeutic applications, it is important to identify
the antigenic protein that each recognizes. mAb 7-18 was chosen due to its higher level of
expression and detection in GBM-SCs by western blotting. This suggested that a greater
amount of starting material would be available for immunopurification. As mAb 7-18
antigen was also found to be present in colorectal cancer lines, we used lysates from
those cultures as well to increase the amount of the antigen in the source material. Using
immunoaffinity purification followed by mass spectrometry and subsequent experiments,
we were able to identify the antigen for mAb 7-18 as Coxsackie virus and adenovirus
receptor or CXADR (or hCAR).

172	
  
	
  

	
  

6.2.2 Coxsackie virus and Adenovirus Receptor
CXADR is an evolutionarily conserved member of the Ig superfamily and was
discovered as a receptor to process adenoviral and grp B coxsackievirus infections [360–
362] More importantly, CXADR's role is critical during embryonic development and
regeneration [363]. CXADR is highly expressed in the brain and the heart during
development [364–366]. CXADR deficiency causes embryonic lethality in mice at
E11.5-13.5 due to defects in cardiomyocyte development and heart function [366–368].
Interestingly, primitive hematopoietic progenitor cells lack the expression of CXADR
which is in contrast to human and mouse embryonic stem cells as well as in induced
pluripotent stem cells [365, 369, 370]. This suggests a different role in distinct cellular
lineages. In addition to demonstrating tissue specificity, Honda et al also showed high
expression of CXADR mRNA and protein in the brain during development, which is lost
after birth of the mouse pup [364]. Further, CXADR expression is only found in the
ependymal cells in the adult brain, but is expressed in neurosphere cultures of neural stem
cells indicating that proliferating primitive cells may be the cells in the lineage marked by
CXADR [371]. CXADR expression was also observed in expression data derived from
blastocysts and human ESCs in which CXADR was highly expressed in the
undifferentiated cells [372–374]. CXADR mRNA levels increased in pre-implantation
embryos but is quickly downregulated upon different implantation [374]. Functionally,
CXADR is a member of the intracellular tight junction protein complex. The
transmembrane protein associates with structural and signaling components such as JAML, ZO-1, β-catenin and MUPP1 and has been shown to signal through the PI-3-Kinase
pathway [375–378]. Forced expression in glioma and rhabdomyosarcoma cell lines
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reveal a tumor suppressive and anti-migratory role of CXADR in cellular function [379,
380]. A recent paper utilized CXADR as a marker for an undifferentiated cell type in the
hematopoietic lineage. The authors evaluated CXADR as a marker of cells differentiating
into cardiac lineage or hematopoietic lineage, from mesodermal pluripotent stem cells.
CXADR presence successfully predicted the tropism of CXADR+ cells to differentiation
into the cardiac lineage, whereas the CXADR- cells were committed to the hematopoietic
lineage [381].
Further experiments are required to evaluate the suitability of CXADR as a marker for
GBM-SCs and whether it can be used to mark normal neural stem cells. Firstly, its
expression and localization in different tissues in adult mice is required to check whether
it is present in different stem cells niches of the body. Secondly, coexpression studies
with cell surface markers as well as internal stem cell markers such as CD133 and nestin
in GBM-SC cultures as well as tumor sample and section, should be performed to
evaluate the overlap between the two populations. Further, sorting by mAb7-18 should be
able to isolate highly tumorigenic cellular populations which are CXADR+ and not the
CXADR- cells. Although we could not detect CXADR expressing cells in the 5 human
GBM tissue sections tested, its expression should to be examined in the more GBM tissue
samples as well as in other cancer tissue types. In order to better understand its functional
role in the cell and to determine its responsiveness to other stimuli, the function of
CXADR needs to be further investigated.
