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ABSTRACT OF THE DISSERTATION
The Assessment of Glioblastoma Tumorspheres Reveals Molecular Determinants of
Proliferation and Therapeutic Response
By
Dan Richard Laks
Doctor of Philosophy in Biological Chemistry
University of California, Los Angeles, 2015
Professor Kathrin Plath, Co-Chair

Professor Harley Kornblum, Co-Chair

Glioblastoma (GBM) is one of the most lethal cancers and new therapies are
urgently needed. One key limitation in the development of therapeutics is the availability
of appropriate in vitro models in which key molecular pathways can be identified and
potential novel therapies can be tested. One model of GBM is through the growth of
“tumorspheres”, patient derived GBM cultures grown in neurosphere conditions that
generally grow as non-adherent spheres of cells. We assessed gene expression profiling,
in vitro phenotypes, and patient survival from a large cohort of high-grade glioma
tumorsphere cultures. Through interrogation of the tumorsphere model system, we
discovered molecular determinants of proliferation (PTGR1, EFEMP2, LGALSS),
effective combinatorial treatment targeting ERK and mTOR, and a mechanism of

resistance to chronic mTOR inhibition through GSK3B and MAP1B.
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Chapter 1
Introduction

Glioblastoma

Glioma describes any tumor that arises from the supportive material of the brain.
As they arise from, reside in, and infiltrate the brain, glioma cases are considered intrinsic
brain tumors. Originally thought to arise from glial cells (astrocytes, oligodendrocytes,
and ependymal cells), the term glioma may be considered nominal as certain studies
identify neural stem cells as the etiology of glioblastoma, the most severe type of glioma
(Alcantara Llaguno et al., 2009; Chen et al., 2012; Zhu et al., 2014). Glioma are classified
based on histopathological criteria into 4 grades that represents a “malignancy scale” and
reflect the degree of undifferentiation, anaplasia (cellular loss of structure, orientation and
differentiation), and aggressiveness (Louis et al., 2007). These classes are generally
referred to as low grade (grades 1 and 2) and high grade (grades 3 and 4). High grade are
considered malignant glioma. Glioma account for 29% of all primary brain and central
nervous system (CNS) tumors (Dolecek et al., 2012). Glioblastoma (GBM), the most
aggressive malignant primary brain tumor, accounts for 54% of all glioma (Dolecek et
al., 2012).

Histologically, glioblastoma are marked by increased cellularity and mitotic
activity, necrosis, and vascular proliferation(Omuro and DeAngelis, 2013). These
neoplasms are highly invasive and infiltrate brain parenchyma (functional tissue) that
makes them difficult to resect surgically. Due to their heterogeneous cellular

constituency, with cells bearing pleomorphic features (varying in size and shape),



glioblastoma was termed glioblastoma multiforme (GBM), but this term, multiforme, is
no longer in use although, anachronistically, GBM remains the abbreviation for

glioblastoma.

Incidence

The incidence of GBM is almost three fold higher in men than in women and the
overall risk for glioma rises with age (Dolecek et al., 2012). The incidence of malignant
brain tumors rose steadily over the last quarter of a century in both adults and
children(Deltour et al., 2009; Deorah et al., 2006; Hess et al., 2004; Jukich et al., 2001;
Pirouzmand and Sadanand, 2007; Smith et al., 1998). A proportion of this trend may be
due to improved neuro-imaging techniques and access to medical care(Schwartzbaum et
al., 2006). Familial gene mutations, immune disease, and high dose ionizing irradiation
are known risk factors of brain tumors but are likely responsible for a minority of cases.
Epidemiological studies and geographic variability in case numbers suggest that the
etiology of brain tumors may be associated with environmental factors and exposure to
carcinogens(Fisher et al., 2007; Schwartzbaum et al., 2006; Wrensch et al., 2002).
Association between brain tumors and cell phone use has yielded no consistent evidence
for a link, although there is some evidence for an association between cell phone use and
acoustic neuroma(Benson et al., 2013; Omuro and DeAngelis, 2013). Due to the dramatic
use of cell phones in recent history, careful monitoring may be cautioned as the long term
effects of constant cell phone exposure (over 20 years) has yet to be assessed.

While brain tumors in the United States constitute a minority of cancer cases, with

an incidence of 14.8 brain tumors per 100,000 person years, and roughly half diagnosed



as benign, the malignant forms of brain tumor present a devastating prospect of morbidity
and mortality(Buckner et al., 2007). GBM have a median overall survival of

approximately 1 year(Daumas-Duport et al., 1988).

Treatment

Currently the standard treatment for GBM is surgical resection followed by a
combination of radiotherapy and chemotherapy(Stupp et al., 2005). Most commonly,
temozolomide (TMZ), a DNA alkylating agent, is the chemotherapy employed. DNA
alkylating agents are most effective when the MGMT gene, a DNA repair enzyme, is
silenced by methylation(Wick et al., 2014). In MGMT active patients, TMZ is not
effective and radiotherapy alone may be the best course of treatment(Hegi et al., 2005).
In MGMT depleted patients (methylated MGMT) TMZ plus radiation improves survival
to 21.7 months as compared to 15.3 months for radiation alone(Hegi et al., 2005). At this
time, MGMT testing for gene silencing is not a standard of care. With standard TMZ plus
radiation, median survival for all GBM patients only improves from 12 months (radiation
alone) to 15 months(Stupp et al., 2005). In every scenario, TMZ does not provide a cure
for GBM and only marginally extends life. Therefore, new treatment strategies for GBM

are in dire need.



BTSC

One novel strategy for treating GBM is to focus on brain tumor stem cells as the
main therapeutic target. Divergent perspectives on the fundamental nature of brain tumor
biology fuel a debate that revolves around the theory of brain tumor stem cells (BTSC) as
a model of glioma(Laks et al., 2010). The cancer stem cell (CSC) theory posits that only
a specific, minority of tumor cells possess the ability to produce a tumor (Jordan et al.,
2006; Pardal et al., 2003; Reya et al., 2001). The brain tumor stem cell theory holds that
BTSC produce all the cells of a tumor and therefore represent the essential, specific
targets of effective treatment necessary to prevent recurrence(Nakano and Kornblum,
2006). To identity a brain tumor stem cell requires distinguishing the ability of a tumor
cell to form a tumor upon orthotopic xenotransplantation that recapitulates the cellular
heterogeneity of the parent tumor(Lathia et al., 2015).

Although not an essential element of the CSC hypothesis, cancer stem cells may
arise from mutations in normal stem or progenitor cells. The notion that glioma tumors
are caused by transformed neural stem cells was originally fueled by the discovery that
brain tumors expressed nestin, an intermediate filament that can be expressed by neural
stem cells(Dahlstrand et al., 1992; Tohyama et al., 1992), although it is also expressed by
more limited progenitors as well as by other cells within the body(Wiese et al., 2004). In
this BTSC model, brain tumor stem cells arise from oncogenic mutations in neural stem
cells. This hypothesis was supported by several observations: gliomas can arise near the
lateral ventricles, a site housing neural stem cells that reside in the subventricular
proliferative zone; neural stem cells proliferate enough to make them susceptible to

transformation; and neural stem cells and BTSC share essential mechanisms for
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proliferation and survival(Hadjipanayis and Van Meir, 2009; Sanai et al., 2005).
Numerous transcription factors essential to neural stem cells have been shown to
distinguish BTSC (Lathia et al., 2015).

Evidence for the BTSC model of glioma first came from several laboratories
(Ignatova et al., 2002)(Hemmati et al., 2003)(Singh et al., 2003). These studies
demonstrated biological similarities between brain tumor initiating cells and neural stem
cells through the use of neurosphere cultures. Reynolds and Weiss et al. originally
isolated and enriched neural stem cells from the adult brain through the use of
neurosphere cultures (Reynolds et al., 1992; Reynolds and Weiss, 1992). Neural stem
cells distinguished themselves from other cells in the brain by their ability to grow as
neurospheres (floating spheres of cells) in relatively simple, serum free media with the
addition of epidermal growth factor (EGF), basic fibroblast growth factor (bFGF), or
both. Neurospheres could subsequently differentiate into the multiple lineages of brain
cells upon removal of growth factors. In like manner, cells derived from brain tumors
form serially passaged clonal neurosphere cultures in serum free media, and, upon
removal of growth factors, differentiate into multiple lineages to recapitulate tumor
morphologies. In other words, in vitro, BTSC behave in a similar fashion to neural
progenitor cells; they respond to the same mitogens, and they express similar markers.

The theory of BTSC was further substantiated when Galli et al. demonstrated that
GBM derived neurosphere cultures were tumorigenic upon xenotransplantation into
immunodeficient mice(Galli et al., 2004) and Singh et al.(Singh et al., 2004a)
demonstrated that tumor cells expressing CD133 (a putative marker of human neural

stem cells), when sorted from patient samples, formed tumors in immunodeficient mice



while the CD133 negative fraction did not. The theory of BTSC gained acceptance and
the model developed that BTSC may originate from transformed neural stem or
progenitor cells, and furthermore, are unique amongst other tumor cells in that BTSC
possess the capacities to extensively self renew, initiate tumors upon orthotopic
transplantation, and give rise to a heterogeneous population of cells such as those found
in their parent tumors. More recent studies demonstrated that the ability of glioma tumors
to form neurosphere cultures is an independent predictor of clinical outcome(Laks et al.,
2009; Pallini et al., 2008). These data provide further evidence that BTSC play a central
role in tumor progression and aggressiveness. However, BTSC remains a hypothesis and
both the definition and terminology are still debated. Some scientists prefer the less
declarative terms “brain tumor initiating cells” or “brain tumor stem like cells”.

Recently, compelling evidence has emerged that BTSC do exist in GBM and they
are responsible for chemoresistance and tumor formation(Alcantara Llaguno et al., 2009;
Chen et al., 2012; Zhu et al., 2014; Zong et al., 2015). Both Dr. Parada’s group
(Allcantara Llaguno et al., and Chen et al) and Zhu et al. found that BTSC likely arise
from neural stem cells (NSC), are responsible for tumor formation, are slow dividing in
vivo and relatively quiescent, and can self renew or give rise in a hierarchical manner to
non-BTSC. If these discoveries from mouse models hold true for human GBM, then
BTSC may provide the optimal target for therapeutic intervention. Instead of treating the
tumor bulk and all its cells as equivalent targets of therapy, effective treatment may rely
on specific targeting of BTSC to prevent tumor recurrence. However, targeting BTSC
necessitates identifying them, providing a model system in which to study them, and

finding suitable therapeutics to target them.



Modeling Glioma

Many models exist to explain the etiology and function of the heterogeneous cell
populations that form glioma tumors(Hadjipanayis and Van Meir, 2009). The hierarchical
model of BTSC contrasts with the more established stochastic model of cancer in which
variegated cell populations possess equivalent capabilities to form tumors. In the
stochastic model of tumors, different populations undergo clonal evolution in competition
with each other in a process driven by mutation to form the tumor bulk(Nowell, 1976). It
is thought that multiple mutations are required to transform a normal cell into a
malignant, cancer cell(Miller, 1980). Possibly, a mutator phenotype is a requirement to
produce malignant cells(Loeb, 2001). In this model, a primary mutation causes genetic
instability that drives further mutations; this mutator phenotype eventually produces
cancerous cells. In this clonal evolution model of tumors, the diversity of cells within a
tumor is not caused by a single BTSC but by a heterogeneous population of genetically
distinct cancer cells

Evidence is accruing that tumors are in a state of genetic flux. Analysis of
lymphoblastic leukemia patients revealed that cancer recurrences differed in DNA copy
number from their original, primary cancers(Mullighan et al., 2008). Similarly,
recurrences of breast cancer tumors were shown to have different mutational profiles than
their original, primary tumors(Shah et al., 2009). This evidence suggests that tumors
possess a heterogeneous population of genetically distinct cells that undergo clonal
evolution. The ongoing debate between the cancer stem cell model and the clonal
evolution model has been reviewed by Shakleton et al.(Shackleton et al., 2009). Glioma

seem to fit well within the cancer stem cell model because tumorigenic capacity is a



relatively rare trait among glioma tumor cells and not a uniform trait as would be
predicted by the clonal evolution model. Indeed, glioma BTSC have been shown to
demonstrate a hierarchical model(Galli et al., 2004), capable of generating a diversity of
cells.

It has been demonstrated that there is considerable genetic variability within
populations of neural stem cells in the brain(Rehen et al., 2001; Westra et al., 2008). In
fact, it can even be assumed that some genetic variation and instability found in
neurosphere cultures represents the genetic variation and instability within the
brain(Sareen et al., 2009). A systems based approach may syncretize the disparate models
of glioma in order to address the manifest complexity of these tumors. In contrast to
clonal evolution, a complex system model considers the features of adaptive and resistant
behavior exhibited by malignant brain tumors to be the emergent properties of a complex
adaptive system consisting of multiple brain tumor stem cells. In this model, both genetic
and potentially reversible epigenetic changes may explain not only the cellular diversity,

but also the increased plasticity these tumors exhibit upon therapeutic intervention.

BTSC as a Complex Adaptive System

Cancer has been characterized as a robust, complex system(Kitano, 2004, 2007;
Schwab and Pienta, 1996) and tumors have been described as a cooperative system of
interacting cells(Axelrod et al., 2006; Heppner, 1984). Therefore it is worthwhile to
assess cancer as a complex adaptive system(Grizzi and Chiriva-Internati, 2005, 2006). A
complex adaptive system is characterized by emergent, global properties that are

produced by a requisite diversity of local interactions(Ashby, 1958). These emergent
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properties are only ascribed to the complex system itself and cannot be reduced to the
properties of the individual components of the system(Ashby, 1958; Grizzi and Chiriva-
Internati, 2006; Schwab and Pienta, 1996). Emergent properties confer the hallmarks of a
complex adaptive system: organization, adaptability, and survival.

Gliomas fit the essential criteria for a complex adaptive system, they are
heterogeneous, self adaptive and self organized. Evidence exists for interactions between
BTSC and local environmental cues that play a role in BTSC survival and
proliferation(Gilbertson and Rich, 2007). Autocrine and paracrine factors are secreted by
brain tumor stem cells to enhance infiltration and migration into surrounding brain
tissue(Hoelzinger et al., 2007). Diffusible factors and adherence cues emitted from
surrounding vasculature exert an influence on BTSC proliferation and survival(Calabrese
et al., 2007). With all these factors involved in BTSC proliferation, survival, and
infiltration it is conceivable that a diversity of brain tumor stem cells may arise as a
complex adaptive system that interacts through diffusible factors and adherence cues.
Recently it has been shown in a Drosophila model that diverse, adjacent tumor cells can
cooperate to produce emergent properties of tumorigenesis and infiltration(Wu et al.). To
what extent this occurs in human glioma has yet to be determined.

In order to model the tumorigenic process of glioma, it is necessary to ascertain
which processes are involved. Besides the brain tumor stem cell model and the clonal
evolution model are more complex systems whose roles in glioma are in the realm of
possibility. In order to prioritize therapeutic targets of glioma, it is important to have the

most informative model of glioma tumorigenesis.



A study by Shapiro et al. in 1981 performed karyotypic analysis of different
glioma tumors and the cultures derived from them and discovered 3-21 genetically
distinct subpopulations within the average glioma tumor(Shapiro et al., 1981) with
varying chemosensitivities(Yung et al., 1982). As this study was done in an age before
neurosphere cultures, one cannot determine from this experiment how many genetically
distinct, tumorigenic cultures were derived from each tumor. Recently, Piccirillo et al.
(Piccirillo et al., 2006) isolated two genetically distinct populations of cells from distinct
regions of a GBM tumor. However, only one population was tumorigenic, so one cannot
assume that multiple populations of cancer stem cells existed in that particular tumor.
However, this data does suggest the possibility that genotypically distinct BTSC may
coexist within the same tumor. Recently, the existence of multiple genetically and
phenotypically distinct BTSC within the same GBM culture has been
demonstrated(Meyer et al., 2015b; Patel et al., 2014). Furthermore, this clonal
heterogeneity was shown to confer chemoresistance(Meyer et al., 2015b). The existence
of multiple BTSC within a single GBM tumor is evidence that supports the complex
adaptive system model of GBM (Laks et al., 2010). In support of this complex adaptive
model system is evidence that the degree of heterogeneity in tumors is correlated to poor

clinical outcome of patients(Patel et al., 2014).

Personalized Medicine

A promising approach to the treatment of GBM is personalized medicine(Ene and

Holland, 2015). This therapeutic strategy relies upon the characterization of each

10



individual tumor in order to provide effective tumor specific targets for a tailored
treatment regimen. Characterization may rely upon genetic driver mutations, mRNA
expression profiles, or even protein levels that signify activity of molecular signaling
pathways. Yet, for this approach to be efficacious, the crucial parameters of the tumor
must be identified. One approach to address personalized medicine is to test tumor

derived tumorsphere cultures for response to treatment.

Molecular targeting

If one embraces the BTSC model of GBM, then the crucial molecular
mechanisms that drive BTSC must be identified and targeted in order to treat GBM
effectively with personalized medicine. Many cellular processes involved in regulating
neural stem cells are also essential in glioma brain tumor stem cells. For example, certain
cell cycle regulators and transcription factors involved in the regulation of neural
progenitors, such as ¢c-MYC, OCT-4, BMI-1, Olig-2, and MELK, also regulate brain
tumor and putative BTSC proliferation and survival(Horvath et al., 2006; Ivanova et al.,
2002; Li et al., 2009; Nakano and Kornblum, 2006; Nakano et al., 2007; Nakano et al.,
2005; Taipale and Beachy, 2001; Wechsler-Reya and Scott, 2001). Similarly, multiple
secreted growth factors involved in neural stem cell proliferation, such as EGF
(epidermal growth factor), and IGF (insulin like growth factor), bind with receptor
tyrosine kinases to activate downstream proliferation and survival pathways in brain
tumor initiating cells(Li et al., 2009).

Noteworthy is the PI3 kinase/AKT pathway, a key regulator of signaling via

different pathways, including those regulated by EGF and IGF receptors. The
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PI3kinase/AKT pathway has received a lot of attention as a target for cancer
treatment(Choe et al., 2003; Vivanco and Sawyers, 2002). Recently, expression of AKT
and PI3 kinase activity has been shown to be associated with glioma tumor grade(Wang
et al., 2010a). There are many agents available to researchers that specifically target this
pathway, and this area of research promises to change therapeutic strategies utilized in
glioma treatment(Maira et al., 2009). Rapamycin is a microbial derived therapeutic that
acts specifically on mTOR(Bjornsti and Houghton, 2004; Brown et al., 1994; Chiu et al.,
1994; Sabatini et al., 1994). mTOR is one downstream effector of the AKT pathway that
can also act via a feedback loop to influence AKT signaling(O'Reilly et al., 2006).
Recently, Rapamycin has made its way to clinical trials for the treatment of
glioma(Cloughesy et al., 2008). However, Rapamycin treatment in clinical trials as well
as in laboratory trials produces cellular resistance (Cloughesy et al., 2008; Hosoi et al.,
1998). Further research is necessary to determine whether this resistance is due to the
many feedback loops inherent in the pathway(Carracedo et al., 2008; Efeyan and
Sabatini, 2009) or to some other biological process. A recent study has suggested that
improved inhibitors of mTOR may decrease resistance(Thoreen et al., 2009; Thoreen and
Sabatini, 2009).

Another critical signaling pathway involved in both neural progenitor and glioma
proliferation and survival is the Notch pathway(Androutsellis-Theotokis et al., 2006;
Gaiano and Fishell, 2002; Purow et al., 2005; Solecki et al., 2001). Notch is a family of
transmembrane receptors that interact with adjacent cells. Upon ligand binding to Notch,
gamma secretase cleaves the intracellular portion of the Notch receptor (NICD), thereby

releasing NICD to translocate to the nucleus where it acts as a transcription factor

12



promoting proliferation and inhibiting differentiation. Evidence is accumulating that the
Notch pathway plays a crucial role in the formation and growth of glioma
tumors(Pierfelice et al., 2008) and drugs that inhibit gamma secretase are gaining interest
as therapeutic agents in the treatment of glioma. Indeed, it has been demonstrated that
Notch inhibition targets cancer stem cells in embryonal brain tumors(Fan et al., 2006).
Studies have demonstrated that Ephrin signaling, through modulation of the ERK
pathway, is a therapeutic target involved in tumorigenesis and self-renewal of
BTSC(Binda et al., 2012; Day et al., 2013). Other pathways implicated in glioma
proliferation and malignancy are the Hedgehog, Wnt, and Bone Morphogenic Protein
(BMP) pathways(Ng and Curran, 2011; Paul et al., 2013; Piccirillo et al., 2006). In
addition, STAT3 signaling has been linked to GBM progression, while Integrin signaling
has been linked to GBM migration and proliferation(Luwor et al., 2013; Uhm et al.,
1999). The post-transcriptional modification of miRNAs has also been shown to regulate
glioma(Hadjipanayis and Van Meir, 2009; Hambardzumyan et al., 2008; Li et al., 2009).
In addition, alterations in INK4A, CDK4, RB, and TP53, which may disrupt cell cycle
and apoptosis, have also been described in human astrocytic glioma (Furnari et al., 2007).
To address the multiplicity of oncogenic pathways, future treatment for glioma
patients may include molecular expression characterization of tumor biopsies followed by
a tailored regimen of combinatorial, targeted therapy. Another aim of research is to
determine molecular and genetic diagnostic criteria for tumor biopsies that are predictive

of which oncogenic pathways are the essential targets for tailored therapy.
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Resistance

A central concern with utilizing specific drug targets is whether the redundancy of
multiple oncogenic pathways confers resistance to single-pathway-targeted
therapy(Mischel and Cloughesy, 2003; Stommel et al., 2007). For example, the Notch
pathway and AKT pathway have been shown to interact in multiple ways(Chan et al.,
2007; Ma et al., 2010; Mungamuri et al., 2006; Perumalsamy et al., 2009; Wang et al.,
2010b) and this interaction may confer chemoresistance(Mungamuri et al., 2006). Hence,
many investigators purport that combinatorial therapy provides a more robust therapeutic
strategy(Kitano, 2007). By targeting both the driving molecular signaling pathway of the
tumors, and its molecular mechanism of adaptive resistance, such combinatorial targeting
efforts in pharmacology research hope to provide synergistic combinations of target
specific drugs.

Chemoresistance represents a known challenge to glioma therapy. In addition to
mechanisms of resistance that are dependent on specific signaling pathways, brain tumors
possess other mechanisms of chemo-resistance. Chemoresistance to a broad spectrum of
cytotoxic agents, termed multi drug resistance (MDR), is a characteristic of glioma and
represents a major obstacle in effective treatment(Lu and Shervington, 2008). MDR may
be the result of genetic evolution, an adaptation through mutations that occurs during
chemotherapy, or it may be an a priori property of certain tumor cells. In both cases
increased expression of drug transporters, such as the ATP binding cassette super-family
(ABC transporters), act to pump cytotoxic agents out of the cell(Dean et al., 2005).
Evidence that a distinct “side population” exists within tumors with enhanced drug efflux

capacity suggests that MDR may be the intrinsic property of a minority of distinct tumor

14



cells with enhanced drug transporting capacity(Hirschmann-Jax et al., 2004). This multi
drug resistant “side population” is believed to be enriched for brain tumor stem cells. It is
unknown whether MDR is due to an intrinsic property of BTSC, or to ongoing mutational
evolution, or is the result of a systemic response to treatment.

Resistance to therapy may include diverse mechanisms of adaptation including
regulation of transcription, post-translational modifications of signaling pathways,
genetic alterations, and copy number alterations. An alternative mechanism of resistance
is one of selection, wherein resistant subtypes of cells are selected for by drug treatment.
Selection may be of particular concern given that there is heterogeneity of BTSC within
GBM tumors that reflects differential chemosensitivities (Meyer et al., 2015b; Piccirillo

etal., 2015).

Tumors/TCGA

While gliomas are classified on the basis of histopathological criteria into four
grades, molecular expression profiling has also been effective at distinguishing
subclasses of glioma(Rickman et al., 2001). Molecular expression profiles provide an
advantage by offering valuable insights into the specific oncogenic pathways that drive
tumor proliferation and, thereby, produce a more specific characterization of each tumor.
Classification of high grade glioma based on molecular expression profiles have
classified 3-5 distinct types of malignant tumors that resemble different stages in
neurogenesis, predict patient prognosis, and indicate that activation of the AKT and

Notch canonical oncogenic pathways reflect the aggressiveness of these
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neoplasms(Gunther et al., 2008; Phillips et al., 2006; Tso et al., 2006). Efforts by
Verhaak et al. studying data from The Cancer Genome Atlas (TCGA) produced a
defining classification of GBM tumors into 4 subtypes: Classical, Mesenchymal,
Proneural and Neural (Verhaak et al., 2010). For the purposes of this paper, we will refer
to the Verhaak et al. classification system as TCGA. This classification system was based
on differential expression of 1740 highly variable genes in 200 GBM samples and 2
normal brain samples. This system was refined to 840 predictive genes across a large
catalog of 173 core GBM tumor samples. This TCGA classification system has become
the standard for distinguishing molecular subtypes of GBM tumors. These TCGA
subtypes were also correlated to copy number variation data. The Classical subtype is
characterized by Notch and Sonic hedgehog pathway activation, chromosome 7
amplification and chromosome 10 loss, consistent (97%) EGFR amplification, a lack of
TP53 mutation, and CDKN2A deletion. The Mesenchymal subtype was characterized by
loss of activation of the NF-kB pathway, loss of NF'/, and expression of mesenchymal
genes. The Proneural subtype had activation of PDGFRA, OLIG2, and point mutations of
IDH 1. The Neural subtype had expression of neuron specific markers. The Proneural
subtype alone did not show a significant response to intensive therapy. The TCGA
classification system provides a method by which to distinguish GBM tumors based on
molecular and genomic differences. Is this a major advance in personalized medicine?
The answer to this question depends on whether a differential response to treatment is
based on TCGA classification.

It is interesting to note, that when Verhaak et al. extended this classification to

xenografts (cells derived from tumors and passaged in in vivo mouse models) they only
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distinguished 3 classifications: Classical, Mesenchymal, and Proneural. The Neural class
was no longer evident. In addition, the two normal brain samples included in the
classifications of the original tumor samples were both categorized as Neural. This raises
the possibility that the Neural classification is due to the remnants of normal brain tissue
and not a description of the tumor cells. This possibility is further substantiated by a
study that removed normal brain tissue from tumors, performed single cell RNA-seq,
classified cells by TCGA methods, and found no Neural subgroup, only Classical,
Mesenchymal, and Proneural (Patel et al., 2014).

Another important addendum to the TCGA classification is that it was originally
performed on bulk tumor samples. When tumors were studied by single-cell RNA-seq,
there was heterogeneity of TCGA classifications within a single tumor sample(Patel et
al., 2014). This observation of heterogeneous TCGA classification within one sample was
reiterated in tumor derived tumorsphere cultures(Meyer et al., 2015b).

To date, no large-scale assessment of tumor derived tumorsphere cultures has
been performed in order to determine the relevance of TCGA classification in this model

system.

Tumorspheres

The landmark TCGA classification system for GBM may provide a method for
distinguishing different treatment regimens of targeted therapy for each subtype.
However, as tumors are a static body of tissue, therapies cannot be directly tested on

them to see how they respond. In order to study therapeutic response one requires a
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dynamic system with living, proliferating cells. One in vitro system for this is the
tumorsphere model.

One key limitation in the development of therapeutics is the availability of
appropriate in vitro models in which key molecular pathways can be identified and
potential novel therapies can be tested. Cell culture models utilized in the past include,
amongst others, cultures derived from GBM patients that are continuously passaged in
the presence of serum (Hecht et al., 1995). While these cultures have advanced our
understanding of GBM biology, they have significant drawbacks, including their failure
to produce tumors that are similar to GBM when implanted into animal models (Lee et
al., 2006). Over the past decade, a novel, serum-free culture system has become widely
used and accepted. GBMs and other brain tumors contain cells that have neural stem cell-
like properties (Reynolds and Weiss, 1992) in that they grow as spheroid cultures in the
presence of epidermal growth factor (EGF) and basic fibroblast growth factor and that are
capable of producing the varied cell types found within the parent tumor (Hemmati et al.,
2003; Ignatova et al., 2002; Singh et al., 2003). In fact, these sphere cultures are thought
to be enriched for a set of cells capable of initiating tumors when implanted at very low
numbers—so-called glioma stem or tumor initiating cells (Galli et al., 2004; Jordan et al.,
2006; Laks et al., 2010; Nakano and Kornblum, 2006; Pardal et al., 2003; Reya et al.,
2001; Singh et al., 2004b). Here, we will refer to the growth of primary GBM cultures in
neurosphere conditions as tumorspheres as they generally grow as non-adherent spheres
of cells.

The utility of tumorsphere cultures as a model has been supported by their ability

to retain the major mutations found within the parent tumor and to produce tumors that
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bear striking resemblances to human GBM following xenotransplantation (Galli et al.,
2004; Lee et al., 2006; Singh et al., 2003). In contrast to mouse models of GBM,
tumorsphere models retain a clonal heterogeneity of the GBM tumor(Meyer et al.,
2015b). Therefore, the tumorsphere system may be a more suitable model for the
complex adaptive system of the GBM tumor than mutant mouse models that generate
endogenous, clonal, tumors.

Given that there is a diversity of GBM in terms of mutation and molecular
expression, our approach was to assess a broad spectrum of GBM in order to determine
which molecular signaling pathways are associated with sphere formation, proliferation,

and therapeutic response.

Aims and Hypothesis

This dissertation has 3 aims.

* 1. To perform a comprehensive assessment of the GBM tumorsphere model
system.

* 2. To test the hypothesis that interrogation of the tumorsphere system is
informative for the study of targeted therapy.

