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Abstract
Glioblastoma multiforme (GBM) is the most common and most aggressive tumor
of the central nervous system, with a mean survival of only 14 months post diagnosis.
Due to the highly lethal nature of glioblastoma, new therapies are urgently needed. It is
thought that the major reason for poor prognosis of GBM is that a small population of
GBM stem cells (GSC) selectively survives therapy and leads to tumor re-growth.
Therefore, in this thesis I have identified new potential therapeutic targets for GBM stem
cells and investigated the underlying mechanisms by which these targets regulate the
growth of GBM stem cells.
The transcription factor STAT3 is required for the self-renewal of several stem
cell types including GSC. Interestingly, STAT3 inhibition leads to an irreversible
decrease in proliferation and neurosphere formation, as well as loss of stem cell markers.
The work presented in this thesis reports a novel epigenetic mechanism for inhibiting
self-renewal of GSC. by STAT3. Here, we show that STAT3 inhibition upregulates
histone H3K27me2/3 demethylase JMJD3 (KDM6B), which can reverse polycomb
complex mediated repression of neural differentiation genes. To identify the set of
STAT3 regulated differentiation-specific genes, genome wide ChIP-sequencing and
microarray analysis were performed to determine changes in histone H3K27 methylation
as well as gene expression following STAT3 inhibition. STAT3 inhibition leads to
reduced promoter histone H3K27 trimethylation of neural differentiation genes, such as
MYT1, FGF21 and GDF15. While MYT1 gene expression requires the presence of an
additional growth factor in addition to STAT3 inhibition, FGF21 and GDF15 genes are
expressed upon STAT3 inhibition alone.
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In addition to genetic and epigenetic alterations, microenvironment factors like
tumor hypoxia play an important role in GSC tumorigenicity. GSC preferentially reside
in hypoxic niches in the tumor, which is believed to be a major factor in maintaining
GSC survival and tumor progression following therapy. There have been no systematic
attempts to identify and target molecular mechanisms responsible for GSC survival under
hypoxia. Since kinases are druggable targets that play an important role in maintaining
GSC growth and survival, we conducted a functional RNAi kinome-wide screen across
three GSC lines under normoxia (21% oxygen) as well as hypoxia (1% oxygen). We
found that only 25% of the kinase hits in the screen were common to the three GSC lines
screened, demonstrating a high level of heterogeneity between these lines. Some of the
common targets were previously known to be involved in gliomagenesis, while some are
novel targets in GBM. There were hits unique to both hypoxia as well as normoxia,
thereby emphasizing differential GBM stem cell sensitivity to kinase inhibition in
different microenvironments.
The SMG1 (suppressor with morphological effects on genitalia) kinase was
identified and validated as a gene that can preferentially inhibit the growth of selected
GBM stem cell lines under hypoxia (1% oxygen). Strikingly, knockdown of SMG1
sensitized all the GBM stem cell lines tested to temozolomide (TMZ), the frontline
chemotherapeutic used to treat GBM patients. Importantly, we found significant
reduction in intracranial tumor growth and prolonged survival in mice when SMG1 is
knocked down in combination with TMZ treatment, as compared to TMZ alone. We have
used the Cell Collective modeling software platform to simulate the mechanism of action
of the SMG1 kinase network in GSC by integrating our data with results in the literature.
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Based on the prediction of our model, we found that SMG1 inhibits GSC growth through
its well-characterized role in the classical mRNA surveillance mechanism, nonsense
mediated mRNA decay (NMD) pathway. Thus, the kinase targets and the mechanisms
identified here are therapeutically important for developing inhibitors for treating GBM.
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Chapter 1
Introduction
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Glioblastoma multiforme (GBM) is the most common and most aggressive tumor
of the central nervous system (CNS). In the United States, GBM has the highest
incidence rate among malignant brain and CNS tumors, i.e. 3 new cases per 100,000
(Dolecek et al. 2012). The incidence rate of GBM increases with increasing age, with
highest rates between ages 75 to 84 (Dolecek et al. 2012). Gliomas include tumors from
astrocytic, ependymal, oligodendroglial and mixed lineage (Rich and Bigner 2004).
World Health Organization classifies astrocytoma into 4 histopathologic grades based on
their malignant features. Low grade gliomas include relatively benign grade I pilocytic
and well-differentiated grade II diffuse astrocytoma. High grade gliomas comprise of
grade III anaplastic astrocytoma and finally the most aggressive grade IV GBM (Rich
and Bigner 2004; Maher et al. 2001). GBM is characterized by nuclear atypia, high
cellular density, high mitotic activity and even necrosis and microvascular proliferation
(Rich and Bigner 2004; Maher et al. 2001). Glioblastoma tumor cells are highly invasive
and infiltrate surrounding brain parenchyma. The symptoms of GBM include headaches,
progressive neurologic deficits and seizures, eventually leading to death. 90% of clinical
cases consist of primary GBM, which arise de novo without pre-existing tumor, whereas
secondary GBM progresses from low-grade gliomas (Cancer Genome Atlas Research
Network et al. 2015; Wiencke et al. 2007). Current standard therapy for newly diagnosed
GBM patients is gross total surgical resection of the tumor, chemotherapy with
temozolomide (TMZ) and radiation (Stupp et al. 2005). Despite the current aggressive
multimodal treatment, the overall median survival of patients is only about 14-15 months
(Stupp et al. 2005; Prados et al. 2009).
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Response to GBM therapeutic approaches
Alkylating agents, like chloroethylnitrosoureas (CNUs) and TMZ have been
commonly used to treat malignant brain tumors (Reithmeier et al. 2010). The
combination of TMZ and radiation showed significant improvement over radiation alone,
with respect to median progression-free survival (PFS) (6.9 versus 5 months), overall
survival (OS) (14.6 versus 12.1 months) and 2-year survival rate (26% versus 10%)
(Stupp et al. 2005). The cytotoxicity of TMZ is mediated by the addition of methyl
groups to adenine and guanine bases of genomic DNA (Hegi et al. 2008). The most
common modifications, N7-methylguanine and N3-methyladenine adducts, are
efficiently repaired by the base excision repair pathway and have a low cytotoxic
potential (Hegi et al. 2008). Only 5-10% of TMZ mediated methylation yields cytotoxic
O-6-methylguanine (O-6-MeG), which mispairs with thymine (T) in double-stranded
DNA (Hegi et al. 2008). These recurrent G-T mismatches induce futile cycles of
mismatch repair resulting in either double strand breaks or apurinic/athymidinic sites,
which can induce irreversible growth arrest or trigger apoptosis (Gaspar et al. 2010).
DNA repair pathways normally protect against genomic instability and cancer. However,
tumor cells can exploit this natural cellular defense against TMZ-induced DNA damage,
leading to chemoresistance. Therefore, clinical response to alkylating agents is
significantly compromised in GBM patients with increased activity of the DNA repair
enzyme, O6-Methylguanine-DNA methyltransferase (MGMT). MGMT is a DNA repair
protein that removes the cytotoxic methyl group from the O-6-MeG adducts generated by
TMZ and restores DNA to its native form (Taylor et al. 2015; Stupp et al. 2005). This
ability of tumor cells to repair the DNA damage induced by TMZ, results in
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chemoresistance. Methylation of the MGMT promoter results in epigenetic silencing of
the gene and decreases the tumor cell's DNA repair ability thereby increasing TMZ
sensitivity. Patients with MGMT promoter methylation exhibit two-fold median survival
advantage of 21.7 versus 12.7 months and improved 2-year survival rates of 46% versus
13.8% upon TMZ treatment (Hegi et al. 2005). Hence, MGMT promoter methylation
status has become the most powerful prognostic marker for predicting response to
alkylating agent chemotherapy in GBM and a marker for stratifying GBM patients within
clinical trials (Hegi et al. 2005). Glioma tumors with unmethylated MGMT typically
show minimal response to alkylating drugs (Hegi et al. 2005) and rapidly progress to
more formidable recurrent GBM, necessitating effective treatment regimens targeted for
this resistant patient population. Tumor recurrence occurs rapidly in a median time of 6.9
months after surgery and is associated with a median survival of only 3-6 months
(Reithmeier et al. 2010). Bevacizumab is used to target angiogenesis which commonly
occurs in recurrent GBM. Although trials showed alleviation of symptoms with
bevacizumab, it did not lead to an increase in overall survival and only a marginal
improvement in progression free survival (Niyazi et al. 2015) and also results in more
aggressive GBM upon recurrence. Since EGFR amplification is the most frequent
alteration in 40% of GBM cases, EGFR kinase inhibitors erlotinib and gefitinib were
tested in GBM trials (Prados et al. 2009). However, such single-agent targeted therapy
did not provide significant survival benefit, presumably due to PI3K/Akt pathway
mediated resistance in GBM. Therefore, more recent trials have pursued combination
therapy of EGFR inhibitor, erlotinib, with mTOR inhibitor, temsirolimus (Wen et al.
2014). However, there was no improvement in patient response partly due to insufficient
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EGFR inhibition in the tumor. Class II EGFR inhibitors, like imatinib, that are capable of
targeting the inactive conformation of the EGFR are believed to be more effective in this
regard (Liu and Gray 2006). Precision oncology is being explored to take advantage of
the large scale molecular profiling and subtype studies as part of the TCGA initiative and
target driver gene mutations in each tumor (Martinez-Ledesma et al. 2015).
GBM genomic and pathway aberrations
Tumors evolve from benign to malignant lesions by acquiring a series of genetic
or epigenetic alterations over time. GBM tumors are highly heterogeneous and exhibit
high frequency of gene alterations. The first “Gatekeeper mutations” offer a small
selective growth advantage to tumor cells, but the impact gets amplified over time,
thereby progressing from benign lower grade glioma to higher grade malignant GBM. A
variety of alterations occur at the gene and chromosome level, including single base
substitutions (SBS), small insertions and deletions (INDEL), gene amplifications and
homozygous deletions, affect protein-coding genes (Fig 1.1) (Vogelstein et al. 2013). Of
these, >99.9% of the alterations are passenger changes that are a result of tumorigenesis,
rather than the cause. A major goal of large-scale genome analysis and network biology
is to predict functional consequence of mutations and distinguish oncogenic “driver
mutations” from passively selected “passenger mutations” that do not contribute to
tumorigenesis (Cerami et al. 2010).
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Fig 1.1: Total alterations affecting protein-coding genes in selected tumors. Average
number and types of genomic alterations per tumor, including single-base substitutions
(SBS), small insertions and deletions (indels), amplifications, and homozygous deletions,
as determined by genome-wide sequencing studies. For colorectal, breast, and pancreatic
ductal cancer, and medulloblastomas, translocations are also included (Vogelstein et al.
2013).
Consequently, GBM is the first cancer whose genomic profile has been
extensively characterized by the Cancer Genome Atlas (TCGA) project as a concerted
effort to identify alterations in genes and biological processes (Cerami et al. 2010). The
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goal is to develop novel targets for GBM and stratify therapeutic approaches for each
tumor subtype. A cohort of GBM tumors were analyzed for DNA sequence and copy
number, DNA methylation, gene expression and patient clinical information. This initial
TCGA study validated previously known genetic alterations in TP53, PTEN, EGFR,
RB1, NF1, ERBB2, PIK3R1 and PIK3CA genes (Cancer Genome Atlas Research
Network 2008). The original TCGA report identified alterations in three core pathways,
namely p53 (87%), retinoblastoma (Rb) (78%), and receptor tyrosine kinase
(RTK)/Ras/phosphoinositide 3-kinase (PI3K) signaling (88%) (Cancer Genome Atlas
Research Network 2008) (Fig 1.2). Whole-exome and transcriptome sequencing data
identified additional mutually exclusive alterations affecting the core pathways: either
p53 pathway (MDM2, MDM4, and TP53), or Rb pathway (CDK4, CDK6, CCND2,
CDKN2A/B and RB1), or members of the PI3K pathway (PIK3CA,PIK3R1, PTEN,
EGFR, PDGFRA and NF1) (Ciriello et al. 2012). More comprehensive DNA sequencing
and methylation analysis studies independently identified tumors with novel biomarkers,
like isocitrate dehydrogenase (IDH1) gene mutation (Parsons et al. 2008) and glioma
CpG island methylator (G-CIMP) phenotype (Noushmehr et al. 2010), both of which
show significantly improved prognosis in the clinic (Lathia et al. 2015). It is now known
that IDH1 mutations are largely responsible for the hypermethylator phenotype due to
increased production of the oncometabolite, 2-hydroxyglutarate, which inhibits DNA
demethylation by TET enzymes (Verhaak et al. 2010). Additionally, mutations in the
TERT promoter is a major feature found in 80% of GBM that are mutually exclusive
with mutations in the chromatin remodeling protein, ATRX (Ceccarelli et al. 2016).
Currently, the NIH Roadmap Epigenomics Consortium is actively profiling normal cells
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and tissues to generate a global reference human epigenomic map (Roadmap
Epigenomics Consortium et al. 2015). This will be extremely valuable to characterize
critical epigenetic changes involved in the regulation of aberrant GBM stem cells.
Network based analysis shows that GBM genetic alterations cluster within specific nonrandom functional modules that may target multiple signaling pathways and act as key
drivers of cancer (Cerami et al. 2010). Comprehensive molecular profiling of all TCGA
data for newly diagnosed glioma identified gene alterations in IDH1, TP53, ATRX,
EGFR, PTEN, CIC, FUBP1, SETD2, DNMT3A, ARID2 and KRAS/NRAS oncogenes as
driver events in glioma. These genetic drivers converged into the Ras-RafMEK-ERK,
p53/apoptosis, PI3K/AKT/mTOR, chromatin modification and cell cycle pathways
(Ceccarelli et al. 2016).
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Fig 1.2: GBM Core pathways. Genetic aberrations identified in GBM TCGA data
impacted