Western blotting of CXADR shows the presence of two distinct bands by western
blotting. These two bands may be due to post translational modification or splice
variants. Although, both of these phenomena occur for CXADR, we found that after
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treatment with tunicamycin, a glycosylation inhibitor, the upper band represents a Nlinked glycosylation modification on the CXADR protein. These suggest that mAb 7-18
detects the protein specifically and not the sugar residue. Interestingly, it is this upper
band which is progressively lost during differentiation and the protein is completely lost
upon terminal differentiation. The presence of the sugar residue is not unique to CXADR
as CD133 glycosylation is thought to be the mark of stemness and not its mRNA or
protein expression [167].
A number of markers are used to distinguish cancer stem cells from the non stem cell
population of tumors. The hierarchy of progenitor cells within the cancer stem cell
population is not well understood for GBM and the lack of reliable markers is part of the
problem. We have identified 10 novel monoclonal antibodies, which may mark some of
these populations within the cancer stem cell lineage and indeed the founding clone as
well, enabling us to study this phenomena in more detail. CXADR is a putative cancer
stem cell marker due to its expression in a wide variety of undifferentiated cells and the
lack of it after differentiation as shown in this thesis as well as in the literature. Although,
it has the disadvantage of being expressed in other serum cancer cell lines, further
investigation into its post translational modifications and regulation may give further
insight into its use as a stem cell marker.
6.2.3 Candidate Monoclonals as Therapeutics
Antibodies have successfully been used as therapeutics against various cancers. These
affect tumor growth by blocking key signaling molecules (eg. Bevacizumab binds to and
blocks VEGF), cell surface receptors (eg. Trastuzumab, antibody targeting EGFR) or
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they may be conjugated with a toxin which takes effect once the receptor bound antibody
is internalized by the cell via endocytosis (eg. Brentuximab) [319, 382, 383].
Bevacizumab, an anti-VEGF antibody, has shown promise by increasing progression free
survival in GBM patients, individually as well as in conjunction with TMZ, although
there is no increase in overall survival [12, 13]. Monoclonal antibodies as immune system
checkpoint inhibitors are currently used in cancer therapy to boost the body's immune
response to the tumor [322]. Identification of novel targets which may be targeted by the
candidate monoclonal antibodies may lead to the development of new therapeutics for
GBMs. Further, specificity to the GBM stem cell population may allow selective toxicity
to this cell population, which is thought to maintain tumor growth and progression. To
function as a therapeutic, certain features of the mAb need to be tested; (i) GBM tissue
staining to check for its ability to detect its antigen in the tumor (ii) ability to detect cell
surface antigen (iii) ability to function as a naked antibody to directly block growth, or
should be able to be internalized into the cells. If a toxin is conjugated with an
internalized mAb, it will be processed by the cell's lysosomal compartment, which will
lead to the release of the toxin, resulting in cytotoxicity. (iv) should not detect antigen in
normal tissue.
We have generated 10 monoclonal antibodies which detect subpopulations of cells within
the GBM-SCs in culture. All the antibodies detected the antigen on the surface of GBMSCs as measured by live cell FACS analysis, although not all antibodies were able to
stain all three GBM-SC lines tested. In fact, the amount of staining varied for all the
antibodies tested. This indicates heterogeneity in the cell surface proteins present in each
tumor, suggesting that there may not be one protein which is uniformly detected in all
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tumors to be used as a marker. 5 antibodies showing cell surface staining in GS6-22 and
GS7-2 cells were used to test for internalization of their binding antigen. The rate of
internalization varied between the antibodies as well as according to the cell lines. This
indicates the differential rate of receptor or surface protein clearance by each cell line
which may be a factor to consider during development of mAbs as toxin conjugated
therapeutics. GS7-2 cells showed a high stability and low clearance of 4 out of 5 cell
surface proteins tested. The successful internalization in GS6-22 of all 5 antibodies
tested, shows that they may potentially be used for toxin conjugated therapeutics.