* 3. To determine the molecular mechanism of resistance to chronic mTOR

inhibition.
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Chapter 2
Large-scale assessment of the tumorsphere model
system for glioblastoma

Aim 1. 1o perform a comprehensive assessment of the GBM tumorsphere model

system.

Abstract

Tumorsphere cultures are widely utilized, but not well validated for the study of
glioblastoma (GBM) biology and therapy. Using the gene expression-based TCGA
classification, we observed that tumorsphere cultures retained their classification over
many passages, but do not always harbor the same classification as their parent tumor.
Unsupervised clustering of tumorspheres distinguished two general expression categories
while multi-dimensional scaling (MDS) distinguished three main groups and a fourth
minor group. Important molecular pathways, including PI3Kinase, Protein Kinase A,
mTOR, ERK, Integrin, and Beta Catenin were associated with in vitro measures of
proliferation and clonal sphere formation. In addition, we correlated gene expression with
tumorsphere phenotypes and patient outcome and identified genes not previously
associated with GBM: PTGR, that suppresses proliferation, and EFEMP2 and LGALSS,
that promote cell proliferation. This comprehensive assessment provides support and

outlines limitations for the utility of the tumorsphere system to model GBM biology.
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Background

Glioblastoma (GBM) is one of the most lethal cancers and new therapies are
urgently needed (Daumas-Duport et al., 1988; Miller and Perry, 2007). One key
limitation in the development of therapeutics is the availability of appropriate in vitro
models in which key molecular pathways can be identified and potential novel therapies
can be tested. Cell culture models utilized in the past include, amongst others, cultures
derived from GBM patients that are continuously passaged in the presence of serum
(Hecht et al., 1995). While these cultures have advanced our understanding of GBM
biology, they have significant drawbacks, including their failure to produce tumors that
are similar to GBM when implanted into animal models (Lee et al., 2006). Over the past
decade, a novel, serum-free culture system has become widely used and accepted. GBMs
and other brain tumors contain cells that have neural stem cell-like properties (Reynolds
and Weiss, 1992) in that they grow as spheroid cultures in the presence of epidermal
growth factor (EGF) and basic fibroblast growth factor and that are capable of producing
the varied cell types found within the parent tumor (Hemmati et al., 2003; Ignatova et al.,
2002; Singh et al., 2003). In fact, these sphere cultures are considered enriched for a set
of cells capable of initiating tumors when implanted at very low numbers—so-called
glioma stem or tumor initiating cells (Galli et al., 2004; Jordan et al., 2006; Laks et al.,
2010; Nakano and Kornblum, 2006; Pardal et al., 2003; Reya et al., 2001; Singh et al.,
2004b). Here, we will refer to the growth of primary GBM cultures in neurosphere
conditions as tumorspheres as they generally grow as non-adherent spheres of cells. The
utility of tumorsphere cultures as a model has been supported by their ability to retain the

major mutations found within the parent tumor and to produce tumors that bear striking
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resemblances to human GBM following xenotransplantation (Galli et al., 2004; Lee et al.,
2006; Singh et al., 2003). However, a comprehensive assessment of tumorsphere mRNA
expression profiles in relationship to in vitro phenotypes and patient survival has not yet
been performed.

GBM subtypes are often defined by histopathological criteria, however several
studies have demonstrated that high-grade gliomas, including GBM, can be further
classified through gene expression into clinically relevant subgroups (Phillips et al.,
2006; TCGA, 2008; Verhaak et al., 2010). The Cancer Genome Atlas (TCGA) produced
a classification of GBM tumors into 4 subtypes: Proneural, Neural, Classical, and
Mesenchymal. This classification system was based on differential gene expression
across a catalog of tumor samples and correlates with genetic mutation and other
phenotypes, such as hypermethylation (Noushmehr et al., 2010). Whether this TCGA
classification system is optimal for tumorspheres, or is predictive of in vitro phenotypes
has not been well characterized.

Despite the many advantages of the tumorsphere culture system, much remains
unknown about how closely the biology of spheres represents that of human GBM in situ.
Previously, we found a strong direct relationship between our ability to obtain
tumorsphere cultures and the clinical aggressiveness of the tumor (Laks et al., 2009).
However, it is unclear how tumorspheres reflect the molecular heterogeneity of GBM as
described by the TCGA and other classifications and whether the study of tumorsphere
cultures can reveal important molecular and phenotypic aspects that cannot be gleaned

from direct examination of the parent tumor.
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We have established a large bank of tumorspheres and have assayed their
phenotypic and genomic characteristics in relationship to the parent tumor and patient
outcome. Analysis of tumorspheres using the TCGA classification indicates that
tumorspheres do not necessarily reflect the TCGA subgrouping of the parent tumor.
Unsupervised clustering based on transcriptional profiling reveals two main categories of
tumorspheres, a “Mesenchymal” and “non-Mesenchymal” group, similar to prior reports
(Bhat et al., 2013). Weighted gene coexpression network analysis (WCGNA) reveals an
association between sphere formation and Protein Kinase A, mTOR, and Integrin
signaling pathways. By selecting genes based on in vitro outcome and patient survival,
we discovered that EFEMPI and LGALSS act as determinants of proliferation and clonal
sphere formation, while PTGRI suppresses clonal sphere formation.

Taken together, our data provide further evidence that tumorspheres reflect
certain aspects of GBM biology. Yet, we also identify some limitations of this
tumorsphere system as a model for GBM. Employing both in vitro phenotypic analysis
and survival data, we demonstrate that the dynamic tumorsphere model can be utilized in
a manner that distinguishes it from an assessment of the original, static tumor sample.
The tractable tumorsphere system offers a unique platform for the discovery of novel

genes involved in proliferation and tumor biology.
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Results

Description of Tumorsphere Dataset:

We studied 71 tumorsphere cultures (Supp. Table 1) from 67 individuals derived
from surgical resection of high-grade glioma patients who were predominately diagnosed
with Grade IV glioma: GBM (69/71). One sample, (NS039) was originally resected
elsewhere and cultured at UCLA after passaging in animals(Sarkaria et al., 2007). Four
pairs of tumors were derived from the same four patients at two separate resections.
Microarray-based gene expression profiling was performed on all samples using the
Affymetrix U133 plus 2.0 platform. The average age of the patients who contributed the
70 tumorsphere cultures resected at our institution was 55.7 years £ 16.4 years
(range=20-86, Figure 1A) and 67.1 were male (Table 1, Figure 1A,B). Clinical and
pathological reports were available for the 69 grade 4 gliomas; 39.1% (27/69) of the
tumorspheres were derived from primary tumors, 43.5% (30/69) from recurrent tumors,
and 17.4% (12/69) were from secondary tumors (Table 1, Figure 1C). 19.7% (12/61) had
EGFRVIII rearrangement, while fifty percent (23/46) were found to have EGF receptor
(EGFR) amplification at cytogenetic analysis (Table 1, Figure 1D,E). We validated the
tumorsphere cultures for EGFRVIII by western blot. All of the tumors that were positive
for EGFRVIII in pathology were also positive for EGFRVIII in the tumorspheres (Table
1). Only HK361 was EGFRVIII positive in tumorsphere culture but negative in the tumor
pathology report. Six patients were found to have the R132H mutation in /DHI, and
retention of the mutation was confirmed by direct sequencing of the tumorsphere

cultures. Of the 71 high-grade tumorsphere cultures, one was given the pathological
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diagnosis of Grade III Anaplastic Oligodendroglioma, and seven out of the 69 GBM were

sub-classified as Gliosarcoma (Table 1).
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Figure 1. Summary statistics on 71 tumorsphere samples. A-E. Distribution,

according to TCGA classification of patients’ age in years (A), sex (B), type of parent
tumor (primary, recurrent, or secondary) (C), EGFR mutation status, wildtype or
EGFRV3 mutant, (D), and EGFR amplified status (E). F. Tumorsphere distribution for
each of 3 TCGA classifications. G. TCGA classification of tumorspheres across high and
low passages (high>8 passages). H. TCGA classification of parent tumors and their
derived tumorsphere cultures. I. Hierarchical clustering of 71 tumorsphere cultures based
on gene expression profiles of the top 2000 most variable genes identifies two main
clusters. One of them (Mesenchymal) comprises most of the samples with TCGA
Mesencymal classification. Color codes: Classical=Green, Mesenchymal= Red,
Proneural=Gold. J. Multidimensional scaling (MDS) of 71 tumorphere cultures based on
the top 2,000 most variable genes distinguishes 2 groups on the first principal component
(PCl=coordinate 1), and 3 groups when incorporating the second principal component
(PC2= coordinate 2) with a minor 4™ group. The red oval distinguishes the 3™ subgroup
of Proneural tumorspheres delineated by MDS. 3-digit numbers represent the GBM
tumorsphere identification numbers. K. Cell doubling time (inverse of proliferation rate)
is plotted for the 3 MDS groups from MDS plot Figure 1J. MDS3 (MDS group 3) has a
slower doubling time than the other groups (ANOVA: P=0.021). Group 1= Right side of
plot (all Mesenchymal) Group 2=Lower left side of plot (mostly Classical with some
Proneural and Mesenchymal), Group3=Upper left side of plot, delineated by red oval (all
Proneural). MDS groupings for each tumorsphere sample are reported in Supplementary
Table 1. Mean +/- standard error of the mean is depicted as bars. In all figures

Classical=Green, Mesenchymal= Red, Proneural=Gold.
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Sumary Table of Tumorspheres and Characteristics, Mutations, Phenotype, and Patient Treatment

EGFRVIII Pathology Report EGFRVIIl-Tumorsphere EGFR Amp IDHRI32H* Diagnosis Age Sex tumor Category TCGAClass __ Cluster™ 3 MDS groups*** _ Doubling Time (Days) Sphere Formation(%) _Sphere Total Volume(uM~3)
N5_039 Yes Mesenchymal groupl 1 103 1.16E+08
HK_146 Yes Yes GBM 55 Male  Recurrent Proneural group2 2 232 4.61E+07
HK_157 No No GBM 54 Female Primary Proneural group2 2 19 43.73333 2.23E+08
HK_163 ND (not determined) GBM 67 Female Primary Classical group2 2
HK_167 ND GBM 75 Male  Primary Classical group2 2
HK_177 Yes Yes Yes GBM 47 Male  Primary Mesenchymal ~ groupl 1
HK_189 No No No GBM 48 Male  Recurrent Classical group2 2
HK_205 ND GBM 84 Male  Primary Classical group2 2
HK_206 No No No GBM 48 Male  Recurrent Classical group2 2 27 3.92
HK_207 No No No Yes GBM 31 Male  Recurrent Proneural group2 3 33 4 963602
HK_208 ND GBM 60 Female Primary Classical group2 2 2
HK 211 Yes Yes No Yes GBM 41 Female Secondary Proneural group2 2
HK_213 No No No Yes recurrent HGG 39 Male  Secondary Proneural group2 3 35 29 799487
HK_216 No ND No GBM/Gliosarcoma 50 Male ~ Recurrent Mesenchymal ~ groupl 1 34
HK_217 No No No 81 Male  Primary Proneural group2 2 17
HK_218 No No No Yes Grade WAQ*** 49 Female Proneural group2 3
HK_221 ND GBM 62 Male  Primary Mesenchymal  group2 2
HK 222 No No Yes GBM 70 Male  Secondary Classical group2 2 26
HK_227 No No Yes GBM 62 Male  Recurrent Classical group2 2 1215 3.65E+07
HK_228 No No No GBM 57 Male  Primary Classical group2 2
HK_229 No No No GBM/Gliosarcoma 54 Male ~ Recurrent Mesenchymal ~ groupl 1 19
HK_233 No No No BM 86 Male  Primary Classical group2 2 25
HK_237 No No GBM 25 Female Secondary Mesenchymal ~ group2 2
HK_242 No GBM 80 Male  Recurrent Proneural group2 2 29
HK_244 No No GBM 66 Female Primary Classical group2 2 35 101 2.00E+07
HK_245 Yes Yes GBM 48 Male  Recurrent Proneural group2 2
HK_246 Yes GBM 49 Male  Recurrent Classical group2 2
HK_248 No No GBM 77 Male  Recurrent Mesenchymal ~ groupl 1 25 398 2.99E+08
HK_250 No No No GBM 30 Female Recurrent Mesenchymal  groupl 1 25
HK_252 No No Yes Yes GBM 40 Male  Secondary Proneural group2 3 32 35 1167633
HK_254 No No GBM 51 Female Recurrent Classical group2 2 25
HK_261 Yes ND GBM 50 Male  Secondary Classical group2 2 37
HK_272 ND No GBM 22 Male  Primary Proneural group2 3
HK_277 No No GBM 20 Female Secondary Classical group2 2 5.7 1630512
HK_280 No No Yes GBM 79 Male  Primary Mesenchymal ~ groupl 2
HK_282 No No GBM 85 Male  Primary Proneural group2 2 21
HK_296 Yes Yes Yes GBM 76 Male  Recurrent Classical group2 2 31 5.4 2.04E+07
HK_301 Yes Yes Yes GBM 65 Male  Primary Proneural group2 2 1533333 1.47€+08
HK_305 No No Yes GBM 60 Female Secondary Classical groupl 2
HK_308 Yes Yes GBM 50 Female Recurrent Mesenchymal  groupl 2 22 218 7.67E+07
HK_309 No No No GBM 55 Male  Recurrent Classical group2 2 27 106 2.79E+07
HK 312 No No Yes GBM 63 Male  Secondary Mesenchymal  groupl 2
HK 313 No No Yes GBM 66 Female Primary Classical groupl 2
HK_316 No No Yes GBM 56 Female Recurrent Classical group2 2
HK 317 No No GBM 67 Male  Primary Mesenchymal  groupl 2
HK_320 No No Yes GBM 30 Female Secondary Proneural group2 2
HK_330 No No Yes GBM 51 Female Secondary Mesenchymal  groupl 2
HK_336 No No No GBM 65 Male  Recurrent Mesenchymal ~ groupl 2 19
HK 339 No No No GBM/Gliosarcoma 26 Female Recurrent Mesenchymal  group2 1
HK_345 Yes GBM/Gliosarcoma 26 Female Recurrent Mesenchymal  group2 1
HK_347 No No No GBM 48 Male  Recurrent Proneural group2 2 28
HK_348 No No GBM/Gliosarcoma 71 Male  Primary Proneural group2 3
HK_350 Yes Yes Yes GBM 81 Female Recurrent Mesenchymal  group2 1 24
HK_357 No No GBM 58 Male  Recurrent Mesenchymal ~ groupl 2
HK_359 Yes Yes Yes GBM 27 Male  Recurrent Classical group2 2 28
HK_361 No Yes Yes GBM 50 Male  Recurrent Classical group2 2 23
HK_371 No No Yes GBM 56 Female Recurrent Classical group2 2
HK 372 No No Yes GBM 33 Male  Primary Mesenchymal  groupl 2
HK 374 Yes Yes Yes GBM 45 Male  Primary Classical group2 2 15
HK_378 No No Yes GBM 61 Male  Recurrent Classical group2 2 2 181 5.166+08
HK_381 No No Yes GBM 57 Female Primary Classical groupl 2 3 275 3.04E+07
HK_382 No No No GBM 66 Male  Primary Classical group2 2 27
HK_385 Yes Yes GBM 48 Male  Primary Proneural group2 2
HK_390 No No No GBM 73 Male  Primary Classical groupl 2 2 144 7.39E+07
HK 393 No ND No GBM/Gliosarcoma 54 Male  Secondary Mesenchymal ~ groupl 2 16
HK_399 No No No GBM 70 Male  Primary Classical group2 2
HK_401 No No No GBM/Gliosarcoma 48 Male  Recurrent Mesenchymal ~ groupl 2
HK_408 ND Yes GBM 55 Female Primary Classical group2 2
HK_411 No No GBM 71 Male  Recurrent Mesenchymal ~ groupl 2
HK 412 Yes Yes Yes GBM 59 Female Primary Mesenchymal  groupl 2
HK_417 No ND No GBM 71 Male  Primary Classical group2 2

* IDH1 mutation detemined by sequencing
**Cluster (1="Mesenchymal”, 2="Non-Mesenchymal”)
*** MDS group1= Right Side of Coordinate 1, MDS group2= Bottom left side of MDS plot, MDS group3=Top left side of MDS plot.
*+++ AD=Anaplastic Oligodendroglioma
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Table 1. Summary Table of Tumorsphere and Patient Characteristics.

EGFRvIII-tumorsphere was obtained from western blots of tumorsphere cultures. Data
on EGFRvIIL, EGFR Amplification, Diagnosis, Age, and Tumor Category are gleaned
from the medical record and the official pathology report. The IDH mutation status was

obtained first from the pathology report and then verified in tumorspheres.
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Four sets of two samples each were derived from the same patients following re-
resections. All patients with recurrent tumors had been treated with Temozolomide
(TMZ) and radiation prior to collection of tissue. Other therapies were also used in some
of the patients. Following initial resection, all primary GBM patients were also treated

with TMZ and radiation amongst other therapies.

Molecular Classification of Tumorspheres:

We used microarray analysis to determine the molecular classification of
tumorsphere samples. We assigned each tumorsphere culture a TCGA classification of
Classical, Mesenchymal, or Proneural based on the TCGA panel, using 789 genes out of
the original 840 TCGA genes that were present in our array platform. Initially, we used
all four classifications including Neural, as well as Classical, Mesenchymal, and
Proneural. However, only two of the 71 tumorspheres were classified as Neural. As very
few samples classified as Neural, we followed the strategies of others (Meyer et al.,
2015a) and eliminated the Neural classification because this classification may be more
representative of normal brain rather than tumor (Verhaak et al., 2010). Indeed, when
normal brain cells were excluded from single-cell RNA-seq of GBM tumor cells, the
Neural group did not appear upon TCGA classification(Patel et al., 2014). Of the 71
tumorsphere cultures, 31 (43.7%) were categorized as Classical, 23 (32.4%) were
Mesenchymal, and 17 (23.9%) were Proneural (Figure 1F, Table 1).

In order to determine whether tumorsphere cultures maintained their expression

profiles over time and passaging, we classified a subset of tumorsphere cultures at early
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(<8) and later (>8) passages. Nine of ten tumorsphere cultures maintained their TCGA
classification from low to high passage number (P<0.003, chi-square test)(Figure 1G).
These data suggest that the TCGA classification of tumorsphere cultures is robust to
repeated passaging. In three out of four cases tumorspheres derived from different
resections from the same patient retained their TCGA classification. In one case the
classification changed from Classical to Mesenchymal.

Prior reports indicate that some of the common oncogenic mutations are
associated with particular TCGA subtypes (Brennan et al., 2013). For example EGFRVIII
has been associated with the Classical phenotype and /DHI mutations are associated with
the Proneural phenotype. From the tumor pathology report, EGFR amplification
(ANOVA, P=0.328), or EGFRvIIl rearrangement (ANOVA, P=0.721), were not
significantly associated with any one of the three TCGA classifications. EGFRVIII in
tumorspheres was also not correlated with TCGA classification (ANOVA, P=0.664).
However, IDHI mutations were uniformly (6/6 cases) associated with the Proneural
classification (Table 1). TCGA classification of tumorspheres was not associated with
whether the source tumor was primary, recurrent, or secondary (ANOVA, P=0.477). Of
the seven tumorspheres derived from gliosarcomas, six were classified as Mesenchymal
subtype. This data supports the hypothesis that tumorsphere cultures retain important
hallmarks of the parent tumor such as IDHI mutations preferentially classified as
Proneural(Verhaak et al., 2010), and gliosarcoma tumors, which was previously reported
to exhibit a mesenchymal molecular signature (deCarvalho et al., 2010), are

predominately classified as Mesenchymal subtype.
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Next, we used unbiased methods to analyze gene expression in the tumorspheres.
First, we performed unsupervised clustering of the tumorsphere cultures based on the top
2000 most variable genes (Figure 1I). This revealed two general subgroups, one
containing most of the Mesenchymal sphere cultures and another largely consisting of
Proneural and Classical tumorspheres (Figure 1I). This phenomenon wherein the
Mesenchymal subtype is tightly clustered has been reported previously (Bhat et al.,
2013). Multi-dimensional scaling (MDS) of the tumorspheres generally supports the
concept of two groups when viewed along the first principal component (PC1), which
accounts for 48.28% of the variance. However, when considering the second principal
component (PC2), which accounts for 9.63% of the variance, a subset of six Proneural
tumorspheres appears to segregate separately (red oval in Figure 1J) as does a minor
group of 3 Mesenchymal samples (top right quadrant, Figure 1J). Interestingly, within
this subset of 3 very closely related Mesenchymal samples are a couple of tumorspheres
that were derived from the same patient diagnosed with a secondary GBM, in surgeries
separated by only 49 days. The third Mesenchymal sample from that subgroup was also

derived from a secondary GBM.

Tumors and Tumorspheres:

To determine whether tumors and tumorspheres from the same samples were
molecularly similar, we split 20 tumor samples in half, directly isolating RNA from one
half and generating tumorsphere cultures from the other (Figure 1H). Sixty percent of the
samples (excluding 5 tumors that fell into the Neural subclass) yielded the same TCGA

classification in tumor and spheres, but this overlap was not statistically different from

32



chance (P=0.102, Chi-squared Test), possibly because of our small sample size. For those
samples with differing subclassifications, there were no trends in the manner in which
they switched categories. That is, tumors in one subtype did not tend to yield spheres in
another particular subtype. Tumorspheres derived from tumor samples that classified into
the Neural group did not classify into any one particular classification. In addition, when
we analyzed the two cluster groups (“Mesenchymal” vs. “Non-Mesenchymal’) identified
by unsupervised clustering, only 50% of the tumorspheres retained the same grouping as
their parent tumor (P=0.658, Chi-squared Test).

We next sought to determine gene expression differences between tumors and
tumorsphere samples as a whole. We performed pairwise comparisons of gene expression
from each tumor and its derived tumorsphere and identified 188 differentially expressed
genes using a nominal p-value of 0.001 as our statistical threshold. Ingenuity analysis
revealed the molecular and cellular functions associated with these changes, including
cellular development (Range of P=6.57*%107-4.02%10%), cell growth and proliferation
(Range of P=6.57*10"-4.04¥107), cell cycle (Range of P=9.81%10*-4.82*107), cell
signaling (Range of P=0.00171-0.0313), post-translational modification (Range of
P=0.00171-0.0244) and Clathrin-mediated endocytosis signaling (P=0.0182) (Table 2).
We then used a more conservative threshold (false discovery rate adjusted p-values of
P<0.05) and identified a subset of 13 differentially expressed genes between tumor and
tumorspheres (Table 2). Our data indicate that, while there are certain changes in
expression from tumors to tumorspheres related to cell proliferation, the vast majority of

genes do not undergo consistent changes across tumorsphere cultures.
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Molecular Expression Changes from Tumor to Tumorsphere
Significant Molecular and Cellular Functions (Ingenuity Analysis)

Name P-Value # Molecules

Cellular Development 0.000657-0.0403 16

Cellular Growth and Proliferation 0.000657-0.0404 14

Cell Cycle 0.000981-0.0482 13

Cell Signaling 0.00171-0.0313 15

Post Translational Modification 0.00171-0.0244 21 N

Significant Canonical Pathways (Ingenuity Analysis)

Ingenuity Canonical Pathways P Value Ratio Molecules
Fcy Receptor-mediated Phagocytosis in Macrophages and Monocytes 0.00724 4.3E-02 ACTR2,ARF6,CBL,FYB
Clathrin-mediated Endocytosis Signaling 0.0182 2.7E-02 ACTR2,ARF6,CBL,USP9X,APOC1,
Gene Changes (FDR P<0.05)

Gene FDR P Value  Mean of differences T-N

ZW10 0.0162 -0.392

CLN6 0.00371 -0.451

SYNJ2BP 0.0245 -0.713

SCIN <0.001 0.483

ciQB 0.000543 0.935

FCER1G 0.0433 0.726

TAF6L 0.0289 -0.324

ANKRD37 0.00867 0.363

MS4A7 0.0433 0.796

RGS1 0.0433 0.865

PTPRC 0.0245 0.683

GIMAP6 0.0268 0.681

ZNF492 0.00197 0.463 ]

Table 2. Molecular Expression Changes from Tumor to Tumorsphere. Ingenuity

analysis of gene list comparing significant genes (P<0.001) differing between 20 tumors
and their derived tumorspheres. The ratio is the number of genes in our list divided by the
number of genes in the pathway. Canonical pathways are shown if they are significant
(P<0.05) and contain >2 genes in the list. Gene changes depicts the list of genes
significantly changed between tumors and their derived tumorspheres with a false
discovery rate (FDR) P<0.05. Mean of differences T-N depicts the difference of the
tumor minus the tumorsphere mean gene expression levels. Therefore, a negative number
represents enrichment of gene expression in the tumorsphere culture as compared to the
tumor, while a positive number represents depletion of gene expression in the

tumorsphere culture as compared to the tumor.
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Association of Tumorsphere Gene Expression with Phenotype:

To both assess the utility of different analytic schemes and to determine factors
associated with the characteristics of tumorspheres we examined 3 properties of the
tumorsphere formation: clonal sphere formation, sphere total volume, and proliferation
rate (the inverse of doubling time). As anticipated, doubling time was inversely
associated with sphere total volume (Linear Regression, P=0.0182) (Figure 2). However,
doubling time was not significantly associated with clonal sphere formation (P=0.16),
suggesting that clonal sphere formation is not merely a reflection of overall proliferation.
None of the three tumorsphere characteristics was associated with TCGA classification,
EGFR mutational status, or with one of the two clusters (Mesenchymal and non-
Mesenchymal), identified by unsupervised clustering. However, if we categorize the
tumorspheres based on the three main MDS groups observed (Figure 1J), then group 3
(the Proneural subgroup in the red oval) has the slowest proliferation (largest doubling
time) (Anova: P=0.0206)(Figure 1K). This suggests that unsupervised classification using

MDS may identify 3 biologically distinct subgroups.
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Flgure 2. Linear regression analysis shows an inverse correlation between

tumorsphere doubling time in bulk cultures with sphere total volume at clonal density

(P=0.0182).
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To further investigate molecular predictors of tumorsphere characteristics, we
correlated gene expression levels with the three tumorsphere phenotypes. We chose to
study genes whose expression correlated with the three phenotypes at p<0.001. For
example, KLHL9 expression was inversely correlated (Pearson’s r=-0.758, P<0.0001)

with sphere formation. Utilizing TFacts (www.TFacts.org), a tool that predicts activation

or inhibition of transcription factors through gene expression changes, we identified a
significant association between genes correlated to sphere formation and three activated
transcription factors: HIF1A, TCF7, and CTNNBI (Beta Catenin) (Table 3). These

results were supported by an Ingenuity analysis (www.ingenuity.com) that generated a

list of canonical pathways associated with sphere formation including HIF1A, (P<0.001),
Wnt/Beta Catenin (P=0.000447), and other pathways associated with tumor initiation
such as PI3K (P<0.001), EGF (P<0.001), mTOR (P=0.0417), and ERK (P=0.000813).
PI3Kinase, mTOR, Beta Catenin, and the ERK pathways were significantly (P<0.05)
associated with both sphere formation and sphere total volume, a measure of clonal

proliferation.

Transcription Factors Associated* with Genes Whose Expression Correlates with Phenotypic Outcome of GBM Tumorspheres

Outcome Factor Activated Pvalue Evalue Qvalue FDR control (B-H) Intersection Target genes
% Sphere formation HIFIA  Activated <0.001 <0.001 <0.001 0.000455 14 22
% Sphere formation  TCF7 Activated 0.00015 0.0165 0.00825 0.000909 9 17
% Sphere formation CTNNB1 Activated 0.00042 0.0462 0.0154 0.00136 62 300
Proliferation Rate TP53 Activated <0.001 0.0108 0.0108 <0.001 11 97

*Tfacts Signed Analysis(www.Tfact.org, de Duve Institute)

Table 3. Transcription Factors Associated with Genes Whose Expression Correlates

with Phenotypic Outcome of GBM Tumorspheres. TFacts signed analysis of our list of
significant genes (P<0.001) associated with the in vitro phenotypic outcomes listed. The
E-value takes into account the significance of repeated comparisons and the likelihood of
the observed value being different than the expected value. The Q value is the
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measurement of the false discovery rate. We chose transcription factors as significant if
the E value <0.05. The intersection depicts how many genes from our list coincide with
the known target genes of the transcription factor. “Target genes” denotes the number of
genes that are known targets of the indicated transcription factor.

Ingenuity analysis determined overrepresented pathways from genes associated
with proliferation rate (inverse of doubling time) (P<0.001) that included several
proliferation associated pathways such as HIF1A (P=0.0162), and p70S6K (P=0.0468).
Interestingly, TFacts analysis indicates that activated TP53 1is associated with
proliferation rate (inverse of doubling time) (Table 3).