three

core

pathways,

namely

receptor

tyrosine

kinase

(RTK)/Ras/phosphoinositide 3-kinase (PI3K) signaling (88%), p53 (87%) and
retinoblastoma (Rb) (78%) (Cancer Genome Atlas Research Network 2008).
On the basis of their gene expression signature, GBM has been classified into
proneural, neural, classical, and mesenchymal molecular subtypes (Verhaak et al. 2010)
(Fig 1.3). The gene expression patterns of the GBM subgroups showed correlations with
either oligodendrocyte or astrocyte or neural lineage markers, suggestive of their origin.
While the classical, mesenchymal, and proneural subtypes were defined by aberrations of
EGFR, NF1 and PDGFRA/IDH1 respectively, the neural subtype was defined by the
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expression of neuron markers such as NEFL, GABRA1, SYT1 and SLC12A5 (Verhaak
et al. 2010). More recently, multi-platform analysis of adult diffuse glioma elucidated
clinically relevant subclasses of IDH wild-type and IDH mutant gliomas based on
genome-wide DNA methylation (Fig 1.4). IDH-wild-type gliomas segregated into three
DNA methylation clusters; the high grade Classic-like group and Mesenchymal-like
group and low grade glioma (LGG)-enriched group. On the other hand, IDH-mutant
gliomas clustered into G-CIMP low subset with lower survival than G-CIMP high subset
and subset with codeletions of chromosome 1p and 19q (codel) (Ceccarelli et al. 2016).
In fact, the G-CIMP low group was also associated with high expression of SOX and
OLIG2 family members, which are known to promote self-renewal of aggressive GBM
stem cells (Ceccarelli et al. 2016). Such molecular classification overcomes the bias
associated with inter-observer variation in histological grading. Although the molecular
subtypes of GBM detected the dominant transcriptional program within a tumor, single
cell RNA sequencing showed that each tumor contains a spectrum of multiple
transcriptional subtypes and diverse cellular states (Patel et al. 2014). This clearly
demonstrates intra-tumor heterogeneity in GBM. In fact, a novel single nucleus
sequencing technology identified GBM tumor cell subpopulations with distinct coexisting genetic alterations that potentially give rise to EGFR targeted therapy resistance
(Francis et al. 2014).
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Fig 1.3: Subtype Classification of GBM. GBM has been classified into 4 subtypes,
proneural, neural, classical and mesenchymal, based on gene expression signature
(Verhaak et al. 2010).
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Fig 1.4: Clinically relevant glioma subtypes. Molecular profiling of all adult diffuse
glioma subdivided IDH wild type and IDH mutant glioma into different subtypes based
on their gene expression and DNA methylation profile, which was indicative of clinical
prognosis and survival of patients (Ceccarelli et al. 2016).
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In summary, both frequency based and network based analysis identified 2 major
pathway aberrations in GBM involving activation of the PI3K/RTK pathway and
inactivation of the p53 and Rb tumor suppressor pathways (Cancer Genome Atlas
Research Network 2008; Cerami et al. 2010). The different GBM subtypes are dependent
on distinct signaling pathways, likely necessitating distinct therapeutic strategies to target
the driver mutations in each tumor type. However, with the exception of the IDH1
mutation and MGMT promoter methylation, none of the molecular subtypes have proven
to be useful guides to therapy as yet. The major reason for the poor prognosis of GBM is
believed to be tumor heterogeneity that results in recurrences attributed to a small
population of refractory GBM stem cells (GSC). We will expand on both of these factors
in the following sub-sections.
GBM stem cells
The advent of the cancer stem cell (CSC) hypothesis challenged the clonal
evolution theory to explain the heterogeneity of tumors. The stochastic clonal evolution
theory states that tumor cells are biologically equivalent but behave differently due to
random genetic or epigenetic mutations or extrinsic microenvironment factors (Dick
2009). Tumor evolution follows the Darwinian model of natural selection whereby the
fittest clone(s) will expand and outgrow the weaker clones during tumor expansion (Inda
et al. 2014). On the other hand, the hierarchical stem cell model suggests that a distinct,
rare population of the tumor cells maintains the tumor by their self-renewal, proliferation
and differentiation ability, similar to tissue specific adult stem cells (Chen et al. 2012).
The cancer stem cells at the apex were believed to undergo asymmetric cell division to
give rise to a stem cell population and rapidly cycling progenitor cells that form the bulk
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of the tumor (Houghton et al, 2008). Unlike normal stem cells, cancer stem cells harbor
oncogenic mutations leading to uncontrolled cell growth and proliferation characteristic
of a malignant phenotype (Pardal et al. 2003). Indeed, a genetically engineered mouse
model with Nf1 and p53 deleted neural progenitor cells develops malignant astrocytoma
originating from the subventricular zone (SVZ), where neural stem cells reside (Zhu et al.
2005).
Recent evidence has revised the rigid unidirectional hierarchy of CSCs to address
stem cell plasticity, whereby tumor-generating CSCs could develop from mutations in
normal stem cells or dedifferentiation of downstream progenitor cells or terminally
differentiated somatic cells (Chen et al. 2012; Dick 2008; Pattabiraman and Weinberg
2014) (Fig 1.5). Malignant melanoma cells were shown to dynamically cycle between a
tumor-initiating CSC state and a non-stem state, owing to reversible epigenetic regulation
by the H3K4 demethylase JARID1A41 (Pattabiraman and Weinberg 2014). To put the
stem cell hypothesis in perspective with intratumoral heterogeneity, it is now posited that
each genetically diverse subpopulation within a tumor evolves independently from its
own stem cell compartment (Pattabiraman and Weinberg 2014). Quintana et al also
showed that cancer stem cell population need not be rare in melanoma, using a mice
transplantation model lacking innate immunity (Quintana et al. 2008; Morrison and
Spradling 2008). Thus, some tumors may have a higher stem cell-like characteristic than
others.
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Fig 1.5: Cancer stem cell hypothesis. Aberrant tumor-generating cancer stem cells arise
from stem cell or progenitor compartments and are responsible for tumor initiation and
progression (Dick 2008).
Cancer stem cell populations have been identified in many cancer types, including
leukemia, glioblastoma, medulloblastoma, breast, pancreatic and colon tumors (Ailles
and Weissman 2007). Glioblastoma was one of the first tumors for which the cancer stem
cell hypothesis was shown to be applicable. Isolation of normal neural stem cells in
culture was first described by Reynolds and Weiss in the early 1990s (Reynolds and
Weiss). Serum free media supplemented with the growth factors, fibroblast growth
15
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factor-2 (FGF2) and epidermal growth factor (EGF), allowed the growth and
maintenance of neural stem cells as undifferentiated neurospheres. This method of
neurosphere culture was applied to isolate glioblastoma stem cells from primary patient
samples by Ignatova et al in 2002 (Ignatova et al. 2002) and later by the Vescovi, Dirks,
and Yu groups (Reynolds and Vescovi 2009; Dirks 2010). The probability of deriving
stem-like neurospheres from patient tumors can be low and is indicative of disease
severity and prognosis (Laks et al. 2009). The stem-like spheroids exhibit self-renewal
and can be maintained as an undifferentiated and heterogeneous population in culture
(Lathia et al., 2011).!However, non adherent neurosphere culture makes it challenging to
perform high throughput assays (Woolard and Fine, 2009). An alternative method is to
plate adherent GBM tumor stem cells on laminin coated surface (Pollard et al., 2009).
This can be a promising avenue for personalized medicine to screen adherent GSC
population isolated from every patient tumor.
GBM stem cells share the properties of normal neural stem cells to self-renew,
proliferate and differentiate into multiple neural lineages (Lathia et al. 2005) and even
vascular lineages (Ricci-Vitiani et al., 2010) (Fig 1.6). Glioblastoma stem cells express
similar markers to normal neural stem cells, including CD133, CD15, nestin, Bmi1, sox2,
nanog, myc and olig2 (Lathia et al. 2015). Originally, the CD133 surface marker was
used to define and prospectively isolate GBM stem cells. Singh et al showed that as few
as 1000 CD133+ cells could form serially transplantable tumors in mice, whereas
CD133- cells were not able to cause tumors (Singh et al. 2004). However, it has since
been demonstrated that CD133- glioblastoma stem cells can also be isolated from some
tumors and that they are highly tumorigenic (Beier et al. 2007). Additionally, work from

16

!

Fine’s group suggested the normal mouse neural stem cell marker, CD15/SSEA, enriches
for a tumor initiating population in GBM (Son et al. 2009). However, the molecular
markers for CSCs vary depending on tumor subtype. Therefore, the challenge remains to
identify ideal markers for isolating GBM stem cells.

Fig 1.6: Cancer stem cell properties. Cancer stem cells are capable of self-renewal,
proliferation, stem cell marker expression, multipotency and tumor-initiation (Lathia et
al. 2015).
In addition to in-vitro culture and xenotransplantation studies to support the CSC
hypothesis, Luis Parada’s group used a Nestin-delTK-GFP; Mut7 glioma-prone
genetically engineered mouse model to track nestin expressing tumor initiating
population in GBM. The relative fraction of nestin expressing quiescent cell population
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in the tumor was shown to increase post TMZ treatment, implying that these cancer stem
cells are more chemo-resistant than the bulk tumor cells (Chen et al. 2012). Further,
prolonged gancyclovir mediated elimination of this neural progenitor population led to
tumor regression in mice. More recently, Peter Dirk’s group performed genetic lineage
tracing experiments showing that rare, quiescent stem-like cells expressing Sox2 had
significantly higher self-renewal and tumor propagating ability and were enriched after
chemotherapy in the sonic hedgehog subgroup of medulloblastoma (Vanner et al. 2014).
However, lineage tracing of the stem-like neurospheres exhibited more symmetric than
asymmetric division to propagate them in culture and maintain heterogeneity (Lathia et
al, 2011).
GBM stem cells are also highly tumorigenic and have been shown to initiate and
sustain tumor growth in glioma xenograft models (Lathia et al. 2015). In fact, only 100
CD133+ GSC cells were capable of forming a serially transplantable tumor in mice
(Singh et al. 2004). These GSC lines form more invasive and poorly differentiated tumors
in mouse brains that resemble the tumor of origin more closely than traditional serum
lines (Wakimoto et al. 2012). Moreover, gene expression profiling shows GSC lines are
far more similar to the tumor of origin than serum lines derived from the same tumor
(Lee et al. 2006; Patel et al. 2014). Tumor-initiating stem-like population was enriched in
post-chemotherapy breast tumor patient specimens, indicating higher chemoresistance of
tumor stem cells in patients (Creighton et al, 2009). Importantly, neurosphere formation
correlates to significantly poor clinical outcome in patients (Laks et al. 2009). Thus,
GBM stem cell lines are both a genetically and clinically relevant model. Understanding
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the signaling pathways necessary for their growth and self-renewal may lead to new
therapeutic targets.
Targeting GBM stem cells
Given the evidence for cancer stem cells in GBM, it is important to understand
the mechanisms of GSC maintenance and target these cells specifically and in addition to
traditional treatment. Consistent with this, the EORTC/NCIC trial first identified a stem
cell related HOX gene signature associated with chemo and radio-resistance in glioma
patients (Murat et al. 2008; Bao et al. 2006) ). A later study validated that the HOX gene
signature mediated by PI3K axis was functionally associated with GBM stem cells and
chemoresistance. Inhibiting this PI3K axis reduced GSC survival (Gaspar et al. 2010).
Developmental pathways that regulate normal stem cells, like Bmi1, Oct4, Olig2 and cMyc, are also useful to target in GBM stem cells (Lathia et al. 2011). Notch, TGF-β, NFκB and Wnt signaling pathways are commonly activated in GSC (Lathia et al.
2015). Targeting BMP (Piccirillo et al. 2006; Lee et al. 2008), TGFβ (Ikushima et al.
2009), Leukemia inhibitory factor (LIF) (Peñuelas et al. 2009), Notch (Fan et al. 2010)
and Hedgehog (Clement et al. 2007) pathways reduced self-renewal and, in some cases,
tumorigenicity of GSC. Maternal embryonic leucine zipper kinase (MELK) may also be a
key regulator of brain tumor stem cell activity (Joshi et al. 2013). The potential of
blocking interaction of GSC with the tumor vasculature by means of anti-angiogenic
agents like bevacizumab has also been pursued (Niyazi et al. 2015).
Recent genome-wide profiling data revealed two mutually exclusive GSC
populations, namely the proneural subtype and the more aggressive mesenchymal
subtype (Mao et al. 2013; Bhat et al. 2013). The mesenchymal subtype is driven by
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elevated expression of the glycolytic enzyme, ALDH1A3, and DNA repair genes, leading
to increased therapy resistance (Mao et al. 2013). Activation of NF-κB, a paracrine tumor
niche factor, can induce mesenchymal transformation by activating the master regulators,
STAT3, C/EBPβ and TAZ (Bhat et al. 2013). In fact, the antibiotic minocycline, inhibits
the NF-κB pathway and thereby targets this mesenchymal subclass. Transcriptomic
expression analysis combined with kinome wide shRNA screening of mesenchymal and
proneural GSC identified the role of the receptor tyrosine kinase AXL in self-renewal and
tumorigenicity of mesenchymal GSC (Cheng et al. 2015). Both chemical and RNAi
screens, discussed later, can also allow us to identify other novel targets for GSC.
Another therapeutic strategy to eliminate GSC is to block self-renewal and
promote differentiation of the cells. All-trans retinoic acid (ATRA) and phorbol myristate
acetate (PMA) have shown benefits as differentiation therapy for leukemic stem cells
(Pattabiraman and Weinberg 2014). Epigenetic drugs like the HDAC inhibitor, SAHA,
and DNMT inhibitor, AzaC, have been shown to de-repress differentiation specific gene
promoters and induce differentiation of cancer stem cells (Johnstone 2002). In particular,
the HDAC inhibitors, Valproic acid (VPA) and Trichostatin A (TSA) reduced
proliferation and stem cell marker expression and induced differentiation of GBM stem
cells, and can be potentially used for combination therapy (Safa et al., 2015). An EZH2
inhibitor E7438 is currently in Phase I/II clinical trials for advanced solid tumours and B
cell lymphomas (ClinicalTrials.gov identifier: NCT01897571) (Pattabiraman and
Weinberg 2014). However, one of the challenges is to target GBM stem cells without
affecting the normal neural stem cells.
Epigenetics in GBM
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It is important to understand regulatory epigenetic mechanisms to inhibit the
multipotency of GBM stem cells. Epigenetic modifications, such as changes in histone
and DNA methylation marks, can be exploited to induce differentiation of stem cells to
specific lineages. The histone proteins, particularly histone 3, play an important role in
regulating gene expression by undergoing modifications in certain lysine (K) residues.
Methylation of histone H3 can be associated with gene activation, in case of H3K4
methylation, as well as gene repression, in the case of H3K9 and H3K27 methylation.
Bivalent genes are marked by both repressive H3K27me3 and the activating histone mark
H3K4me3. These genes are transcriptionally repressed, and it has been postulated that
these bivalent domains are poised for rapid transcriptional activation during
differentiation (Christophersen and Helin 2010).
Polycomb repressive complexes (PRC) initiate repression by marking the
promoter with H3K27 methylation mark. The PRC2 complex consists of Eed (ectoderm
development) and Suz12 (suppressor of Zeste 12) which is responsible for forming the
complex and its binding to the histone; while Ezh2 (enhancer of Zeste homolog 2)
catalyzes histone H3K27 trimethylation and chromatin condensation. Subsequently, the
PRC1 complex, consisting of Ring1A or Ring1B and BMI1, binds to this unit to stabilize
chromatin compaction (Fig 1.7) (Viré et al. 2006, Mack 2010). This inhibits RNA
polymerase II access to target genes and thereby transcription. Therefore, both PRC1 and
PRC2 are critical for regulating transcription of differentiation-specific genes in stem
cells (Di Croce and Helin 2013). In addition to regulating histone modifications,
polycomb group proteins also target DNA methyltransferases (DNMTs) to specific gene
promoters. The family of DNMTs includes the maintenance methyltransferase, DNMT1
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and de novo methyltransferases, DNMT3A and DNMT3B. The DNMTs methylate CpG
islands concentrated upstream of the promoter at the cytosine residue, leading to gene
silencing (Viré et al. 2006). The resulting methylated CpG residues will recruit PRC1
histone modifiers to make the chromatin inaccessible and block transcription factor
binding. It is still not clear how PRC targeting to specific genes is controlled. Noncoding
RNAs play an important role in polycomb targeting. It was reported that the long
noncoding RNA, HOTAIR, binds PRC2 and thereby directs H3K27me3 methylation
(Tsai et al. 2010).
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Fig 1.7: Proposed model for DNMT action in conjunction with histone modification.
Histone methylation by PRC2 might lead to DNA methylation by the DNMTs (Mack
2010).
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In addition to genetic alterations, GBM stem cells also harbor critical epigenetic
modifications (Cancer Genome Atlas Research Network 2008). DNA methylation
analysis performed as part of the TCGA study was able to identify a CpG island
methylator phenotype (CIMP) associated with IDH1 mutations in GBMs (Noushmehr et
al. 2010), both of which showed favorable prognosis in patients. Importantly, MGMT
promoter hypermethylation is now routinely assessed in the clinic due to its favorable
response to the standard chemotherapeutic drug, TMZ treatment. On the other hand,
aberrant hypomethylation at DNA repetitive sequences in GSC results in genomic
instability driving glioma progression (Fanelli et al. 2008). Epigenetic dysregulation has
been shown to drive gliomagenesis by silencing tumor suppressors like p16 (Costello et
al. 1996) and PTEN (Wiencke et al. 2007), or aberrant activation of oncogenes. In fact, it
was recently found that critical oncogenes in tumor cells contain large regions of superenhancers where chromatin regulators and coactivators are concentrated. Superenhancers were mapped in multiple tumor types by assessing the genome-wide
occupancy of the chromatin regulator, BRD4, along with its co-activator, Mediator, and
associated H3K27 acetylation mark. In GBM, super-enhancers were found in genes
encoding RUNX1, FOSL2 and BHLHE40 transcription factors responsible for
mesenchymal transformation of brain tumors (Lovén et al. 2013). Therefore, targeting
these chromatin regulators or super-enhancer functions can be used to target specific
tumor-associated genes.
Interestingly, a number of gene mutations found in GBM can directly or indirectly
regulate the chromatin. These include histones HIST1H3B and H3F3A, ATRX and
DAXX, DNMT1 and TET1 and EZH2 and KDM6A (Suvà et al. 2009; Schwartzentruber
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et al. 2012; Wu et al. 2012; Sturm et al. 2012). Histone H3 dominant negative mutations
that sequester and inhibit PRC2 activity resulting in reduced global H3K27me3 levels,
were found to be directly involved in tumor initiation in pediatric GBM (Bender et al.
2013, Lewis et al, 2013, (Venneti et al. 2013). PRC2 was shown to regulate GSC
plasticity by induction of H3K27me3 marks on developmental genes like Nanog, Wnt1
and BMP5 (Natsume et al. 2013). In particular, EZH2 is overexpressed in GSC, and its
knockdown leads to decreased self-renewal capacity, proliferation and tumorigenicity of
GSC (K. Zhang et al. 2015; Suvà et al. 2009; J. Zhang et al. 2015). EZH2 is also
amplified or overexpressed in a high proportion of metastatic breast and prostate tumors
(Chang and Hung 2012). Lee et al have also demonstrated that EZH2 prevents
differentiation in GSC by repressing the BMP receptor 1B. Restoration of BMPR1B
expression restores sensitivity to differentiation signals, specifically to CNTF-mediated
activation of STAT3, thereby promoting astrocyte differentiation (Lee et al. 2008). In
addition to silencing pro-differentiation genes, EZH2 phosphorylation was also shown to
activate STAT3 and maintain pluripotency of GSC (Kim et al. 2013).
JMJD3 (or KDM6B) is a histone demethylase which opposes PRC2 by removing
the methyl mark from H3K27me3. Together with UTX (or KDM6A) and its male
homolog, UTY; JMJD3 is a member of the Jumanji (JmjC) domain containing protein
family which demethylates histone H3K27 methylation marks and affects transcription of
multiple genes involved in cellular growth and differentiation (Agger et al. 2007; De
Santa et al. 2007; Lan et al. 2007). In particular, JMJD3 contributes to neural
differentiation in different model systems. JMJD3 upregulation is important for neural
commitment and spinal cord neurogenesis in murine embryonic stem (ES) cells (Burgold
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et al. 2008; Akizu et al. 2010). Smads 2/3 recruit JMJD3 for histone demethylation at the
promoter of the BMP inhibitor, Noggin, and thereby control interneuron differentiation in
the chick neural tube (Estarás et al. 2012). Premature JMJD3 induction by deletion of
SMRT corepressor, which normally represses JMJD3, was shown to impair brain
development in mice. Neural stem cells isolated from SMRT-/- embryos also showed
reduced neurosphere formation and an upregulation of neural markers (Jepsen et al.
2007). JMJD3 has also been shown to induce INK4A/ARF dependent senescence in
human fibroblasts and mesenchymal stem cells, implying that it may be a tumor
suppressor (Barradas et al. 2009; Agger et al. 2009). Recently, it has been shown that
JMJD3 is induced during GBM stem cell differentiation and has a tumor suppressor
function in GSC through p53 stabilization in an INK4A/ARF independent manner (Ene et
al. 2012). We will show for the first time that STAT3 signaling epigenetically regulates
GBM stem cells by JMJD3 induction.
Epigenetic regulation of GBM stem cells by STAT3
STAT3
The STAT (Signal transducers and activators of transcription) family of
transcription factors mediate response to many cytokines and growth factors and
comprise of seven members: STAT1, STAT2, STAT3, STAT4, STAT5A, STAT5B and
STAT6. The STATs were initially discovered in the Cochran lab as trans-acting factors
that bind to the c-fos promoter in response to PDGF stimulation (Hayes et al. 1987), and
then described by the Darnell lab as interferon responsive factors (Levy et al.
1988). These factors bound DNA at specific conserved response elements upstream of
the target genes and did not require protein synthesis for activation. This suggested that
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they are pre-existing cellular proteins that undergo modification upon stimulation,
leading to signal transduction to the nucleus. Fu et al subsequently cloned this interferon
inducible complex and termed it interferon stimulated gene factor-3 (ISGF-3) complex in
1992 (Fu et al. 1992). The STATs were shown to have five domains; an amino-terminal
domain, a coiled-coil domain, a DNA-binding domain, an SH2 domain and a carboxyterminal transactivation domain (Miklossy et al. 2013). Once a ligand interacts with its
receptor, STAT activation is induced by the phosphorylation of specific tyrosine residues
in the STAT transactivation domain by growth factor receptors, Janus kinases (JAKs),
SRC family kinases and other tyrosine kinases. This leads to STAT–STAT dimerization
through a reciprocal phospho-tyrosine (pTyr)-SH2 domain interaction, leading to nuclear
translocation and DNA binding and the transcription of target genes. Suppressors of
cytokine signalling (SOCS) and protein tyrosine phosphatases (PTPs) negatively regulate
STAT signalling under physiologic conditions. Small molecules or peptides have been
designed to inhibit Stat3 by targeting pTyr-SH2 domain interaction and prevent
dimerization of STAT3 (Miklossy et al. 2013).
STAT3 was originally found to be activated by IL-6 and subsequently by other
cytokines like IL11, LIF, Oncostatin-M; growth factors like EGF, NGF and G-CSF;
interferons; BMP4 and notch(Takeda et al. 1997). STAT3 plays an important role in
proliferation, survival, epithelial to mesenchymal transition and the immune and
inflammatory response (Rajan 2011). Through these varied functions, STAT3 plays an
indispensable role in regulating stem cell pluripotency and neural lineage commitment.
Early embryonic lethality of STAT3 deficient mice showed that it plays a unique role in
early embryonic development, which cannot be compensated by other STAT family
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members (Takeda et al. 1997). STAT3 is activated in the subventricular zone of the brain
where neural stem cells are enriched. STAT3 is required for the maintenance of
pluripotency of murine embryonic and neural stem cells and facilitates reprogramming of
somatic cells to the pluripotent state (Niwa et al., 1998; Rajan and McKay, 1998; Yang et
al., 2010). Either expression of dominant negative STAT3 or deletion of STAT3
impaired embryonic neural stem cell pluripotency and promoted neuronal differentiation,
possibly by its effects on the expression of Notch ligand (Gu et al. 2005; Yoshimatsu et
al. 2006).
Of all its family members, STAT3 attracts the most attention as a therapeutic
target to control tumorigenesis. Early experiments showed that STAT3 is required for vsrc-mediated transformation (Turkson et al. 1998; Bromberg et al. 1998). Also, knockout
of STAT3 in the mouse epidermis prevents chemical induction of skin tumors(Chan et al.
2004). STAT3 is constitutively activated in CD44 CD24 breast cancer stem cells
+