7 out of 10 candidate monoclonal antibodies were able to successfully stain positive some
of the human GBM tumor sections by immunohistochemistry. Of these, 5 antibodies
were selected on the basis of cell surface staining and IHC data and were used to stain 70
GBM tumor sections on a tissue array. Additionally, these antibodies were also used to
stain other tissue tumors as well as normal tissues using tissue array slides. The
heterogeneity between the tumors is apparent in that none of the antibodies were able to
stain all the 5 tumor sections tested. Furthermore, any given antibody did not exhibit the
same pattern of staining in all of the sections it stained positively, implying that it was
picking up different number and type of positive cellular populations in each section.
This further highlights that one marker or therapeutic may not target all GBM tumors
alike and development of combinatorial protocols is required. Alternatively, this may
indicate GBM stem cells in intermediate states of differentiation. Interestingly, none of
the antibodies tested were able to stain the normal tissue sections, which is an advantage
for further development of these monoclonals as therapeutics.
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CXADR expression in human GBMs and other cancer or normal tissues has not been
extensively tested. Although it did not stain the 5 human GBM tumor sections, mAb 7-18
does detect CXADR on the cellular surface of live cells. The importance of CXADR in
cardiac development and in cardiac conduction in adult mice has been shown[384]. Since
it is also likely that CXADR is the receptor for coxsackievirus mediated myocarditis in
humans and mice, this will likely rule out its use as a toxin conjugated therapeutic due the
high risk of cardiotoxicity in humans [384, 385].
6.2.4 Future Directions
The generation of monoclonals specific to GBM-SCs has allowed us to evaluate their
roles as markers and as therapeutics. In both applications, the knowledge of the antigen
for each antibody is critical. The identity of the antigens for 9 out of 10 antibodies is still
unknown and further identification is required for validation of each antibody, especially
because they might be recognizing an antigen which is already used as a stem cell
marker.
Large scale immunopurification offers the most effective methodology for this purpose
although the source material may vary for each antigen. Flank tumors may provide a rich
source of antigen as many of them are not expressed strongly in cell culture and require a
large number of cells for detection by western. In addition to immunoaffinity purification,
phage display libraries may be utilized for antigen identification. By making phage
display libraries from GBM-SC mRNA, which are subsequently expressed on surface of
phage particle, it is possible to screen for phages which bind each of the antibodies.
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As stated above, for the antibodies to be used as markers, assays used to test for stemness
such as ability to differentiate into specific lineages and high tumorigenicity, must be
performed on the antibody enriched cells from culture. Further analysis of tumor cell
populations using fresh tumor specimens will allow identification of positive population
from GBMs, which can then be subsequently tested for tumorigenicity. The staining of
GBM stem cells with other known stem cell markers will also be an important step in the
further characterization of these antibodies.
Further investigation of the role of CXADR and its post translational modification will be
required to identify its role in GBM-SCs. Although it does not appear to play an
important role in their proliferation or self renewal based on limited siRNA experiments,
its role in invasiveness is unknown. Invasion into the brain parenchyma is a problem in
GBM tumors and is one of the main causes for recurrence. The role of CXADR in the
formation and maintenance of tight junctions may make it important in cell motility and
cell-cell communications in the tumors.
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Thesis Conclusions
In summary, to identify GBM-SC vulnerabilities for better therapeutic targeting, we
utilized a pooled shRNA screening approach to identify novel genetic targets. SGK1 was
identified as an important gene for survival especially in the GBM-SC population of
multiple GBM-SC line and may provide an avenue for therapeutic intervention for
GBMs. We also described the identification of 10 novel monoclonal antibodies which
detect proteins in GBM-SCs, but not in the differentiated populations. These antibodies
detect cell surface antigens, are internalized and can stain human tumor tissue sections.
Further investigation is required to identify all the antigenic targets of these antibodies
and to characterize them as markers for GBM-SCs as well as candidates for targeted
therapeutics. The results of this thesis enhance our understanding of GBM stem cells and
identify possible new therapeutic targets for this deadly disease.
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