Another method of analyzing gene expression is via weighted gene correlation
network analysis (WGCNA) that identifies modules of tightly coexpressed genes. We
performed a signed WGCNA analysis of the gene expression for the tumorsphere cultures
to determine co-regulated modules of genes that were associated with phenotype
(Figure3A). Sphere formation was most highly correlated to the “Orange Red” module
(Correlation=0.5, P<0.0001) (Figure 3A). Several pathways, as revealed by Ingenuity
analysis, were overrepresented within this group of genes, including Protein Kinase A
(PRKACA) (P=0.00280), mTOR (P=0.0339), and Integrin signaling (P=0.0389)

(Figure3B).
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Figure 3. WGCNA analysis of in vitro phenotypes. A. WGCNA analysis of 71

GBM tumorsphere cultures identified 40 modules of coexpressed genes. The module
eigengene, representing the expression changes of all the genes in the module, was
correlated with phenotypic characteristics. The “Orange Red” module, outlined in red, is
associated with Sphere Formation (P<0.0001). The “Dark Orange” module, outlined in
red, is associated with both Sphere Formation and Doubling time (P<0.0001 for both).
The heat-map depicts the Pearson correlation between module eigengens and trait,
according to the scale on the side. P-values for each association are in each cell. B.
Significant (P<0.05) canonical pathways associated with the “Orange Red” module,
which is associated with sphere formation. The bars represent the —log(P-Value) from a
Fischer’s exact test. Yellow line: 0.05 p-value threshold. The orange graphing line with
the orange box points represents the ratio of the number of genes in the pathway from our
list divided by the total number of genes in the pathway. Grey bars represent no activity
pattern available for the pathway and white bars indicate the Z-score=0, no activation or
inactivation of the pathway. C. Significant (P<0.05) canonical pathways associated with
the “Dark Orange” module that is associated with both proliferation (sphere doubling

time) and sphere total volume.
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Both Total Sphere Volume (an assessment of clonal proliferation rate) and
Doubling Time (the inverse of proliferation rate) were most highly correlated with the
“Dark Orange” module (Correlations =-0.49, P<0.0001 and Correlation P=0.57,
P<0.0001, respectively) (Figure 3A). Thus, the “Dark Orange” module is inversely
correlated to both outcomes of proliferation and may be assumed to be associated with
lack of proliferation. Ingenuity analysis of the “Dark Orange” module revealed associated
canonical pathways including cAMP signaling (P=0.00724), and Protein Kinase A
(P=0.0316) (Figure 3C). Although the ingenuity analysis of the modules did not signify
whether the Protein Kinase A pathway was activated or inactivated, Protein Kinase A
(PRKACA) was directly associated with Sphere Total Volume in the gene-by-gene
analysis (P=0.000816, Correlation=0.388). This suggests that the Protein Kinase A

pathway activation is associated with proliferation (Sphere Total Volume).

Aggressive In Vitro Phenotype and Survival Outcome in TCGA

We compiled a list of 111 probes for 89 genes that were significantly associated
with aggressive phenotype (proliferation) in all 3 in vitro outcomes: sphere formation,
sphere total volume, and sphere doubling time. We tested whether this list of genes
associated with in vitro aggressiveness enriched for genes that were also associated with
tumor malignancy, defined as poor patient survival. To this end, we performed survival
analysis in the TCGA database of glioblastoma on this list of 89 genes and found that 37
genes were associated with survival outcome in TCGA (P<0.05). When we used a false
discovery rate (FDR) of P<0.05, 5 genes were associated with survival outcome in

TCGA: MDK, PLAT, HEATR2, LGALSS, EFEMP2. These 5 genes were all significantly
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associated with malignancy (poor survival in the TCGA database) (Figure 4, 5). Since the
entire list of 12,042 genes in TCGA only harbored 12 genes significantly associated with
patient outcome with a FDR, P<0.05, our determination of these 5 genes correlated to
survival in our database was highly significant (Fisher’s Exact T-Test, P=1.43 X 107).
These data indicate that our list of genes that are consistently associated with all

aggressive in vitro phenotypes is enriched for genes associated with poor survival.
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Figure 4. EFEMP2 and LGALSS play functional roles in promoting GBM

proliferation and are associated with poor survival in TCGA. A. EFEMP2 expression is
associated with poor survival in TCGA. TCGA Kaplan Meier curve for EFEMP?2 with
FDR P-Value listed (P=0.0108). B. LGALSS expression is associated with poor survival
in TCGA. TCGA Kaplan Meier curve for LGALSS with FDR P-Value listed (P=0.0163).
C. Confirmation of knockdown of EFEMP?2 and LGALSS by qRT-PCR in HK296 GBM
cells. Relative expression of EFEMP2 and LGALSS as indicated on Y-axis are each
normalized to GAPDH. shEFEMP?2 depicts standard error bars for 2 biological replicates
(Mean=0.238, +/- 0.0276 Std. Dev.). shLGALSS8 depicts results for one biological
replicate (Mean=0.653). D. shEFEMP2 inhibits cell proliferation. Graph of HK296 GBM
cell cultures after 6 days of proliferation with control cells, or shRNA mediated
knockdown of EFEMP?2 or LGALSS. Mean values, normalized to Ctrl are depicted +/-
standard error of the mean. Each of the three biological replicates represents 16 technical
replicates. ShEFEMP2 (Mean=33.7+/-15.0) is significantly lower by 66% than Control
(Paired T-Test, P=0.0166, N=3). shLGALSS8 (Mean=46.8+/-23.9) is not significantly
lower than Control (Paired T-Test, P=0.0611 N=3) but there is a trend towards a
reduction in proliferation as indicated by the 53% reduction in the mean cell number. E.
shEFEMP2 and shLGALSS inhibit clonal sphere formation. Estimation of cell numbers
of HK296 GBM cell cultures after 15 days of clonal sphere formation with control cells,
or knockdown of EFEMP2 or LGALSS. Mean values of % sphere formation are depicted
+/- standard error of the mean. Each of the three biological replicates represents the mean
of 20 technical replicates. Sphere formation for sEFEMP2 (Mean=12.7 +/- 11) is

significantly lower by 85% than Control (Mean=84.1 +/- 21.3, Paired T-Test, P=0.00690,
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N=3). shLGALSS8 (Mean=35.7 +/- 26.7) is significantly lower by 58% than Control
(Paired T-Test, P=0.00430, N=3). F. ssEEFEMP2 and shLGALSS inhibit clonal sphere
total volume. Graph of HK296 GBM cell cultures after 15 days of clonal sphere
formation with control cells, or knockdown of EFEMP2 or LGALSS. Mean values of
clonal sphere total volume in uM”3 are depicted +/- standard error of the mean.
ShEFEMP2 (Mean=4.44*10" +/- 5.62*107) is significantly lower by 89% than Control
(Mean=4.13*10° +/- 6.63*10’, Paired T-Test, P=0.00290, N=3). sShLGALS8
(Mean=5.95*10° +/- 3.87*10") is significantly lower by 86% than Control (Paired T-Test,

P=0.00370, N=3).
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Figure 5: Kaplan Meier survival curves of TCGA demonstrate that HEATR2, MDK,

and PLAT are associated with poor survival. A HEATR?2 expression is associated with
poor survival in TCGA. TCGA Kaplan Meier curve for HEATR2 with FDR P-Value
listed (P=0.0291). B. MDK expression is associated with poor survival in TCGA. TCGA
Kaplan Meier curve for MDK with FDR P-Value listed (P=0.0219). E. PLAT expression
is associated with poor survival in TCGA. TCGA Kaplan Meier curve for PLAT with
FDR P-Value listed (P=0.00345). F. STRING diagram of these 5 genes associated with
malignancy in association with each other reveals that 3/5 of these genes (MDK, PLAT,
and EFEMP?) are correlated with each other through molecular intermediates

(www.STRING.com).
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Two of the 5 genes associated with both aggressive in vitro phenotype and tumor
malignancy have already been shown to regulate GBM proliferation: MDK and
PLAT(Luo et al., 2015; Yamashita et al., 2015). (Luo et al., 2015; Yamashita et al.,
2015). This provides strong support for the use of a tumorsphere model in the
identification of candidate targets. The remaining three genes (HEATR2, EFEMP2,
LGALSS) are novel candidates of potential interest. EFEMP?2 is particularly interesting as
it is correlated with both MDK and PLAT in an association matrix (STRING.com),
indicating that these 3 genes may interact to regulate tumor cell proliferation (Figure 5D).

We chose to further study EFEMP2 and LGALSS. We used lentiviral-mediated
shRNA knockdown for each gene and confirmed the resulting EFEMP2 and LGALSS
mRNA depletion via qRT-PCR (Figure 4C). EFEMP2 depletion resulted in a 66%
decrease in cell number after 6 days in culture (P=0.0166, Figure 4D). Depletion of
LGALSS reduced cell proliferation by a 53.2% decrease that did not reach statistical
significance over this brief period (P=0.0611). Next, we performed a sphere formation
assay under clonal conditions for 15 days; depletion of EFEMP2 and LGALSS in HK296
GBM cells resulted in an 85% (P=0.00690) and 58% (P=0.00430) reduction,
respectively, in clonal sphere formation (Figure 4E). There was no significant change in
mean sphere diameter, indicating that those rare cells which do form spheres either
escape knockdown or utilize other mechanisms to compensate for the depletion of the
gene and proliferate normally. The change in sphere formation resulted in an 89%
decrease in sphere total volume after EFEMP2 knockdown (P=0.00290) and an 86%
decrease after LGALSS knockdown (P=0.00370) (Figure 4F). These results demonstrate

that EFEMP2 and LGALSS play functional roles to promote GBM tumor cell
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proliferation and clonal sphere formation. Similar results were obtained in the HK308

GBM cell line (Figure 6).
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Figure 6. EFEMP2 and LGALSS play functional roles in promoting GBM

proliferation in HK308 GBM cell culture. A. Knockdowns of EFEMP?2 and LGALSS
were efficient in HK308 as confirmed by qRT-PCR. Relative expression of EFEMP2 and
LGALSS as indicated on Y-axis are each normalized to GAPDH. shEFEMP2 depicts
standard error bars for two technical replicates (Mean=0.121). shLGALSS8 depicts results
for two technical replicates (Mean=0.0251). B. sShEFEMP2 and shLGALSS inhibit cell
proliferation. Graph of HK308 GBM cell cultures after 6 days of proliferation with
control cells, or knockdown of EFEMP2 or LGALSS. Mean values are depicted +/-
standard error of the mean. Each of the three biological replicates represents the mean of
16 technical replicates. SAEEFEMP2 (Mean=32.6) is significantly lower by 77% than
Control (Paired T-Test, P<0.0001, N=3). shLGALS8 (Mean=29.7) is significantly lower
by 70% than Control (Paired T-Test, P=0.00270, N=3). C. shEFEMP2 and shLGALS8
inhibit clonal sphere formation. Graph of HK308 GBM cell cultures after 18 days of
clonal sphere formation with control cells, or knockdown of EFEMP2 or LGALSS. Mean
values of % sphere formation are depicted +/- standard error of the mean. Each of the
three biological replicate represents the mean of 20 technical replicates. ShEFEMP2
(Mean=0.333) is significantly lower by 95% than Control (Mean=7.39, Paired T-Test,
P0.0301, N=3). shLGALSS8 (Mean=0.467) is significantly lower by 87% than Control
(Paired T-Test, P=0.0441, N=3). D. shEFEMP2 and shLGALSS inhibit clonal sphere
total volume. Graph of HK308 GBM cell cultures after 15 days of clonal sphere
formation with control cells, or knockdown of EFEMP2 or LGALSS. Mean values of
clonal sphere total volume in uM”3 are depicted +/- standard error of the mean. Each of

the three biological replicate represents the mean of 20 technical replicates. ShEFEMP2
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(Mean=1.98*10°) is significantly lower by 97% than Control (Mean=6.24*10°, Paired T-
Test, P=0.0006, N=3). shLGALSS (Mean=4.08*10") is significantly lower by 93% than
Control (Paired T-Test, P=0.00240, N=3). E. ShEFEMP2 and shLGALSS do not affect
clonal sphere diameter. Graph of HK308 GBM cell cultures after 15 days of clonal
sphere formation with control cells, or knockdown of EFEMP2 or LGALSS. Mean values
of sphere diameter in uM are depicted +/- standard error of the mean. Each of the three
biological replicate represents the mean of 20 technical replicates. SsEEFEMP2
(Mean=122 uM) is not significantly lower than Control (Mean=150 uM, Paired T-Test,
P=0.358, N=3). shLGALSS8 (Mean=148) is not significantly lower than Control (Paired

T-Test, P=0.816, N=3).
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Tumorsphere Genes Associated with Patient Survival:

The above analysis studied genes of interest and their associations with survival in
publically available databases. Next, we focused our analysis on factors associated with
the survival of patients included in our own dataset. Neither the tumorsphere TCGA
classification nor the Mesenchymal vs. Non-Mesenchymal unsupervised clustering
classification was significantly associated with patient survival although we observed a
non-significant trend for poorer survival in the Mesenchymal cluster (P=0.109) (Figure
7B) (Table 4). EGFR or PTEN mutation status, as indicated by the pathology report, was
also not significantly associated with patient outcome in our cohort (Table 4). Patients
with recurrent tumors had poorer survival as compared to primary tumors
(P=0.007)(Figure 8A). Additionally, male patients had poorer survival as compared to
female patients (P=0.004) (Figure 8B) and age was related to poorer survival (Hazard

Ratio=1.025, CI: 1.01-1.04, P=0.01) (Table 4).

Phenotypic Correlation with Survival

Outcome Explanatory Variable Analysis P-Value Hazard Ratio 95% Confidence Interval
Survival EGFRV3 Cox Regression 0.976 1.01 0.573-1.77
Survival EGFRV3 or Amplification Cox Regression 0.651 1.12 0.682-1.85
Survival PTEN Deletion Cox Regression 0.168 0.714 0.442-1.15
Survival TCGA Tumorsphere Cox Regression 0.587 0.918 0.674-1.25
Survival Age of Patient Cox Regression 0.01 1.025 1.01-1.04
Survival Recurrence vs Primary Cox Regression 0.007 2.36 1.26-4.40
Survival Gender (Male vs Female) Cox Regression 0.004 3.07 1.44-6.52
Survival Gender adjusted for age Cox Regression 0.009 2.74 1.28-5.86
Age Cox Regression 0.038 1.02 1.00-1.04
Survival Gender adjusted for age and Recurrence Cox Regression 0.137 1.81 0.828-3.95
Age Cox Regression 0.002 4.06 1.68-9.84
Recurrence Cox Regression 0.002 1.04 1.01-1.06 4

Table 4. Phenotypic Correlation with Survival. Results from cox regression analysis

for survival in our patient dataset of tumorspheres.
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Figure 7. Kaplan Meier curves demonstrate no significant correlation between

survival and either TCGA classification or unsupervised clustering into 2 groups. A.
Kaplan Meier curve of TCGA classification in tumorspheres and survival of the patient.
P-Value=0.587. B. Kaplan Meier curve of unsupervised clustering of tumorspheres into 2

groups: Groupl= “Mesenchymal”, Group2="Non-Mesenchymal”. P-Value=0.109.
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Figu re 8. Kaplan Meier curves demonstrate both recurrence and Male gender are

associated with poorer patient survival. A. Kaplan Meier curve of recurrent tumor derived
tumorspheres vs. non-recurrent derived tumorspheres displays a significant disadvantage
for recurrent tumors in terms of patient survival (P=0.007). B. Kaplan Meier curve of
gender (Male vs. Female derived tumorspheres) displays a significant disadvantage for

Male patients in terms of survival (P=0.004).
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The tumorsphere culture system offers a unique model with which to determine
tumor specific genes associated with survival in a robust manner. While there are many
potential artifacts of any culture system, we hypothesized that tumorsphere genes
associated with patient survival would be of high value, as the cultures are enriched for
true tumor cells rather than other elements in the microenvironment. We analyzed various
outcomes for associations with patient survival using Cox Regression analysis and
Kaplan Meier graphs.

We found 22 annotated genes that were significantly associated with patient
outcome (FDR P<(0.05) (Table 5). These genes seem to be unrelated, except for BRE and

E2F3 that are both involved in the BRCA1 DNA damage response.

58



Tumorsphere Gene Expression Significantly Associated with Patient Survival

Gene Tumorsphere Database |FDR, P-Value |Rembrandt Glioma Rembrandt GBM
LOC100128071 Death 0.00941 - -

SYT6 Survival 0.0186 Survival No
MMRN1 Survival 0.0228 Death No
LOC494150 Death 0.0263 Survival No
RAB3B Death 0.0324 No No
C19orf6 Death 0.0324 No No
ZNF346 Survival 0.0324 No No
ARPC5 Survival 0.0381 No No
E2F3 Survival 0.0381 No No
YPEL2 Death 0.0392 Survival No
MAP2K5 Death 0.0392 Death Death
BRE Death 0.0392 No No
NAP1L1 Survival 0.0392 Survival Survival
NAP1L1 Survival 0.0449 Survival Survival
PBX2 Survival 0.0449 No Death
NPL Survival 0.0469 No No
GPATCH2 Survival 0.0477 No No
PDE9A Survival 0.0493 Survival No
LCORL Death 0.0493 No No
TTPAL Survival 0.0493 Death No
PTGR1 Death 0.0496 Death Death
VTI1IA Survival 0.0496 Survival Survival
TAF1 Death 0.0497 No No ;
No= Not significantly associated with survival. - = Data unknown.

Table 5. Tumorsphere Gene Expression Significantly Associated with Patient

Survival. Genes associated with survival (FDR, P<0.05) in our tumorsphere dataset.
Additional information is provided to signify whether those genes are also significantly

associated with survival in the Rembrandt dataset of Glioma (P<0.05) or GBM (P<0.05).
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In order to validate these findings, we searched the Rembrandt dataset. Ten of the
22 genes identified in our study were also significantly associated (P<0.05) with patient
outcome in glioma cases in the Rembrandt database of tumor gene expression. However,
only seven of these ten genes had consistent (sign sensitive) associations in both
databases (the other 3 had inconsistent associations; for example, better survival in one
database and poorer survival in the other or vice versa) (Table 5). Of the genes with
consistent associations, 57% (4/7) were also significantly (P<0.05) associated with
outcome in the Rembrandt database of tumor expression within the restricted
subpopulation of glioblastoma (Table 5). Thus, we have distinguished 4 genes that are
significantly associated with patient outcome in a robust manner, both in GBM-derived
tumorspheres (Figure 9 A-D) and in GBM tumors themselves (Figure 10).

Our data indicate that one must be cautious in interpreting the meaning of a
gene’s relationship with tumorsphere phenotype or survival. A gene’s association with
patient outcome was not necessarily reflected in its association with in vitro tumorsphere
phenotype. For example, higher expression of MAP2K5 is associated with shorter
survival, but MAP2K5 levels are associated with a slower proliferation rate of the
tumorsphere cultures (P=0.0203). VTI1A, whose expression is associated with better
patient survival, is also significantly associated with a faster proliferation rate of the
tumorsphere cultures (P=0.0428). Thus, a complex system exists wherein gene
expression associated with patient outcome is not strictly related to tumorsphere
proliferation in a simple, predictive manner. PTGRI has a complex phenotypic
characterization as both high expression and under expression of PTGRI are associated

with poor survival as compared to the mean in our tumorsphere dataset (Figure 9B).
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Figure 9. PTGRI1 plays a functional role in impairing GBM proliferation. A-D.

Kaplan Meier survival curves from our tumorsphere dataset of gene expression in
tumorsphere cultures and patient survival for 4 genes associated with survival in both our
tumorsphere dataset and in the Rembrandt dataset for glioblastoma. E. Western blot
depicts depletion of PTGR1 in HK248 cells upon shRNA knockdown of PTGR1. Beta
actin serves as the loading control. F. Normalized sphere formation percentage displays a
significant 272% increase in sphere formation upon knockdown of PTGR1 in HK248
GBM cell culture (Paired T-Test, P=0.00620, N=4). The mean for Ctrl was 4.76%, and

for shPTGR1, 22.3%. Cells were grown at clonal density (50 cells/well) for 21 days.
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Figu re 10. Kaplan Meier curves of the Rembrandt database for glioblastoma tumor

gene expression and survival. The red line is overexpression of the gene; the green line is

under-expression of the gene. The genes are indicated, as are the P-values.
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PTGRI expression in tumorspheres is consistently related to the aggressive
phenotype: a faster rate of proliferation (P=0.000507), greater sphere total volume
(Correlation=0.638, P<0.001), and increased sphere formation (Correlation=0.453,
P=7.34E-05). From our assessment of tumorsphere phenotypes, we chose PTGRI as a
candidate gene for further study.

Using lentiviral mediated shRNA transfection, we knocked down PTGRI in GBM
cell culture HK248. Depletion of PTGR1 was demonstrated via western blot (Figure 9E).
We performed a sphere formation assay under clonal conditions and after 21 days of
growth, PTGR1 depletion resulted in a 4.8 fold increase in mean percentage sphere
formation (Ctrl=4.76%, shPTGR1=22.3%), with no change in mean sphere diameter
(Figure 9F). These significant results (P=0.0062) demonstrate that PTGRI plays a
functional role in impeding GBM tumor cell proliferation and sphere formation. Thus,
PTGRI is a potential tumor suppressor. This is a good example of the caution one must
employ in assessing correlations between expression and phenotype. Although PTGRI
expression was correlated with a more aggressive in vitro phenotype, it behaved
functionally as a tumor suppressor. Yet, the anti proliferative function of PTGRI is
consistent with the observed correlation in our tumorsphere dataset between poor survival

and PTGRI under expression (Figure 9B).

65



Discussion

Our large-scale study of the comparison of tumorsphere expression shows both
phenotypic variance and expression differences between our diverse tumorsphere
samples. Additionally, we compared and contrasted expression changes between these
tumorspheres and their parent tumors using microarray data in an attempt to determine
the strengths and weaknesses of this model system. One key discovery was that TCGA
classification in our tumorspheres was not universally predictive of phenotype, nor
universally consistent with original tumor classification. One possible explanation for this
discrepancy is a process of enrichment within some tumorsphere samples for an
important subset of cells amongst the tumor heterogeneity. Single-cell RNA-seq has
demonstrated that clonal heterogeneity exists within a tumor(Patel et al., 2014).
Therefore, it is feasible that tumorspheres may select for a certain subtype of BTSC from
the tumor. However, a recent report has observed that variegated clones, phenotypically
and genetically distinct, persist within tumorsphere cultures(Meyer et al., 2015a). This
implies that tumorsphere heterogeneity may reflect the biology of the tumor and model
the complex phenotypic features of clonal selection and drug response. This tumorsphere
heterogeneity implies that these bulk tumorsphere cultures may be more biologically
relevant than single cell derived, clonal cultures or cell lines or genetically modified
mouse models. However, this heterogeneous model system does not rule out differential
BTSC selection or bias in the tumorsphere cultures that could account for the discrepancy
between classification of certain tumors and their derived tumorspheres.

The discrepancy in classification between tumors and their derived tumorspheres
lies in contrast to the small number of genes (13) that were consistently altered from
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tumors to tumorspheres. These data suggest that tumorsphere cultures may not be
enriching for expression of a consistent set of canonical brain tumor stem cell genes. On
the other hand, these data also indicate that tumorspheres do not create consistent artifacts
of culture, that they are not a disparate model system from their parent tumors, at least in
terms of changes that can be detected by gene expression.

Interestingly, TCGA classification of tumorspheres did preserve the previously
reported associations of [DHI mutation with Proneural (Verhaak et al., 2010)
classification and largely supports the classification of gliosarcoma tumors with
Mesenchymal. However, offering a non-biased alternative to TCGA classification,
unsupervised clustering of the most variable genes supports the classification of
tumorspheres into 2 general categories, Mesenchymal and non-Mesenchymal sub-groups.
In contrast to a previous report (Bhat et al., 2013), we find both Proneural and Classical
were clustered against the Mesenchymal sub-group, whereas the previous study defined
the two contrasting sub-groups as entirely Proneural vs. Mesenchymal. However,
multidimensional scaling, utilizing principal component analysis, did provide support for
separating at least some Proneural samples from the “Classical/Proneural” subset. In fact,
this MDS grouping of a Proneural subgroup had a significantly slower proliferation rate
than the other MDS groups, suggesting that unbiased MDS classification may distinguish
biologically relevant subgroups which the other classification systems (TCGA and
Clustering) missed. These results are consistent with a recent study of 20 tumorsphere
cultures that distinguished two clusters including a predominately Proneural subtype, the
“stem like” group, associated with slower sphere formation rates and longer survival

upon xenograft transplantation(Cusulin et al., 2015).
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Our results present a complex picture of the tumorsphere system, where some
elements of TCGA classification are effective at describing tumorspheres (i.e. Proneural
and /DH I mutations, gliosarcoma and Mesenchymal) and other elements of tumorspheres
may be better assessed with different methods of examination (i.e. non-biased assessment
of gene expression and phenotype). However, the TCGA classification is robust in that
tumorspheres generally retained their TCGA classification from low to high passages in
culture. These data indicate a stability of tumorspheres over time, at least in regard to
relative expression levels.

One key aim carried out in this paper was an analysis of the phenotypes of the
tumosphere cultures and their relationship with gene expression. First, we assessed the
correlation between gene expression levels and phenotypes; second, we identified
modules of co-expressed genes using WGCNA, and correlated their module eigengenes
with the phenotypic traits. While there are advantages and disadvantages to each method,
they can support and supplement each other. In terms of tumorsphere phenotype, we
distinguished associations between sphere formation or proliferation with the Beta
Catenin, PI3Kinase, ERK, Protein Kinase A, Integrin and mTOR pathways. These
associations bind in vitro phenotypes with established pathways that play essential roles
in tumor biology and malignancy. The data, from both WGCNA and gene-by-gene
correlation supports the hypothesis that Protein Kinase A signaling is directly associated
with proliferation. This association between Protein Kinase A and glioma proliferation
has been shown in a previous study wherein protein kinase A mediated the EGFRVIII
stimulus to proliferate (Feng et al., 2014). A validation of our methodology was KLHLY.

KLHLY expression was inversely correlated (Pearson’s r=-0.758, P<0.0001) with sphere
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formation, consistent with a previous study reporting that KLHL9 expression reduced
tumor viability in glioblastoma (Chen et al., 2014). This demonstrates that upon
examination of tumorsphere gene expression and dynamic phenotypic outcomes provided
by the tumorsphere model, one can distinguish crucial pathways involved in malignancy
and tumor biology. This validation of the tumorsphere system as a model of tumor
biology supports the strategy to interrogate the tumorsphere model for novel genes with
important roles in tumor biology.

An important question is whether tumorsphere cultures provide additional
information that cannot be gleaned from data on the whole tumor. Besides offering a
dynamic model for study, an additional advantage to the tumorsphere model is its tumor
cell-specific composition. Tumors may contain a variety of extraneous non-tumor cells
within the sample while tumorspheres serve as a more rarified environment that can be
considered tumor specific. Here, when comparing malignant-like phenotypes to survival,
we discovered 5 genes that were associated with aggressiveness in all 3 outcomes for in
vitro phenotype and with malignancy in terms of poor patient survival in the TCGA
database of glioblastoma. These genes include 2 known oncogenes, PLAT and MDK and
3 genes with no known role in glioblastoma biology: EFEMP2, HEATR2, and LGALSS.
We chose to study EFEMP2 and LGALSS for a functional role in GBM proliferation by
using lentiviral mediated shRNA knockdown of each gene. Using this reasoned analysis
to identify genes correlated with malignant-like traits, we discovered that both EFEMP2
and LGALSS facilitate proliferation and clonal sphere formation of GBM tumorspheres.
Our data is consistent with a previous report that EFEMP2 (also known as MBPI)

promotes proliferation and transformation in rat embryonic fibroblasts (Gallagher et al.,
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1999). Further study is necessary to determine if EFEMP2 serves as an oncogene in
GBM. Interestingly, both EFEMP2 and LGALSS are secreted proteins and therefore, they
may serve as suitable biomarkers for GBM tumor proliferation and also may be amenable
to pharmacologic intervention.

Expression in tumorspheres may harbor unique and meaningful correlations with
patient survival as gene expression in tumorspheres is tumor cell specific and not due to
brain parenchyma in the tumor sample. We found 22 genes whose expression in
tumorspheres was significantly associated with patient survival. Of these candidates, we
found four genes robustly associated with survival in both GBM tumorspheres and in the
Rembrandt database of GBM tumors: MAP2K5, NAPILI, PTGRI (LTB4DH), VTIIA.
These genes were not only robust predictors of survival, with associations that persisted
from the tumor to tumorsphere conditions, but their correlation with survival in our
tumorsphere dataset indicates that these associations are specific to tumor biology and not
due to an artifact of contaminating non-tumor tissue. PTGRI is unique in that its
expression associated with poor prognosis in our tumor database as well as with all 3
outcomes of aggressive in vitro phenotype. However, PTGRI under-expression was also
correlated with poor survival in our tumorsphere dataset. Our experimental data indicate
that PTGRI has a functional role in suppressing GBM sphere formation. Thus, in vitro
PTGRI expression may serve as a biomarker of proliferation, perhaps a transcriptional
reaction to the aggressive in vitro phenotype, and not a driver of that phenotype. These
results support the unique relevance of the tumorsphere dataset survival outcome where
we detected that under expression of PTGRI was associated with poor survival. This

inverse association of expression with malignancy is consistent with a role for PTGR1 as
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an inhibitor of proliferation. Our data support the need for more study of PTGRI/ and
indicate that correlations between genes and in vitro phenotypes do not always predict
their functional role.

In summary, our data distinguishes the tumorsphere system as a suitable model of
fundamental molecular pathways involved in GBM biology. Tumorspheres demonstrate
in vitro phenotypes that are correlated with canonical pathways involved in GBM tumor
biology. The tumorsphere model provides a unique platform for the discovery of novel
genes involved in proliferation and may be utilized to elucidate the molecular

determinants of malignancy.
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Methods

Clinical Data and Tumor Collection: High grade human glioma tumors from 70 surgical
resections were collected under institutional review board-approved protocols and graded
by the neuropathologists as previously described(Laks et al., 2009). One tumor sample
was obtained from Duke University after it had been resected and placed as a xenograft.
This sample was utilized because it has been widely published (Nathanson et al., 2014;
Sarkaria et al., 2007). There were 67 distinct patients as four pairs of tumorspheres were

derived from the same patients at different resections.