–

(Marotta et al. 2011), prostate cancer stem cells (Kroon et al. 2013) and GBM stem cells
(Sherry et al. 2009). Our lab and others have previously shown that STAT3 promotes
GBM survival by directly upregulating the antiapoptotic genes Bcl-xl, Mcl-1 and survivin
(Konnikova et al. 2003; Rahaman et al. 2002). Blocking the IL6/JAK/STAT3 pathway
was shown to reduce tumorigenicity of solid tumor stem cell lines, including GBM stem
cells (Hedvat et al. 2009; Stechishin et al. 2013; Iwamaru et al. 2007). STAT3 acts at the
convergence of multiple oncogenesis pathways, including proliferation genes c-myc, p21,
cyclin D; the anti-apototic genes bcl-xl and survivin; the angiogenic gene VEGF; the
EMT transition genes twist and LIV1; the invasion genes MMPs and the immortalization
gene h-TERT (Kim et al. 2014; Konnikova et al. 2005). STAT3 is one of the transcription
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factors, along with Myc, Sox2, Nanog and Gli1, which are critical to maintain GBM stem
cell identity by recruiting chromatin regulators (Lathia et al. 2015). In fact, STAT3 is part
of a set of 5 master transcription factors, namely POU3F2, SOX2, SALL2, and OLIG2,
which can reprogram differentiated tumor cells to GSC and are required to retain the
tumorigenic ability of GSC (Rheinbay et al. 2013). STAT3 is also one of the master
regulators responsible for a phenotypic shift of GSC to the more aggressive mesenchymal
subtype (Carro et al. 2010). We have shown that even transient STAT3 inhibition results
in long-term loss of self-renewal capacities in GBM stem cells (Sherry et al. 2009),
suggesting an epigenetic mechanism for STAT3 function in GBM stem cells.
Interaction between epigenetic factors and STAT3
Analogous to our results, STAT3 plays a role in maintaining self-renewal of
normal ES cells in mice by upregulating Eed expression which represses differentiation
genes (Ura et al. 2008). STAT3 has also been shown to regulate the expression of the
H3K9 demethylase Jmjd1a(Ko et al. 2006), which is also necessary for murine ES cell
self-renewal. Jak/Stat3 activity was recently shown to promote reprogramming of
induced pluripotent stem cells from differentiated mouse embryonic fibroblast cells
through an epigenetic mechanism. JAK/STAT3 signaling represses DNMTs and histone
deacetylases and facilitates demethylation of Oct4 and Nanog pluripotent genes (Tang et
al. 2012). In Drosophila, mutation of the PcG complex leads to aberrant STAT activation
and uncontrolled growth of imaginal discs, suggesting a delicate balance between
epigenetic state of the cells and mitogenic signaling pathways (Classen et al. 2009). The
epigenetic state of cells also determines how STAT activation affects neurogenesis
(Rajan 2011). CpG methylation or histone methylation of the STAT3 site on glial
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fibrillary acidic protein (GFAP) promoter inhibits astroglial differentiation of neural stem
cells. During astrocytic differentiation, retinoic acid induces H3 acetylation near the
STAT3 site on GFAP gene and increases STAT3 mediated activation of GFAP (Rajan
2011). Upon astrocytic differentiation of human neuroepithelial-like N-Tera2 cells,
STAT3 binding correlated with activating H4K3me3, H3K9ac and H3K14ac chromatin
marks and RNApol II recruitment, resulting in GFAP gene activation. On the other hand,
binding of the Sin3A and MeCp2 corepressor complex at the STAT3 binding site could
block access to STAT3 and thereby suppressed GFAP expression and astrocytic
differentiation (Cheng et al. 2011). In the context of glioma, hypermethylation of SOCS1
and SOCS3, which negatively regulate STAT3, correlates with poor patient
outcome (Rajan 2011).
Epigenomic analyses has shown that a high proportion of STAT3 regulated genes
in glioma were associated with histone modification (Kruczyk et al. 2014). STAT3 can
also epigenetically regulate tumorigenesis by targeting DNMT1 to suppress tumor
suppressor genes, for instance, the PTEN gene in Epstein Barr-induced gastric
carcinoma (Hino et al. 2009) and the phosphatase SHP-1 in T-cell lymphoma (Zhang et
al. 2005). In MCF10A breast cells, tamoxifen treatment activates STAT3, which then
regulates the expression of microRNAs, miR-21 and miR-181-B to induce stable
transformation of the cells (Iliopoulos et al. 2010). Here, STAT3 target genes can impart
stable change to a cell, presumably in an epigenetically mediated manner.
Tumor hypoxia
In addition to intrinsic genetic and epigenetic alterations in tumor cells, extrinsic
microenvironment factors also play a role in regulating GSC. Like many solid tumors,
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GBM tumors typically have a hypoxic (~1% oxygen) core, which has been associated with
tumor progression, invasion and therapeutic resistance (Soeda et al, 2009). GBM stem cells
have been found to be enriched in hypoxic regions (Bar et al. 2010) since they can adapt to
the hypoxic microenvironment of the tumor and even form new vessels to obtain nutrients.
GSC can survive in the tumor microenvironment with limited nutrients, such as glucose
and oxygen. Under such conditions, they exhibit the “Warburg” effect, a metabolic shift
toward anaerobic glycolysis to generate ATP and metabolites (Lathia et al. 2015, Masson
and Ratcliffe 2014). In the presence of hypoxia, the cells display a reduced rate of
proliferation and hence escape traditional chemotherapy that targets dividing cells. Hypoxia
also activates stress-induced transcription factors like HIF, NF-KB, JNK and Myc. The HIF
family of transcription factors is the most widely known master regulators of hypoxia
response genes. HIF proteins, HIF-1, HIF-2 and HIF-3, are composed of a constitutively
expressed beta subunit and an inducible alpha subunit. Under normoxic conditions, HIF
alpha proteins are hydroxylated by prolyl hydroxylases (PHD) and subsequently get
degraded by ubiquitination by a protein complex containing von Hippel-Lindau proteins
(pVHL). However, the PHD proteins cannot function under hypoxia, resulting in
stabilization of HIF alpha subunits. HIF-1α or HIF-2α then binds to HIF1β to form
heterodimers and bind to hypoxic response elements (HREs) to activate its target genes(Chi
et al. 2006). A possible mechanism by which HIF-1/HIF-2 promotes tumorigenesis is by
activation of MET and AXL oncogenes. HIF-2alpha promotes aberrant tumor cell growth
and cell cycle progression by activating the EGF-receptor and IGF-1 receptor tyrosine
kinases and their downstream signaling (Franovic et al. 2009). In addition, HIF-2alpha
activates tumor cell growth by activating a number of targets, including c-myc, cyclin D1,
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TGF-alpha and importantly, stem cell regulator, Oct4 (Seidel et al. 2010; Gordan et al.
2007). In fact, GBM stem cells are enriched in tumor hypoxic niches through HIF-2 alpha
activation (Seidel et al. 2010). Intriguingly, elevated HIF-1 levels also lead to efficient
angiogenesis by induction of VEGF under hypoxia.
It is well established that solid tumor growth is angiogenesis-dependent. There is
evidence that a microscopic tumor is entrapped in a dormant ‘avascular state’ requiring an
‘angiogenic switch’ to be transformed into a growing, clinically detectable tumor (Bergers
and Benjamin 2003). The switch begins with perivascular detachment and vessel dilation,
followed by angiogenic sprouting when new vessels are formed and perivascular cells are
recruited. Vascular endothelial growth factor (VEGF) is a proangiogenic factor which
promotes vascular permeability and thereby tumor progression. This is especially important
in the hypoxic and necrotic areas of GBM tumors to provide it with essential nutrients and
oxygen. These tumor cells can induce neoangiogenesis from existing blood vessels and/or
recruit endothelial cells from the bone marrow. GBM tumors are, thus, characterized by
excessive, disorganized and leaky vasculature resulting in impaired blood supply and drug
delivery as well as hypoxia and acidosis(Jain 2005). This leads to a vicious cycle of HIF
initiated poorly functioning vasculature, which perpetuates hypoxia and tumor progression.
Current evidence suggests that GSC preferentially reside in the perivascular niche
and recapitulates the interaction between normal neural stem cells and the vasculature.
Neural stem cells also survive in a physiologically hypoxic microenvironment in the brain,
with partial oxygen pressure ranging from 2% to 5% (Moreno et al. 2015). In fact, low
oxygen conditions are believed to maintain self-renewal and pluripotency of both normal
and GBM stem cells by upregulating Oct4, Nanog and c-Myc genes (Heddleston et al.
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2009; Soeda et al. 2009). Both normal NSCs as well as GSC, together with the hypoxic
microenvironment, secrete angiogenic factors, like VEGF and angiopoetin 2, to recruit
capillaries to the stem cell niche (Bao, Wu, McLendon, et al. 2006). Bao et al showed that
CD133 expressing GSC formed more vascular tumors in mice and targeting the
proangiogenic factor, VEGF, significantly reduced in vivo tumor burden and vascularity.
GSC grow in the perivascular niche in close contact with the endothelial cells, which
contribute to maintaining its stem cell properties through Notch pathway activation (Zhu et
al. 2011). Thus, the cancer stem cell niche is a critical therapeutic target for GBM.
While it has been shown in other cancers that tumor cells in the proximity of
blood vessels are co-opted to undergo vasculogenic mimicry and take on the properties of
endothelial cells, there is now direct evidence that GSC exhibit lineage plasticity into
vascular lineage. Normal NSCs and GSC can also transdifferentiate into tumor derived
endothelial cells, thereby helping to create their own microvasculature to bring about
angiogenic switch (Wurmser et al. 2004; Wang et al. 2010; Ricci-Vitiani et al. 2010).
Experiments showed that GSC have the ability to generate progeny with phenotypic and
functional features of endothelial cells in vitro and in mice (Wang et al. 2010; Ricci-Vitiani
et al. 2010). Wang et al. further showed that blocking Notch signaling blocked the
differentiation of GSC to endothelial progenitors, while blocking VEGF inhibited the
maturation of endothelial progenitors into endothelium (Wang et al. 2010). Selective
targeting of the endothelial progenitor cells generated by GSC led to tumor reduction in
mouse xenografts (Ricci-Vitiani et al. 2010). Soda et al showed that hypoxia is a key factor
for GBM tumor derived endothelial cell formation and that GBM-initiating cells were able
to differentiate into endothelial cells by a VEGF or FGF-independent mechanism (Soda et
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al. 2011). It is thus, critical to identify and target novel kinase(s) that allow GSC to survive
under hypoxic conditions.
Understanding the origin of tumor microvasculature is key to understand how
angiogenesis sustains tumor progression and come up with opportunities for therapeutic
intervention to normalize tumor vasculature and alleviate hypoxia. Therapies combined
antiangiogenic therapy, like bevacizumab, with cytotoxic chemotherapy, like irinotecan, to
target tumor cells as well as the vascular niche. The anti-VEGF antibody, bevacizumab,
reduced tumor size transiently but the surviving tumor has been shown to be more invasive
and activate compensatory angiogenic pathways (Lathia et al. 2015). For instance, targeting
DLL4-Notch signaling overcame bevacizumab resistance in DLL4-upregulated GBM
xenografts growing in mice (Li et al. 2011). Therefore, small molecules targeting multiple
kinases involved in angiogenesis were tested, but gave rise to significant side effects in
patients. In addition to activating angiogenic factors, like VEGF, HIF also produces a
coordinated response of ancillary growth factors like matrix metalloproteases (MMP),
thereby bringing about robust angiogenesis. Consequently, targeting the master regulator
HIF might be more beneficial than targeting VEGF alone, and needs to be assessed for
side-effects. Hypoxia inducible factor 2A (HIF-2A) was also shown to be a therapeutic
target specific for GSC (Li et al. 2009; Heddleston et al. 2009). The epigenetic regulator,
mixed lineage leukemia-1 (MLL1) and suppressor of morphogenesis-1 (SMG1) were
shown to be hypoxia responsive genes that regulate HIF expression and their downstream
targets that often play a role in tumorigenesis (Heddleston et al. 2012; Chen et al. 2009).
Jeremy Rich’s group demonstrated that CD133+ CSCs from gliomas preferentially
expressed HIF-2A (Heddleston et al., 2009; Li et al., 2009). Knockdown of HIF1A or
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HIF2A led to the inhibition of self-renewal, proliferation and in vivo tumorigenesis of
glioma CSCs (Li et al., 2009). In addition to being necessary for gliomagenesis, HIF-2A
was also sufficient to induce cancer stem cell phenotype to non-stem cell glioma population
(Heddleston et al. 2009). Although HIF inhibitors are being developed, selective
therapeutic targeting of HIFs is difficult (Burroughs et al. 2013). In addition, HIF isoforms
have different roles in different cells depending on the metabolic context (Franovic et al.
2009). The molecular mechanisms that allow cells to survive in low oxygen are
insufficiently understood. Activation of 5'-AMP activated protein kinase (AMPK) has been
shown to be important for tumor cell resistance to hypoxia in a HIF independent manner
(Laderoute et al. 2006). A number of receptor tyrosine kinases, like VEGF, SRC, MET,
ErbB, FGF and EGFR family members, are also activated under hypoxia in both HIF
dependent as well as independent manners. On the other hand, receptor tyrosine kinases
can also activate the HIF pathway and thus constitute critical molecular targets in cancer
(Glück et al. 2015). Since GBM stem cells are more resistant to hypoxic stressors than
other cells in the tumor population, we have performed an RNAi screen to identify specific
kinases that enable the survival of GSC in hypoxic microenvironments, in order to achieve
effective tumor remission.
Summary
In summary, aberrant self-renewal and proliferation of GBM stem cells and their
interaction with the hypoxic tumor microenvironment is a major reason for tumor
aggressiveness and therapy resistance. Through the research presented in this thesis, we
elucidate how targeting the constitutively active transcription factor, STAT3, in GBM stem
cells tilts the lineage fate determination towards neural differentiation by stable epigenetic