Tumorsphere Culturing: Tumorspheres were cultured from GBM tumor samples as
previously described(Hemmati et al., 2003; Laks et al., 2009). Cells were grown in
Dulbeco’s modified Eagle’s medium (DMEM)/F12 supplemented with B27 (Life
Technologies), 20 ng/ml basic fibroblast growth factor (bFGF, Peprotech), 50ng/ml
epidermal growth factor (EGF, Life Technologies), penicillin/streptomycin (Invitrogen),
Glutamax (Invitrogen), and Sug/ml heparin (Sigma-Aldrich). Tumorspheres were
passaged every 7-10 days following enzymatic dissociation with TrypLE (Life

Technologies).

The Cancer Genome Atlas Glioblastoma Classification: The Cancer Genome Atlas
(TCGA) unified gene expression dataset for the 173 core tumor samples from the
glioblastoma TCGA classification paper (Verhaak et al., 2010) was used to create our
models. The unified gene expression dataset is the combined expression data from all
three platforms, Affymetrix HuEx array, Affymetrix U133A array and Agilent 244K
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array into a single expression pattern that was used for the original classification into four
categories by TCGA (Verhaak et al.,, 2010). The unified gene expression data was
combined with our Tumor and Tumorsphere data which was obtained on the Affymetrix
U133 plus 2.0 array and normalized with the using the R package limma (Smyth, 2005).
Batch effects were then adjusted using ComBat (Johnson et al., 2007) on the normalized
data. ClaNC, the LDA based centroid classification algorithm used by Verhaak et al. to
create the classifications was then applied to determine a 3-class centroid-based classifier
using only the data from Mesenchymal, Proneural or Classical TCGA samples (Dabney,
2006). 56 Mesenchymal samples, 53 Proneural and 38 Classical samples consisting of
147 total samples excluding the 26 Neural samples were used in building the classifier.
This classifier was then used to assign a TCGA category (Mesenchymal, Proneural or
Classical) to each sample within the Tumor and Tumorsphere sets. Because of the lack of
gene name overlap from the Affymetrix UI33A array used by TCGA and the Affymetrix
U133 plus 2.0 microarray used for our classifications, only 789 of the original 840 genes

were used to classify the samples.

Survival Curves: Kaplan-Meier survival curves were created for all 54,675 probes using
the R 'survival' package (Therneau, 2014). Statistical significance was assessed using the
Mantel-Haenszel test as implemented in the G-rho family of tests by Harrington and
Fleming (Harrington, 1982). False Discovery Rate adjustment was carried out on all
54,675 p-values and only values with an FDR adjusted p-value of less than 0.05 were
kept as significant and reported. FDR adjustment was carried out using the Benjamini and

Hochberg approach (Benjamini, 1995).
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Determining genes associated with survival in our cohort: First, we performed a gene by
gene correlation to survival by evaluating the significant differences between high and
low expression in each gene’s Kaplan-Meier curve. Groups of high and low expression
were defined as being one half of one standard deviation higher or lower than the average
expression for a given gene. Kaplan-Meier curves were then created using these three
groups, those that were over-expressed, under-expressed and those that were neither for a
given gene. We then ranked these Kaplan-Meier curves using p-values calculated using
the log-rank (Mantel-Haenszel) test. Significant results were defined as having an FDR

adjusted p-value of less than 0.05.

Paired Student's T-test of Tumorspheres and Their Parent Tumors:

Means were compared between tumorspheres and their parent tumors using a paired
Student's ¢ test as implemented in the R core package (Team, 2013). Transcripts with a
false discovery rate (FDR) <0.05 were reported as significant.

In vitro Assays: We studied the percentage of sphere formation for cultures at clonal
density (plating 50 cells/100uL/well of a 96 well plate). This feature may reflect the % of
tumor initiating cells within the population. We measured the total volume of spheres
formed through the formula: sphere total volume = Mean # spheres formed * mean
sphere volume (4/3 m * r3, where r is the mean measured radius of the spheres counted).
As sphere total volume takes into account both % sphere formation and diameter, it is an
accurate assessment of proliferation at clonal density. We assessed proliferation rate by
measuring doubling time of 39 tumorspheres cultures. Doubling time is therefore the

inverse of relative proliferation rate. Doubling time was assessed by counting cells every
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day after plating at 5000 cells/100uL/well of a 96 well plate well using alamar blue as a

readout.

Cell Proliferation Assays: Cells were plated at 5000 cells/100uL/well of a 96 well plate
and grown for 5-7 days. Cell number was assessed using Dojindo Cell Counting Kit-8

(Dojindo Molecular Technologies Inc.).

Ingenuity Analysis: Ingenuity analysis of gene expression lists was performed at

www.ingenuity.com. Canonical pathways were considered to be significantly associated

with gene lists at P<0.05.

TFacts analysis: Sign sensitive analysis of transcription factor associations with our gene

lists of interest was performed at http://www.tfacts.org/TFactS-new/TFactS-

v2/index1.html. Transcription factors were considered to be significantly associated with

gene lists if E<0.05.

shRNA: Lentiviral mediated ShRNA knockdowns of EFEMP2, LGALSS, and PTGR1
were performed using constructs from the Dharmacon-Harmon library (General Electric:

http://dharmacon.gelifesciences.com/shrna/gipz-lentiviral-shrna/?Parent=12884902157).

EFEMP? (full hairpin sequence: TGCTGTTGACAGTGAGCGCGCAGTGATAT
TGATGAGTGTATAGTGAAGCCACAGATGTATACACTCATCAATATCACTGCA

TGCCTACTGCCTCGGA. LGALSS (Full hairpin sequence: TGCTGTTGACAGT
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GAGCGAGGCATTTATGGCAAAGTGAATTAGTGAAGCCACAGATGTAATTCAC
TTTGCCATAAATGCCCTGCCTACTGCCTCGGA). PTGRI (Full hairpin sequence:
TGCTGTTGACAGTGAGCGATGGAGCCATCTCTACATATAATAGTGAAGCCAC

AGATGTATTATATGTAGAGATGGCTCCACTGCCTACTGCCTCGGA).

qRT-PCR: qRT-PCR was performed with the following primers: GAPDH: Fwd-
AGCCACATCGCTCAGACAC, Rev-CGCCCAATACGACCAAATC. EFEMP?2: Fwd-
CTTCAACTCCTATGGGACCTTC, Rev-AGCGGTACTGACAGAGGTAG. LGALSS:

Fwd- CCAGCTTAGCCTGCCATTC, Rev- CCTGCTAGTAGGTCAACATTAAAGC.

Gene trait correlations: Gene-trait correlations and p-values were obtained using the
standard Pearson correlation coefficient » using the cor() function in R. A p<0.001

threshold was used to select the most interesting candidates.

Clustering: Hierarchical clustering was obtained using the hclust function in R using

standard parameters.

Microarray methods: Concentration and quality of RNA samples was examined using the
NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies) and the Agilent 2100
Bioanalyzer (Agilent Technologies, Inc). RNA samples were reverse transcribed and
labeled according to manufacturer’s instructions and hybridized to Affymetrix high-
density oligonucleotide HG-U133A Plus 2.0 Human Arrays. Microarray data analysis
was performed as previously described (Coppola, 2011). Briefly, array preprocessing was

completed in the R computing environment (http://www.r-project.org) using
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Bioconductor (http://www.bioconductor.org). Raw data was normalized using the robust
multi-array (RMA) method (Irizarry et al., 2003). To eliminate batch effects, additional
normalization was performed using the R package "ComBat"
(http://statistics.byu.edu/johnson/ComBat/) (Johnson et al., 2007) with default
parameters. Contrast analysis of differential expression was performed using the LIMMA
package (Smyth, 2005). After linear model fitting, a Bayesian estimate of differential
expression was calculated using a modified t-test. The threshold for statistical
significance was set at p<<0.005 for differential expression analysis and p<0.01 for
explorative analyses (gene ontology and pathway analysis). Gene Ontology and Pathway
analysis were carried out using the Database for Annotation, Visualization and Integrated

Discovery (DAVID) and Ingenuity Pathway Analysis (www.ingenuity.com).

Weighted Gene Co-expression Network Analysis (WGCNA) was conducted using the R
package as previously described (Langfelder et al., 2008; Zhang and Horvath, 2005).
Briefly, correlation coefficients were constructed between expression levels of genes, and
a connectivity measure (topological overlap, TO) was calculated for each gene by
summing the connection strength with other genes. Genes were then clustered based on
their TO, and groups of co-expressed genes (modules) were identified. Each module was
assigned a color, and the first principal component (eigengene) of a module was
computed and considered to be representative of the gene expression profiles in a
module. We then correlated eigengenes for each module with phenotypic traits of

interest.
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Survival Outcome: Time to survival (TTS) for patients in our database was determined
by the duration of life from the date of surgery using death certificates and the social

security death index.

RNA samples preparation: RNA was isolated from tumorspheres and tumors samples

using the Qiagen RNA isolation kit (RNeasy Kit, Qiagen).

Western Blots: We performed western blots for PTGR1(ABCAM#107005),
EFEMP2(ABCAM #125073), LGALS8(Sigmat#) and utilized Beta Actin as a loading
control (ABCAM #8277). Samples of protein for Western blots were prepared by
collecting equal amounts of cells, counted using the Countess Automated Cell Counter
(Life Technologies), and then boiled in Laemmli Sample Buffer (Bio-Rad #161-0737)
with 5% beta mercaptoethanol for five minutes. An equal numbers of cells (125,000
cells/lane) were loaded on to 10% Mini-Protean Pre-cast gels (Bio-Rad #456-1036) and

the western blots were performed according to standard procedure.

Pathology Reporting: The readout of clinical diagnosis, the presence of EGFRVIII

rearrangement and cytogenetic analysis were obtained from the official pathology report.

EGFRVIII in tumorspheres: EGFRVIII mutation in tumorsphere cultures was ascertained

by western blots using an EGFR antibody (Millipore #06-847).
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Sequencing of IDHIand IDH?2

Genomic DNA was isolated from the cultured glioma-sphere cells by using DNeasy
Blood and Tissue Kit (Qiagen). The IDHI and IDH2 genotypes were determined by
Sanger sequencing as follows: (1) IDH1 fragment with R132 codon and IDH2 fragment
with R140 and R172 codons were amplified from the genomic DNAs by PCR. The PCR
primers for /DHI fragment are forward 5’-GCGTCAAATGTG CCACTATC-3" and reverse
5-GCAAAATCACATTATTGCCAA C-3’. The PCR primers for IDH2 fragment are forward
5’- AATTTTAGGACCCCCGTCTG -3’ and reverse 5’-
TGTGGCCTTGTACTGCAGAG -3’; (2) then, the PCR products were sequenced by using

the BigDye Terminator v3.1 (Applied Biosystems) and analyzed on a 3730 sequencer (Applied

Biosystems). The sequencing primers are the same as the PCR forward primers.

Statistics: For comparison of small groups we used a cutoff of P<0.05 to distinguish
significant differences. For analysis of gene correlations to survival, we used a false
discovery rate (FDR) P<0.05 for greater stringency. Statistics for comparing cell
proliferation, sphere formation, sphere diameter, and sphere total volume between groups
of control cells and shRNA mediated knockdowns were done in GraphPad Prism

software (http://www.graphpad.com/scientific-software/prism/) utilizing the paired T-

test. Prism was also used for ANOVA comparison of TCGA classification and EGFR
mutational status, EGFR amplification, and tumor status (primary, recurrent, secondary).
Other analysis utilized CHI(2) tests using STATA 8.0 software (StataCorp,

http://www.stata.com/) to compare TCGA classifications of high vs. low passages for

tumorspheres and to compare TCGA classification or unbiased expression clustering
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group of tumors vs. tumorspheres. STATA software was also utilized to perform linear

regression of doubling time vs. sphere total volume or sphere formation.
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Chapter 3
Interrogation of a Broad Spectrum of Glioblastoma
Tumorspheres Informs Targeting of the PI3Kinase
Pathway

AIM2. To test the hypothesis that interrogation of the tumorsphere system is

informative for the study of targeted therapy.

Abstract

We interrogated a broad spectrum of glioblastoma (GBM) tumorsphere cultures
with a panel of differential PI3Kinase (PI3K) pathway inhibitors. Responses to these
drugs were unrelated to each other, and unrelated to the molecular classification of
tumorspheres. Clathrin signaling was the sole signaling pathway associated with response
to all PI3K pathway inhibitors tested. Across a variety of analytical approaches to the
molecular expression of our tumorsphere library, ERK pathway activation was associated
with response to mTOR inhibition. We observed that approximately 83% of GBM
cultures were sensitized to MEK/ERK inhibition by mTOR inhibition, from either
Rapamycin or BEZ235. We demonstrated in vivo that combinatorial treatment with
Selumetinib (MEK/ERK inhibition) and Rapamycin (mTOR inhibition) produced a
treatment response greater than response to treatment of either drug alone. Our data
supports the idea that molecular analysis of the GBM tumorsphere model system can

inform therapeutic treatment strategies.
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Background

The Cancer Genome Atlas (TCGA) classified GBM tumors into 4 subtypes based
on differential gene expression profiling(Verhaak et al., 2010). This classification system
may apprise personalized medicine if each subtype requires its own tailored therapy. The
hypothesis that the TCGA classification of GBM may inform therapy can be tested in a
suitable in vitro system. Here, we test the hypothesis that PI3Kinase targeting will have
differential response based on TCGA classification by utilizing the tumorsphere model
system of GBM.

Targeting the phosphatidylinositol-3 kinase (PI3K) pathway is a promising
approach for the treatment of cancer(Choe et al., 2003; Vivanco and Sawyers, 2002).

This therapeutic strategy may be particularly suitable for GBM where the PI3K pathway
is frequently activated through mutation. One study observed that 86% of GBM harbor
mutation in the PI3K pathway(TCGA, 2008). A later study found that 89.6% of GBM
had at least one alteration in the PI3K pathway, while 39% had two or more(Brennan et
al., 2013). In 15-40% of primary GBM there are genetic alterations in phosphatase and
tensin homolog (PTEN)(Ohgaki and Kleihues, 2009). Mutation of upstream pathway
molecules such as phosphatidylinositol 3-kinase (PI3KCA) and PTEN may result in
activation of downstream effectors, such as protein kinase B (AKT) and mammalian
target of Rapamycin (mTOR), that control cell growth and proliferation(Dibble and
Manning, 2013). Both PI3K activity and expression of AKT are directly associated with
glioma tumor grade and therefore malignancy (Wang et al., 2010a). Moreover, inhibition

of the AKT pathway has been shown to target glioblastoma brain tumor stem cells
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(BTSC), the cells purported to be responsible for tumor formation and recurrence (Gallia
et al., 2009).

Presently, therapeutic targeting of the PI3K pathway consists of numerous drugs
that impair different nodes of the molecular signaling cascade (Maira et al., 2009).
Inhibitors of EGFR, PI3K, mTOR, and AKT have all been developed(Wen et al., 2012).
One aim of devising such targeted therapy is to personalize medicine through tailored
therapy for each individual patient or tumor type(Olar and Aldape, 2014). Another aim of
targeted therapy is to overcome resistance. The PI3K pathway has multiple feedback
loops that may override inhibition at a single node(Sami and Karsy, 2013). In part to
overcome resistance, single chemotherapeutic agents have been developed that target
multiple nodes in the PI3K pathway. An example is NVP-BEZ235 that targets PI3KCA,
mTORc1, and mTORc2. Certain PI3K pathway therapeutics are in, or are advancing to,
clinical trials.

In the fight against cancer, some success has been forged by combinatorial
therapy including combinatorial treatments for childhood ALL, Hodgkin’s lymphoma,
colon cancer, and breast cancer(Chabner and Roberts, 2005). However, if a single agent
targets too broad a range of molecules, it may become less useful for tailored therapy. In
addition, dual inhibitors may contravene one method of resistance but trigger yet another
due to the complex interconnection of molecular signaling pathways. For these reasons,
finding the optimal molecular targets for inhibition in GBM remains a challenge.

To identify the optimal therapeutic strategy for a complex, intractable disease
such as GBM requires a suitable biological model system. In this study, we interrogated

the GBM tumorsphere model system and appraised its capacity to inform an effective
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course of treatment. This study tested a broad spectrum of primary GBM cultures in
response to a panel of PI3K inhibitors and utilized several methods to analyze
relationships with molecular expression data. We utilized Erlotinib to target EGFR,
Rapamycin to target mMTORc1, and NVP-BEZ235 to target mTORc1/mTORc2/PI3KCA
(Figure 11). In addition, we used Selumetinib to target the extracellular signal regulated
kinase (ERK) pathway that is also downstream of EGFR (Figure 1).

We found no evidence that TCGA classification was associated with response to
PI3K pathway inhibitors. However, we did find that the tumorsphere model is suitable for
developing therapeutic strategies. Results from this study indicate that the ERK pathway
is consistently correlated with tumorsphere response to inhibition of mTOR. This study
demonstrates that inhibition of the mTOR pathway sensitizes GBM to inhibition of ERK
in a vast majority of patient derived GBM tumorsphere cultures. In an in vivo model, the
efficacy of combinatorial ERK/mTOR inhibition was ingeminated. This study supports
the hypothesis that interrogation of the tumorsphere model system may inform

therapeutic strategies for the treatment of GBM.
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Results

Description of dataset: We tested 17 GBM tumorsphere cultures for in vitro dose
response to the mTORCc1 inhibitor, Rapamycin. 27 GBM tumorsphere cultures were
tested for in vitro dose response to the mTORc1,c2 /PI3K inhibitor, NVP-BEZ235. 25
tumorsphere cultures were tested for in vitro dose response to the MEK inhibitor,
Selumetinib. MEK inhibition effectively inhibits the downstream effector kinase ERK
and, for the purpose of this paper, will be termed MEK/ERK inhibition. 26 tumorsphere
cultures were tested for in vitro dose response to the EGFR inhibitor, Erlotinib (Table 6).
All samples underwent microarray-based gene expression profiling utilizing the
Affymetrix U133 plus 2.0 platform. Molecular classification of tumorsphere cultures was
performed as previously described (Chapter 2).

Each tumorsphere culture was treated for one week with a panel of different
inhibitors and their effect on cell number was assessed. IC50 values were determined for
each inhibitor in each tumorsphere culture. For Rapamycin, only a % survival at 1TuM
was used as many of the cell cultures did not pass below the 50% cell number after
treatment in our titration and therefore IC50 values could not be calculated. In Figure 11
and Table 6 the results from these titrations are exhibited. Figure 11E displays the nodes
of the PI3Kinase pathway that each inhibitor targets. Rapamycin is an mTORCc] inhibitor,
NVP-BEZ235 is an mTORc1, mTORc2, and PI3Kinase inhibitor, Selumetinib is a MEK

(ERK) inhibitor, and Erlotinib is an EGFR inhibitor (Figure 11E).
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Summary of Tumorsphere Cultures and Response to PI3Kinase Inhibitors

Inhibitor Targets: mTOR mTORc1,c2/ PI3K MEK/ERK EGFR

o] : pamycin Survival at 1 uM NVP-BEZ235 IC50 (nM) Selumetinib 1C50 (uM) Erlotinib IC50 (nM)
Tumorsphere ID#  Mean Std. Deviation Mean Std. Deviation Mean Std. Deviation Mean Std. Deviation
39 22.3 3.65 331 2.12
157 19.9 1.92 7.77 3.63 0.104 0.0282 0.743 0.315
206 8.14 0.0945 0.271 0.132 13.6 115
207 41.2 7.78

213 49.8 0.283 1.64 1.42 0.0101 0.0143 0.983 0.14
217 241 8.35 6.11 0.811 0.0483 0.0536 17.3 3.59
229 4.21 1.35 0.731 0.379 132 0.235
248 57.9 0.96 3.02 0.023 0.156 0.0965 116 0.469
250 25 0.563 7.55 1.33 0.282 0.168 0.241 0.0942
254 413 0.141 10.9 0.63 0.00997 0.0133 17 1.49
277 49.9 8.36

296 388 6.87 6.98 2.76 1.14 0.812 1.34 1.22
301 29.2 6.01 6.46 0.102 0.801 0.323 0.298 0.115
308 41.6 0.283 7.87 0.331 137 0.777 0.635 0.463
322 53.6 11.8

336 30.5 438 8.45 2 0.246 0.221 1.49 1.14
345 0.892 0.734 0.677 0 0.842 0.487
347 6.43 1.14 0.192 0.114 1.01 0.388
348 14 2.13

350 233 0.0253 0.709 0.345 0.119 0.0532 1.76 0.942
371 39.1 5.59

374 7.94 3.05 1.35 0.881 6.19 4
378 40.9 1.07 7.37 1.94 0.476 0.147 0.00716 0.00418
381 2.85 0.0745 331 0.458 0.362 0.111
382 4.96 0.803 0.085 0.00209 2.15 0.913
390 213 4.85 4.54 0.837 0.56 0.118 0.239 0.106
393 2.08 0.813 0.00909 0.00491 5.81 0
401 3.05 0.471 0.0172 0.0183 3.04 0.634
412 1.72 0.24 0.149 0.0699 0.0995 0.0325
413 3.12 0.169 1.93 0.529 254 0.0933
423 8.62 4.16 0.103 0.0582 0.221 0.000354

Table 6. Summary of tumorsphere cultures and response to PI3K inhibitors. List of

tumorsphere cultures and their responses to PI3K pathway inhibitors: Rapamycin
(mTORc1), BEZ235 (mTORcl, c2, PI3K), Selumetinib (ERK), and Erlotinib (EGFR).
IC50 values are indicated except for Rapamycin response which is % survival at 1TuM
dose, as most cultures did not pass the IC50 value in our titration and therefore IC50

values could not be estimated.
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Figure 11. Differential response of GBM tumorspheres to a panel of inhibitors

targeting different nodes of the PI3Kinase pathway. A. % survival after 7 days of
treatment with 1uM of Rapamycin. Bars indicate means +/- std. error of the mean. N=2
biological replicates. B. Calculated IC50s (nM) after 1 one week of treatment with a
titration of NVP-BEZ235. Bars indicate means +/- std. error of the mean. N=2 biological
replicates. C. Calculated IC50s (uM) after 1 one week of treatment with a titration of
Selumetinib. Bars indicate means +/- std. error of the mean. N=2 biological replicates. D.
Calculated IC50s (uM) after 1 one week of treatment with a titration of Erlotinib. Bars
indicate means +/- std. error of the mean. N=2 biological replicates. E. Schematic of the

PI3Kinase pathway and the targets of inhibition for each therapeutic used.
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From Figure 11, it is apparent that there is a differential response to each inhibitor
across our panel of GBM cell cultures. We asked whether this differential response was
related to TCGA classification. None of the four inhibitors had a response that was
associated with TCGA classification (Figure 12) or unsupervised clustering (Figure 13).
Next we analyzed whether recurrent tumors were differentially sensitive or resistant as
compared to primary non-recurrent tumors. Rapamycin was the only inhibitor with
differential response related to recurrence status; specifically tumorsphere cultures
derived from recurrent tumors were more resistant to Rapamycin treatment than non —
recurrent primary tumor derived tumorspheres (P=0.049, Mann-Whitney)(Figure 14a).

Surprisingly, response to any one inhibitor was not significantly associated with
response to any other inhibitor across our panel of tumorsphere cultures (Figure 15,16).
Our data suggests that each different PI3Kinase pathway inhibitor may have a different
group of tumorspheres that would be optimal therapeutic responders. As neither TCGA
classification nor unsupervised clustering predicts response to PI3K pathway inhibition,
other biomarkers may be needed to determine the optimal target population of each
inhibitor.

We analyzed the correlation between a particular drug response and mutational
status for EGFRV3, EGFR Amplification, EGFRV3 or Amplification, and PTEN deletion
(Table 7). Cultures with EGFRV3 (in tumors or tumorspheres) or EGFR amplification (in
tumors) were more resistant to Rapamycin (P=0.0303, Figure 16A, Table 7). EGFR
amplification (in tumors) trended with Selumetinib resistance (P=0.0523, Mann-Whitney
test, Figure 16B, Table 7). (Figure 16, Table 7). EGFRVIII was associated with higher

resistance to Selumetinib (P=0.0484, Figure 16C, Table7). And EGFRV3 or EGFR
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amplified cell cultures were associated with resistance to Selumetinib (P=0.0133, Figure
16D, Table 7).

Next we asked what sets of genes are associated with response to our panel of
PI3K pathway inhibitors. We did gene-by-gene correlation analysis to the IC50 values of
each drug across our panel of tumorsphere cultures. For Rapamycin we used the %
survival values at luM Rapamycin treatment since our titration didn’t produce many
IC50 values as most tumorsphere cultures reached a floor in their response above the
50% cell number value. We analyzed our list of genes significantly associated (P<0.001)
to response for each drug and analyzed these lists in Ingenuity. We analyzed the list of
significant genes (P<0.001) in TFacts, an online tool that predicts transcription factor
activation or repression based on sign sensitive associations (direct vs. inverse
associations). For Rapamycin, TFacts assessed that 4 transcription factors were activated
in association with Rapamycin resistance: SP1 (E<0.001), CTNNB1 (Beta Catenin)
(E<0.001), JUN (E=0.0327), CEBPA (E=0.03597) (Table 8). Ingenuity analysis indicates
that Wnt/Beta-catenin signaling is the second most significant canonical pathway
associated with Rapamycin response (P<0.001). In addition, the ERK pathway is also

significantly associated with Rapamycin response (P=0.037).
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Figure 12. No TCGA classification demonstrates differential sensitivity to PI3K

pathway inhibition. A. % Survival after one week of treatment with 1uM Rapamycin is
categorized by TCGA classification of tumorspheres. Bars indicate mean values +/- std.
error of the mean. ANOVA P-value is displayed (P=0.759). B. BEZ235 IC50 and TCGA
classification (P=0.8695, ANOVA). Calculated IC50’s (nM) after one week of treatment
with a titration of NVP-BEZ235 is categorized by TCGA classification of tumorspheres.
ANOVA P-value is displayed. C. Calculated IC50’s (uM) after one week of treatment
with a titration of Selumetinib is categorized by TCGA classification of tumorspheres.
ANOVA P-value is displayed (P=0.3685). D. Calculated IC50’s (uM) after one week of
treatment with a titration of Erlotinib is categorized by TCGA classification of

tumorspheres. ANOVA P-value is displayed (P=0.4242).
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Figure 13. No unbiased clustering group is associated with differential sensitivity to

PI3K pathway inhibition. Unbiased clustering of the top 2000 most variable genes
distinguished 2 groups, primarily “Mesenchymal” and non-Mesenchymal or “Other”. A.
% Survival after one week of treatment with luM Rapamycin is categorized by clustering
groups of tumorspheres. Bars indicate mean values +/- std. error of the mean. T-test P-
value is displayed (P=0.7242). B. BEZ235 IC50 is categorized by clustering groups of
tumorspheres. Bars indicate mean values +/- std. error of the mean. T-test P-value is
displayed (P=0.5654). C. Calculated IC50’s (uM) after one week of treatment with a
titration of Selumetinib is categorized by clustering groups of tumorspheres. Bars indicate
mean values +/- std. error of the mean. T-test P-value is displayed (P=0.5981). D.
Calculated IC50’s (uM) after one week of treatment with a titration of Erlotinib is
categorized by clustering groups of tumorspheres. Bars indicate mean values +/- std. error

of the mean. T-test P-value is displayed (P=0.3848).
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Fi ure 14. Recurrent tumors are more resistant to Rapamycin. A. % Survival after
pamy

one week of treatment with 1uM Rapamycin is categorized by recurrent tumor or non-
recurrent tumor. The non-parametric Mann-Whitney test, P-value is displayed
(P=0.0490). Bars indicate mean values +/- std. error of the mean. B. Calculated IC50’s
(nM) after one week of treatment with a titration of NVP-BEZ235 is categorized by
recurrent tumor or non-recurrent tumor. The non-parametric Mann-Whitney test, P-value
is displayed (P=0.625). Bars indicate mean values +/- std. error of the mean. C.
Calculated IC50’s (uM) after one week of treatment with a titration of Selumetinib is
categorized by recurrent tumor or non-recurrent tumor. The non-parametric Mann-
Whitney test, P-value is displayed (P=0.281). Bars indicate mean values +/- std. error of
the mean. D. Calculated IC50’s (uM) after one week of treatment with a titration of
Erlotinib is categorized recurrent tumor or non-recurrent tumor. The non-parametric
Mann-Whitney test, P-value is displayed (P=0.157). Bars indicate mean values +/- std.

error of the mean.
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Figure 15. Plot of response to 1uM Rapamycin (% survival) vs. IC50 values for

PI3K pathway inhibitors depicts no correlation between GBM tumorsphere response to

different PI3K pathway inhibitors.
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Figure 16. Plot of 1C50 values for PI3K pathway inhibitors depicts no correlation

between GBM tumorsphere response to different PI3K pathway inhibitors.
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Response to PI3Kinase inhibitors and Tumorsphere Mutation Status

Outcome Explanatory Variable Test P-Value Difference
Rapamycin 1uM EGFRV3 Mann-Whitney 1
EGFR Amplification Mann-Whitney 0.1111
EGFR V3 or Amplification Mann-Whitney 0.0303  V3/ Amp are more resistant
PTEN deletion Mann-Whitney 0.2168
BEZ235 IC50 EGFRV3 Mann-Whitney 0.4036
EGFR Amplification Mann-Whitney 0.8365
EGFR V3 or Amplification Mann-Whitney 0.7612
PTEN deletion Mann-Whitney 0.9711
Selumetinib IC50 EGFRV3 Mann-Whitney 0.0484 V3 are more resistant
EGFR Amplification Mann-Whitney 0.0523  Amp trend more resistant
EGFR V3 or Amplification Mann-Whitney 0.0133  V3/ Amp are more resistant
PTEN deletion Mann-Whitney 0.6345
Erlotinib IC50 EGFRV3 Mann-Whitney 0.6723
EGFR Amplification Mann-Whitney 0.1074
EGFR V3 or Amplification Mann-Whitney 0.1564
PTEN deletion Mann-Whitney 0.9368 .