35

!

changes and thereby inhibits uncontrolled tumor stem cell proliferation. In addition to
genetic and epigenetic alterations in the tumor cells, tumor microenvironment factors like
oxygen and vascular supply, also affect GBM progression and response to TMZ treatment.
Therefore, we, hereby, perform a RNAi screen and follow up the mechanism of action of a
kinase target that is essential for the growth of GBM stem cells under low oxygen
conditions.
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Chapter 2
Regulation of the JMJD3 (KDM6B) histone demethylase in glioblastoma stem cells
by STAT3

Relative Contributions
Maureen M. Sherry-Lynes performed the experiments shown in figures 2.1A,D-G; 2.2;
1

2.4; S2.1A, C-G; S2.2A-D; S2.4.B,D. and Sejuti Sengupta performed the experiments
1

shown in figures 2.1B,C; 2.3; S2.1B; S2.2E-H; S2.3; S2.4A,C; Tables S2.1-2.3.
1

co-first authors on a manuscript titled “Regulation of the JMJD3 (KDM6B) histone

demethylase in glioblastoma stem cells by STAT3”. Maureen M. Sherry-Lynes, Sejuti
Sengupta, Shreya Kulkarni and Brent H. Cochran.
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Glioblastoma stem cells (GSC) are highly tumorigenic, and share many properties
with normal neural stem cells (Lee et al., 2006; Vescovi et al., 2006). GSC have gene
expression patterns that more closely resemble their tumor of origin than do matched
serum-derived cell lines (Lee et al., 2006). STAT3 is a transcription factor that is
activated by many cytokines and growth factors, and has a demonstrated role in
oncogenesis of many human tumors including glioblastoma (Darnell, 2005; Yu and Jove,
2004). STAT3 is required for the maintenance of pluripotency of murine embryonic and
neural stem cells and facilitates reprogramming of somatic cells to the pluripotent state
(Niwa et al., 1998; Rajan and McKay, 1998; Yang et al., 2010).
We and others have previously shown that the transcription factor STAT3 is
essential for glioblastoma stem cell proliferation and multipotency (Carro et al., 2010; Li
et al., 2010; Sherry et al., 2009; Wang et al., 2009). Inhibition or RNAi knockdown of
STAT3 leads to a dramatic decrease in proliferation and neurosphere formation, as well
as loss of stem cell markers (Sherry et al., 2009).

Interestingly, this phenotype is

irreversible. Transient treatment with STAT3 inhibitors for as little as four hours leads to
a permanent loss of neurosphere formation capacity, despite the fact that STAT3
signaling is restored upon drug removal (Sherry et al., 2009). This observation suggests
that STAT3 regulates the epigenetic state of the cells, thereby causing a stable change in
the ability of the cells to respond to stem cell growth factors.
In stem cells, including normal neural stem cells and GSC, polycomb-mediated
repression of differentiation specific genes is a major mechanism by which multipotency
is maintained (Bracken and Helin, 2009). PRC2 adds methyl groups to histone H3K27,
which leads to the recruitment of the PRC1 and the heritable inhibition of transcription
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(Kirmizis et al., 2004; Kuzmichev et al., 2002). The H3K27me2/3 histone demethylase
JMJD3 (KDM6B) antagonizes the enzymatic activity of the polycomb repressive
complex 2 (PRC2) (Agger et al., 2007; De Santa et al., 2007b; Lan et al., 2007; Xiang et
al., 2007). JMJD3 demethylates histone H3K27 at the promoters of neuronal-specific
genes in mice (Jepsen et al., 2007), and is required for neural differentiation of murine
embryonic stem cells(Burgold et al., 2008). JMJD3 expression can also be rapidly
induced in macrophages in response to LPS stimulation (De Santa et al., 2007b).
It is becoming increasingly apparent that H3K27 trimethylation is aberrantly
regulated in several cancers. Inactivating mutations have been identified in the H3K27
demethylase UTX (KDM6A), suggesting that UTX acts as a tumor suppressor (van
Haaften et al., 2009).

Overexpression of EZH2 has been demonstrated in multiple

cancer types as well, including medulloblastoma and glioblastoma brain tumors
(Robinson et al., 2012; Suva et al., 2009; Zhang et al., 2015). EZH2 expression is
necessary for the self-renewal of glioblastoma stem cells (Suva et al., 2009). Mutations
in histone H3 itself have been found in pediatric glioblastoma (Bender et al., 2013;
Venneti et al., 2013; Wu et al., 2012). Recently, it has been shown that JMJD3 is
induced during glioblastoma stem cell differentiation and is mutated in some GSC and
that constitutive JMJD3 expression in GSC inhibits their tumorigenesis (Ene et al., 2012).
These findings suggest that the aberrant maintenance of H3K27 methylation contributes
to oncogenesis. Based on these observations and the STAT3 inhibition phenotype, we
investigated the possibility that the H3K27 demethylase JMJD3 may mediate effects of
STAT3 in glioblastoma stem cells.
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EXPERIMENTAL PROCEDURES

Culture of glioblastoma stem cells and normal neural stem cells
Glioblastoma stem cell lines and culture conditions were described previously
(Sherry et al., 2009). Normal human neural stem cells derived from H9 embryonic stem
cells were obtained from Gibco (Carlsbad, CA).
instructions of the manufacturer.

Cells were grown according to

For neurosphere formation assays, cells were

dissociated from the coated plates with accutase and plated in neural stem cell media in
uncoated plates. STAT3 inhibitors S3I-201, STA-21 (NCI/DTP Open Chemical
Repository) or BP1-102 (EMD Millipore, Billerica, MA) were used at the indicated
concentrations. Recombinant BMP4 (Life technologies, Grand Island, NY) was added to
the culture media when indicated.

Immunoblotting
Immunoblots were performed as previously described (Sherry et al., 2009) with
the exception that immunoblots to be probed with anti-JMJD3 antibody were transferred
in 10 mM CAPS (3-[Cyclohexylamino]-1-propanesulfonic acid, pH 10.5) buffer. Anti-βActin (1:2000) was obtained from Sigma (St. Louis, MO); anti-STAT3 (1:1000), anti
pSer-STAT3 (1:200), anti-pTyr STAT3 (1:500) were obtained from Cell Signaling
Technologies (Beverly, MA). Anti-JMJD3 was obtained from Abgent (San Diego, CA)
or generously provided by the lab of Yang Shi.
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RT-qPCR
RT-qPCR was performed as previously described (Sherry et al., 2009). Fold
changes were calculated relative to control by the 2-∆∆Ct method (Livak and Schmittgen,
2001). Statistical analysis was performed according to the comparative CT method. All
primer sets amplify a single product of the predicted size; primer sequences can be found
in supplemental experimental procedures. b-actin was used as the housekeeping gene.

Lentiviral shRNA infection and overexpression retrovirus infection
Cells were infected with either PLKO.1 non-targeting control lentivirus (Sigma)
or shSTAT3 PLKO.1 lentivirus (clones TRCN0000020843 and TRCN0000020842),
shJMJD3 (V2LHS_139678, Open Biosystems, Figure 2), shJMJD3 2 (pSico-R-PGKPuro
lentivirus from (Burgold et al., 2008), Supplementary Figure 2), in the presence of 8
µg/mL polybrene. 24 hours post-infection the virus containing media was removed and
replaced with fresh stem cell media for 24 hours. Cells were then treated with 2.5 µg/mL
puromycin. After 2-3 days of puromycin selection, cells were plated for assays as
described in the figure legends.
The MSCV-JMJD3 (Addgene plasmid 21212) (Sen et al., 2008), MSCV-JMJD3
mutant (Addgene plasmid 21214) (Sen et al., 2008) and MSCV-Tap Control (Addgene
plasmid 12570) (Frias et al., 2006) retroviral plasmids were obtained from Addgene
(Cambridge, MA). The viruses were packaged in 293GPG cells as described by Ory et al
(Ory et al., 1996).

Glioma stem cells were infected at an approximate MOI of 1

overnight, and then overnight again. 96 hours after the first infection cells were treated
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with 2.5 ug/mL puromycin for 4 days. After 4 days of puromycin selection cells were
plated for assays as described in the figure legends.

ChIP and ChIP-Sequencing
Cells were lysed, fixed, and sonicated according to the methods of De Santa et. al
(De Santa et al., 2007a). Sonicated lysates were incubated overnight with either antiSTAT3 (Santa Cruz Biotechnology, Santa Cruz, CA), anti-H3K27me3 (Millipore,
Billerica, MA), or IgG control. Immunoprecipitation was carried out using StaphA cells
according to the protocol of Kirmizis et al. (2004) or using Protein A-Sepharose beads
according to the nano ChIP-seq protocol (Adli and Bernstein (2011). After washing and
cross-link reversal, immunoprecipitated DNA was purified using the Qiagen PCR
Purification kit (Qiagen, Valencia, CA) and subjected to either qPCR or PCR as indicated
in

figure

legends.

For

nano

ChIP

sequencing

and

nano

ChIP-qPCR,

the

immunoprecipitated DNA was subjected to two intermediate rounds of amplification
(Adli and Bernstein (2011) with custom primers containing barcodes that allowed us to
multiplex 3 replicates for each of the two treatment groups in a sequencing lane
(supplemental procedure). It was then subjected to either library amplification using
TruSeq ChIP Sample preparation kit (Illumina Inc, San Diego, CA) followed by next
generation sequencing on HiSeq 2500 (Illumina Inc, San Diego, CA) or qPCR. Detailed
chip protocol available upon request. Myt1 primers were first described in (Sarma et al.,
2008). FGF21 and GDF15 primers were designed to span regions of H3K27me3
enrichment near the gene promoter from ChIP-Sequencing data analysis. Primers used
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appear in supplemental experimental procedures. ChIP qPCR data was analyzed
according to the percent of input method described by Haring et. al (Haring et al., 2007).

ChIP-Sequencing data analysis
ChIP Sequencing reads were aligned to the human genome (hg19) using Bowtie
in GALAXY platform and visualized in the UCSC genome browser (Karolchik et al.,
2009). The average read count through the 5kb upstream promoter region of each gene
was computed across the genome. The normalized read counts at the promoters of
STAT3 inhibited and control treatment groups was compared and a list of genes that
showed reduction in H3K27me3 mark upon STAT3 inhibition was obtained (Hebenstreit
et al., 2011; Maze et al., 2011).

Microarray
Microarray gene expression data was generated using GeneChip Human gene
U133A 2.0 Arrays (Affymetrix, Santa Clara, CA). The CEL files were processed by
Transcriptome Analysis Console (Affymetrix) software to analyze differentially
expressed genes based on fold change.