Note: EGFRV3 status was determined in tumorsphere cultures by western.
EGFR amplifiaction was determing in tumors by pathology.
PTEN was determined in tumorspheres by western.

Table 7: Response to PI3K inhibitors and Tumorsphere Mutation Status. Correlation

between response to Rapamycin and EGFR status. EGFRVIII status is from westerns of
the tumorsphere cultures. EGFR amplification status is from the pathology report of the
parent tumor. Mutations in PTEN are from western blots of the tumorsphere cultures. P-

values for the Mann-Whitney, non-parametric comparison are indicated.
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Figure 17. EGFR activation is associated with enhanced resistance to Rapamycin

and enhanced resistance to Selumetinib. A. EGFR activation (EGFRV3 in tumorspheres
or tumor) or amplification (in tumor) is associated with enhanced resistance to
Rapamycin. Mean (wide horizontal bar) +/- std. error of the mean (short horizontal bars)
for % survival at luM Rapamycin treatment for a week, categorized by EGFR wildtype
or activating mutation (V3 or amplification). Mann-Whitney test P value is indicated
(P=0.0303). B. EGFR activation (EGFR amplification) is trending towards an association
with enhanced resistance to Selumetinib. Mean (wide horizontal bar) +/- std. error of the
mean (short horizontal bars) for IC50 values for Selumetinib treatment for a week,
categorized by EGFR wildtype or EGFR amplification. Mann-Whitney test P value is
indicated (P=0.0523). C. EGFR activation (EGFRV3 in tumorspheres) is associated with
enhanced resistance to Selumetinib. Mean (wide horizontal bar) +/- std. error of the mean
(short horizontal bars) for IC50 values for Selumetinib treatment for a week, categorized
by EGFR wildtype or EGFRVIII. Mann-Whitney test P value is indicated (P=0.0484). D.
EGFR activation (EGFRV3 in tumorspheres or amplification in tumor) is associated with
enhanced resistance to Selumetinib. Mean (wide horizontal bar) +/- std. error of the mean
(short horizontal bars) for IC50 values for Selumetinib treatment for a week, categorized
by EGFR wildtype vs. EGFR VIII or amplification. Mann-Whitney test P value is

indicated (P=0.0133).
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Transcription factors associated with genes that correlate with PI3Kinas inhibitor response

Associated Treatment Transcription Factor  Activated/Repressed P Value E Value FDR

Rapamycin SP1 A <0.001 <0.001 0.000459
Rapamycin CTNNB1 A <0.001 <0.001 0.000917
Rapamycin JUN A 0.0003 0.0327 0.00138
Rapamycin CEBPA A 0.00033 0.036 0.00184
NVP-BEZ235 SMAD7 A <0.001 0.00073 0.000685
NVP-BEZ236 LEF1 A 0.00042 0.0307 0.00137,

*TFacts Analysis

Table 8. Transcription factors associated with genes that correlate with PI3K

inhibitor response. TFacts sign-sensitive analysis of genes significantly associated
(P=0.001) with response to each indicated PI3K inhibitor distinguishes transcription

factors associated with response.
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For NVP-BEZ235, TFacts assessed that 2 transcription factors were activated in
association with BEZ235 resistance: SMAD7 (E<0.001), LEF1 (E=0.00042) (Table 8).
LEF1 is a co-activator of transcription along with CTNNBI1 (Beta catenin). Ingenuity
analysis confirmed that Wnt/Beta-catenin signaling is the third most significant canonical
pathway associated with BEZ235 response (P=0.00151). In addition, ERKS pathway is
also significantly associated with BEZ235 response (P=0.0051).

Next, we looked at canonical pathways for cell signaling associated with mTOR
inhibition by both acute Rapamcyin and BEZ235 (Table 9). Ingenuity analysis of
canonical pathways indicates that 12 signaling pathways are consistently associated with
mTOR inhibition by both Rapamycin and BEZ235 (Table 9). Ephrin signaling, the
canonical signaling pathway with the second strongest association to mTOR inhibition
(Average P=0.0259, Table 9), has been demonstrated to regulate ERK signaling in GBM,
the pathway with the 4™ strongest association to mTOR inhibition (Average P=0.0265,
Table 9) (Day et al., 2013). In addition, Integrin signaling, the canonical signaling
pathway with the 3™ strongest association to mTOR inhibition (Average P=0.0262, Table
9), is also associated with ERK signaling in glioma stem cells(Nakada et al., 2013). Thus,
we inferred that the ERK signaling pathway is the predominant signaling pathway
consistently associated with response to mTOR inhibition as it is involved in 3 of the top

4 correlated canonical signaling pathways.
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Signaling associated with mTOR inhibitors

Acute Rapamycin BEZ235
Signaling Pathway P-Value Ratio P-Value Ratio Avg. P-Value  Avg. Ratio
Wnt/B-catenin 0.0479 5.30E-01 0.00151 2.50E-01 0.0247 0.39
Ephrin 0.0479 5.42E-01 0.00389 2.38E-01 0.0259 0.39
Integrin 0.0479 4.50E-01 0.00447 2.32E-01 0.0262 0.341
MAPK/ERK 0.0479 4.79E-01 0.00513 2.95E-01 0.0265 0.387
PTEN 0.0479 4.49E-01 0.0251 2.31E-01 0.0365 0.34
eNOS 0.0479 4.33E-01 0.0282 2.24E-01 0.0380 0.329
Aldosterone 0.0479 4.34E-01 0.0282 2.20E-01 0.0380 0.327
B Cell receptor 0.0479 4.94E-01 0.0302 2.16E-01 0.0390 0.355
ILK 0.0479 4.84E-01 0.0380 2.10E-01 0.0429 0.347
Clathrin 0.0479 4.81E-01 0.0479 2.07E-01 0.0479 0.344
HER-2 0.0479 5.26E-01 0.0479 2.37E-01 0.0479 0.382
iCOS-iCOSL 0.0479 5.00E-01 0.0479 2.27E-01 0.0479 0.364,

Signaling associated with PI3K pathway inhibitors in this study

Acute Rapamycin BEZ235 Selumetinib Erlotinib
Signaling Pathway P-Value Ratio P-Value Ratio P-Value Ratio P-Value Ratio Avg. P-Value Avg. Ratio
Clathrin 0.0479 0.481 0.0479 0.207 0.0110 1.68E-01 0.0380 1.08E-01 0.0362 0.241,

Table 9. Signaling associated with mTOR inhibitors and with PI3K pathway

inhibitors. The top section of the table depicts canonical signaling pathways associated
with response to both mTOR inhibitors as determined by Ingenuity analysis. The bottom
section of the table depicts canonical signaling of Clathrin as the only signaling pathway
associated with all PI3K pathway inhibitors studied, as determined by Ingenuity analysis.
For each, Ingenuity analyzed a list of genes significantly (P<0.001) associated with
response to each drug. The canonical signaling pathways listed were significantly

associated (P<0.05) with response.
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For Selumetinib, TFacts did not identify any transcription factors as significantly
(E<0.05) associated with response. Ingenuity analysis indicates that Wnt/Beta-catenin
signaling is a canonical pathway significantly associated with response to Selumetinib
(P<0.00257). In addition, mTOR signaling (P=0.0011) and ERKS signaling (P=0.0177)
are associated with Selumetinib response.

For Erlotinib, TFacts did not identify any transcription factors as significantly
(E<0.05) associated with response. Ingenuity analysis indicates that FGF signaling is
associated with response (P=0.000851) and EGF signaling is associated with response
(P=0.0427). Erlotinib acts upstream of the other PI3K pathway inhibitors we studied, and
it seems to have a distinct set of canonical pathways associated with response.
Interestingly, the gene MDM?2 was associated with resistance to Erlotinib
(Pearson=0.682, P<0.0001). MDM? is extra-chromosomally amplified in response to
Erlotinib treatment (Nathanson et al., 2014) and our data suggests that it may play a role
in resistance to Erlotinib. Clathrin signaling is the only canonical signaling pathway
associated with response to all of our PI3K inhibitors (Table 9).

We performed a chronic Rapamycin assay on a panel of our tumorsphere cultures.
To this end, we measured the % sphere formation after 20 days of growth at clonal
density. Again we generated a list of genes correlated to response (P<0.001). For Chronic
Rapamycin, TFacts did not identify any transcription factor as significantly (E<0.05)
associated with response. Ingenuity analysis indicates that p70S6K signaling is
significantly associated with response (P=0.000145), as is ERK signaling (P=0.000501),
PTEN signaling (P=0.000562), Wnt/Beta Catenin Signaling (P=0.00457), PI3K signaling

(P=0.00933), PI3K/AKT signaling (P=0.0257), and mTOR signaling (P=0,0447). These
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results indicate that the PI3Kinase pathway is associated with chronic Rapamycin
response as would be expected. In addition, this analysis recapitulates that Wnt/Beta
Catenin and ERK are both consistently implicated in response to PI3Kinase pathway

specific inhibition.

WGCNA- Sign Sensitive

We performed a signed, weighted gene correlation network analysis (WGCNA) to
assess correlations between modules of co-expressed genes and PI3K pathway drug
response (Figure 18). Rapamycin demonstrated a consistent correlation to module
“DarkRed” across different concentrations of Rapamaycin that is most pronounced in the
1uM Rapamycin treatment column (0.62 correlation, P<0.001). When we analyzed the
list of genes in the “DarkRed” module through TFacts in a sign insensitive manner (since
the module is a signed analysis to begin with), TFacts produced a list of 6 transcription
factors associated with the “DarkRed” module (Table 10). CREBI1 forms a
transcriptionally active complex with CTNNB1(Hecht et al., 2000; Takemaru and Moon,
2000). FOS interaction with JUN enables DNA binding (Sassone-Corsi et al., 1988). FOS
is regulated by ERK (Monje et al., 2005). When we run the gene list associated with the
“DarkRed” module through ingenuity, ERK1/2 is the top upstream regulator predicted to

be associated with this gene list (P<0.001).
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module-trait relationships
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Figure 18. Signed WGCNA analysis of GBM tumorsphere cultures displays

modules of genes and their correlation with drug response. The P-values are depicted in
each cell for each module and its correlation to outcome, while the colors represent the
Pearson correlation according to the heat map scale on the side. The Dark red module is
highly associated with Response to Rapamycin across the range of doses utilized
(P<0.001). The “RapaSphereFormation” group refers to the clonal formation of spheres

under chronic Rapamycin. The other groups are 7 day treatments.
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Transcription Factors Associated* with the "Dark Red" module which is correlated with Response to Rapamcyin

Outcome Variable Module Transcription Factor P Value E Value FDR

Rapamycin Treatment (1uM) DarkRed USF2 <0.001 <0.001 0.001
Rapamycin Treatment (1uM) DarkRed USF1 <0.001 0.001 0.002
Rapamycin Treatment (1uM) DarkRed CREB1 0.00005 0.0025 0.003
Rapamycin Treatment (1uM) DarkRed JUN 0.00006 0.003 0.004
Rapamycin Treatment (1uM) DarkRed PPARG 0.00033 0.0165 0.005
Rapamycin Treatment (1uM) DarkRed FOS 0.00052 0.026 0.006,

*Tfacts Analysis of modules associated with outcome

Table 10. Transcription factors associated with “Dark Red” module that is

correlated to genes associated with Rapamycin response at 1uM.
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BEZ235 resistance was most correlated with the “Turquoise” WGCNA module
(Pearson=0.48, P=3*10") (Figure18). When we analyze the “Turquoise” module in
Ingenuity, we find many canonical pathways associated with genes in this module,
including PI3K/AKT signaling (P=0.0479), p70s6K signaling (0.0174), ERK/MAPK
signaling (P=0.00955), integrin signaling (P=0.000166), and mTOR signaling
(P=0.000263). ERK/MAPK signaling is considered activated in this gene set.

Erlotinib resistance is most correlated with the “MediumPurple3” module
(Pearson=0.57, P=3*10"") (Figure 18). This module only consisted of 11 genes and so
was not amenable to effective analysis by Ingenuity. Of these genes, MDM?2 is the most
significant gene (Pearson=0.900, P<0.001).

More than other signaling pathways, ERK/MAPK signaling was distinguished by
consistent correlations with response to mTOR inhibition from both Rapamycin and
NVP-BEZ235. Specifically, activated ERK signaling is associated with resistance to
mTOR inhibition. In addition, mTOR signaling is associated with response to MEK/ERK
inhibition by Selumetinib. If we assume biological significance to these correlations, our
results support the hypothesis that combinatorial treatment of Selumetinib with

Rapamycin or BEZ235 may be efficacious.

Sensitization:

Next we looked at dual inhibition of mMTOR and ERK. We performed combinatorial
treatment of a panel of tumorsphere cultures with both a titration of Selumetinib in the
presence of Rapamycin (100nM) or a titration of Selumetinib in the presence of BEZ-235

(10nM). We produced titration dose response curves, calculated IC50 values and
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determined if Rapamcyin or BEZ235 conferred sensitivity to Selumetinib treatment. If
the relative IC50 value of the combinatorial treatment fell below 50% of the relative IC50
of Selumetinib alone, we considered that a sensitization effect (Figure 19A). We also did
a statistical analysis to compare IC50 values that generated P-values to distinguish
statistically significant differences in IC50 values (Table 11). We observed that 52.2% of
our tumorspheres displayed sensitization to Selumetinib by Rapamycin treatment while
68.4% of our tumorspheres displayed sensitization to Selumetinib by BEZ-235. 83.3%
were sensitized to Selumetinib by either Rapamycin or BEZ235, and 44.4% were
sensitized by both Rapamycin and BEZ235 (Table 11). HK374 is a good example of
profound sensitization to MEK/ERK inhibition conferred by both Rapamycin and
BEZ235 (Figure 19B). These data indicate that a majority of GBM tumorsphere cultures
are sensitized to MEK/ERK inhibition by mTOR inhibition. These results provide
support for the hypothesis that such combinatorial therapy may be an effective

therapeutic strategy in the treatment of a majority of glioblastoma cases.
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Figure 19. Combinatorial treatment with Selumetinib and either Rapamycin of

BEZ235 produces a sensitization effect in a majority of GBM cultures. A. IC50s(uM) of
Selumetinib calculated after one week treatment with either DMSO, Rapamycin
(100nM), or BEZ235 (10nM). For each GBM tumorsphere culture listed, the results are
graphed in the order: 1.DMSO 2.Rapamycin 3. BEZ235. B. Representative sample of
sensitization effect on HK374. Log scale of a titration of doses of Selumetinib (uM) in
the presence of DMSO (black line), 100nM Rapamycin (red line) or 10nM BEZ235
(green line). The relative cell number was estimated using Acumen plated reader and
total fluorescence of Hoechst nuclear staining (see Methods). The calculated IC50 values
are displayed for each combinatorial treatment (Selumetinib + second inhibitor listed). C.
Sensitization to Selumetinib by BEZ235 is trending towards an association with the
Mesenchymal clustering group. Mean +/- standard error of the mean is graphed as a bar
graph for each clustering group. The Y-axis displays the fraction with sensitization
(synergy) with 1=Yes sensitization (“Synergy”’) and 0=No sensitization. Sensitization
was assessed using a statistical comparison of the calculated IC50 values (P<0.05 =
significant). The Chi2 test results are displayed below with P-value (P=0.056). D. In
vivo, combinatorial therapy targeting mTOR (Rapamycin, Smg/Kg) + ERK (Selumetinib,
35mg/Kg) improves treatment response. Subcutaneous xenografts of human HK374
tumors into the flanks of mice were measured using calipers over 9 days of treatment that
initiated 12 days after tumors were implanted and allowed to develop. Tumor volume is
indicated on the Y-axis and treatment groups are color coded. E. Combinatorial treatment
of Selumetinib + Rapamycin improves treatment response beyond single therapies.

Quantification of in vivo tumor formation at Day 7. Treatment groups (mean +/- std. error
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of the mean) are compared to the DMSO treated control. P-values for the Mann-Whitney
statistical comparison test are indicated for each comparison. ANOVA comparing all
groups had P=0.0010. F. Western blot depicts effective targeting of Rapamycin and
Selumetinib after 9 days of treatment. Western blot of pooled xenograft tumors depicts
down regulated pS6, downstream of mTORc1, after Rapamycin treatment (inhibition of
mTORc1), and down regulated pERK1/2, downstream of MEK, after Selumetinib

treatment (inhibition of MEK). Beta Actin serves as a loading control.

113



Summary Table of Sensitization Effect for Rapamycin or BEZ235 on Selumetinib Response

Selumetinib IC50 in the Presence of:

|Tumorsphere ID |Rapamycin(100nM) BEZ235(10nM) DMSO Sensitization with Rapa P Value Sensitization with BEZ235 P Value |
157 0.0797 0.0860 0.0842 No 0.866 No 0.960
206 0.155 0.238 0.307 Yes 0.0499 No 0.329
213 0.0774 0.00970 0.00440 ? ? No  0.625
217 0.329 0.729 0.165 No 0.752 Yes 0.0273
229 0.585 0.217 0.657 No 0.637 Yes 0.0019
248 0.0697 0.0697 0.146 Yes 0.025 Yes 0.0451
250 0.00727 0.00284 0.125 Yes <0.0001 ? ?
254 0.00000197 0.000595 No  0.479 Yes 0.0003
296 0.356 0.0689 1.136 Yes 0.0002 Yes 0.0134
301 0.287 0.321 0.721 No 0.158 Yes 0.0009
308 0.954 0.675 1.28 No 0.155 Yes 0.0151
336 0.103 0.0375 0.181 Yes 0.001 Yes 0.0009
347 2.771 3.642 0.5397 Yes 0.0017 Yes 0.0002
350 0.0443 0.0248 0.0998 No 0.593 ? ?
374 0.0227 0.0131 1.20 Yes <0.0001 Yes <0.0001
378 0.121 0.200 0.322 Yes 0.0033 No 0.139
381 0.352 0.941 3.345 Yes <0.0001 Yes 0.0064
382 0.154 0.085 No 0.194 ? ?
390 0.124 0.197 0.536 Yes <0.0001 Yes <0.0001
393 0.272 0.562 0.00863 Yes <0.0001 ? ?
401 0.194 2.60 0.0155 No 0.152 ? ?
412 0.0360 0.0448 0.138 Yes <0.0001 Yes <0.0001
413 0.650 0.955 1.89 No  0.119 No 0.273
423 0.138 0.0789 0.0954 No 0.325 No 0.489,

?= Calculated line did not cross IC50 or fitted line could not be calculated

Table 11. Tumorsphere cultures and their sensitization to MEK/ERK inhibitor,
Selumetinib, by mTOR inhibitors Rapamycin or BEZ235. P-values are for the F-test
comparison of the calculated IC50 values of each condition. P<0.05 was considered
significant sensitization.
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The list of genes associated with sensitization of Selumetinib by Rapamyin was
too short (12 annotated genes) to perform a network analysis. MAGEHI (P=0.00021),
NR4A43 (P=0.00069), IFIH1 (P=0.00077), and TTF2 (P=0.00077) were the only
categorized genes on this list.

WGCNA indicates that the “Pink” module is the most highly correlated module to
sensitization of Selumetinib by BEZ235 (P<0.0001) (Figure 18). Ingenuity analysis of the
genes in the “Pink” module reveals a list of canonical pathways associated with Bez235
induced sensitization to Selumetinib that includes activated NF-kB signaling, as well as
44 other canonical pathways.

The Mesenchymal cluster from unsupervised clustering trended more likely to
respond with sensitization for Selumetinib by BEZ235 than the other, “Non-

Mesenchymal”, cluster (CHI2: P=0.056, Figure 19C).

In Vivo Combinatorial Therapy

In vivo GBM tumors exhibit enhanced response to combinatorial treatment. We
chose to do combinatorial therapy of Selumetinib (35mg/Kg)+ Rapamycin (5Smg/Kg) on
in vivo subcutaneous xenografts of HK374 GBM cells expressing luciferase and GFP
(HK374 GFP-FLUC). Subcutaneous xenografts were allowed to grow for 12 days and
form tumors before treatment began. Figure 19E displays the caliper measurements of
tumor size (mm’) over days of treatment and depicts the enhanced response of tumors to
combinatorial treatment. Figure 19F displays the quantification of tumors sizes (mm’) at
Day7 with mean values +/- standard error of the mean and P-values depicting a

significant reduction in tumor size between combinatorial treated mice and single agent
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treated mice or controls. Optical imaging of tumors at day 9 revealed a trend of lowest
total intensity in the combinatorial treatment group (data not shown), however the
variance was large between mice and the comparison was non significant (P>0.05).
Bioluminescent imaging may not be optimal for discriminating small differences in
subcutaneous tumor size because hypoxic conditions within the tumor mass may reduce
bioluminescence imaging signal intensity (Khalil et al., 2013). Western blots of protein
recovered from the tumors demonstrate that administered therapeutic treatments
effectively inhibited their molecular targets. Rapamycin inhibited pS6 levels, downstream
of mTORCcl, the target of Rapamycin. Selumetinib inhibited pERK levels, downstream of
MEK, the target of Selumetinib. Importantly, the western blot also depicts activation of
pERK in the chronic Rapamycin group. Surprisingly, pAKT is downregulated in the
chronic Rapamycin group and this suggests that chronic Rapamycin in HK301 cells
inhibits mMTORc2 as well as mTORc1. We performed the in vivo combinatorial treatment
in a separate trial with a higher dose of Selumetinib (75mg/Kg) (Figure 20). With this
higher dose of Selumetinib, we observed a greater effect on tumor response to
combinatorial treatment, however several of the combinatorial treated mice expired at the

7™ day of treatment and therefore no optical imaging could be performed.
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Figure 20.A.n vivo, combinatorial therapy targeting mTOR (Rapamycin,

5mg/Kg) + ERK (Selumetinib, 75 mg/Kg) improves treatment response. Subcutaneous
xenografts of human HK374 tumors into the flanks of mice were measured using calipers
over 7 days of treatment that initiated 14 days after tumors were implanted and allowed
to develop. Tumor volume is indicated on the Y-axis and treatment groups are color
coded. B. Combinatorial treatment of Selumetinib + Rapamycin improves treatment
response beyond single therapies. Quantification of in vivo tumor formation at Day 7.
Treatment groups (mean +/- std. error of the mean) are compared to the DMSO treated
control. P-values for the Mann-Whitney statistical comparison test are indicated for each
comparison. The comparison between Selumetinib treatment and DMSO was not
significant (P=0.0673). C. Western blot depicts effective targeting of Rapamycin and
Selumetinib after 10 days of treatment. Western blot of pooled xenograft tumors depicts
down regulated pS6, downstream of mTORc1, after Rapamycin treatment (inhibition of
mTORc1), and down regulated pERK1/2, downstream of MEK, after Selumetinib

treatment (inhibition of MEK). Beta Actin served as a loading control.
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Discussion

Our data was surprising in that each single therapeutic, targeting a unique node or
nodes in the PI3Kinase pathway, had a specific pattern of differential responses across
our panel of tumorsphere cultures. These results may be due to specific modes of
resistance, or perhaps to the specific modes of inhibition.

One aim of this study was to assess GBM tumorspheres as a model for therapeutic
testing. Classification of the tumorspheres into conventional TCGA groups or into 2
clusters by unsupervised clustering did not predict response to any of the tested PI3K
pathway inhibitors. However, the Mesenchymal unsupervised cluster did trend to be most
prone to sensitization of response to Selumetinib (ERKi) by BEZ235 (mTORi). This is
interesting as both pERK and pS6K (downstream of mTOR) are activated in the
Mesenchymal subgroup of TCGA classified tumors(Brennan et al., 2013).

We observed that Clathrin was the only molecular signaling pathway correlated to
response for all PI3K pathway inhibitors. This may be due to the role of Clathrin pathway
signaling in receptor endocytosis or, alternatively, to some other role of Clathrin. Further
studies on Clathrin and drug response are warranted.

We determined that ERK signaling was the signaling pathway with the most
profound and consistent association to mTOR inhibition. In addition, mTOR signaling
was associated with response to MEK/ERK inhibition. This informed a course of
combinatorial treatment that was effective in a majority of GBM tumorspheres.

ERK and mTORCc1 have been shown to interact in GBM (Sunayama et al., 2010).
Studies have demonstrated that combinatorial inhibition of mTOR and ERK results in

impaired glioma cell proliferation that is more profound than inhibition of either target
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alone(Paternot and Roger, 2009; Sunayama et al., 2010). However, it was previously
unknown how pervasive this phenomena was among different patient derived GBM
cultures. We discovered that sensitization to MEK/ERK inhibition by mTOR inhibition
occurs in a majority of patient derived GBM tumorspheres. This indicates that this
combinatorial treatment may be an effective treatment for most GBM.

Our in vivo study of combinatorial therapy with both Rapamycin and Selumetinib
demonstrates that tumor size is reduced by combinatorial therapy significantly more so
than by single agents alone. In vivo experiments utilizing either a higher dose (75mg/Kg)
or a lower dose (35mg/Kg) of Selumetinib informs our conclusion that this combinatorial
treatment requires a minimized dosage of Selumetinib which prevents toxicity yet still
impairs its molecular target (MEK). To date, no published study on GBM has utilized in
vivo administration of this combinatorial treatment. Previously, the only in vivo study of
combinatorial ERK/mTOR inhibition performed on GBM had utilized pre-treated
cells(Sunayama et al., 2010) and there are limitations to the inferences that can be drawn
from in vivo studies utilizing pre-treated cells. Specifically, our method of administering
treatment to the growing tumor is more clinically relevant than tests done on pre-treated
cells that are then used to form tumors.

Data from western blots performed on the treated tumors support the hypothesis
that activated ERK (pERK) is an adaptive mechanism of resistance to chronic mTOR
inhibition. mTOR inhibition has previously been demonstrated in vitro to induce
activated ERK signaling through phosphorylation of ERK (Albert et al., 2009). However,
to date, this is the first published in vivo evidence that GBM xenograft tumors exhibit

activated ERK signaling in response to chronic mTOR inhibition. These results provide a
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biochemical rational for the effectiveness of our combinatorial treatment. As pAKT is
downregulated in the chronic Rapamycin group, this suggests that mTORc2 is inhibited
and that activated AKT is not a primary mechanism of resistance to chronic mTOR
inhibition in this model. Chronic Rapamycin has been shown to target mMTORCc?2 in certain
cell cultures(Sarbassov et al., 2006).

In conclusion, our results support the tumorsphere culture system as a model for
therapeutic testing. Our interrogation of the tumorsphere model system informed the
hypothesis that combinatorial targeting of mTOR and ERK is a therapeutic strategy that

may be effective for a majority population of GBM patients.
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Methods

Tumor collection: As previously described in Chapter 2.
RNA samples preparation: As previously described in Chapter 2.
TCGA classification: As previously described in Chapter 2.

WGCNA: As previously described in Chapter 2.

Outcomes:

Chronic Rapamycin Sphere Formation: Cells were plated at 50 cells/well of a 96 well
plate in 100ulL media. Cells were treated with 100nM Rapamycin or DMSO every week
and allowed to grow and proliferate. After 21 days, spheres were counted under 4x

microscopy. Sphere number was normalized to DMSO controls.

BEZ235: 5000 cells were plated in each well of a 96 well plate and treated with either
DMSO or a serial dilution of BEZ235. 7 days later, cell number was assessed by relative
fluorescence of Hoechst labeled cells as detected by the Acumen 3 plate reader

(TTPLabtech). Relative IC50 values were generated using Prism software (GraphPad).

Erlotinib: 5000 cells were plated in each well of a 96 well plate and treated with either
DMSO or a serial dilution of Erlotinib. 7 days later, cell number was assessed by relative
fluorescence of Hoechst labeled cells as detected by the Acumen 3 plate reader

(TTPLabtech). Relative IC50 values were generated using Prism software (GraphPad).
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Selumetinib: 5000 cells were plated in each well of a 96 well plate and treated with either
DMSO or a serial dilution of Selumetinib. 7 days later, cell number was assessed by
relative fluorescence of Hoechst labeled cells as detected by the Acumen 3 plate reader

(TTPLabtech). Relative IC50 values were generated using Prism software (GraphPad).

Sensitization Selumetinib+Rapamycin or BEZ235: 5000 cells were plated in each well of
a 96 well plate and treated with a serial dilution of Selumetinib with either DMSO,
100nM Rapamycin, or 10nM BEZ235. After 7 days cell number was assessed by relative
fluorescence of Hoechst labeled cells as detected by the Acumen 3 plate reader

(TTPLabtech). Relative IC50 values were generated using Prism software (GraphPad).

Acute Rapamycin: 5000 cells were plated in each well of a 96 well plate and treated with
either 1nM, 10nM, 100nM or 1uM Rapamycin or DMSO. After 7 days cell number was
assessed by relative fluorescence of cyto-9 labeled cells (which labels DNA and RNA) as
detected by the Acumen 3 plate reader (TTPLabtech). Relative survival at each dose of

Rapamycin treatment was calculated.

FLUC-GFP: Fluc=Firefely luciferase, GFP=green fluorescent protein from Auquorea
(jellyfish). Fluc-GFP (backbone= pRRL-sinCMV-iresGFP ) was produced by UCLA
Vectorcore and supported by Molecular Technologies Core (IMTC) CURE/P30

DK41301-26.
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Optical Imaging:

Optical imaging was performed at the Crump Institute for Molecular Imaging at
UCLA. Mice were anesthetized by inhalation of isoflurane. Intraperitoneal injection of
100uL of d-luciferin (30mg/ml) was followed by 10 minutes of live uptake to interact
with the luciferase expressing HK374 FLUC-GFP cells and produce bioluminescence.
The IVIS Lumina 2 imaging system (Caliper life sciences) was utilized for in vivo
bioluminescent imaging. A photograph of the mice is overlaid with a color scale of a
region of interest representing total flux (photon/second) and quantified with the

Livinglmage software package (Xenogen Corporation, Alameda, Calif.).

In Vivo Subcutaneous Xenotransplantation: 1X10° of HK374 FLUC-GFP GBM cells
(constitutively expressing a construct of luciferase (FLUC) and green fluorescence
protein (GFP)) were injected into both flanks of 24, male, 2 month old, nod scid, gamma
null mice. After 12days, mice underwent optical imaging to assess tumor size. Daily
intraperitoneal injection treatment in one of 4 groups was initiated after 14 days of tumor
proliferation: Groupl: DMSO, Group2: Smg/Kg Rapamycin, Group3: 35mg/Kg
Selumetinib, Group4: Rapamycin (5Smg/Kg) + Selumetinib (35mg/Kg). Each treatment
was delivered in DMSO as a vehicle + 12.5% carbowax (PEG 400)(Fisher Scientific) in a
final volume of 100uL. Rapamycin was from LC Laboratories (#R-5000). Selumetinib
was from Selleckchem (#S1008). Tumors were measured with calipers every 2 days.
Bioluminescent imaging of the tumors was carried out after 9 days of treatment. Tumors

were collected, weighed, and then lysed in Ripa buffer with phosphatase and protease
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inhibitors, and homogenized with a mechanical tissue homogenizer (Brinkman Polytron
PT3000 (Kinematica AG)). This in vivo study was performed in the same manner in a
separate trial but with 75mg/Kg Selumetinib, and treatment was initiated after 14 days of

tumor growth.

Tumor Volume Measurements: The tumor volume was calculated for the volume of a
sphere with the formula Volume=4/3*3.1415*(Diameter/2)"3. The mean diameter of the

tumors for each mouse was utilized.

Western blots: Protein from subcutaneous tumors was collected and pooled by treatment
category. Protein concentration was determined by Bradford assay. Protein was boiled in
an equal volume of Laemmli Sample Buffer (Bio-Rad #161-0737) with 5% beta
mercaptoethanol for five minutes. Western blots were carried out to validate inhibition of
therapeutic targets with Beta Actin(ABCAM #8277) as a loading control, pS6 (Cell
Signaling # 5364S) as a downstream target of mTOR inhibition (Rapamycin), and
pERK1/2 (Cell Signaling #9101S) as a downstream target of MEK inhibition

(Selumetinib).

Gene trait correlations: As previously described in Chapter 2.

Clustering: As previously described in Chapter 2.

Microarray methods: As previously described in Chapter 2.
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EGFRV3 determination: As previously described in Chapter 2.

PTEN deletion: PTEN deletion was determined by western blot of tumorsphere samples

using antibody #95598, Cell Signaling.

Statistics: For comparison of small groups we used a cutoff of P<0.05 to distinguish
significant differences. For gene by gene correlations to drug response we used a cutoff
for significance of P<0.001 to account for multiple comparisons. Statistics were done in

GraphPad Prism software (http://www.graphpad.com/scientific-software/prism/). For

comparisons of TCGA class and drug response we performed an ANOVA test. For
comparisons of drug response and recurrence and for drug response and mutations
(Figure 14, 17) we used the non-parametric Mann-Whitney test. To detect correlations
between different drug responses, we performed linear regression analysis using STATA
8.0 software (Statcorp). To compare IC50 values (Figure 19b, table 11) we used
GraphPad Prism software to perform an F-test comparison of calculated IC50 values,
with P<0.05 considered significant. For comparison of binomial variables we used

CHI(2) test using STATA (Figure 19 C, D).
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Chapter 4

Phosphorylation Dependent Attenuation of GSK3B is
an Adaptive Mechanism that Confers Resistance to

Chronic mTOR Inhibition through MAP1B

Aim 3: To determine the molecular mechanism of resistance to chronic mTOR
inhibition.

Abstract

Glioblastoma multiforme (GBM) is the highest grade, most lethal, and most
common form of Glioma. Novel therapies are needed for the effective treatment of this
malignancy. The mammalian target of Rapamycin (mTOR) pathway is a major regulator
of cell proliferation that is frequently upregulated in GBM and as such has garnered
considerable attention as a therapeutic target. mTOR pathway specific inhibition via
Rapamycin or NVP-BEZ235 has potential as a therapeutic approach for the treatment of
GBM, but like many cancer therapies, resistance to chronic treatment is an issue. We
sought to determine the molecular mode of resistance that results from chronic mTOR
pathway specific inhibition in order to understand the cellular mechanism of adaptation.
In order to decipher the mechanism of cellular resistance to chronic mTOR inhibition, we

employed a serial screening approach that combined a phosphoproteomics screen
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followed by a targeted shRNA screen. First, we performed a phosphoproteomics analysis
using iTRAQ of chronic Rapamycin treated primary GBM cell cultures. We analyzed the
list of significantly altered phosphopeptides with Kinase Enrichment Analysis (KEA) and
discovered that GSK3B was significantly associated with observed changes in
phosphorylation due to chronic Rapamycin treatment. Utilizing western blots and in vitro
cell growth assays, we discovered that, in response to chronic mTOR pathway specific
inhibition, GSK3B undergoes inhibitory phosphorylation that confers resistance to both
Rapamycin and NVP-BEZ235 in a variety of GBM primary cultures. Using shRNA, we
depleted GSK3B and demonstrated that this confers resistance to mTOR pathway
specific inhibition. We also used a pharmacological inhibitor of GSK3b and observed the
same effect. Next, we performed a targeted shRNA screen on 50/52 candidates with
altered phosphorylation in chronic Rapamycin that were associated with GSK3B. From
this approach and further validation, we discovered that MAP1B mediates resistance to
chronic mTOR inhibition. We depleted MAP1B using shRNA and discovered that this
sensitized glioblastoma cells to chronic mTOR inhibition. Targeting this mechanism of
molecular adaptation presents a novel therapeutic approach for the effective treatment of

GBM.
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Background

Representing 40% of all primary, malignant central nervous system tumors,
glioblastoma multiforme (GBM) are the most common type of glioma, which is the most
common type of malignant brain tumor (Miller and Perry, 2007). The current standard of
treatment for GBM is surgical resection followed by a combination of radiotherapy and
chemotherapy(Stupp et al., 2005). GBM have a median overall survival of approximately
1 year(Daumas-Duport et al., 1988) with a 5 year survival rate of less than 3%(Ohgaki
and Kleihues, 2005). The poor prognosis of GBM necessitates continued efforts to
discover and develop effective new treatment.

Rapamycin (rapa) is a mammalian target of Rapamycin (mTOR) pathway specific
inhibitor(Bjornsti and Houghton, 2004; Brown et al., 1994; Chiu et al., 1994; Sabatini et
al., 1994). mTOR is one downstream effector of the AKT pathway that, in a complex
termed mTORCI, activates protein translation through phosphorylation of p70S6 (pS6)
and 4EBP. mTORc1 also promotes transcription through Stat3(Yokogami et al., 2000)
and inhibits autophagy through ATG13(Hosokawa et al., 2009). In mammals, there are
two distinct TOR complexes, each with a TOR, several regulatory subunits, and a unique
accessory protein that distinguishes and defines each complex: RAPTOR is specific to
mTORc1 and RICTOR is specific to mTORc2(Shaw and Cantley, 2006; Zoncu et al.,
2011). The targeting and effects of Rapamycin are primarily directed at mTORCcl,
however, mTORc2 assembly has been found, in certain cell cultures, to be impaired by

chronic Rapamycin treatment (Sarbassov et al., 2006).
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Rapamycin has been used in clinical trials for the treatment of glioma(Cloughesy
et al., 2008). Half of the glioma patients treated with Rapamycin responded with reduced
tumor cell proliferation that correlated with mTOR inhibition. However, many of the
patients did not respond to treatment, did not show evidence of mTOR inhibition, and in
fact, had elevated mortality associated with increased AKT activation. There are many
feedback loops involved in mTOR signaling which makes it a complex therapeutic
target(Carracedo et al., 2008; Efeyan and Sabatini, 2009). The increased AKT activation
was possibly due to the feedback loop of S6Kinase (pS6K), a downstream target of
mTOR, as inhibition of pS6K leads to upregulation of PI3K signaling that activates AKT.
For a review of mTOR, see (Wullschleger et al., 2006; Zoncu et al., 2011).

Hosoi et al. reports that cancer cell resistance to Rapamycin varies between cell
lines, is not dependent on the levels of mTOR inhibition, and correlates with
Rapamycin’s ability to induce c-MYC(Hosoi et al., 1998). Yet, other reports indicate that
Rapamycin does not completely inhibit mMTOR and this lack of complete mTOR
inhibition may confer resistance(Thoreen et al., 2009; Thoreen and Sabatini, 2009).
Recently, Wang et al. provide evidence that Rapamycin’s inability to inhibit 4EBP1 and
mTORc?2 leads to resistance through insufficient gene regulation(Wang et al., 2011).
Indeed, Rapamycin primarily prevents S6K activation and does not effectively inhibit
4EBPI activation(Feldman et al., 2009), yet 4EBP1 activation and its regulation of cap
dependent translation have been shown to be the primary oncogenic pathway in mTOR
signaling(Hsieh et al., 2010). Another recent study has shown that Rapamycin induced
activation of pERK and pAKT leads to BAD phosphorylation, degradation, and

resistance(Liu et al., 2011). In fact, ERK activation is linked to resistance in yet another
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report by Hoang et al.(Hoang et al., 2012). In addition, the gene SKP2 has been linked to
Rapamycin resistance(Totary-Jain et al., 2012). Another recent report indicates that
histone de-acetylation is responsible for resistance in renal cell carcinoma cells(Juengel et
al., 2012). Reports from the clinical trial of Rapamycin in glioma argue that resistance is
not cell intrinsic but perhaps due to bioavailability of the agent(Akhavan et al., 2010;
Cloughesy et al., 2008). While there are divergent views on the different possible modes
of Rapamycin resistance, there has yet to be a comprehensive characterization of the
mechanisms that modulate Rapamycin resistance within GBM cells.

We hypothesized that phosphorylation changes associated with a chronic
Rapamycin resistant population would reveal candidate proteins involved in resistance.
This reasoning was based on the knowledge that phosphorylation changes are key
modulators of cell signaling pathways essential to cell proliferation and survival. Here we
utilize an unbiased approach to detect genes involved in resistance to mTOR pathway
specific inhibition. Utilizing iTRAQ and a phosphoproteomics analysis of specific post-
translational modifications associated with chronic Rapamycin treatment in primary
GBM cultures we generated a list of proteins that undergo changes in phosphorylation
state after chronic Rapamycin treatment. This list was analyzed by Kinase Enrichment
Analysis (KEA) to generate a list of kinases significantly associated with our
phosphorylated protein list. GSK3B was second among the top kinases from this analysis.
Further testing demonstrated that GSK3B inhibition is an adaptive mechanism of
resistance to chronic mTOR inhibition. After a targeted shRNA screen against proteins
that underwent phosphorylation changes and were associated with GSK3B, we

discovered that MAP1B mediates this resistance.
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Results

Chronic Rapamycin Treatment produces an enhanced malignant phenotype in
certain glioblastoma cultures. We performed removal assays where glioblastoma cultures
were chronically pre-treated in Rapamycin for at least 10 days and then cells were
removed from treatment and grown in vitro at clonal density under regular tumorsphere
conditions or else they are grown in vivo after intracranial xenotransplantation into mice.
These removal experiments demonstrate that chronic Rapamycin treatment results in
larger diameter spheres (Figure 1A, Rapa-DMSO) as well a higher percentage of sphere
formation (Figure 1B). These chronically treated cells form larger spheres after returning
from Rapamycin into further Rapamycin (P<0.001), thus displaying Rapamycin
resistance (Figure 1A). Moreover, the Rapamycin resistant cells form tumors that are
approximately twice as large as the tumors formed by control, DMSO treated cells
(Figure 1C,D). These data indicate chronic Rapamycin treatment results in resistance to
Rapamycin and an enhanced malignant phenotype. Furthermore, these results suggest
that further study of chronic Rapamycin treatment may lead to fundamental insights into
the molecular signaling of brain tumor stem cells as they are the cells responsible for

tumor formation.
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Figure 21: Removal assay of Chronic Rapamycin treatment. A. Sphere diameter

(uM) +/- standard error of spheres grown in clonal density (less than 50
cells/100ul/well). The first drug listed in the legend is pre-treatment and the second drug
listed is the removal condition. DMSO-DMSO is the control, DMSO condition removed
into a control, DMSO condition; DMSO-Rapa is the DMSO (untreated) placed into
100nM Rapamycin; Rapa-DMSO is pre-treated for 10-14 days in Rapamycin then
removed into DMSO/untreated conditions; Rapa-Rapa is pre-treatment with 100nM
Rapamycin and then placed again into 100nM Rapamycin. There is enhanced sphere size
indicating a rebound effect after pre-treatment with Rapamycin into removal DMSO
conditions (Rapa-DMSO) as compared to the control (DMSO-DMSO) (P<0.001). There
is also enhanced sphere size indicating resistance to Rapamycin after pretreatment with
Rapamycin and placed into further Rapamycin (Rapa-Rapa) as compared to the DMSO-
Rapa which is pre-treated with DMSO and then placed in Rapamycin(P<0.001). B. 3
different glioblastoma cell cultures display enhanced sphere formation capacity in
removal conditions. Sphere forming capacity +/- standard error is represented. “RR”
indicates pre-treatment of cells with 100nM Rapamycin for 10-14 days. Cells are then
seeded at clonal density (50 cells/100uL/well) and grown in the absence of Rapamycin.
All 3 cell cultures demonstrate a rebound effect wherein there is enhanced sphere
formation capacity after pre-treatment with Rapamycin. C. Sections of mouse brain
demonstrate enhanced malignancy of Rapamycin resistant cell cultures in vivo. 100
thousand cells were xenotransplanted intracranially into mouse striatum. Cells were pre-
treated for approximately 30 days with either Rapamycin (100nM) or DMSO and then

equal numbers of live cells were counted on a hematocytometer using trypan blue
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exclusion. D. Quantification of tumor size demonstrates an approximate two-fold
increase in tumor size for Rapamycin resistant cells (cells pre-treated with Rapamycin) as
compared to untreated controls. Quantification was done using Typhoon imaging of GFP

labeled glioblastoma cells and Image-quant software.
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iTRAQ Phosphoprotemics array of acute (4 hour) and chronic (42 Day)
Rapamycin treated glioblastoma cultures as compared to DMSO treated controls reveals
distinct phosphorylation events in chronic Rapamycin conditions as compared to acute
Rapamycin treatment. We performed an iTRAQ phsophoproteomics array on HK296
glioblastoma cell culture. We quantified 4408 unique phosphopeptides from 1732
proteins. There were 578 peptides in Acute and 798 peptides in Chronic conditions that
had a greater than 2 fold change in phosphorylation. Our heat map displays that there are
certain proteins that were phosphorylated in both Acute and Chronic Rapamycin but
other proteins that had inverse changes in Acute as compared to Chronic Rapamycin
(Figure 22A). We applied stringent criteria to determine which phosphorylation events
were to be considered promising candidates. These stringent criteria included several
spectra for each phosphopeptide, no discrepancies between overlapping phosphopeptides,
and a small standard deviation. We distinguished 425 proteins that adhered to our
stringent criteria and were determined to have significant phosphorylation changes after
chronic Rapamycin treatment. We validated two of these phosphorylation changes via
western blot: 4EBP1-t37,46 that decreased twofold in phosphorylation after chronic
Rapamycin and pRB1-s249 that increased twofold in phosphorylation (Figure 22B).
These data indicate that chronic Rapamycin treated glioblastoma cells undergo certain
phosphorylation changes that are distinct from the acute response to Rapamycin
treatment. This supports the idea that phosphorylation changes under chronic Rapamycin
treatment may signify key proteins that modulate resistance and play a fundamental role

in brain tumor stem cells.
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Figure 22: Phosphoproteomics results and validation. A. Chronic Rapamycin

treatment conditions (42 days, 100nM Rapamycin) harbor unique phosphorylation
changes as compared to acute Rapamcyin treatment conditions (4 Hours, 100nM
Rapamycin) in HK296 GBM cells. Heat map of the phosphoproteomics results
comparing chronic Rapamcyin treatment or acute Rapamcyin treatment to DMSO treated
controls. Relative levels of phosphopeptides, expressed as log2 of the ratios relatives to
control (DMSO). B. Western blot validates 2/2 phosphoproteomics candidates tested.
Phosphoproteomics line displays fold change in phosphorylation from the
phosphoproteomics data; below the western blot shows validation of these changes after
14 days of chronic Rapamycin treatment (100nM). Western blot shows knockdown of
mTOR by Rapamycin through its downstream target pS6. Beta Actin is the loading

control.
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Kinase Enrichment Analysis (KEA) of proteins that underwent significant
phosphorylation changes in chronic Rapamycin conditions reveals that GSK3B is
significantly associated with 52/425 of these phosphorylated proteins (P<0.001) (Table
12). GSK3B is second on the list of kinases significantly associated with our
phosphoproteomics catalog of 425 proteins that underwent phosphorylation changes in
chronic Rapamycin conditions. The first kinase on the list is CDC2 (P<0.0001). We
targeted CDC2 with Roscovitine, a pharmacological inhibitor of CDC2 (kinase CDK1)
but found no evidence for an alteration of response in the presence of 100nM Rapamycin
(Figure 23). As GSK3B had a higher number of substrates than CDC2 and as it was next
on our list of kinases associated with phosphorylation changes, therefore we decided to

determine if GSK3B plays a role in resistance to Rapamycin.

List of kinases associated with phosphorylation changes under chronic rapamycin

|Kinase |Substrates/lnput |Substrates/Database Fraction/Input |Fraction/Database |Difference |p-VaIue |
CDC2 48 421 0.306 0.106 0.200 2.56E-11
GSK3B 52 501 0.331 0.126 0.205 7.40E-11
CDK2 44 398 0.280 0.100 0.180 5.86E-10
PRKCB1 33 254 0.210 0.0639 0.146 3.82E-09
RPS6KA3 36 330 0.229 0.0831 0.146 4.57E-08
MAPK14 38 377 0.242 0.0949 0.147 1.23E-07
PRKDC 20 200 0.127 0.0503 0.0770 0.000202
PRKACA 18 180 0.115 0.0453 0.0693 0.000428
PRKG1 12 93 0.0764 0.0234 0.0530 0.000544
AKT1 17 176 0.108 0.0443 0.0640 0.000895

Table 12. xea analysis generated a list of kinases significantly (P<0.001)

associated with the input list of genes that underwent significant phosphorylation changes

under chronic Rapamycin conditions.
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Figure 23 No evidence for role of CDC2 in mediating resistance to Rapamycin.

Normalized cell number estimated by Dojindo Kit8 for a titration of Roscovitine in the

presence of 100nM Rapamycin or DMSO in HK301 glioblastoma cell culture (N=1).
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GSK3B inhibition confers resistance to mTOR pathway specific inhibition.
Combinatorial treatment of glioblastoma cultures with a titration of CHIR99021, a
GSK3B inhibitor, and either Rapamycin or the mTORc1/mTORc2/PI3K inhibitor, NVP-
BEZ235, confers resistance to GSK3B inhibition (Figure 24A, B). This was true in a
variety of cell cultures tested (Figure 25). Combinatorial treatment of glioblastoma
cultures with a titration of Rapamycin or NVP-BEZ235 in the presence of 1uM
CHIR99021 confers resistance to Rapamycin (Figure 24C) and to NVP-BEZ235 (Figure
24D). This was true in a variety of cell cultures tested (Figure 26,27). A western blot of
glioblastoma cultures after treatment with the inhibitor CHIR99021 displays that GSK3B
is inhibited as its downstream target p4AEBP1-t46 is diminished (upper band, Figure 24E).

GSK3B depletion via shRNA knockdown confers resistance to mTOR pathway
specific inhibition. (Figure 28) Western blot displays that shRNA knockdown of GSK3B
results in depletion of GSK3B (Figure 28). Depletion of GSK3B results in a dramatic
increase in resistance to Rapamycin (Figure 28B) and to NVP-BEZ235 (Figure 28C).
This was true in a variety of cell cultures tests (Figure 29). This data demonstrates that
GSK3B modulates resistance to mTOR pathway specific inhibition.

Inhibitory phosphorylation of GSK3B is a cellular adaptive response associated
with resistance to mTOR pathway specific inhibition. Western blots of GSK3B after a
time course of Rapamycin treatment demonstrate that GSK3B becomes phosphorylated
after chronic treatment (48 Hours) (Figure 30A). In addition, this inhibitory
phosphorylation of GSK3B is persistent even after 14 days of Rapamycin treatment or

NVP-BEZ235 treatment (Figure 30A).
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Figure 24. GSK3B inhibition confers resistance to mTOR pathway inhibition. A.

Rapamycin or BEZ235 treated GBM cells undergo a growth advantage with co-treatment
with the GSK3B inhibitor, CHIR99021. Dose response curve of HK301 GBM cell
cultures to the GSK3B inhibitor CHIR99021 with co-treatment of Rapamycin (100nM),
BEZ235 (10nM), or DMSO-Ctrl display an increase in proliferation with co-treatment
above baseline (N=5), mean values and standard error bars. Live cell number was
determined by Dojindo Kit 8, hydrogenase activity detection. Cell number is normalized
to control wells and each condition control is set at 100%. B. Same as A except a fitted
curve and estimated IC50’s demonstrating an increase in resistance to mTOR inhibition
under GSK3B inhibition. C. GSK3B inhibition confers resistance to Rapamycin. Dose
response to a titration of Rapamycin with co-treatment of the GSK3B inhibitor
CHIR99021 (1uM) (N=3). CHIR99021 treated sample fitted line does not converge and
therefore IC50 values and comparison of lines cannot be carried out. However, a non-
parametric Mann-Whitney test signifies that the conditions are significantly different
(P=0.0054). D. Fitted line of log transformed values and calculated IC50’s demonstrate
that GSK3B inhibition confers resistance to BEZ235 (N=3). Dose response to a titration
of BEZ235 with co-treatment of the GSK3B inhibitor CHIR99021 (1uM). P-
value<0.0001 is depicted that compares IC50 values. E. Western blot demonstrates that
GSK3B inhibitor CHIR99021 hits its target at 2hours of treatment. Western blot of
HK301 cells after 2 hours treatment with DMSO, Rapamycin (100nM), CHIR99021
(4uM), or Rapamycin (100nM)+CHIR99021 (4uM). The top band of three bands in the

p4EBP1 is the threonine-46 phosphorylation and it is reduced after 2 hours of treatment.
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Figure 25. Rapamycin or BEZ235 treatment increases resistance to GSK3B

inhibition. A. Relative cell number with mean and standard error bars estimated by
Dojindo Kit8 for a titration of CHIR99021, a GSK3B inhibitor, in HK157 glioblastoma
cell culture (N=3). B. Relative cell number with mean and standard error bars estimated
by Dojindo Kit8 for a titration of CHIR99021, a GSK3B inhibitor, in HK296

glioblastoma cell culture (N=1).
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Figure 26. Pharmacological inhibition of GSK3B confers resistance to Rapamycin
treatment. Results in 3 different GBM cultures from 6 day co-treatment with a titration of
the mTOR inhibitor Rapamycin and with GSK3B inhibitor, Chir99021 or DMSO-control.
A. GSK3B inhibition confers resistance to Rapamycin in HK157. Dose response to a
titration of Rapamycin in HK157 with co-treatment of the GSK3B inhibitor CHIR99021
(1uM), fitted line for non-linear regression, and standard error bars (N=3), log scale.
Calculated IC50 values are displayed. P-value<0.0001 is depicted that compares the IC50
values. B. GSK3B inhibition does not confer resistance to Rapamycin in HK296 after 6
days. Dose response to a titration of Rapamycin in HK296 with co-treatment of the
GSK3B inhibitor CHIR99021 (1uM), fitted line, mean values and standard error bars
(N=3), log scale. P-value=0.3499 is depicted that compares IC50 values. C. GSK3B
inhibition confers resistance to Rapamycin in HK308 cells. Dose response to a titration of
Rapamycin in HK308 with co-treatment of the GSK3B inhibitor CHIR99021 (1uM),
fitted line, mean values and standard error bars (N=3), log scale. P-value<0.0001 is

depicted that compares IC50 values.
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Figure 27. Pharmacological inhibition of GSK3B confers resistance to NVP-

BEZ235 treatment in multiple GBM cell cultures. A. GSK3B inhibition confers
resistance to NVP-BEZ235. Dose response to a titration of BEZ235 in HK157 with co-
treatment of the GSK3B inhibitor CHIR99021 (1uM)), fitted line for non-linear
regression, and standard error bars (N=3), log scale. Calculated IC50 values are
displayed. P-value<0.0001 is depicted that compares IC50 values. B. GSK3B inhibition
confers resistance to NVP-BEZ235. Dose response to a titration of BEZ235 in HK308
with co-treatment of the GSK3B inhibitor CHIR99021 (1uM), fitted line for non-linear
regression, and standard error bars (N=3), log scale. Calculated IC50 values are
displayed. P-value<0.0001 is depicted that compares IC50 values. C. GSK3B inhibition
confers resistance to NVP-BEZ235. Dose response to a titration of BEZ235 in HK390
with co-treatment of the GSK3B inhibitor CHIR99021 (1uM), fitted line for non-linear
regression, and standard error bars (N=3), log scale. Calculated IC50 values are
displayed. P-value=0.0001 is depicted that compares IC50 values. D. GSK3B inhibition
does not confer resistance to NVP-BEZ235 in HK296 cells after 6 days. Dose response to
a titration of BEZ235 in HK296 with co-treatment of the GSK3B inhibitor CHIR99021
(1uM), fitted line for non-linear regression, and standard error bars (N=3), log scale.
Calculated IC50 values are displayed. P-value=0.3635 is depicted that compares IC50

values.
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Figure 28. shRNA knockdown of GSK3B confers resistance to mTOR inhibition

while the constitutively active GSK3BCA may confer sensitivity. A. Western blot
displays shGSK3B knockdown of GSK3B. B. Depletion of GSK3B confers resistance to
mTOR pathway specific inhibition. Fitted curve of log transformed values for a titration
of Rapamycin in HK301 GBM cells with calculated IC50 values below, with and without
GSK3B knockdown (N=3). P-value<0.0001 is depicted that compares IC50 values. C.
Fitted curve of log transformed values for a titration of BEZ235 in HK301 GBM cells
with calculated IC50 values below, with and without GSK3B knockdown (N=3). P-

value=0.0007 is depicted that compares IC50 values.
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Figure 29. Knockdown of GSK3B confers resistance to mTOR pathway specific

inhibition. A. shRNA mediated GSK3B depletion confers resistance to Rapamycin. Dose
response to a titration of Rapamycin in HK217 (Ctrl or shGSK3B), and standard error
bars (N=3), fitted line and raw values. IC50 values could not be calculated because the
line was not converged. B. shRNA mediated GSK3B depletion confers resistance to
NVP-BEZ235. Dose response to a titration of BEZ235 in HK217, Ctrl or shGSK3B,
fitted line for non-linear regression, and standard error bars (N=3), raw values. IC50
values could not be calculated because the line was ambiguous. C. shRNA mediated
GSK3B depletion confers resistance to Rapamycin. Dose response to a titration of
Rapamycin in HK308, Ctrl or shGSK3B, fitted line for non-linear regression, and
standard error bars (N=2), log scale. Calculated IC50 values are displayed. The P-
Value<0.0001 is depicted for the comparison between IC50 values. D. shRNA mediated
GSK3B depletion confers resistance to NVP-BEZ235. Dose response to a titration of
BEZ235 in HK308, Ctrl or shGSK3B, fitted line for non-linear regression, and standard
error bars (N=2), log scale. Calculated IC50 values are displayed. The P-Value<0.0001 is

depicted for the comparison between IC50 values.
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Figure 30. Inhibitory phosphorylation of GSK3B is an endogenous mechanism for

adaptation and resistance to chronic mTOR inhibition. A. In HK301, GSK3B becomes
phosphorylated at 48 hours of treatment with Rapamycin but not during acute treatment.
Western blot of HK301 GBM cells under treatment with 100nM Rapamycin or DMSO
for the indicated lengths of time. The last lane is the exception that was treated with
BEZ235 (50nM) for 336 Hours, replenished every week. Beta Actin is the loading
control, while GSK3B (un-phosphorylated) is the control for pGSK3B-s9). B. In, HK296,
GSK3B becomes phosphorylation at 504 hours of treatment with Rapamycin but not at
336 hours. Western blot of HK296 GBM cells under treatment with 100nM Rapamycin
or DMSO for the indicated lengths of time. Beta Actin is the loading control, while
GSK3B (un-phosphorylated) is the control for pPGSK3B-s9). C. Growth curves illustrate
that GSK3B phosphorylation occurs at period of initiation of cell proliferation that
signifies initiation of Rapamycin resistance. Graph illustrates the fold change of viable
cells counted on the Countess automated cell counter for the indicated amount of time
under 100nM Rapamycin or DMSO. The cell numbers are normalized to the original

plating number that is set at 100% (dashed line).
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Interestingly, HK296 only displays inhibitory phosphorylation of GSK3B after 21
days of chronic Rapamycin treatment and not after 14 days of treatment (Figure 30B).
Significantly, this length of time is required for the HK296 cells to become resistant to
Rapamycin treatment and to begin to proliferate (Figure 30C). Just as HK301 cells begin
to proliferate at 48 hours after Rapamycin treatment (data not shown) when GSK3B
becomes phosphorylated, HK296 cells become resistant when its GSK3B is
phosphorylated at 21 days. These data indicate that inhibitory phosphorylation of GSK3B
coincides with the moments when the cells become Rapamycin resistant and enter into a
proliferative phase. Furthermore, as GSK3B phosphorylation precedes cellular
proliferation, this indicates that phosphorylation of GSK3B is not the result of a selection
process within a population of proliferating cells, but rather a cellular adaptive
mechanism. Taken together, this data strongly suggests that inhibitory phosphorylation of
GSK3B is an adaptive process that confers resistance to mTOR pathway specific
inhibition.