List of primers
qRT-PCR primers
JMJD3 forward: CTACCCCCTTCACATGGCAG;
JMJD3 reverse: CTCTGACTCGTACAGTTGCCC;
Myt1 forward: TGCTTGCCCCAAAGATTCAGA;
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Myt1 reverse: AGTGCTCCTCACATAACTACTGG;
βIII-tubulin forward: GCCTCTTCTCACAAGTACGTG;
βIII-tubulin reverse: CCCCACTCTGACCAAAGATGAA;
β-actin forward: CCTGGGCATGGAGTCCTGTGG;
β-actin reverse: CTGTGTTGGCGTACAGGTCTT;
FGF21 forward: CTGTGGGTTTCTGTGCTGG;
FGF21 reverse: CCGGCTTCAAGGCTTTCAG;
GDF15 forward: ACCTGCACCTGCGTATCTCT;
GDF15 reverse: CGGACGAAGATTCTGCCAG.
Nano-ChIP-Seq Library preparation primers
Primer 1: GACATGTATCCGGATGTA [X] NNNNNNNNN;
where [X] denotes the custom barcodes for each sample as specified below:
ATCACG; TTAGGC; ACAGTG; GATCAG; TAGCTT or GGCTAC;
Primer 2: GACATGTATCCGGATGT.
ChIP primers
JMJD3 forward: AGGAAGAGCTGGGGCTAAAG;
JMJD3 reverse: CTGGCTTTCTGGGTCTTCAA;
MYT1 forward: AGGCACCTTCTGTTGGCCGA;
MYT1 reverse: AGGCAGCTGCCTCCCGTACA;
FGF21 forward: CACAGTGCTGGGATTACCG;
FGF21 reverse: AGACGCTGGCCAACTAGAGA;
GDF15 forward: CAGGCACAGTGTCAACCAAG;
GDF15 reverse: AGGTTGCAGTGAGCCAAGA
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RESULTS
STAT3 represses JMJD3 expression in glioblastoma stem cells
We first examined JMJD3 expression in response to STAT3 inhibition in two
glioblastoma stem cell lines, GS6-22 and GS7-2, which we have previously characterized
(Sherry et al., 2009). Upon STAT3 inhibition with the SH2-domain-targeting small
molecule inhibitors STA-21 and S3I-201 (Siddiquee et al., 2007; Song et al., 2005),
JMJD3 expression is upregulated at both the protein and mRNA levels by 2-15 fold
(Figure 2.1A,B, Figure S2.1A, B). JMJD3 mRNA is also upregulated upon STAT3
knockdown using two different shRNAs (Figure 2.1C, Figure S2.1D). Additionally,
JMJD3 mRNA is upregulated by a highly potent next-generation STAT3 inhibitor BP-1102 (Zhang et al, 2012) and S3I-201 treatment in additional GSC lines tested (Figure
S1B). Thus, multiple STAT3 specific inhibitors lead to upregulation of JMJD3
expression in different GSC lines.
By chromatin immunoprecipitation assay, STAT3 was found to bind to the
JMJD3 promoter at a position containing a conserved STAT3 binding site (Figure 2.1D,
Figure S2.1C), suggesting that JMJD3 is a direct STAT3 target gene. Previously it has
been shown that JMJD3 is upregulated during murine neural stem cell differentiation, and
that it targets several neural specific genes upon differentiation of neural stem cells
(Burgold et al., 2008; Jepsen et al., 2007). Consistent with this we have found that
JMJD3 is upregulated during GSC differentiation as well (Figure 2.1E, Figure S2.1E).
UTX, another member of the JMJD3 family of H3K27me3 demethylases, is not
consistently upregulated by the two STAT3 inhibitors, S3I-201 and STA-21, in both of
our cell lines (Figure S2.1F, G)
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Figure 2.1. STAT3 represses JMJD3 expression in glioblastoma stem cells. A.
Treatment of GS6-22 and GS7-2 cells with the STAT3 inhibitor S3I-201 (50 µM) or
STA-21 (50 µM) causes upregulation of JMJD3 protein levels. Cells were lysed for
immunoblotting after 8 hours of drug treatment. Relative JMJD3 protein levels were
quantified using ImageJ and are shown below each lane. B. RT-qPCR of GS6-22 cells
treated with S3I-201 or STA-21 demonstrates that JMJD3 mRNA is upregulated at both 4
hours and 24 hours after inhibitor treatment. Values represent the fold change relative to
DMSO treated cells for three experiments; bars SD (**p<0.01). C. Knockdown of
STAT3 using an shRNA-containing lentivirus leads to the upregulation of JMJD3 mRNA
in GS6-22 cells, two days after selection. Values represent the fold change relative to
DMSO treated cells for three experiments; bars SD (**p<0.01). D. Chromatin
immunoprecipitation using anti-STAT3 antibody, followed by PCR using primers to the
JMJD3 promoter demonstrates STAT3 binding in GS7-2 and GS6-22 cells. Enrichment
of DNA in STAT3 immunoprecipitation (relative to input) was quantified by ImageJ. E.
Treatment of GS6-22 cells with retinoic acid increases JMJD3 mRNA levels. GS6-22
cells were treated for 1 and 4 hours with 1 µM RA. Values represent the fold change
relative to DMSO treated cells for three experiments; bars SD (*p<0.05, **p<0.01). F.
S3I-201 treatment decreases NCor binding at the JMJD3 promoter. GS6-22 cells were
treated with S3I-201 (50 µM) or DMSO for 4 hours, fixed, lysed, and sonicated.
Sonicated lysates were incubated overnight with anti-NCor or IgG control and subjected
to chromatin immunoprecipitation. The resulting DNA was subjected to PCR using
primers to the JMJD3 promoter. G. Densitometry of F was performed using ImageJ.
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Interestingly, STAT3 appears to repress JMJD3 expression, rather than activate it
as is typical for STAT3 target genes (Bromberg and Darnell, 2000). However, STAT3
has been shown to repress genes in other cell types, and is associated with both
transcriptionally active and repressed genes in embryonic stem cells (Kidder et al., 2008).
In murine neural stem cells, JMJD3 is repressed by the NCoR and SMRT nuclear corepressors, which associate with the retinoic acid receptor to repress transcription (Jepsen
et al., 2007). STAT3 has been shown to associate with the retinoic acid receptor (RAR),
so we considered the possibility that NCoR repression is involved in regulating JMJD3 in
glioblastoma stem cells (Asano et al., 2009; Yang et al., 2004). Retinoic acid treatment
of GS6-22 cells leads to a rapid increase in JMJD3 mRNA (Figure 2.1E). Additionally,
the NCoR co-repressor can be found at the JMJD3 promoter by chromatin
immunoprecipitation (Figure 2.1F,G). NCoR can be immunoprecipitated using the same
primers as STAT3, suggesting it binds a similar region of the JMJD3 promoter.
Furthermore, treatment with the STAT3 inhibitor S3I-201 decreases NCoR binding to the
JMJD3 promoter (Figure 2.1F,G). It is possible, then, that STAT3 represses JMJD3
expression by interaction with the NCoR-RAR complex, and that treatment with S3I-201
abolishes this interaction, thereby relieving the repression of JMJD3.

STAT3 regulates GSC neurosphere formation and proliferation through repression
of JMJD3
Neurosphere formation is a hallmark of neural stem cells, and the ability to
culture neurospheres from glioblastomas strongly correlates with poor patient prognosis
(Laks et al., 2009).

!

Because STAT3 represses JMJD3 expression in GSC, we
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investigated whether knockdown of JMJD3 expression could rescue the abrogation of
neurosphere formation that accompanies STAT3 inhibition. GS6-22 and GS7-2 cells
were infected with lentiviruses expressing shRNA to JMJD3 or with control lentiviruses.
Control infected cells exhibited decreased neurosphere formation in response to S3I-201
treatment as expected (Figure 2.2A,B,C). shJMJD3 infected cells, however, were able to
form spheres in the presence of S3I-201 (Figure 2.2A,B,C). This was also true for cells
infected with a second, distinct shRNA to JMJD3, indicating that this is a specific effect
of JMJD3 knockdown (Figure S2.2A,B). This effect was more pronounced in the GS7-2
cells (Figure 2.2C) than the GS6-22 cells (Figure 2.2B) likely due to the enhanced degree
of knockdown in the GS7-2 cells (78% knockdown in the GS7-2 cells versus 55% for
GS6-22 cells) (Figure S2.2C,D). These data indicate that STAT3 repression of JMJD3 is
necessary for neurosphere formation.
Consistent with this, overexpression of JMJD3 recapitulates significant aspects of
the STAT3 inhibition phenotype. Both GS6-22 and GS7-2 cells that had been engineered
to constitutively express JMJD3 fail to form neurospheres in stem cell media (Figure
2.2D,E). Overexpression of a catalytic dead mutant of JMJD3, however, does not inhibit
sphere formation (Figure 2.2D,E). In addition, overexpression of JMJD3, but not mutant
JMJD3, decreased proliferation in both GS6-22 and GS7-2 cells (Figure 2.2F,G). This
effect was more pronounced in GS7-2 cells, but the degree of overexpression was also
higher in these cells (Figure S2.2E,F). This indicates that the demethylase activity of
JMJD3 is necessary for the inhibition of sphere formation and proliferation of GSC.
STAT3 repression of JMJD3, then, is required for GSC neurosphere formation and
proliferation.
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Figure 2.2. STAT3 controls GSC neurosphere formation and proliferation through
repression of JMJD3. A. Knockdown of JMJD3 rescues neurosphere formation in the
presence of S3I-201. Representative images of GS6-22 and GS7-2 cells infected with
either control or shJMJD3 containing lentivirus treated with DMSO or S3I-201 (50 µM).
Images for GS6-22 cells were taken after 6 days and GS7-2 cells were taken after 4 days,
based on differences in sphere formation rate in these lines. B. Quantification of
neurosphere formation in GS6-22 cells. After 6 days of inhibitor treatment, the number
of spheres per 100 cells was counted. Values represent the mean of triplicates within
each treatment; bars SE (**p<0.01). C. After 4 days of inhibitor treatment, GS7-2 cell
sphere formation was quantified as described for GS6-22 cells. Values represent the
mean of triplicates within each treatment; bars SE (**p<0.01 relative to DMSO control,
upon shJMJD3 infection). D. Representative images of GS6-22 and GS7-2 cells infected
with overexpression retrovirus containing either a control (empty) plasmid, JMJD3, or a
catalytic domain mutant of JMJD3. After three days of selection, cells were dissociated
and replated at 100 cells per ml. Pictures were taken at 50X seven days after replating. E.
Quantification of neurosphere formation capacity in GS6-22 and GS7-2 cells infected
with the JMJD3 overexpression retrovirus. Limiting dilution was performed in triplicate
(**p<0.01). F. GS6-22 and G. GS7-2 cells were infected with either control, JMJD3, or
JMJD3 mutant retroviruses as previously described. Cells were pulsed with 30 µM BrdU
for 16 hours. After 24 hours, cells were fixed and stained with an anti-BrdU antibody.
Cells were also stained with 7-AAD at this time. The percentage of BrdU positive cells
was analyzed using flow cytometry. Values represent the mean of 3 experiments; bars
SD of the mean (*p<0.05).
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Interestingly, overexpression of both wildtype JMJD3 and the mutant increased
apoptosis in GS6-22 cells (Figure S2.2G). It is possible the mutant JMJD3 may interfere
with some cellular functions by substrate binding and sequestration. JMJD3 has been
found to have demethylase independent functions(Chen et al., 2012). This effect was not
observed in GS7-2 cells (Figure S2.2H). This may be because these cells lack expression
of the INK4A/ARF locus.

STAT3 regulates H3K27 trimethylation and neural gene induction in GSC
To identify putative STAT3 regulated genes that show induction of gene
expression concurrent with histone H3K27 demethylation in GS6-22, we performed
microarrays and genome wide CHIP-sequencing analysis using an antibody specific to
H3K27me3, following STAT3 inhibition. Differential analysis of STAT3 inhibited and
control GS6-22 cells yielded a ranked list of genes that were likely to show reduction in
H3K27me3 mark (Table S2.1) or are induced upon STAT3 inhibition with a fold change
>2 (Table S2.2). The intersected list of genes showing both reduction in repressive
H3K27me3 mark as well as 2 fold or higher gene expression upon S3i treatment is
tabulated in Table S2.3.
We subsequently confirmed that STAT3 inhibition by the next-generation STAT3
inhibitor BP-1-102 (Zhang et al, 2012) upregulates mRNA expression of Fibroblast
Growth Factor 21 (FGF21) and Growth Differentiation Factor 15 (GDF15) in GS6-22
and GS7-2 cells (Fig 2.3A,S2.3A). These genes are known to play roles in neural
development (Carrillo-Garcia et al., 2014; Huang et al., 2013). GDF15 has also been
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Figure 2.3. STAT3 regulates H3K27 trimethylation and neural gene induction in
GSC. A. RT-qPCR analysis of FGF21, GDF15 and JMJD3 expression in GS6-22 cells
treated with BP-1-102 (15uM) for 6 hours. Values represent the fold change relative to
control cells for three experiments; bars SD (**p<0.01, ***p<0.005). B. GS6-22 cells
were treated with BP-1-102 (15 µM) or DMSO for 6 hours, fixed, lysed, and subjected to
chromatin immunoprecipitation with an antibody to H3K27 trimethylation or total
histone H3. Quantitative PCR using primers to FGF21 or GDF15 or Myt1 genes was
performed after immunoprecipitation, amplification and DNA purification. Data is
displayed as percentage of input DNA of H3K27me3/H3 ChIP, normalized relative to
control cells for three experiments (*p<0.05, **p<0.01, ***p<0.005). C. Demethylation
of H3K27 at the Myt1 promoter confers BMP4 inducibility of the gene. RT-qPCR
analysis of Myt1 and JMJD3 expression in GS6-22 cells treated with BP-1-102 (15uM),
recombinant BMP4 (10 ng/ml) or a combination of both for 6 hours. Values represent the
fold change relative to DMSO treated control cells for three experiments; bars SD
(*p<0.05, **p<0.01).
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shown to induce apoptosis and inhibit tumorigenesis in GBM (Lee et al., 2010; Shimizu
et al., 2013).
Consistent with the induction of gene expression, ChIP-sequencing data analysis
suggested loss of H3K27me3 peaks at FGF21 and GDF15 promoters in STAT3 inhibited
GS6-22 cells compared to control. This was confirmed using ChIP-qPCR analysis,
which showed that STAT3 inhibition by BP-1-102 decreases H3K27 trimethylation at
FGF21 and GDF15 promoters (Fig 2.3B), concurrent with JMJD3 upregulation in GS622 cells (Fig 2.3A). The amount of total histone H3 does not change upon BP-1-102
treatment indicating that there is a loss of H3K27 trimethylation at these promoters and
not just a loss of histone H3 association (Fig S2.3B, C). These results indicate that
inhibition of STAT3 induces H3K27 demethylation and subsequent expression of target
genes involved in neural differentiation of GSC.

Demethylation of H3K27 at the Myt1 promoter confers BMP4 inducibility
Because JMJD3 inhibits sphere formation and proliferation of GSC in a
demethylase-dependent manner, we examined the H3K27me3 status at the promoter of a
known JMJD3 and polycomb target gene, myelin transcription factor 1, Myt1 (Kirmizis
et al., 2004), which is a gene that has been implicated in neuronal differentiation (Romm
et al., 2005). GS6-22 cells were treated with STAT3 inhibitor, BP-1-102, and subjected
to chromatin immunoprecipitation (ChIP) using an antibody specific to H3K27me3. In
GS6-22 cells, a decrease in H3K27 trimethylation was observed at the Myt1 promoter
(Fig. 2.3B, S2.3D), concurrent with JMJD3 upregulation. The degree of decrease in
H3K27 trimethylation is consistent with that seen at other promoters demethylated by
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JMJD3 (Barradas et al., 2009; Jepsen et al., 2007) and suggests that Myt1 is a JMJD3
target gene in GSC.
However, STAT3 inhibition or expression of JMJD3 in stem cell growth
conditions was not sufficient to induce Myt1 gene expression (Figure 2.3C, Fig. S2.4B),
suggesting that other factors or signals are required to activate these neural specific gene
expression. It has been previously shown that Bone Morphogenetic Protein 4 (BMP4)
activates the Smad signaling cascade and induces differentiation of stem-like, tumorinitiating precursors of GBMs (Piccirillo et al., 2006) and that SMADs and JMJD3 coregulate genes in NSCs (Estaras et al., 2012). Myt1 expression is strongly induced upon
BMP4 treatment when STAT3 is inhibited in GS6-22 and GS7-2 cells (Figure 2.3C,
S2.4A). This suggests that STAT3 inhibition and subsequent demethylation of histone
H3K27 at the promoter renders the chromatin accessible to BMP4 induced transcription
factors at this locus.
Interestingly, we have not found a change in H3K27me3 at the INK4A/Arf locus
(Figure S2.4C) in GS6-22 cells. This locus is a well-characterized JMJD3 target (Agger
et al., 2007; Agherbi et al., 2009; Barradas et al., 2009), and its demethylation is
necessary for the induction of growth arrest and senescence in several cell types. In GS72 cells, we failed to see PCR amplification of INK4A/ARF in genomic DNA, which
suggests that this locus is deleted in GS7-2 cells (Figure S2.4D). This is not surprising
given that over half of glioblastomas exhibit homozygous deletion of this locus (Ivanchuk
et al., 2001).

Together, these observations suggest that JMJD3 regulation of GSC

proliferation and sphere formation is independent of INK4A/ARF. Ene et al (2012) came
to a similar conclusion.
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STAT3 regulates JMJD3 expression in human neural stem cells
Finally, we examined whether STAT3 repression of JMJD3 was specific to
glioblastoma stem cells, or whether the STAT3 inhibition phenotype is recapitulated in
normal human neural stem cells. In neural stem cells derived from H9 embryonic stem
cells (Marei et al., 2011; Yan et al., 2013), STAT3 is activated by phosphorylation on
both pTyr705 and pSer727 (Figure 2.4A). S3I-201 treatment of these cells inhibited
neurosphere formation (Figure 2.4B) and lead to upregulation of JMJD3 mRNA (Figure
2.4C), as well as to dose-dependent inhibition of proliferation as judged by BrdU
incorporation (Figure 2.4D).

STAT3, then, regulates neurosphere formation and

proliferation in normal embryonic neural stem cells as well as in glioblastoma stem cells.
STAT3 repression of JMJD3 is also maintained in normal neural stem cells.