Depletion of RICTOR or RAPTOR is capable of producing inhibitory
phosphorylation of GSK3B. mTOR exists in two distinct complexes, mTORc1 and
mTORc2(Zoncu et al., 2011). Each different complex possesses both shared and distinct
proteins. For mTORc1 one distinct protein is RAPTOR, for mTORCc2 one distinct protein
is RICTOR. These distinct proteins are useful for targeting each complex. While
Rapamycin is a known mTORCc] inhibitor, it has also been shown that chronic treatment
with Rapamycin can inhibit mTORc2(Sarbassov et al., 2006). Therefore, we sought to
determine which TOR complex was responsible for GSK3B phosphorylation. Western

blots of 2 glioblastoma cultures, HK157 and HK301, display the phosphorylation of
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GSK3B in response to RAPTOR and RICTOR knockdowns (Figure 31). Importantly, in
HK157, both RAPTOR and RICTOR knockdowns result in inhibitory phosphorylation of
GSK3B, with the RICTOR knockdown having a more dramatic effect on GSK3B
phosphorylation. Both AKT (directly) and ERK (through p90-rsk1) are demonstrated to
phosphorylate GSK3B(Cross et al., 1995; Saito et al., 1994; Stambolic and Woodgett,
1994). The fact that RICTOR knockdown results in GSK3B phosphorylation suggests
that AKT is not the mediating kinase in this case as AKT is not activated by RICTOR
knockdown mediated depletion of mTORc2 activity (Figure 31). Noteworthy is the
activation of pERK in the RICTOR knockdown of GBM tumorsphere, HK157(Figure
31). These data indicate that ERK, presumably through p90-rsk1, may be the kinase
mediating this interaction between depletion of mTORc2 and GSK3B phosphorylation.
As ERK is not activated (via phosphorylation) in RAPTOR knockdown of HK301
(Figure 31), this suggests that ERK is not responsible for the GSK3B phosphorylation of
these cells in response to RAPTOR knockdown mediated mTORc1 depletion. However,
AKT is activated in the RAPTOR knockdown mediated depletion of mTORc1 in both
HK301 and HK157 cells and therefore activated AKT (the phosphorylated form) could
be the kinase mediating the phosphorylation of GSK3B after mTORc1 depletion. This
data suggests that activated pERK mediates phosphorylation of GSK3B in certain
cultures after inhibition of the mTORc2 pathway while activated pAKT mediates GSK3B
phosphorylation after inhibition of the mTORc1 pathway. Moreover, the data indicate
that inhibition of either mTORc1 or mTORc2 may result in inhibitory phosphorylation of

GSK3B that confers resistance to mTOR pathway specific inhibition.
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Figure 31. Western blot of glioblastoma cultures HK157 and HK301 demonstrates

that RICTOR and RAPTOR (associated with mTORc1 and mTORc2 respectively) both

can play a role in the phosphorylation status of GSK3B.
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Knockdown of RICTOR confers resistance to Rapamycin or NVP-BEZ235 in
cultures where RICTOR depletion results in GSK3B inhibitory phosphorylation but not
in cultures without that link. ShARNA mediated knockdown of RICTOR (mTORc2)
confers resistance to Rapamycin treatment in glioblastoma culture HK157 (Figure 32A)
which undergoes inhibitory phosphorylation of GSK3B in response to Rapamycin
treatment as shown by western blot (Figure 32E). In contrast, knockdown of RICTOR
does not confer resistance to Rapamycin in glioblastoma culture HK301 (Figure 32C)
that does not undergo inhibitory phosphorylation of GSK3B in response to Rapamycin
treatment, as shown by western blot (Figure 32E). There is a more modest effect of
RICTOR knockdown on HK 157 resistance to NVP-BEZ235 (Figure 32B) and this is
consistent with NVP-BEZ235 targeting of mTORc2 directly. In contrast, HK301
becomes modestly more sensitive to NVP-BEZ235 treatment after RICTOR knockdown
(Figure 32D). This data supports the evidence that inhibition of RICTOR, and by
association, depletion of mTORC?2, results in a functional adaptation to further mTORc1
inhibition and the acquisition of resistance. This suggests that dual inhibition of mTORc1
and mTORc2 may not abrogate resistance to mTOR pathway specific inhibition in all
glioblastoma cell cultures, but rather may contribute to the acquisition of resistance. This

resistance is mediated through inhibitory phosphorylation of GSK3B.
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Figure 32. RICTOR depletion results in resistance to Rapamycin in HK157 where

RICTOR knockdown results in GSK3B phosphorylation but not in HK301 where that
association does not exist. A. Mean relative cell number and standard error bars as
estimated by Dojindo Kit8 for a titration of Rapamycin treatments in HK157
demonstrates enhanced resistance in the RICTOR knockdown (N=3, Log scale). The
calculated IC50 values are displayed. B. Mean relative cell number and standard error
bars as estimated by Dojindo Kit8 for a titration of BEZ235 treatments in HK157
demonstrates very moderate enhanced resistance in the RICTOR knockdown (N=3, Log
scale). The calculated IC50 values are displayed. C. Mean relative cell number and
standard error bars as estimated by Dojindo Kit8 for a titration of Rapamycin treatments
in HK301 demonstrates no change in resistance in the RICTOR knockdown (N=2, Log
scale). P-value=0.8618 is depicted that compares the IC50 values. D. Mean relative cell
number and standard error bars as estimated by Dojindo Kit8 for a titration of BEZ235
treatments in HK301 demonstrates slight enhanced sensitivity in the RICTOR
knockdown (N=2, Log scale). The calculated IC50 values are displayed. E. Reiteration of

Western Blot from Figure 31.
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Resistance to mTOR inhibition by GSK3B is not mediated by an effect on
CTNNBI1 that we could detect. CTNNBI is a known target of GSK3B. GSK3B
phosphorylates CTNNB1 and marks it for degradation(Liu et al., 2002; Rubinfeld et al.,
1996; Sakanaka et al., 1998). As GSK3B is inhibited after chronic Rapamycin treatment,
we studied whether activated CTNNB1 mediated the observed resistance to Rapamycin.
We generated cell cultures with knockdown of CTNNBI1 via shRNA lentiviral infection
to study whether this conferred sensitivity to Rapamycin. Depletion of CTNNBI1 was
demonstrated via western blot (Figure 33A). When HK301 was depleted of CTNNBI by
shRNA, there was only 26% of the cell number of Ctrl-shRNA cells after 7 days of
proliferation and no sign of increased sensitivity to Rapamycin (data not shown).
However, due to the low cell number in the sShCTNNBI1, which may obfuscate any effect
of CTNNBI depletion, we used HK157 cells that had a higher percentage, 86.5%, of the
cell number of Ctrl-shRNA after 7 days of proliferation. Depletion of CTNNBI did not
confer sensitivity to either Rapamcyin (Figure 33B) or NVP-BEZ235 (Figure 33C). We
also transfected HK301 cells with CTNNB1-delta90, a constitutively active, truncated
form of CTNNBI, to test if overexpression of active CTNNBI conferred resistance to
chronic mTOR inhibition. Western blot confirmed the expression of the truncated,
constitutively active CTNNB1-delta 90 (Figure 33D). However, overexpression of active
CTNNBI did not confer resistance to chronic mTOR inhibition by either Rapamycin or

BEZ-235 (Figure 33E,F).
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Figure 33. No detection of role for CTNNBI in mediating resistance to mTOR

pathway specific inhibition. A. Western blot displaying depletion of CTNNBI1 in shRNA
mediated knockdown of HK157 glioblastoma cell culture. B. sShRNA mediated CTNNB1
depletion does not significantly change response to Rapamycin. Dose response to a
titration of Rapamycin in HK157 (Ctrl or ssiCTNNB1), fitted line for non-linear
regression, and standard error bars (N=3), log scale. Calculated IC50 values are displayed
(nM). P-value=0.2023 is depicted for the comparison between IC50 values (extra sum of
squares F-test). C. shRNA mediated CTNNBI depletion does not change response to
NVP-BEZ235. Dose response to a titration of BEZ235 in HK 157, Ctrl or shCTNNBI,
fitted line for non-linear regression, and standard error bars (N=3), log scale. Calculated
IC50 values are displayed (nM). P-value=0.799 is depicted for the comparison between
IC50 values (extra sum of squares F-test). D. Western blot of expression of CTNNB1-
delta90 (constitutively active form) vs. Ctrl. E. Overexpression of the constitutively
active form of CTNNB1 (CTNNBI1-Delta 90) does not alter resistance to chronic mTOR
inhibition. Dose response to a titration of Rapamycin in HK301 (Ctrl or CTNNBI-
dleta90), fitted line for non-linear regression, and standard error bars (N=5), log scale.
Calculated IC50 values are displayed (nM). The extra sum of squares F-test compared the
calculated IC50 values, and the depicted P-value=0.9515 indicates the IC50 values are
not significantly different. C. Overexpression of the constitutively active form of
CTNNBI1 (CTNNBI1-Delta 90) does not alter resistance to NVP-BEZ235. Dose response
to a titration of BEZ235 in HK301, Ctrl or CTNNBI1-delta90, fitted line for non-linear

regression, and standard error bars (N=5), log scale. Calculated IC50 values are displayed
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(nM). The extra sum of squares F-test compared the calculated IC50 values, and the

depicted P-value=0.5319 indicates the IC50 values are not significantly different.
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A targeted shRNA screen predicts that MAP1B mediates GSK3B conferred
resistance to mTOR pathway specific inhibition. We performed targeted sShRNA screens
to knockdown 50/52 of the proteins from our phosphoproteomics array that underwent
phosphorylation changes under chronic Rapamycin and were associated with GSK3B
from our KEA analysis. From this screen, 5 sensitizing candidates were chosen (Z Score
<=-2): PRPF4B (Z-score=-2.12), MAP1B (Z-score=-2.29) (Figure 8A), LMO7 (Z-
score=-2.24), PTK2 (Z-score -2.1), KHDRBS1 (Z-score=-2.36). MAPT (Z-score=2.88),
AAKI1 (Z-score=3.92), and 3 separate SNW 1 clones (Z-scores= 2.57, 3.26, 4.07) (Figure

8A) conferred resistance upon knockdown (z score>=2) (Table 13).
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Gene list and Z-scores

|Gene Z-Score
KHDRBS1 -2.36
MAP1B -2.29
LMO7 -2.24
PRPF4B -2.12
PTK2 -2.06
PRPF4B -2.06
MAPT -1.98
TERF2IP -1.97
ZHX1 -1.90
SYNPO -1.83
LMO7 -1.80
TCOF1 -1.78
DOCK7 -1.75
ANAPC1, LOC100134301 -1.71
HMGA1 -1.65
SRRM2 1.70
SNW1 1.73
SNW1 2.57
MAPT 2.88
SNW1 3.26
AAK1 3.92
SNW1 4.07,

Table 13. Significant results from targeted sShRNA screen under chronic Rapamycin.

Z scores >|1.65|, P<0.05, for cell titer glow (ATP levels/ cell number) after 7 days of
proliferation under depletion of the gene indicated. The levels assessed were for chronic

Rapamcyin treatment normalized to DMSO.
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As we were primarily interested in sensitizing candidates from a therapeutic
angle, we chose all 5 sensitizing candidates (Z-score<=-2) for validation. As SNW1 had 3
constructs that were associated with resistance, we chose SNW1 to validate from among
our genes with + Z-scores. This procedural decision excluded our further study of MAPT
and AAK1 (both had + Z-scores>=2) as we ignored these candidate genes in our
validation study. Candidates’ differential response to Rapamycin was validated using the
shRNA’s selected from the screen. For each candidate, cells were grown in a titration of
Rapamycin, BEZ235, or DMSO for 7 days and then cell number was assessed. IC50
values were generated and compared using GraphPad Prism software. A P-value<0.01
was used to determine significance and adjust for multiple comparisons. It is important to
note that we did not validate the knockdown of each presumed protein at this stage.
Instead, we decided to first test for functional validation before validating the targeting of
each shRNA. One exception was PTK2 whose knockdown we did validate using western
blots (data not shown). Of the five candidate genes that showed sensitization upon
knockdown in our targeted screen, knockdown of PRPF4B displayed no apparent effect
on response, while knockdowns of three of the other candidate genes (KHDRBS1, PTK2,
and LMO7) demonstrated non-significant trends towards sensitization for chronic
Rapamycin treatment (Figure 34). As GSK3B targets numerous proteins, it is possible
that each of these candidate genes contributes a partial effect that in sum amounts to
resistance. However, the only candidate gene that alone exhibits a sensitization effect to

chronic mTOR inhibition upon knockdown is MAP1B.
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Figure 34. A trend towards Rapamycin sensitization is not significant in 4/5

candidates from the targeted shRNA screen. An important caveat is that these candidates
were not confirmed to target the gene listed with these shRNA constructs, except
shPTK2-A9 which was shown via western blot to target PTK?2 (data not shown).
Titrations of Rapamcyin were carried out in Ctrl cells as compared to shRNA mediated
knockdown of each target gene listed. After 5-6 days, cell number was estimated, dose
response curves generated, and IC50 values calculated and then compared. A. shPRPF4B
did not seem to confer sensitivity to chronic Rapamycin. Measured values, fitted line, and
IC50 values are depicted, (N=1), log scale. P-value and IC50 values could not be
generated for these values. B. sstKHDRBSI trends towards sensitization but it is not
significant. Measured values, fitted line, and IC50 values are depicted, (N=4), log scale.
P-value=0.0608 is depicted for the comparison between IC50 values. C. shPTK2 trends
towards sensitization but it is not significant. Measured values, fitted line, and IC50
values are depicted, (N=4), log scale. P-value=0.0899 is depicted for the comparison
between IC50 values. D. shLMO7 trends towards sensitization but it is not significant.
Measured values, fitted line, and IC50 values are depicted, (N=4), log scale. P-

value=0.0543 is depicted for the comparison between IC50 values.
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Depletion of MAP1B confers a significant sensitization effect to chronic mTOR
inhibition (Figure 35B,C,D). In HK301, the PTEN null line in which the original target
screen was carried out, the IC50 for ssMAP1B under chronic Rapamycin conditions was
significantly lower by over three fold from the IC50 of the shControl cells (P=0.0029)
(Figure35B). Additionally, in another PTEN null GBM culture, HK217, the IC50 for
shMAP1B under chronic Rapamycin conditions was significantly lower by over 25 fold
from the IC50 of shControl cells (P=0.0002) (Figure35C).

In addition, in HK217, the IC50 for shsMAP1B under chronic NVP-BEZ235
conditions was significantly lower by over 1.5 fold from the IC50 of shControl cells
(P=0.0028) (Figure35D). This was not the case for HK301, where sstMAP1B had no
effect on the observed IC50 under chronic NVP-BEZ235 conditions as compared to
shControl (data not shown). These data indicate that for some GBM cultures, particularly
PTEN null cultures, MAP1B confers resistance to chronic mTOR inhibition. At least in
one example, HK217, the sensitization effect imparted by knockdown of MAP1B was
independent of resistance through mTORCc2, as response to both the combined TOR
inhibitor BEZ235 and to Rapamycin was significantly altered. These data indicate that
MAP1B plays a functional role in resistance to chronic mTOR inhibition and,

furthermore, this mechanism of resistance is not dependent on mTORCc2.
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Figure 35. Knockdown of MAP1B confers sensitivity to chronic mTOR inhibition,

while knockdown of SNW1 confers resistance. A. Images of wells from 384 well plates
used in the targeted shRNA screen display GFP labeled cells in shMAP1B and shSNW1
conditions at 10 Days post treatment (DMSO-control or 100nM Rapamycin (RAPA)).
Images of were taken by ImageExpress micro. Cell cultures grew as semi adherent/semi
spheres. As the cultures are three dimensional, cell number is therefor difficult to assess
by visual inspection. B. ssMAP1B confers sensitivity to chronic Rapamycin in HK301
(PTEN null). Fitted curve of log transformed values for a titration of Rapamycin in
HK301 GBM cells, with and without MAP1B knockdown, after 6 days of proliferation,
with calculated IC50 values depicted below, (N=6). The P-Value (P=0.0029) is depicted
for the comparison of the two IC50 values. C. shMAP1B confers sensitivity to chronic
Rapamycin in HK217 (PTEN null). Fitted curve of log transformed values for a titration
of Rapamycin in HK217 GBM cells, with and without MAP1B knockdown, after 6 days
of proliferation, with calculated IC50 values depicted below, (N=3). The P-Value
(P=0.0002) is depicted for the comparison of the two IC50 values. D. ssiMAP1B confers
sensitivity to chronic NVP-BEZ235 in HK217 (PTEN null). Fitted curve of log
transformed values for a titration of BEZ235 in HK217 GBM cells, with and without
MAP1B knockdown, after 6 days of proliferation, with calculated IC50 values depicted
below, (N=4). The P-Value (P=0.0028) is depicted for the comparison of the two IC50
values. E. Western blot supports the model wherein chronic mTOR inhibition regulates
MAP1B levels via phosphorylation by GSK3B. Western blot columns are in order: 7day
chronic DMSO-control, 7 day Rapamcyin, shRNA-control (C), ssMAP1B (M),

shGSK3B (G). F. Western blot quantification indicates that relative phosphorylation of
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MAPI1B at T-1270 is reduced in chronic rapamcyin (100nM, 7 Days). Western blot
protein expression (from Figure 8E) and a biological replicate experiment (N=2) is
quantified via ImagelJ software. Relative expression of pMAP1B-t1270 is normalized to

Beta Actin loading control and total MAP1B levels.
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Knockdown of confers a significant resistance to chronic mTOR inhibition
(Figure 36). Depletion of SNW1 is demonstrated via western blot (Figure 36A). The
Western blot suggests that under chronic mTOR inhibition by Rapamycin, and under
depletion of GSK3B, SNW1 protein levels are slightly decreased (Figure 36A).
Knockdown of SNW1 confers resistance to Rapamycin and BEZ235 in HK301 GBM
cells (Figure 36B,C). These trends are repeated in HK217 GBM cells as well (Figure 37).
Indeed, in HK217, the reduction of SNW 1 under chronic Rapamycin and depletion of
GSK3B is more evident (Figure 37A). These data support the hypothesis that SNW1
confers sensitivity to Rapamycin, and it’s depletion upon chronic Rapamycin exposure
may be an adaptive response, contingent upon attenuated GSK3B, which confers
resistance.

In our phosphoproteomics array, MAP1B had decreased phosphorylated serine
1265 after chronic Rapamycin treatment (0.435 ratio of phosphorylated MAP1B from
chronic Rapamycin/DMSO treated controls) as would be expected if MAP1B were acted
upon by GSK3B and GSK3B underwent an adaptive inhibitory phosphorylation due to
chronic Rapamycin treatment. Likewise, SNW1 also demonstrated reduced
phosphorylation at serine 224 after chronic Rapamycin treatment (0.47 ratio of
phosphorylated SNW1 from chronic Rapamycin/DMSO treated controls). Thus, our data
are consistent with a mechanism of resistance to chronic mTOR inhibition wherein
phosphorylation dependent attenuation of GSK3B may abrogate the inhibitory
phosphorylation of downstream target effectors, MAP1B and SNW1. In the case of
MAP1B, diminished phosphorylation may lead to resistance to chronic mTOR inhibition.

In the case of SNW1, we did not determine the role for diminished phosphorylation as we
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did not generate the phospho-specific antibody towards SNW1-s224. Indeed, it is
unknown whether SNW1 phosphorylation is reduced under chronic Rapamycin
conditions as a result of the depletion of total SNW1 protein levels, as observed (Figure
37A).

A literature search indicates that GSK3B phosphorylates MAP1B at S1260 and
T1265 in mice(Trivedi et al., 2005). These sites are homologous to S1265 and T1270 in
humans. As S1265 was the site we discovered with reduced phosphorylation under
chronic Rapamycin conditions in our phosphoproteomics array, we wanted to study
whether GSK3B phosphorylated MAP1B in human GBM. To this end we utilized a
commercially available antibody directed against MAP1B-T1270 in humans. As GSK3B
is known to phosphorylate multiple consecutive sites in the same protein, we effectively
used this T1270 antibody as a proximal proxy for the S1265 whose change we observed

in our phosphoproteomics array.
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Figure 36. shSNW1 confers resistance to chronic Rapamycin and to BEZ235 in

HK301. A. SNW1 is depleted by chronic Rapamycin and upon knockdown of GSK3B.
Western blot shows depletion of SNW1 upon shRNA mediated knockdown of SNW1,
SNW1 depletion upon 7 Days of chronic Rapamycin treatment, and SNW1 depletion
upon knockdown of GSK3B. pS6 is reduced upon 7 day chronic Rapamcyin exposure as
would be expected. GSK3B has increased phosphorylation upon 7 day exposure to
Rapamcyin that may be responsible for the depletion of SNW1. B Curve of raw values
for a titration of Rapamycin in HK301 GBM cells, with and without SNW1 knockdown,
after 6 days of proliferation. IC50 values are calculated and displayed. (N=5 biological
replicates). A comparison of the IC50 values indicates a significant difference in the
observed values between shSNW 1 and shCtrl (P<0.0001). C. Curve of raw values for a
titration of BEZ235 in HK301 GBM cells, with and without SNW1 knockdown, after 6
days of proliferation. IC50 values are calculated and displayed. (N=4 biological
replicates). A comparison of the IC50 values indicates a significant difference in the

observed values between shASNW 1 and shCtrl (P<0.0456).
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Figure 37. shSNW1 confers resistance to chronic Rapamycin and to BEZ235 in

HK217 (PTEN null). A. Western blot shows depletion of SNW1 upon shRNA mediated
knockdown. In addition, SNW1 is depleted after 7 days of chronic Rapamycin and after
knockdown of GSK3B. B. shSNW1 confers resistance to chronic Rapamycin and to
BEZ235 in HK217 (PTEN null). Curve of raw values for a titration of Rapamycin in
HK217 GBM cells, with and without SNW1 knockdown, after 6 days of proliferation.
IC50 values could not be calculated as the shsSNW1 curve did not pass the IC50 value
level (N=3). A pairwise T-test indicates a significant difference in the observed values
between shSNW1 and shCtrl (P=0.0131). C. shSNW1 confers resistance to chronic NVP-
BEZ235 in HK217 (PTEN null). Curve of raw values for a titration of BEZ235 in HK217
GBM cells, with and without SNW1 knockdown, after 6 days of proliferation. IC50
values could not be calculated as the sSASNW1 curve did not pass the IC50 value level
(N=3). A pairwise T-test indicates a significant difference in the observed values between

shSNW1 and shCtrl (P=0.0096).
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Evidence indicates that chronic Rapamycin, via GSK3B, Regulates MAP1B
through Phosphorylation. Western blots indicate that chronic Rapamycin diminishes
phosphorylation of MAP1B at T1270 and increases phosphorylation of GSK3B (Figure
35E,F). Moreover, depletion of GSK3B also diminishes phosphorylation of MAP1B
(Figure 35E). This indicates that GSK3B is a kinase involved in the phosphorylation of
MAPI1B. Although we don’t have evidence of a direct interaction, this data supports the
model wherein chronic Rapamycin attenuates GSK3B via increased inhibitory
phosphorylation and this results in reduced phosphorylation of MAP1B (Figure 35).
These data support the hypothesis that a GSK3B mediated reduced phosphorylation of
MAPI1B is an adaptive response that confers resistance to chronic Rapamycin.

Activated ERK signaling may confer resistance to chronic Rapamycin through
indirect phosphorylation of GSK3B. ERK phosphorylates RSK, which is known to
phosphorylate GSK3B(Saito et al., 1994). We transplanted HK374 GBM cells as
subcutaneous xenografts into mice, detectable tumors were allowed to form, and
subsequently, after 9 days of treatment with either, Rapamycin, Selumetinib, or the
combination of both, western blots were performed on the pooled samples. This is direct
evidence that phosphorylated GSK3B is an adaptive response to chronic mTOR
inhibition (Figure 38A). Furthermore, AKT is not activated by chronic mTOR inhibition,
rather, the activating phosphorylation serine 473 on AKT is depleted in chronic
Rapamycin (Figure 38A). This suggests that chronic Rapamycin may have targeted
mTORc?2 that is known to phosphorylate AKT at serine 473. Chronic Rapamycin has
been demonstrated to target mMTORc?2 in certain cell cultures(Sarbassov et al., 2006).

Interestingly, ERK is activated in the chronic Rapamycin conditions and, through RSK,
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may be responsible for phosphorylation of GSK3B (Figure 38A). Further evidence for
this is the depletion of phosphorylated GSK3B (pGSK3b-s9, Figure 38A) in the
Selumetinib + Rapamycin conditions. Whereas chronic Rapamycin induces a
phosphorylation of GSK3B, the addition of MEK/ERK inhibition by Selumetinib
abrogates that effect. This data supports the hypothesis that ERK is involved in the
inhibitory phosphorylation of GSK3B, in certain GBM cell cultures, as modeled in Figure

38B.
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Figure 38. Activated ERK signaling may play a role in phosphorylation of GSK3B.

A. In vivo evidence of phosphorylation of GSK3B after chronic Rapamycin treatment.
Western blots of pooled samples of in vivo, subcutaneous xenografts of HK374 GBM
cells after 9 days of treatment. Activation of ERK may play a role in phosphorylation of
GSK3B as pAKT is inhibited under chronic Rapamycin. B. Schematic of proposed model
of resistance to chronic mTOR inhibition. Dotted line represents indirect association. Red

color indicates inactivation under chronic treatment, green color indicates activation.
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Discussion

This study is the first to demonstrate that phosphorylation dependent attenuation
of GSK3B is a cellular adaptive mechanism that imparts resistance to chronic mTOR
inhibition in GBM. During the course of our experiments, several other studies
demonstrated in other cancer models that GSK3B was involved in resistance to mTOR
inhibition(Koo et al., 2015; Koo et al., 2014; Sokolosky et al., 2014), but they did not
show that GSK3B inhibition, through increased inhibitory phosphorylation, was an
adaptive response to chronic mTOR inhibition that conferred resistance. Moreover, this
study is the first to show that MAP1B partially mediates this resistance. In addition, we
found that SNW1 also plays a role in sensitivity to chronic mTOR inhibition as
knockdown of SNW1 dramatically confers resistance to chronic mTOR inhibition.

We did not detect a role for CTNNBI in response to chronic mTOR inhibition
despite the essential role for GSK3B. This discrepancy can be explained due to a
sequestration of the GSK3B/CTNNBI1 complex that prevents its interaction with the pool
of GSK3B phosphorylated through the PI3Kinase cascade(Ng et al., 2009).

We discovered that both mTORc1 and mTORc2 mediate phosphorylation of
GSK3B that confers resistance to mTOR pathway specific inhibition. In addition, as
depletion of MAP1B conferred sensitivity to both Rapamycin and to the dual TOR kinase
inhibitor NVP-BEZ235, we can deduce that mTORCc?2 is not a downstream mediator of
MAPI1B in its mode of resistance. Therefore, this data cautions against dual TOR
inhibitors as a single approach at overcoming resistance to mTOR inhibition.

GSK3B targets numerous downstream effectors and we found 4 other candidates

besides MAP1B that were associated with GSK3B and that, upon depletion, conferred
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sensitivity to chronic Rapamycin in our targeted shRNA screen: LMO7, KHDRBSI,
PRPF4B, and PTK2. We carried out a validation study on these candidate genes that was
more rigorous than the initial targeted screen as it used a titration of Rapamycin,
calculated IC50 values, and compared them. Although depletion of PRPF4B did not seem
to confer sensitivity to chronic Rapamycin in our validation study, a non-significant trend
towards sensitization was observed for KHDRBS1, PTK2, and LMO7. It is possible that
by themselves these targets of GSK3B do not reach significance in sensitizing cells to
Rapamycin but in sum they may. However, the fact that we observed a sensitization
effect by depletion of MAP1B alone distinguishes MAP1B as an important mediator of
resistance to chronic mTOR inhibition.

Due to the self-imposed limitations of our study, 2 proteins (AAK1, MAPT) with
positive Z-scores, whose knockdowns conferred resistance to chronic Rapamycin
treatment, were not validated. This leaves AAK1 and MAPT as interesting candidates for
further study into their roles in conferring sensitivity to chronic mTOR inhibition. In
addition, the relationship of SNW1 in relation to GSK3B remains to be elucidated.
Although we discovered that SNW1 imparts sensitivity to chronic mTOR inhibition, as
depletion imparts resistance, we did not develop phosphor-specific antibodies to further
study how GSK3B may modulate SNW1 via phosphorylation at its observed
phosphorylation site of S224. However, as this phosphorylation of SNW1 decreased
under chronic Rapamycin treatment in our phosphoproteomics study, this is consistent
with GSK3B involvement as GSK3B kinase activity is attenuated in chronic Rapamycin

conditions. Generation of the phospho-antibody, SNW1-S224 would be a good starting
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point to determine how this phosphorylation modulates SNW1 function and furthermore,
how phosphorylation alters response to chronic mTOR inhibition.