This

indicates that STAT3 control of the epigenetic program through JMJD3 repression is a
key mechanism of stem cell maintenance in both normal and tumorigenic neural stem
cells.
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Figure 2.4. STAT3 inhibition in human neural stem cells leads to a decrease in
neurosphere formation and proliferation, and an upregulation of JMJD3
expression. A. STAT3 activation in human neural stem cells was assessed by
immunoblotting with phospho-specific antibodies. B. Human neural stem cells were
plated in serum free media supplemented with EGF and FGF2. 24 hours after plating,
cells were treated with S3I-201 (50 µM) or DMSO control. Pictures were taken 3 days
after treatment. C. STAT3 regulation of JMJD3 was assessed by qRT-PCR. Human
neural stem cells were treated with S3I-201 (50 µM) for 24 hours. Values represent the
fold change relative to control cells for three experiments; bars SD (**p<0.01). D. Cells
were treated with DMSO or S3I-201 for 24 hours, and then subjected to a 15 µM BrdU
pulse for 20 hours. Values represent the average of three experiments; bars SE (*p<0.05,
**p<0.01).
!
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Discussion
We have shown that STAT3 maintains normal neural and glioblastoma stem cells
in a proliferative, self-renewing state via the repression of the histone demethylase
JMJD3. STAT3 repression of JMJD3 is consistent with our previous data that STAT3
inhibition is irreversible in GSC. We have found that STAT3 inhibition or knockdown
leads to rapid upregulation of JMJD3. We have also found that STAT3 binds to the
JMJD3 promoter in human GSC which is consistent with published genomic data from
murine ES cells (Kidder et al., 2008) and suggests that STAT3 is a direct regulator of
JMJD3.
While STAT3 is best known as a transcriptional activator, there is evidence that
it can act as a repressor (Fukada et al., 1998; Rokavec et al., 2014). ChIP-ChIP and
microarray studies suggest that STAT3 represses genes in multiple cell types (Dauer et
al., 2005; Kidder et al., 2008). Previous studies indicated that NCoR negatively regulates
JMJD3 (Jepsen et al., 2007). We have found that following STAT3 inhibition NcoR
binding is reduced at the same promoter fragment that binds STAT3, suggesting that the
mechanism of repression is recruitment or stabilization of the NCoR repressor complex at
the promoter. While Ene et al (2012) have found evidence that DNA methylation can also
contribute to JMJD3 repression, the sites of that STAT3 binds to appear to be distinct
from the regions of DNA methylation (Ene et al., 2012). However, given recent evidence
that STAT3 can control DNA methylation (Lee et al., 2012), this mechanism of
regulation merits further investigation.
We have also found that JMJD3 overexpression inhibits neurosphere formation
and cell proliferation. JMJD3 overexpression also induces apoptosis in GS6-22 cells. A
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similar effect on both proliferation and apoptosis of GSC has been reported for
knockdown of BMI-1, part of the PRC1 complex (Abdouh et al., 2009). Similarly,
inhibition of EZH2, part of the PRC2 complex, causes a decrease in sphere formation and
proliferation of GSC (Suva et al., 2009). Interestingly, EZH2 also methylates and
regulates STAT3 in GSC which further suggests a tight coordination between STAT3 and
H3K27 trimethylation (Kim et al., 2013).
In this regard, it is also worth noting the role of histone H3K27 trimethylation in
brain tumors is complex. While induction and maintenance of this mark is pro-oncogenic
in medulloblastoma and adult glioblastomas(Kim et al., 2013; Robinson et al., 2012;
Suva et al., 2009; Zhang et al., 2015), global loss of H3K27 methylation is oncogenic in
pediatric gliomas(Bender et al., 2013; Venneti et al., 2013). Thus, the effects of H3K27
trimethylation are are context dependent. This is consistent with findings from other
cancers as well (Ntziachristos et al., 2014; Yamaguchi and Hung, 2014).
Recently, JMJD3 overexpression has been shown to decrease the tumorigenicity
of GSC in vivo (Ene et al., 2012). This is consistent with our data that overexpression of
JMJD3, which opposes PRC2 activity, decreases proliferation and sphere formation
(Figures 2,3). We have also found that a catalytic mutant of JMJD3 does not affect
neurosphere formation or proliferation. Thus, JMJD3 upregulation and the subsequent
demethylation of histone H3K27 on target genes is likely necessary for the decrease in
GSC growth.

This induction of JMJD3 likely imparts widespread changes to the

chromatin and sustained mRNA expression of target genes involved in neural
differentiation of GSC.

This would explain why either the restoration of STAT3

signaling following removal of S3I-201 STAT3 inhibitor (Sherry et al., 2009), or
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sustained STAT3 signaling when JMJD3 is constitutively expressed, does not rescue
neurosphere formation. This difference in epigenetic state may also explain how STAT3
can induce astrocytic differentiation of neural stem cells under some conditions and
preserve neural stem cell self-renewal in others (Bonni et al., 1997; Gu et al., 2005; Lee
et al., 2008; Rajan and McKay, 1998).

A similar persistence of a stable STAT3

phenotype has been demonstrated in breast epithelial cells, in which a transient
expression of either of two STAT3-regulated microRNAs is sufficient to induce and
maintain a stably transformed state that is also polycomb mediated (Iliopoulos et al.,
2009; Iliopoulos et al., 2010). Thus, there is precedence for the transient upregulation of
a single STAT3 target gene imparting permanent change to the cellular state.
Interestingly, although STAT3 inhibition induces neural genes, such as FGF21
and GDF15, neither JMJD3 overexpression or STAT3 inhibition are sufficient to drive
differentiation of the glioblastoma stem cells (Figure S4B, (Sherry et al., 2009)). While
JMJD3 overexpression is sufficient to induce differentiation in some systems (Jepsen et
al., 2007; Sen et al., 2008), it is likely that additional positive differentiation signals are
required both in these cases and in the case of the GSC. Histone H3K27 demethylation
may be sufficient to open the chromatin at specific genes, but positively acting
transcription factors are likely needed in addition to bind to these promoters to activate
transcription.

Consistent with this, we have found that JMJD3 overexpression can

demethylate histone H3K27 at differentiation-specific genes such as Myt1, but the gene
is upregulated only in the presence of recombinant BMP4. This situation is similar to
previous results for the GFAP gene where epigenetic changes must occur before factors
like CNTF are able to induce the gene during astrocytic differentiation (Song and Ghosh,
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2004; Takizawa et al., 2001; Urayama et al., 2013). Interestingly, STAT3 regulates
GFAP as well (Song and Ghosh, 2004; Takizawa et al., 2001; Urayama et al., 2013).
In addition, JMJD3 overexpression alone does not completely recapitulate the
STAT3 inhibition phenotype, at least with respect to βIII-tubulin expression (Figure 3D,
S4B, and (Sherry et al., 2009)). Given that STAT3 signaling likely regulates many genes
in addition to JMJD3 in GSC, this is not surprising. However, the fact that constitutive
JMJD3 expression substantially inhibits neurosphere formation as well as proliferation
indicates that JMJD3 repression by STAT3 is required for glioblastoma stem cell
maintenance.
Strikingly, we have also found that STAT3 repression of JMJD3 is a mechanism
shared by both glioma stem cells and normal neural stem cells (Figure 4). While this
could complicate therapeutic targeting of STAT3 in glioblastoma, it does provide further
evidence that similar signaling and epigenetic mechanisms that govern both cancer stem
cells and tissue stem cells at least in this case. STAT3 is necessary for the self-renewal of
a variety of stem cell types, including murine embryonic stem cells (Niwa et al., 1998),
and its regulation of the epigenetic program may prove to be a widespread and
developmentally critical mechanism of maintaining stem cell self-renewal.
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Figure S2.1, related to Figure 2.1
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Figure S2.1. STAT3 represses JMJD3 expression in glioblastoma stem cells. A.
Treatment of GS7-2 cells with the STAT3 inhibitor S3I-201 (50 uM) or STA-21 (50
uM) causes upregulation of JMJD3 protein levels. Cells were lysed for immunoblotting
after 8 hours of drug treatment. JMJD3 protein levels relative to control were calculated
using ImageJ and are displayed below each lane. B. RT-qPCR of GS7-2, MGG8 and
GS11-1 cells treated with S3I-201 or BP-1-102 demonstrates that JMJD3 mRNA is
upregulated 6 hours after inhibitor treatment. The MGG8 line was obtained from
Wakimoto et. al (2012). Values represent the fold change relative to control cells for
three experiments. * p < 0.05 and *** p < 0.001 compared to DMSO control (Student‘s
t test, two-tailed). C. Segment of the JMJD3 first intron (shown to be an alternate
promoter in De Santa et al 2007) amplified in Fig- ure 1D. Underlined letters signify
the primer sequences, while bold underlined sequence represents the con- served
STAT3 binding site (Chr17:7,747,573 UCSC GRCh37/hg19) which corresponds to the
consensus binding site TTCNNNGAA (Horvath et al., 1995). In the murine JMJD3
promoter this sequence is TTCCCAGAA. D. Knockdown of STAT3 using an shRNAcontaining lentivirus leads to the upregulation of JMJD3 mRNA in GS7-2 cells, two
days after selection. Values represent the fold change relative to DMSO treated cells
for three experi- ments; bars SD (*p<0.05). E. GS6-22 and GS7-2 cells were
differentiated for 15 days, and RNA was isolated at the timepoints indicated. Values
represent the fold change of JMJD3 mRNA relative to control cells for biological
triplicate. Bars represent variation, calculated as described in materials and methods. **
p <0.01; * p < 0.05 com- pared to DMSO control (Student’s t test, two-tailed).
Unlabeled bars are not significant. F. GS6-22 and G. GS7-2 cells were treated with
S3I201 (50uM) or STA-21 (50 uM) for 24 hours, and then subjected to qPCR using
primers to UTX. Values represent the fold change relative to controls for three
experiments. Bars represent standard devi- ations, which were calculated as described
in materials and methods. ** p < 0.01; * p <0.05 compared to DMSO control
(Student‘s t test, two-tailed). Unlabeled bars are not significant.
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Figure S2.2, Related to Figure 2.2
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Figure S2.2. JMJD3 knockdown partially rescues neurosphere formation in S3I-201.
A. GS6-22 cells were infected with a second shRNA to JMJD3, and plated in either
DMSO or S3I-201 (50 uM). Representative images were taken 6 days after inhibitor
treatment. B. Quantification of neurosphere formation after 6 days of drug treatment.
Data represents the average number of spheres per field for one experiment (15 total
fields per condition). *** p < 0.001; (Student’s t test, two-tailed, compared to DMSO).
Knockdown of JMJD3 mRNA was 45% compared to shLuc control (data not shown). C.
GS6-22 cells infected with shRNA to JMJD3 (Figure 2A) had 55% knockdown of
JMJD3 mRNA compared to con- trols as assessed by qRT-PCR (p = 0.07). D. GS7-2
cells infected with shRNA to JMJD3 had 78% knockdown compared to controls (Figure
2A). Values represent the fold change relative to control cells for triplicate experiments.
Bars represent stan- dard variation, calculated as described in materials and methods.
n.s.indicates not significant (p>0.05); ** p < 0.01 (Student’s t test, two-tailed). E. GS622 and GS7-2 (F) cells were lysed, RNA extracted, and subjected to RT-qPCR. n.s.
indicates p > 0.05 (p = 0.07); ** p < 0.01 compared to control. (Student’s t test, twotailed). JMJD3 overexpression is significantly higher in the GS7-2 cells than in the GS622 cells (p < 0.01). G. and H. Percent apoptotic cells was assessed in GS6-22 (A) and
GS7-2 (B) cells with BrdU and 7-AAD staining. Values represent the average percentage
of sub G0/G1 cells in 3 experiments; bars repre- sent SD of the mean. n.s. indicates not
significant; p > 0.05. ** p < 0.01 (Student’s t test, two-tailed; each compared to control
infected cells).
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Figure S2.3, related to Figure 2.3
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Figure S 2 . 3. Neural gene induction and H3K27 demethylation in BP-1-102treated GSC. A. RT-qPCR analysis of FGF21, GDF15 and JMJD3 expression in
GS7-2 cells treated with BP-1-102 (15 uM) for 6 hours. Values represent the fold
change relative to control cells; bars SD. B-D. GS6-22 cells were treated with BP-1102 (15 uM) or DMSO for 6 hours, fixed, lysed, and subjected to chromatin
immunoprecipitation with an antibody to H3K27 trimethylation or total histone H3.
Quantitative PCR using primers to FGF21 (B) or GDF15 (C) or (D) Myt1 genes was
performed after immunoprecipitation and DNA purification. Data is displayed as
percentage of input DNA. * indicates p value less than or equal to 0.05, ** indicates p
value less than or equal to 0.01 (Student’s T test, two tailed; compared to DMSO
treated cells).
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Figure S2.4, related to Figure 2.3
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Figure S2.4. MYT1 expression and INK4A/ARF H3K27 methylation in GSC. A.
RT-qPCR analy- sis of Myt1 and JMJD3 expression in GS7-2 cells treated with BP-1102 (15uM), recombinant BMP4 (10 ng/ml) or a combination of both for 6 hours.
Values represent the fold change relative to DMSO treated control cells for three
experiments; bars SD (*p<0.05, ***p<0.001). B. GS7-2 cells infected with JMJD3,
Mutant, or control retroviruses were subjected to qRT-PCR in order to assess marker
expression. Data is analyzed as previously described. C. GS6-22 cells treated with
the STAT3 inhibitor S3I-201 (100 uM) for 3 days were subjected to chromatin
immunoprecipitation with an antibody to H3K27 trimethylation. Quantitative PCR
using primers to a region of the Ink4A/Arf locus shown to be regulated by JMJD3
(Barradas et al., 2009) was performed after immunoprecipitation and DNA
purification. Data is displayed as percentage of input DNA. Data represents 6 PCR
reactions performed on two independent ChIP experiments. n.s indicates p > 0.05 (not
signficant, Student‘s t test, two-tailed). D. GS6- 22 cells possess an intact
INK4A/ARF locus, but GS7-2 cells do not. GS6-22 and GS7-2 genomic DNA was
sub- jected to PCR using primers to either the INK4A/ARF locus, or to the APRT
(adenine phosphoribosyltransferase) gene as a control. Primers were constructed and
PCR was performed according to the methods of Iwato et al (2000).
https://www.dropbox.com/s/c416ny3znczwct9/Table%20S1.%20Annotation%20of%2
0gene%20promoters%20with%20reduced%20H3K27me3%20mark%20upon%20S3i
%20treatment%209-11-15.xlsx?dl=0
Table S1. H i s t o n e H 3 K 2 7 m e t h y l a t i o n c h a n g e s u p o n S T A T 3
i n h i b i t i o n . GS6-22 cells were treated with S3I-201 (50uM) or DMSO control
for 3 days. ChIP Sequencing analysis using H3K27me3 antibody yielded a list of
gene promoters that likely show a reduction in repressive H3K27me3 mark upon S3i
treatment.
https://www.dropbox.com/s/dgt3p9txinu95wr/Table%20S2.%20Annotation%20of%20g
enes%20with%202%20fold%20or%20higher%20gene%20expression%20upon%20S3i
%20treatment%209-10-15.xlsx?dl=0
Table S2. Gene expression changes upon STAT3 inhibition. GS6-22 cells
were treated with S3I-201 (50uM) or DMSO control for 3 days. Microarray analysis
yielded a list of genes that likely show 2 fold or higher gene expression
upon S3i treatment.
https://www.dropbox.com/s/k2qo0hovhwf857v/Table%20S3.%20Annotation%20of%2
0genes%20with%20reduced%20H3K27me3%20mark%20as%20well%20as%202%20f
old%20or%20higher%20gene%20expression%20upon%20S3i%20treatment.xlsx?dl=0
Table S3. Intersected list of genes with H3K27me3 reduction and gene induction.
GS6-22 cells that show both reduction in histone H3K27 methylation and greater than
2 fold increase in gene expression upon S3I-201 (50uM) treatment have been tabulated.
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Chapter 3
RNAi kinome screen of GBM stem cells under normoxia and hypoxia

Relative author contributions
Sejuti Sengupta and Surbhi Goel Bhattacharya equally contributed to the RNAi screening
and analysis.
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Glioblastoma is characterized by a poor median survival of only 14 months
despite aggressive multimodal therapy (Dolecek et al. 2012). Clinical trials for targeted
therapy for GBM have failed to date. This is attributed to a small population of GBM
stem cells (GSC) that survive therapy and initiate tumor recurrence (Lathia et al. 2015).
Although the TCGA project has extensively characterized the genomic alterations in
GBM, there is a need to identify new therapeutic targets for GBM, which are not
necessarily synonymous with mutations. Moreover, therapeutic targets for GBM stem
cells may differ from those identified from traditional serum grown gliomas cells that
been used for most in vitro studies until recently. In addition, the tumor hypoxic niche is
believed to be a major factor that contributes to maintaining GSC survival and tumor
progression (Kaur et al. 2005) and there have been no systematic attempts to identify
GBM targets under hypoxia. This calls for a systematic effort to identify molecular
mechanisms responsible for GSC survival under hypoxia.
Kinases play an important role in maintaining tumor growth and survival by
regulating the hallmarks of cancer, including survival/apoptosis, cell-cycle progression,
stem cell maintenance, DNA damage repair, tumor cell invasion and therapeutic
resistance (Cheng et al. 2015). In addition, kinases are readily amenable to drug
inhibition by virtue of a druggable ATP-binding pocket, thereby making them ideal
candidates for developing cancer therapeutics (Knight et al. 2010). Kinase inhibitors
targeting EGFR, VEGF, PI3K or DNA repair pathway proteins, ATM and ATR, are
being explored for GBM therapy (Ramirez et al. 2015; Nadkarni et al. 2012; Mellinghoff
et al. 2012). While we still do not have a successful targeted therapeutic for GBM,
identification of kinases whose inhibition attenuates GSC properties may pave the way
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toward novel therapeutics. However, it is difficult to predict which kinases are essential
for tumor cells, since the essential kinases does not always correspond to altered gene
expression and mutation status. For instance, deletions in the PTEN tumor suppressor
gene leads to activation of the downstream pro-tumorigenic Akt kinase family that are
not themselves mutated (Vogelstein et al. 2013). Therefore, a functional kinome-wide
RNAi screen was conducted to identify kinase targets essential for GBM stem cell
growth and maintenance. Three different GBM stem cell lines were screened under
normoxic and hypoxic conditions to identify kinases that are essential across multiple
glioblastomas under different oxygen environments.