Our biochemical study of MAP1B in response to chronic mTOR inhibition and
GSK3B depletion demonstrates that phosphorylation of MAP1B is modulated by
GSK3B. This interaction between GSK3B and MAP1B has been demonstrated
previously(Garcia-Perez et al., 1998; Grimes and Jope, 2001; Lucas et al., 1998). In sum,
our model of resistance to chronic mTOR inhibition describes a molecular adaptation
where GSK3B is attenuated by inhibitory phosphorylation that results in increased
MAPIB activity (among other downstream effectors) leading to an acquired resistance
(Figure 9). Phosphorylated MAP1B has been demonstrated to destabilize
microtubules(Trivedi et al., 2005). Furthermore, stabilized microtubules have recently
been demonstrated to protect neurons from prion mediated toxicity(Zajkowski et al.,
2015). Perhaps stabilized microtubules, or another function of de-phosphorylated
MAPIB, serve to protect cells from chronic mTOR inhibition. Further study is necessary
to determine how MAP1B confers resistance to chronic mTOR inhibition but this
advancement in our understanding may lead to novel combinatorial therapies that
overcome resistance and effectively target GBM cell proliferation and malignancy.

Our in vivo subcutaneous xeongraft model of tumor formation indicates that
activated ERK could play a role in the phosphorylation of GSK3B under chronic
Rapamycin in HK374 GBM cells. This reiterates our RICTOR/RAPTOR knockdown
experiments that indicate either AKT or ERK could be responsible for phosphorylation of
GSK3B and the subsequent adaptive resistance. The idea that ERK plays a central role in

phosphorylation of GSK3B and adaptive resistance is supported by our data. When ERK
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was inhibited with Selumetinib treatment and concomitant Rapamycin treatment, in our
subcutaneous xenograft model, the phosphorylation of GSK3B was dramatically reduced.
These data indicate that ERK may be a major effector of resistance to mTOR inhibition,

through its role in inhibitory phosphorylation of GSK3B.
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Methods

Tumor Collection. Human GBM (Who Grade 4) brain tumor samples were collected
following surgical resection under institutional review board-approved protocols and
graded by the neuropathologist in accordance with the World Health Organization

established guidelines(Kleihues et al., 2002).

Neurosphere Cultures. Human GBM (WHO Grade 4) tumors were cultured as previously
described (Galli, 2004;Hemmati, 2003; Laks, 2009) in Dulbecco’s modified Eagle’s
medium (DMEM)/ F12 medium supplemented with B27 (Gibco, Grand Island, NY,

http://www.invitrogen.com), 20 ng/ml basic fibroblast growth factor (bFGF) (Peprotech,

Rocky Hill, NH, http://www.peprotech.com), 50ng/ml epidermal growth factor (EGF),

penicillin/streptomycin (Invitrogen, Carlsbad, CA, http://www.invitrogen.com), 1-

glutamine (Invitrogen), and 5 ug/ml heparin (Sigma-Aldrich, St. Louis,

http://www.sigmaaldrich.com). Neurosphere cultures were passaged every 7-10 days into

fresh media following enzymatic dissociation with TryplE (Invitrogen). Heparin, bFGF,

and EGF were added weekly.
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Primary GBM Cell Cultures: HK157, HK217, HK296, HK301, HK308, HK390,

HK374.

GBM Cell EGFr

Culture EGFr V3 Amplified PTEN Age Gender
HK157 - - + 54 Female
HK217 - - - 81 Male
HK296 + + - 76 Male
HK301 + + - 65 Male
HK308 + + 50 Female
HK390 - - + 73 Male
HK374 + + + 45 Male

Rapamycin treatment. To yield a Rapamycin resistant population, chronic Rapamycin

(LC Laboratories, Woburn, MA, http://www.LCLabs.com) was administered twice

weekly at 100 nano-molar for at least 7 days. These cultures were compared to DMSO
treated control cell populations. Neurosphere formation assays under chronic Rapamycin
treatment (to determine Rapamycin resistance or sensitivity) are presented as normalized
sphere formation: sphere formation for the Rapamycin treated as a percent of sphere
formation for the DMSO-controls. The Rapamycin was administered to a final

concentration of 0.1% DMSO.

Exposure groups. Three exposure groups were devised for the purpose of the
phosphoproteomics study. 1. DMSO-Control. 2. Chronic Rapamycin treatment (the
Rapamycin resistant population after 42 days of 100 nM Rapamycin, twice weekly). 3.
Acute Rapamycin (100nM Rapamycin for 4 hours). The latter 2 exposure groups were all

compared to the DMSO-control to normalize changes and serve as a baseline.
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iTRAQ: HK296 GBM cells were grown in acute or chronic conditions. For acute, cells
were treated for 4 hours in 100nM Rapamycin or DMSO (Ctrl, vehicle). For chronic
treatment, cells were grown in 100nM Rapamycin for 42 days (enough time to generate
the amount of cells needed). Cells were pelleted and run through the protocol for iTRAQ.
iTRAQ was used according to standard methods to determine changes in phosphorylation
from Rapamycin to DMSO conditions(Jones and Nuhse, 2011).

The final list of phosphosites that were considered changed in chronic Rapamycin
conditions as compared to DMSO (control) had to meet the following criteria:
1. Differentially occupied in chronic Rapamycin vs DMSO (relative levels
difference beyond threshold value);
2) The relative quantitative value is median of several spectra
corresponding to the same phosphopeptide, (or we have an overlapping peptide
with the same site);
3) If we have several overlapping peptides that contain the same
phosphosite, they do not disagree in their behavior (they all go up, or
down);
4) The standard deviation of these readings is relatively small, compared to

the change.

Cell lysis, reduction/alkylation and in-solution digestion: 1x10® cell pellets were thawed
and resuspended in 4 ml 25 mM ammonium bicarbonate buffer containing 8 M urea with
phosphatase inhibitors (160 ul of Sigma Phosphatase Inhibitor Cocktail 1 and 3) . The
amount of protein was checked by bicinchoninic acid (BCA) protein assay kit (Pierce,

Rockford, IL); approximately 4 mg of protein was recovered per sample. DTT was added
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to 2 mM, and samples were incubated for 10 min at 60 °C. lodoacetamide (IAA) was then
added to the samples to 4.2 mM, and incubated 45 additional minutes in the dark at 21
°C. The samples were then diluted 4-fold with 25 mM ammonium bicarbonate to reduce
urea concentration to 2 M, and added 2% (W/W) modified trypsin (Promega, Madison,
WI). The pH was adjusted to 8.0 with 250 mM ammonium bicarbonate, and the samples
were incubated 12 h at 37 °C. The digests were then desalted using a MAX-RP Sep Pak
® classic C18 cartridge (Waters) following the manufacturer’s protocol. Briefly, the
cartridges were conditioned with 70% acetonitrile (MeCN) and 0.1% trifluoroacetic acid
(TFA), and then washed twice with 10 ml of 0.4% TFA in water. Next, samples
previously acidified were loaded onto the column, and the adsorbed material was washed
10-20 times the volume of the resin with 0.4 % TFA in water. Peptides were eluted in 3
times with 0.5 ml of 70% MeCN, 0.1% TFA. The solvent was evaporated to dryness
under vacuum and the peptides were resuspended in 35% MeCN, 200 mM NaCl, 0.4%

TFA to perform phosphopeptide enrichment.

Enrichment of phosphorylated peptides using titanium dioxide: Phosphopeptide
enrichment was performed using an AKTA Purifier (GE Healthcare, Piscataway, NJ)
using 5 um titanium dioxide (TiO,) beads (GL Sciences, Tokyo, Japan) (18, 19) in-house
packed into a 2.0 mm x 2 cm analytical guard column (Upchurch Scientific, Oak Harbor,
WA). Tryptic digests (4 mg) were resuspended in 0.5 ml of 35% MeCN, 200 mM sodium
chloride and 0.4% TFA, and divided into 2 aliquots of 250 ul, each containing 2 mg of
material. Enrichment was performed separately in each of these aliquots. Aliquots were
loaded onto the TiO; column at a flow rate of 2 ml/min. The column was then washed for
2 min with 35% MeCN, 200 mM NaCl, 0.4% TFA to remove non phosphorylated
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peptides. Phosphopeptides were eluted from the column using 1 M Potassium Phosphate
Monobasic (KH,PO4) pH 3.0 at a flow rate of 0.5 ml/min for 30 min directly onto an on-
line coupled C18 macrotrap peptide column (Michrom Bioresources, Auburn, CA). This
column was washed with 5% MeCN, 0.1% TFA for 14 min and the adsorbed material
was eluted in 400 pul of 50% MeCN, 0.1% TFA at a flow rate of 0.25 ml/min. Small
fractions (1/200) of the eluates were analyzed by LC-MS/MS. Data were searched (as
described later) allowing phosphorylation in serine, threonine and tyrosine as variable
modifications, to assess the enrichment in phosphopeptides on the eluates. 80% of all
peptides identified were phosphorylated. Both eluates of the DMSO treated samples were
pulled together, and the same was done for the acute and for the chronic rapamycin-
treated samples. Peptide amounts in the eluates were estimated based on absorbance at
280 nm, using a nanodrop system (Thermo Scientific). The 3 samples (DMSO, acute,
chronic) where then solvent evaporated in a speed vac system, and stored at -20 °C until

iTRAQ labelling.

Isobaric tagging for relative and absolute quantitation (i-TRAQ) labeling: iTRAQ®
labeling (AB Sciex) was performed as follows: 80 pg of the TiO, eluate for each sample
were resuspended in 20 pl of iTRAQ dissolution buffer (0.5M triethylammonium
bicarbonate). iTRAQ labeling reagents were reconstituted in 70 pl of ethanol, and added
to the samples. Labeling was as follows: 114, DMSO; 115, acute rapamycin; 116, chronic
rapamycin. The labeling reaction was performed for 1 h at 21 °C. An aliquot of each
labeling reaction was then examined by LC-MS/MS and searched allowing iTRAQ as a
variable modification to confirm that at least 99% of all peptides identified showed
iTRAQ labeling. Another aliquot containing a combination 1:1:1 of the three labeled
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samples was analyzed by LC-MS/MS to confirm that total peptide levels were similar in
the 3 labeling reactions. The 3 labeling reactions were then combined, solvent evaporated
and desalted using a Sep Pak as described earlier, solvent evaporated in a speed vac
system, and stored at -20C until fractionation of the peptide mixture by high pH RP

chromatography was performed.

High pH Reverse Phase Chromatography: iTRAQ labelled phosphopeptides were further
separated by high pH reverse phase chromatography on an AKTA purifier with a 1 x
100mm Gemini 3um C18 column (Phenomenex). Peptides were loaded onto the column
in 20mM NH4OH, pH 10 and eluted off the column over a gradient from 2% to 70%
20mM NH4O0H, pH 10 in 90% MeCN. 70 fractions were collected and pooled to a total
of 40 samples. Aliquots of each phosphoenriched sample was analyzed by LC-MS/MS

after resuspension in 0.1% formic acid.

Nano-LC-ESI-Qg-TOF tandem mass spectrometry analysis: Peptides were loaded onto a
75 pum x 150 mm reverse phase C18 PepMap column (Dionex, LC Packings, San
Francisco, CA) to be separated using an Agilent 1100 series HPLC system equipped with
an auto sampler (Agilent Technologies, Palo Alto, CA). A 3 hour MeCN gradient (3—
32%) in 0.1% formic acid was used at a flow rate of 300 nl/min. The LC eluate was
coupled to a nano-ion spray source attached to a QSTAR Elite mass spectrometer
(Applied Biosystems/MDS Sciex). Peptides were analyzed in positive ion mode. MS
spectra were acquired between 350 and 1500 m/z for 0.4 s. For each MS spectrum, the

two most intense multiple charged peaks were selected for collision-induced dissociation
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(CID). Per precursor ion selected, two MS/MS were taken; the first one was acquired
between 180 and 1500 m/z for 2.5 s with resolution set to low and an automatically
collision-induced dissociation energy based upon peptide charge and m/z ratio. The
second MS/MS was acquired between 112 and 119 m/z for 2.5 s with a resolution set to
unit and a constant voltage of 65v, in order to maximize generation of iTRAQ reporter
ions. A dynamic exclusion window was applied which prevented the same m/z from
being selected for 1 min after its acquisition. Typical performance characteristics were
12000 resolution with 30 ppm mass measurement accuracy in both MS and MSMS

Spectra.

Peptide and protein identification and iTRAQ quantitation: QSTAR Elite data was
analyzed with Analyst QS software (Applied Biosystems/MDS Sciex, Foster City, CA,
USA) and MS/MS centroid peak lists were generated using the Mascot.dll script. Peak
lists were searched against the Swissprot Homo Sapiens database as of March 21* 2012
(containing 20255  entries), using  Protein = Prospector  version 5.8
(http://prospector.ucsf.edu) with the following parameters: Enzyme specificity was set as
Trypsin and up to 2 missed cleavages per peptide were allowed. Carbamidomethylation
of cysteine residues, and iTRAQ labeling of lysine residues and N-terminus of the protein
were allowed as fixed modifications. N-acetylation of the N-terminus of the protein, loss
of protein N-terminal methionine, pyroglutamate formation from of peptide N-terminal
glutamines, oxidation of methionine and phosphorylation of serine, threonine and
tyrosine were allowed as variable modifications. Search was done using a peptide
tolerance for QSTAR data in MS and MS/MS mode of 100 ppm and 0.2 Da, respectively.
Proteins were considered positively identified when at least one peptide with a Protein
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Prospector peptide expectation value lower than 0.1 was identified. The false positive rate
was estimated by searching the data using a concatenated database which contains the
original SwissProt database, as well as a version of each original entry where the
sequence has been randomized. Only unique peptides were considered; peptides common
to several proteins were not used for quantitative analysis. Sequence ID and
phosphorylation sites were manually confirmed for all peptides that showed significant

changes in levels compared to DMSO control.

Relative quantization of peptide abundance was performed via calculation of the raw area
of reporter ions corresponding to the different iTRAQ labels, (114.1, 115.1, and 116.1
m/z) present in MS/MS spectra. Peak areas were determined by Protein Prospector, and
used to calculate acute vs DMSO or chronic vs DMSO relative levels (115.1/114.1 and
116.1/114.1 ratios). Spectra representing replicate measurements of the same peptide

were used to calculate the dispersion and the significance threshold for the analysis.

Drug treatment. Rapamycin was purchased from LC Laboratories. The GSK3B inhibitor
Chir99021, the CDK4/6 inhibitor PD0332991, the PKA inhibitor H89, the MY C inhibitor
JQ1, the CDC2 inhibitor Roscovitine, were purchased from Selleckchem. The CTNNB1
inhibitor, CCT031347 was purchased from Tocris Bioscience. The MEK inhibitor
Selumetinib was purchased from Medchem Express. NVP-BEZ235 (Novartis) was
administered at 10nM. In vitro drug titrations were performed in 96 well plates, 5
thousand cells/well, treated with a titration of drugs and then live cells were counted after
5-7 Days. The drugs were administered to a final concentration of 0.1% DMSO. Live

cells were counted using Dojindo Cell Counting Kit8 (Dojindo, Rockville, Maryland,
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http://www.dojindo.com). These values were normalized to DMSO treated controls and

the IC50 was calculated. Dose dependent curves, IC50, and fitted lines were generated
using Graphpad Prizm software (Graphpad). For confirmation purposes and for some cell
growth curves, cells were counted from flasks using the Countess automated cell counter

and trypan blue exclusion.

KEA analysis: Kinase Enrichment Analysis

(KEA)(http://amp.pharm.mssm.edu/lib/kea.jsp) (Lachmann and Ma'ayan, 2009)was

utilized to determine candidate kinases that were associated with our list proteins with
phosphorylation changes under chronic Rapamycin conditions.

Western Blots: Western blots were performed using beta actin (Abcam) as an internal
control. The primary antibodies used were rabbit anti GSK3B (Cell Signaling), rabbit anti
phospho-GSK3A/B (ser 21/9) (Cell Signaling), rabbit anti phospho-Rb1(S249) (Abcam),
rabbit anti Beta Catenin(Cell Signaling), rabbit anti phospho-B-Catenin (Ser675) (Cell
Signaling), rabbit anti pS6 (Cell Signaling), rabbit anti pAKT-S473 (Cell Signaling),
rabbit anti pAKT-T-308 (Cell Signaling), rabbit anti RICTOR (Cell Signaling), rabbit
anti RAPTOR (Cell Signaling), rabbit anti pERK1/2 (Cell Signaling) and rabbit anti total
ERK (Cell Signaling), rabbit anti phospho-4EBP1(Thr37/46) (Cell Signaling), rabbit anti
4EBP1 (Cell Signaling), rabbit anti Survivin (Cell Signaling), rabbit anti phospho-NF-kB
p65(serd68) (Cell Signaling). The secondary antibody used was HRP conjugated anti

rabbit (Cell Signaling).
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shRNA Knockdown: Plasmids with shRICTOR (Addgene plasmid 1853, David Sabatini,
(Sarbassov et al., 2005)), shRAPTOR (Addgene plasmid 1857, David

Sabatini,(Sarbassov et al., 2005)), shGSK3B#1 (Addgene plasmid 32496 , Alex
Toker,(Yoeli-Lerner et al., 2009)), and shCTNNB1 (Addgene plasmid 18803, Bob
Weinberg,(Onder et al., 2008)) constructs, cloned into pLKO expression vectors, were
purchased from Addgene. Clones against:

MAPI1B (Full hairpin sequence:
TGCTGTTGACAGTGAGCGCGGACTCCAGTTTATCACATAATAGTGAAGCCAC
AGATGTATTATGTGATAAACTGGAGTCCTTGCCTACTGCCTCGGA),

LMO7 (Full hairpin sequence:
TGCTGTTGACAGTGAGCGCGGATGATGCTTGGAAGTATAATAGTGAAGCCAC
AGATGTATTATACTTCCAAGCATCATCCATGCCTACTGCCTCGGA),
KHDRBSI1(Full hairpin sequence:

TGCTGTTGACAGTGAGCGATTGGTACGTGGTACACCAGTATAGTGAAGCCAC
AGATGTATACTGGTGTACCACGTACCAAATGCCTACTGCCTCGGA),

PTK2 (Full hairpin sequence:

TGCTGTTGACAGTGAGCGACGATTGGAAACCAACATATATTAGTGAAGCCAC
AGATGTAATATATGTTGGTTTCCAATCGGTGCCTACTGCCTCGGA),

PRPF4B (Full hairpin sequence:

TGCTGTTGACAGTGAGCGAATGGAAGATGCTAATTCTGAATAGTGA
AGCCACAGATGTATTCAGAATTAGCATCTTCCATCTGCCTACTGCCTCGGA),
SNW1 (Full hairpinsequence:

TGCTGTTGACAGTGAGCGACCCGATGAAGAAGCTATTAAATA
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GTGAAGCCACAGATGTATTTAATAGCTTCTTCATCGGGCTGCCTACTGCCTCG
GA) were all from Dharmacon-Harmon library (General Electric:

http://dharmacon.gelifesciences.com/shrna/gipz-lentiviral-shrna/?Parent=12884902157).

Overexpression: pLV-CTNNB1-deltaN90 , the lenti-viral mediated overexpression of
constitutively active CTNNBI (Beta Catenin) was purchased from Addgene (Plasmid
#36985), submitted as a gift from Dr. Bob Weinberg. Lentiviral TOP-dGFP reporter was
used as a Control expression of the pLV backbone, and purchased from Addgene
(Plasmid 14715), submitted by Dr. Reya. Ctrl-PGipz was also used as an alternative

control.

FLUC-GFP: Fluc=Firefely luciferase, GFP=green fluorescent protein from Auquorea
(jellyfish). Fluc-GFP (backbone= pRRL-sinCMV-iresGFP ) was produced by UCLA
Vectorcore and supported by Molecular Technologies Core (IMTC) CURE/P30

DK41301-26.

In Vivo Subcutaneous Transplant of HK374 GBM cells: This was done as previously

described (Chapter 3).

Optical Imaging:
Optical imaging was performed at the Crump Institute for Molecular Imaging at

UCLA. Mice were anesthetized by inhalation of isoflurane. Intraperitoneal injection of
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100uL of luciferin (30mg/ml) was followed by 10 minutes of live uptake to interact with
the luciferase expressing HK374 FLUC-GFP cells and produce bioluminescence. The
IVIS Lumina 2 imaging system (Caliper life sciences) was utilized for in vivo
bioluminescent imaging. A photograph of the mice is overlaid with a color scale of a
region of interest representing total flux (photon/second) and quantified with the

Livinglmage software package (Xenogen Corporation, Alameda, Calif.).

Statistics. Summary statistics were performed using Anova followed by post-hoc Student
T tests as implemented by Stata 8.0 software (StataCorp) or Prism5 (GraphPad Software).
In certain cases, Welch’s correction for unequal variances was utilized. In other cases, the
non-parametric test, Mann-Whitney was employed. Synergy was determined by
comparing the observed combinatorial dose to the theoretical combined calculation which
is =100/(1+(100-Drug 1)/Drug 1 + (100-Drug 2)/Drug2 where Drugl and Drug?2
represent the observed survival for each dosage in the combinatorial treatment(Chou and

Talalay, 1984).

Targeted shRNA screen: We performed targeted sShRNA screens against 50/52 candidates
that underwent phosphorylation changes in chronic Rapamycin and were associated with
GSK3B. The remaining 2/52 genes were not in our shRNA library. HK301 glioblastoma
cells were grown on 384 well plates (1000 cells/well) for 3 days with each shRNA. After
3 days. Cells were treated with and without 100nM Rapamycin. Cells were retreated with
agent after another 3 days. After the initial treatment, cells were grown for 7 days. Cell

number was determined using CellTiter-Glo 3D (Promega), which estimates cell number
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based on measured ATP levels. Significant hits, or candidate genes were selected if their
knockdowns significantly increased or decreased cell number in the presence of
Rapamycin as compared to the DMSO treated controls. We chose a cutoff Z-score of >=2
or <=-2 to select candidates. Proteins that promote resistance to Rapamycin should show
enhanced sensitivity to Rapamycin upon knockdown, those that promote sensitivity
should show diminished sensitivity to Rapamicin upon knockdown. Candidates were
validated by separate shRNA infection experiments wherein cell number was assessed
after 7 days of proliferation in a titration of Rapamycin, BEZ-235, or DMSO controls.
Cell number was assessed with Dojindo Kit-8 and absorbance at 450nM. IC50 values
were compared using GraphPad Prism software that employed the extra sum of squares
F-test to generate a P-value. A P<0.01 was chosen as a cutoff for significance to adjust
for multiple comparisons.

We also utilized Image Express to image GFP expression of the tagged
constructs. We imaged the proliferation of the cells after 0,3, 7, and 10 days post

treatment.

In Vivo Orthotopic Xenotransplantation: 100 thousand HK301 FLUC-GFP cells (infected
by lentivirus to constitutively express luciferase-green fluorescent protein) that were also
either pLKO control infected or shGSK3B infected were each injected into the striatum
of 8 male, 2 month old, nod scid gamma null mice. Injections were carried out as
previously described(Laks et al., 2009). Mice were imaged for bioluminescent signals
from the luciferase expressing GBM cells every two weeks in order to detect nascent

tumor formation. After 4 weeks, when intracranial tumors were detected by optical
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imaging, each of the two cell types, Ctrl-pLKO or shGSK3B were treated with daily
intraperitoneal injections of either DMSO or 5Smg/Kg Rapamycin (LC Laboratories # R-
5000). Thus there were 4 distinct groups: Group 1 = Control + DMSO, Group 2= Control
+ Rapamycin, Group 3= shGSK3B + Rapamycin, Group 4= shGSK3B + DMSO. Every
week of therapeutic treatment, tumors were imaged for bioluminescent intensity to

determine tumor size.
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Chapter 5

Summary and Perspectives

Informing Therapeutic Strategies

It is possible to use cancer cells as model purely to explore basic biology and
signaling pathways. However, the research presented here is part of a broader effort to
inform therapeutic strategies in the treatment of GBM. To this end, this study has
achieved several important insights that coalesce into a combinatorial therapeutic
strategy. This study has found that dual targeting of ERK and mTOR results in a
sensitization effect in a vast majority of patient derived tumorsphere cultures. Therefore,

this treatment strategy may widely applicable to the treatment of GBM tumors.

We discovered that phosphorylation dependent GSK3B inhibition is a mode of
adaptive resistance to chronic mTOR inhibition. Therapeutic inhibition of GSK3B would
be counter-productive as its attenuation confers resistance to Rapamycin. Although we
found a role for MAP1B in mediating this resistance to mTOR inhibition, MAP1B may
not be a suitable target for therapy as it is a necessary component of axons and other vital
neuronal projections. However, the role of MAP1B outside of axons is very limited and
our data provide compelling evidence that MAP1B may have crucial roles apart from
their known functions in axonal remodeling. In contrast, preventing GSK3B
phosphorylation may be an effective strategy to prevent Rapamycin resistance. GSK3B

may be phosphorylated through ERK or AKT and our data suggest that either kinase may
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be involved in the GBM response to chronic Rapamycin in different GBM cultures.
These results present further evidence for the rational behind combinatorial targeting of
mTOR and ERK as this approach may abrogate the inhibitory phosphorylation of GSK3B
that leads to Rapamycin resistance. Indeed, in our in vivo subcutaneous model, our data
suggest that ERK may be responsible for GSK3B phosphorylation while AKT, which is

inhibited by chronic Rapamycin, is less likely to play a role.

Selumetinib has drawbacks in that it does not target ERKS, but only ERK1/2(Yeh
et al., 2007). Other inhibitors of ERK1/2, such as PD98059 and UO126, inhibit both
ERK1/2 and ERKS and this may improve treatment as our analysis has shown that
ERKS, along with ERK1/2, is associated with resistance to mTOR inhibition. For
example, ERKS can bind to RSK, which, in turn, can phosphorylate
GSK3B(Ranganathan et al., 2006). Therefore, our study results suggest that a more
universal MEK/ERK inhibitor, such as PD98059, or UO126, which target both ERK1/2
and ERKS, may be more efficacious than Selumetinib at overcoming resistance to

Rapamycin.

Assessment of Tumorspheres

Our analysis of mRNA expression patterns in tumorsphere cultures indicates that
this approach may be informative for discovering novel determinants of proliferation.
However, classification of tumorspheres based on expression is less informative with
regards to predicting survival, in vitro phenotypes, response to treatment, and even
classification of the parent tumor. Bulk tumorsphere cultures are suitable in respect to
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harboring a complex heterogeneity of different clonal BTSC that may represent a faithful
model of how brain tumors respond to treatment and develop tumors in vivo. However,
this heterogeneity may also impede proper classification of BTSC, accurate diagnosis of

brain tumors, and design of personalized therapy.

A Reductionist Strategy to Dismantle a Complex Adaptive System

Studies have demonstrated that GBM tumors contain a heterogeneous population
of tumor cells, both in terms of karyotype, mutation status, receptor kinases, and mRNA
expression patterns (Little et al., 2012; Piccirillo et al., 2009; Shapiro et al., 1981; Snuderl
et al., 2011; Sottoriva et al., 2013; Szerlip et al., 2012). While studies have consistently
indicated that clonal heterogeneity derives from a common precursor cell, distinct BTSC
clones evolve into distinct genetic subtypes that have been shown to have different
tumorigenic properties and differential sensitivity to therapy(Meyer et al., 2015b;
Piccirillo et al., 2015). Furthermore, tumor heterogeneity manifests itself in tumor
recurrences that are distinct from the initial tumor and that adapt, clonally, to drug
treatment(Johnson et al., 2014; Nickel et al., 2012). This suggests that there is clonal
adaptation or clonal evolution to the initial treatment, and heterogeneity may thereby
create a complex adaptive system, with inter-clone interactions, that is refractory to
conventional treatments(Bonavia et al., 2011; Greaves and Maley, 2012; Laks et al.,
2010). Treatment which targets one BTSC may be overcome by the proliferation of

another, resistant BTSC within the same tumor or culture.
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I propose a novel strategy for the diagnosis and treatment of brain tumors that
dismantles each brain tumor from a complex adaptive system into its component parts for
diagnosis, research, and treatment. For diagnosis, each brain tumor would be biopsied at
multiple locations and each biopsy would be characterized for gene expression,
preferably by single cell RNA-Seq. Major mutations would also be characterized. The
resultant data would be compared to a database of clonal brain tumor samples. This
procedure would determine how many BTSC exist within the tumor. Therapy would

engage specific targeting of each distinct BTSC within the patient tumor.

In the research and development arm of this strategy, brain tumor derived
tumorsphere cultures would be separated into multiple single cell, clonally derived
subgroups. Each clonal subgroup of each different tumor derived culture would then be
clustered based on gene expression. This clustering will define how many subgroups of
BTSC exist. The problem with current methods for classification is that classification is
performed on bulk cultures or bulk tumors which may mask the signatures of minority
BTSC populations, conflate several signatures into one compiled signature that does not
reflect any one BTSC, or may simply reflect the majority population of BTSC. An
example of such error is in color perception. We may perceive the color orange when in
reality the colors red and yellow are overlapped. In such a manner, characterizing bulk
cultures or bulk tumors may cluster in one manner, when in reality that specific cluster is
composed of two or three distinct clonal BTSC clusters. Once the clonal populations of
tumorsphere cultures are characterized, their expression profiles and mutation status can
be assessed in order to determine which pathways are activated. This will inform targeted

therapeutic intervention for each subtype of clonal BTSC.
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A screen of targeted therapy will be performed on these clonal populations of
BTSC in order to determine which BTSC are most sensitive to which therapies. Once this
is completed, there will be a procedure for how to target each specific BTSC. This
information will be merged with the multiple tumor biopsy approach for clonal diagnosis.
In this manner, each BTSC within the tumor will be targeted in a combinatorial
therapeutic approach. This may require combinations of numerous drugs and these
combinations can be tested on appropriate combinations of BTSC clonal cell cultures in

order to determine dosages and efficacy.

This reductionist approach will deconstruct the complex adaptive system of
glioblastoma into its component parts and serve to delineate a suitable course of
treatment, tailored to each patient’s needs. This approach may lead to a definitive
classification of BTSC that is predictive of patient survival and response to treatment. In

addition, it may clarify how many different BTSC commonly exist within a given tumor.
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