Experimental procedures

RNAi screening protocol
A shRNA library by the RNAi consortium (TRC; Broad Institute, Cambridge,
MA; www.broad.mit.edu/genome_bio/trc) was used for screening the human kinome in a
Sigma lentiexpress 96 well array (Moffat et al. 2006). The kinome library contains 3,200
lentivirally encoded sequence verified shRNA constructs, with 5 or more independent
shRNAs targeting each of 501 human kinases (http://www.sigmaaldrich.com/lifescience/functional-genomics-and-rnai/shrna/trc-shrna-products/lentiexpresstechnology.html). The shRNAs were encoded in PLKO.1 lentivirus vector, which carries
the puromycin-resistance gene and drives shRNA expression from a human U6 promoter.
Each lentiviral plate contains media only control wells, non-targeting shRNA negative
control wells and test shRNA hairpins at a low MOI in order to reduce off-target effects.
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Screening parameters, including polybrene concentration, media replacement, puromycin
selection condition and viability assay and timepoints were individually optimized for
GS6-22, GS7-2 and GS11-1 under both normoxia and hypoxia. The best conditions were
those that minimized nonspecific toxicity in the negative control wells while resulting in
a discernible growth reduction with the essential kinase hairpins. Low passage GS6-22,
GS7-2 or GS11-1 were seeded onto duplicate 96 well library plates at a density of 5000
cells/well in 2ug/ml polybrene. A complete media change was performed the next day in
GS7-2 and GS11-1 cells. To avoid loss of GS6-22 cells, the media was diluted to twice
its volume the next day after plating cells and half of the media replaced during
puromycin addition. Two days after virus infection, the infected GS6-22, GS7-2 and
GS11-1 cells were selected in 1, 0.25 and 0.75 ug/ml puromycin respectively. One set of
cells were then transferred to 1% oxygen atmosphere in oxygen controlled incubator
(Biospherix) and the other identical set left to incubate under 21% normoxic conditions.
Relative GSC viability was determined when the negative control wells became saturated
at 6 to 9 days after plating the cells depending on the cell line under normoxic or hypoxic
growth conditions. In order to minimize effects of sphere formation on the assay,
neurospheres were dissociated into single cell suspension by trypsin. GBM stem cell
viability was then determined using the membrane permeant, resazurin based Prestoblue
assay (ThermoFisher). The end product of the assay was quantitatively measured after 30
minutes in a fluorescent plate reader (Spectrafluor Plus) at 590 nm to determine cell
viability. Prestoblue is a quantitative method to measure relative cell viability. This
method generated a linear standard curve over broad range of GSC concentrations. The
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correlation coefficient as measured for one set of duplicate GS6-22 plates screened was
0.94, indicating that the screening results were highly reproducible.

Screen end-point analysis/Hit selection criteria
The median ± 2 Median of Absolute Deviation (MAD) method was used for
platewise analysis on normalized percentage inhibition of cell growth in each well to
identify shRNA hairpins that effectively inhibit cell growth (Chung et al. 2008). Z*
scores based on MAD analysis were calculated as the difference in viability between test
shRNA and the median of non-targeting control shRNA wells, normalized to the median
absolute deviation of the non-targeting control shRNA replicates (Zhang 2011). The
platewise MAD analysis minimizes plate-to-plate variability and well position effects in
defining hits. shRNA hits in each plate were defined as hairpins with a Z* score based on
MAD analysis > 2 and < 50% of the growth of control wells in each plate. To account for
off-target effects, genes were scored as hits only if a given gene had at least 2 unique
shRNAs targeting the same gene that scored as hits. Additionally, platewise Z* score
distance between normoxia and hypoxia was plotted to confirm differential growth by the
hairpins which were enriched under specific conditions. Genes which were targeted by at
least 2 shRNAs that scored as hits in only one condition were selected as condition
sensitive hits and their Z* scores were plotted to determine differential growth inhibition
between the two conditions. A stringent two-step criterion was used to select strong
condition sensitive hits with at least 2 hairpins showing a minimum difference in robust
Z* of 2 between normoxia and hypoxia.
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Bioinformatic analysis for intersection, pathway distribution and intersection of the
hits
The BioVenn web application was used to generate a venn diagram intersecting
hits between the 3 GSC lines under either conditions or hits sensitive to hypoxia or
normoxia (http://www.cmbi.ru.nl/cdd/biovenn/) (Hulsen et al. 2008). The Oncomine™
Platform (Thermo Fisher, Ann Arbor, MI) and cbioportal (http://www.cbioportal.org/)
was used for analysis and visualization of mutation and overexpression of selected kinase
hits in TCGA GBM set (Cerami et al. 2012; Gao et al. 2013). Functional information
regarding the canonical pathway and disease biofunction of the hits were obtained
from QIAGEN’s Ingenuity Pathway Analysis (IPA® , QIAGEN Redwood City,
www.qiagen.com/ingenuity) . Gene descriptions were obtained from the human gene
database, Genecards (www.genecards.org) (Rebhan et al. 1998), DAVID (the Database
for Annotation, Visualization and Integrated Discovery) Functional Annotation Tool
(www.david.abcc.ncifcrf.gov/) (Huang et al., 2009) and literature mining.

Results
In order to identify the kinases essential for growth and survival of GBM stem
cells, an arrayed shRNA screen was performed to test individual shRNAs targeting ~501
kinases in a well by well approach. GS6-22, GS7-2 and GS11-1 patient derived
neurosphere lines were added to wells coated with lentiviral stock of each shRNA
hairpin, under normoxic and hypoxic conditions in parallel (Fig 3.1). Cell number and
viability was assessed about a week after transduction by prestoblue assay. Hits were
identified as genes for which 2 or more shRNA hairpins that caused a significant growth
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Figure 3.1. RNAi screening protocol following lentiexpress method. A. Cells were
plated to shRNA coated lentiexpress plates and cultured under normoxia or hypoxia post
puromycin selection. B. Representative kinase plate layout with empty vector or media
only control wells on the sides.
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inhibition with a statistical MAD based z score > 2 in addition to a > 50% reduction in
growth compared with that of control hairpins. The 50% growth inhibition condition was
imposed in addition to the 2 MAD criteria to ensure the selection of the most biologically
significant as well as statistically significant gene hits. This analysis identified 38 to 56
kinase hits in each of the three GSC lines, resulting in a hit rate of about 10% of the
kinases and 7% of the shRNA hairpins screened (Fig 3.2). Strikingly, only about 25% of
the kinase hits (12 kinases) were common to all three GSC lines in at least one condition
(Fig 3.2). Notably, 5 of the 12 common kinase hits from our screen were previously
known to be involved in gliomagenesis, including ERBB3, CDK6, PLK1, KDR and
CHK1. PLK1, in particular, is lethal in multiple small molecule screens in different
cancer forms (Pezuk et al. 2013; Lee et al. 2012; Tiedemann et al. 2010), and was one of
the very few common hits in multiple arrayed RNAi screens across tumor lines (Bhinder
and Djaballah 2013). While CDK6, PLK1 and CHK1 are cell cycle and mitotic genes (J
A Pezuk et al. 2013; Lee et al. 2012; Tiedemann et al. 2010), ERBB3 is an anti-apoptotic
gene (Kim et al. 2010; Sithanandam and Anderson 2008; Soler et al. 2009) and KDR
(VEGF receptor) is involved in inducing angiogenesis as well as stem cell proliferation
(Geng et al. 2001; Yao et al. 2013; Lathia et al. 2015; Bao et al. 2006) (Table 3.1). Of the
novel common hits, STK39 and PKN1 are involved in stress response, YES1 is involved
in cell survival and differentiation, CDKL5 plays a role in neuronal plasticity by
phosphorylating methyl CpG binding protein-2 (MECP2), DDR1 functions in cell-matrix
adhesion and TXK plays an important role in immune function, but is expressed in the
brain (See Table 3.2 for list and references). Of the novel hits,
DDR1, YES1 and PKN1 were significantly overexpressed in GBM tumors, as compared
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Fig. 3.2. Screen hit distribution. A. Table depicts hit distribution under hypoxia,
normoxia or both conditions in each cell line. B. Biovenn was used to represent cell-line
intersection between kinase hits that were identified under either conditions or sensitive
to hypoxia or normoxia.
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Known
hits

Signaling
Pathway

Cellular function

Relevance to GBM

ERBB3

EGFR
family, PI3K
related

Anti-apoptosis, cell
proliferation

Amplified and/or overexpressed in
prostate, bladder (Sithanandam and
Anderson 2008; Soler et al. 2009), and
breast tumors; implicated in glioma
(Clark et al. 2012)

CDK6

CDK family,
PI3K/Akt
related

Cell cycle
progression and
differentiation

Phosphorylates Rb, implicated in
glioma (Wiedemeyer et al. 2010;
Ruano et al. 2006)

PLK1

Regulates
AURKA,
APC/C
activator

Cell cycle and
mitosis, DNA
damage response

Negative
regulator
of
p53,
overexpression correlates with cellular
proliferation and poor prognosis in
glioma (J A Pezuk et al. 2013; Lee et
al. 2012; Julia Alejandra Pezuk et al.
2013; Tiedemann et al. 2010; Danovi
et al. 2013; Bhinder and Djaballah
2013)

KDR

VEGF
receptor,
PI3K/Akt
and RhoGDI
related

Endothelial
proliferation,
survival, migration,
tubular
morphogenesis and
sprouting

Promotes tumor angiogenesis in
glioma (Geng et al. 2001; Lee et al.
2016; Yao et al. 2013; Lu et al. 2012)

CHEK1

p53, PI3K,
GPCR
related

Cell cycle arrest in
response to DNA
damage

Physiological stress response to
hypoxia, apoptosis/cell cycle control in
glioma (Geng et al. 2001; J. Lee et al.
2016; Yao et al. 2013; Lu et al. 2012)

Table 3.1. Known common hit list annotation. Common hits between the 3 GSC lines
screened that play a known role in glioma are listed above. Genecards, DAVID
functional annotation tool and literature was used to annotate their signaling pathways,
cellular function and relevance to cancer.
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Novel
hits

Signaling
Pathway

Cellular function

Relevance to Cancer

STK39

MAP14,
WNK4

Stress response
pathway, Ion transport

Mediates genotoxic stress induced
apoptosis in B-cell lymphoma

YES1

Src, Fyn,
CDK4,
RTK

Cell growth, survival
and differentiation,
apoptosis, cell-cell
adhesion, T cell and
Akt mediated
migration

Cell cycle progression and apoptosis in
mesenthelioma (Sato et al. 2012), colon
cancer (Rosenbluh et al. 2012) and
ovarian cancer (Li et al. 2015); migration
of GBM stem cells (Li et al. 2015; Han et
al. 2014; Rosenbluh et al. 2012; Sato et al.
2012).

DDR1

GPCR,
Nanog, Rho
GTPase,
AKT

Cell-matrix adhesion,
cell growth, receptor
for binding collagen,
Phosphorylates
PTPN11

Mediates EMT and invasion in breast
cancer (Koh et al. 2015) and pancreatic
cancer (Chow et al. 2016) respectively; KRAS driven lung adenocarcinoma
initiation and progression (Ambrogio et
al. 2016; Chow et al. 2016; Koh et al.
2015).

CDKL5

STK,
BDNF

Phosphorylation of
MeCP2, synaptic
transmission, cell
spreading

Novel tumor-associated antigen in T cell
leukemia (Kawahara et al. 2007); mutated
in gastric cancer (Zang et al. 2011); kinase
inactivation causes neurodevelopmental
disorder, Rett syndrome (Leoncini et al.
2015).

PKN1

RhoA/B,
p38, JNK,
PKCrelated
kinase

Cell cycle arrest in
response to DNA
damage, tumor cell
invasion

Identified as an essential kinase in
multiple myeloma screen (Tiedemann et
al. 2010)

TXK

PI3K, Src,
FAK,
integrin

Th1, IL2 cytokine
production, actin
cytoskeleton regulation

Immunomodulatory activities, regulates
PI3-K binding to T cell antigen
(Schneider et al. 1998)

CDC2L1

CDK
family,
Regulates
PLK1

Cell cycle progression,
mitosis and apoptotic
signaling

Inhibits breast cancer growth, invasion
and angiogenesis (Chi et al. 2015; Chi et
al. 2014); essential kinase target identified
in multiple myeloma (Tiedemann et al.
2010); possible tumor suppressor role in
neuroblastoma and non-hodgkin
lymphoma (Dave et al. 1999; WHITE et
al. n.d.)

Table 3.2. Novel common hit list annotation. Common hits between the 3 GSC lines
screened that play a novel role in glioma are listed above. Genecards, DAVID functional
annotation tool and literature was used to annotate their signaling pathways, cellular
function and relevance to cancer.
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Figure 3.3. Oncomine gene expression of novel hits. YES1, DDR1 and PKN1 gene
expression in GBM brain as compared to normal brain (TCGA study).
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to normal brain tissue (oncomine) as determined by the TCGA data (Fig 3.3). This made
these hits strong candidates for validation. However, none of the common kinase hits
were frequently mutated in GBM tumors sequenced by the TCGA 2013 study
(cbioportal).

Genes which had at least 2 hairpins targeting them and which had

a minimum difference in robust Z* score of 2 between normoxia and hypoxia, were
selected as oxygen condition sensitive hits. See Figure 4. Only 5-15% of the hits were
strongly sensitive under either condition, while majority (85-95%) of the hits were
concordant between both normoxia and hypoxia. Interestingly, no two hypoxia sensitive
hits were common between any of the 2 GSC lines screened, which can be due to the
small number of condition sensitive hits or that GBM stem cell lines do not have a
common resistance mechanism for hypoxia. The hypoxia sensitive hits, along with their
physiological functions are listed in table 3.3, in the order of their enrichment under
hypoxia. Interestingly, functional annotation of the hypoxia enriched genes, like
MAP3K12, STK39, MAP4K2 and PTK2, reveal a high frequency of involvement in
the MAPK mediated cellular stress response. A number of our hypoxia enriched genes
were involved in the physiologically relevant angiogenic pathways, including the VEGF
receptor gene (KDR) (Bao et al. 2006) and HGF receptor MET gene which is involved
in stemness (Shojaei et al. 2010; Joo et al. 2012). In addition, ROCK2 and PTK2 kinases
were hypoxia sensitive hits in GS6-22, while LIMK1 showed trend towards hypoxia
sensitivity in GS11-1 line (Fig 3.4). These kinases belong to the Rho-Rac-Focal adhesion
kinase pathway involved in cell motility, which have also been implicated in
angiogenesis (Chung et al. 2008). In addition, PRKAA1/AMPK and SIK1 are kinases
known to be involved in metabolic processes and trend towards hypoxia sensitivity. The
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Figure 3.4. Z* score distribution of hypoxia and normoxia sensitive genes. Z* score
distance between hypoxia and normoxia of the condition sensitive genes in GS6-22, GS72 and GS11-1 cells are shown.
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Strong
Hypoxia Signaling
sensitive genes
pathways

Cellular function

STK39

MAPK, WNK4

Stress response pathway, Ion transport

DDR1

GPCR, Nanog, Rho Cell-matrix adhesion, cell growth, receptor
GTPase, AKT
for binding collagen, Phosphorylates
PTPN11

MAP4K2

MAPK

Stress response, immune response

ERBB3

EGFR, PI3K

Cell proliferation, neuron differentiation,
anti-apoptosis

UHMK1

GPCR

Cell cycle progression, RNA processing
and/or trafficking

MAP3K12

MAPK, JNK

Stress response, chromatin modification

KDR or VEGF-R2 VEGF

VEGF, Hypoxia and angiogenesis

RIOK1

Ribosome
biogenesis

Not known

SBK1

Not known

Brain development

PTK2

FAK, MAPK, PI3K

VEGF, hypoxia, angiogenesis, neurogenesis,
cell adhesion and migration

BTK

Tec, PI3-K related

B cell development, Function of immune
cells, apoptosis regulation

MET

HGF

Cell migration, endocytosis, angiogenesis

Table 3.3. Annotation of strong hypoxia sensitive genes. Signaling pathway and
cellular functions of strong hypoxia sensitive genes are shown.
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Weak Hypoxia
sensitive genes

Signaling pathways

Cellular function

ROCK2

Rho/Rac, PKC, PI3K,
LIMK

Cell cycle regulation, actin cytoskeleton
regulation, focal adhesion, negative
regulator of angiogenesis

TSSK4

CREB, TGF-BR1

Spermatogenesis, cell differentiation

CSNK1A1

Wnt, NFAT

Hypoxia and p53 in cardiovascular
system

SIK1

LKB1

Cell cycle regulation, metabolic
processes, tumor suppression

LIMK1

Rho/Rac, CCR3

Regulation of cell differentiation and
actin cytoskeleton, neural development

PLK1

Regulates AURKA,
APC/C activator

Cell cycle and mitosis, DNA damage
response

PRKAA1 or
AMPK2

MAPK, cAMP, mTOR

Response to hypoxia, regulation of
autophagy, metabolism

PIM1

JAK/STAT

Mitotic cell cycle, cell proliferation

BRD2

Cell cycle/checkpoint,
Wnt/hedgehog/notch

Spermatogenesis, regulates transcription
by chromatin remodeling

NTRK3

GPCR

Cell growth regulation, neuron
differentiation, Neurotrophin receptor

AKT1

PI3K, Insulin, MAPK,
ErbB

Cell survival, DNA damage response,
hypoxia and p53, metabolic process,
VEGF signaling

VRK2

MAPK

Stress response to hypoxia, DNA repair,
tumor cell growth regulation

ROR2

GPCR

Cartilage development and osteogenesis

Table 3.3. Annotation of weak hypoxia sensitive genes. Signaling pathway and cellular
functions of weak hypoxia sensitive genes are shown.
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Strong
Normoxia
sensitive genes

Signaling pathways

Cellular function

CDC2L1

Cell cycle/Mitotic

Cell cycle progression, apoptosis

BMX

Jak/STAT

Cell migration, angiogenesis, cell
proliferation and survival.

ROCK1

Rho/Rac, FAK, PI3K,
LIMK

Actin cytoskeleton regulation, focal
adhesion, negative regulator of
angiogenesis

EPHA2

PI3K-Akt, GPCR,
MAPK

Cell migration and integrin-mediated
adhesion, cell proliferation and
differentiation

YES1

Src, Fyn, CDK4, RTK

Cell growth, survival and differentiation,
apoptosis, cell-cell adhesion, T cell and Akt
mediated migration

AURKB

Cell cycle/Mitotic

Mitotic cell cycle

STK17B

Apoptosis, autophagy

Actin cytoskeleton. Induction of apoptosis

FLT3

Erythrocyte
differentiation pathway

Hematopoietic lineage differentiation,
immune system process

TYK2

JAK/STAT, TGF-B

Interferon signaling

PSKH1

mRNA splicing

Pre-mRNA processing

PDPK1

Akt-mTOR, Insulin
signaling, focal
adhesion

Glucose uptake and transport, PTEN
dependent cell cycle arrest and apoptosis,
cell adhesion

Table 3.5. Annotation of strong normoxia sensitive genes. Signaling pathway and
cellular functions of strong normoxia sensitive genes are shown.
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Weak
Normoxia
sensitive
genes

Signaling pathways

Cellular function

STK39

MAP14, WNK4

Stress response pathway, Ion transport

MYLK3

Calcium signaling
pathway, focal
adhesion

Vascular smooth muscle contraction, Regulation
of actin cytoskeleton

VRK1

Cell cycle/Mitotic

Golgi disassembly during cell cycle, promotes
p53 stability, phosphorylates histone H3, c-JUN

SCYL3

Ion transport

Cell motility, synaptic transmission, Binds to and
modulates brain Na,K-ATPase

PXK

Not known

Defense and inflammatory response, regulation
of neurological processes and ion transport

BMP2K

Transcriptional
misregulation in
cancer

Regulation of ossification and bone
mineralization

STRADA

mTORmTOR

Identified as a target in medulloblastoma screen,
Neural functionChemoresistance, target in
medulloblastoma

PINK1

Respiratory electron
transport, ATP
synthesis

Regulation of neurological processes, regulation
of cell communication and transport, protect cells
from stress-induced mitochondrial dysfunction

MAP4K2

MAPK

Stress response, immune response

Table 3.6. Annotation of weak normoxia sensitive genes. Signaling pathway and
cellular functions of weak hypoxia sensitive genes are shown.
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CDC2L1 and BMX kinases showed highest normoxia sensitivity and require careful
validation, since they have been implicated as oncogenic targets (Guryanova et al. 2011;
Tiedemann et al. 2010). Interestingly, some of the same genes like STK39 or family
members, such as ROCK1 and ROCK2, showed differential condition sensitivity in
different cell lines, indicating variable resistance mechanisms of the cells.
Protein interaction and pathway database, Ingenuity Pathway Analysis
(www.ingenuity.com) was used to categorize hits into distinct pathways and biological
processes (Fig 3.5). Not unexpectedly, the hits were enriched for fundamental cellular
processes characteristic of kinases, like posttranslational modification, amino acid
metabolism and small molecule biochemistry, followed by cancer, cell survival and cell
cycle processes. As observed in previous kinome screen in GBM (Ding et al. 2013), we
did not find specific biological processes to prioritize the hits. The hits common between
the GSC lines were enriched for a broad range of pathways, with cell cycle checkpoint
control and STAT3 pathway at the top, followed by other oncogenic pathways such as
HER2 signaling, DNA damage response and PTEN signaling. The hypoxic hits were
most enriched for angiogenic HGF and STAT3 signaling pathway, followed by the
relevant angiogenic VEGF and stress activated JNK signaling. Amino acid metabolism,
posttranslational modification and small molecule biochemistry were the top processes
enriched, followed by cellular movement and cancer. The normoxia sensitive hits, on the
other hand, were enriched for Tec kinase, Ephrin signaling, ErBb2-ErBb3 and signaling
pathways in hematopoietic progenitor cells as well as posttranslational modification,
cancer, hematological disease and immunological disease processes. Some of these, such
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Fig 3.5: IPA analysis was used to categorize canonical pathways and disease
biofunction of the hits. A. Top 10 pathway and biofunction distribution of hits under
either normoxia or hypoxia common between all 3 GSC lines screened, B. hypoxia
sensitive hits, C. normoxia sensitive hits and D. GS6-22 or GS7-2 or GS11-1 cell-line
specific hits.
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as CDC2L1, AURKB and YES1, are involved in growth control and can be attributed to
faster growth rate of control cells in normoxia as compared to hypoxia (Fig 3.5.C).
The Yes1 kinase was an interesting common target in all the three GSC lines
screened under both normoxia and hypoxia. It was selected as a hit for further
investigation due to its relevance across varying glioma patient derived stem cells and
under refractory hypoxic conditions. Moreover, it was significantly overexpressed in
TCGA dataset of GBM tumors, as compared to normal brain tissue (oncomine). Yes1 has
been confirmed by Surbhi Goel Bhattacharya in the lab to inhibit growth of GSCs both in
vitro and in vivo and will be reported in a separate publication.

Discussion
Our screen generated some expected kinase hits, CDK6, CHK1, ERBB3, PLK1
and KDR/VEGF-R2, that are known to play a role in GBM as well as identified novel
hits for GBM stem cells. Only 25% of our hits were common between the 3 GSC lines
screened, reflecting the heterogeneity and narrow spectrum of common kinase
vulnerability of the disease. One of the hits common between 3 GSC lines, YES1, and
one hypoxia sensitive hit in GS6-22 cells, STK39, has been validated. Our list of hits
included some of the genes identified from screens to be essential in other types of
cancer, including PLK1, AURKA, AURKB, CDK6, RPS6KA4, PRKAA1 and PRKDC
(Hart et al. 2015; Hart et al. 2014). Interestingly, the MAPK/ERK pathway genes, such as
MAP4K2, STK39, MAP3K12, PTK2 and ROCK2, showed the strongest hypoxia
sensitivity when platewise Z* score distance between normoxia and hypoxia was
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calculated. These hits could contribute to GSC survival under hypoxia by activating
cellular stress response pathway (Blanco et al. 2007; Laderoute et al. 1999) as well as
activate cellular motility associated with angiogenic response (Burroughs et al. 2013;
Lamalice et al. 2007). In fact, the cJNK and p38-MAPK pathway constitutes an
alternative HIF-independent route for cell survival under hypoxic stress in both cancer
cells (Kunz and Ibrahim 2003) and neurons (Park and Rongo 2016). MAPK/ERK is the
most significantly enriched pathway in glioma (Ceccarelli et al. 2016; Cancer Genome
Atlas Research Network 2008) and is hereby shown to be a potential target for refractory
GBM stem cells under hypoxia. A few of our hypoxia enriched hits, such as KDR/VEGFR2 and MET also affected angiogenic pathways, possibly because hypoxia has been
shown to push GSCs towards endothelial lineage (Soda et al. 2011; Wang et al. 2010;
Ricci-Vitiani et al. 2010). We have also shown that some kinases are required only under
normoxic conditions. Thus, drugs that target these kinases unique to normoxia would fail
to inhibit the stem cells in hypoxic areas of the tumor and give rise to tumor recurrence.
This is an important issue that requires validation since our top normoxia enriched hits,
CDC2L1 and BMX kinases have been previously identified as therapeutic targets in
multiple myeloma and GBM respectively (Guryanova et al. 2011; Tiedemann et al.
2010).
Screening the GSC lines in parallel under normoxia or hypoxia enabled us to
assess differences in kinase requirements by cells under different oxygen conditions.
Differential growth inhibition was calculated by platewise MAD analysis to account for
intrinsic differences in growth rate under each condition and the effect of outliers on true
hits (Chung et al. 2008). A stringent analysis condition of Z* score > 2 as well as growth
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inhibition > 50% of control wells, was applied to select statistically as well as
biologically significant hits. In order to minimize false positive results, genes were scored
as hits if at least two independent shRNAs targeting a gene produced growth inhibition.
In addition, condition sensitive hits were selected if at least 2 hairpins targeting them
produced a Z* score difference of 2 between normoxic and hypoxic conditions. Although
stringent analysis of the screen results was performed to identify true hits, inefficient
knockdown by some shRNA hairpins can give rise to false negatives. Therefore, our hits
may not include all of the essential kinases in the GBM stem cell lines tested. Overall,
our hit rate of 10% is comparable or slightly lower than other kinome screens in GBM or
other cancer types (Ding et al. 2013; Tiedemann et al. 2010; Wurdak et al. 2010; Cheng
et al. 2015).

Conclusion
There are many functionally essential genes involved in tumor development that
are not genetically altered at the genome level. Therefore, integrating both functional and
structural characterization of genes is needed to comprehensively identify therapeutic
targets in cancer (Luo et al. 2008). We performed an RNAi screen of the kinome to
identify specific genes that are essential for GBM stem cell growth and survival. We
found that only 25% of the kinase hits were common between the 3 cell lines, thereby
emphasizing the need for personalized therapeutic approach. YES1 gene, a member of
the SRC family of tyrosine kinase, and a common target in all the three GSC lines under
both normoxia and hypoxia, is being investigated in the lab in an effort to identify
context-independent essential genes in GSC. In addition, we found hits unique to either
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normoxia or hypoxia. Thus, therapeutic targeting of GBM must take into account the
differential sensitivities of GBM stem cell under different microenvironments. Since
GBM stem cells preferentially reside in hypoxic niches in the tumor that contribute to its
maintenance and resistance, our goal is to elucidate the molecular mechanisms that allow
them to survive in hypoxia and selectively target them.
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Chapter 4
SMG1 kinase inhibition sensitizes GBM stem cells to hypoxia and
temozolomide
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The Suppressor of Morphogenesis in Genitalia 1 (SMG1) kinase was identified
and validated from a pilot RNAikinome screen as a gene that can preferentially inhibit
the growth of GS7-2 cells under hypoxia (1% oxygen).The SMG1 kinase is a member of
the phosphoinositide-related kinase (PIKK) family of proteins that also includes the
ATM, ATR and DNA-PK kinases. SMG1 is involved in multiple cellular pathways,
including nonsense-mediated mRNA decay (NMD), DNA damage response (DDR) and
telomere maintenance (Isken and Maquat 2008), all of which have important functions in
cancer. SMG1 was discovered in Caenorhabditis elegans in relation to its role in
nonsense-mediated mRNA decay (NMD) and is required in mammalian embryogenesis
(Pulak and Anderson 1993; McIlwain et al. 2010). Nonsense-mediated mRNA decay is a
RNA surveillance mechanism for degrading mRNA transcripts containing premature
termination codons (PTC) within a protein encoding exon and thereby protects cells from
accumulating non-functional or potentially harmful proteins encoded by such aberrant
mRNAs (Isken and Maquat 2008). In mammals, newly synthesized PTC-containing
mRNAs are targeted for NMD after pre-mRNA splicing and export from the nucleus to
the cytoplasm. SMG-1 directly phosphorylates Upstreamframeshift protein, Upf1, a key
NMD factor that associates with the terminating ribosome at the PTC and forms the
SURF complex consisting of SMG1, UPF1 and eukaryotic release factors, eRF1-eRF3.
Following PTC recognition, the SURF complex binds to UPF2 at the exon junction
complex resulting in the formation of decay inducing complex (DECID). DECID
formation leads to phosphorylation of UPF1 by SMG1, resulting in recruiting SMG57factors and the dissociation of the ribosome and eRF from Upf1 to advance mRNA
decay.
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Aberrant transcripts that escape NMD can lead to diseases. For example, βthalassemia is caused by a PTC-containing β-globin mRNA that generate dominantly
negative-acting polypeptides (Popp and Maquat 2014). Human cancers also exhibit
aberrant transcription and mRNA processing, leading to PTC generation (Wang et al.
2011). In addition, NMD enables cells to adapt in varying physiological contexts through
its role in stress response, cellular differentiation, development and homeostasis (LykkeAndersen and Jensen 2015). For instance, UPF1 was shown to be required to maintain
proliferation and restrict differentiation in neuronal stem cells (Lou et al. 2014).
SMG1 kinase has also been shown to induce DNA damage response pathways, in
a similar manner to the other PIKK family members (Brumbaugh et al. 2004). GBM stem
cells are believed to be responsible for tumor recurrence in spite of the DNA-damage
induced by radiotherapy and traditional chemotherapy. One of the major reasons for
therapy resistance of GSCs is a highly active DNA repair capacity (Beier et al. 2011).
CD133+ GBM stem cells have been shown to exhibit radiation resistance by DNA
damage checkpoint activation and an increase in DNA-repair capacity (Bao et al. 2006).
Thus, strategies targeting DNA repair and anti-apoptotic mechanisms in tumor cells may
sensitize tumors to chemotherapeutic drugs such as TMZ. Though MGMT is the best
known DNA repair gene in GBM (Hegi et al. 2005), the SMG1 related kinases, ATM,
ATR and DNA-PK also play key roles in DNA repair and sensitizing selected subsets of
GBM tumors to TMZ (Ramirez et al. 2015; Quiros et al. 2011; Nadkarni et al.2012).
Therefore, the role of SMG1 in the DNA damage response pathway makes it a potential
target for combination therapy with TMZ.
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Here I have validated that SMG1 loss leads to differential growth inhibition in
different GBM stem cell lines using individual lentiviral shRNA and CRISPR constructs.
I also shown that knockdown of SMG1 sensitized multiple GBM stem cell lines to the
chemotherapeutic agent, temozolomide (TMZ) both in vitro and in vivo. Furthermore,
we have built a computational model of the SMG1 signaling network in GBM stem cells
and validated predictions of the model experimentally.

Materials and Methods

Cell Lines and Reagents
Human GBM stem cell lines, GS6-22, GS7-2 and GS11-1 were isolated in the
laboratory from patient tumors from Tufts Medical Center following neurosphere culture
method (Sherry et al. 2009). MGG8 and GBM12 cells were obtained from Wakimoto and
Sarkaria labs (Ramirez et al. 2015; Wakimoto et al. 2012). Human GBM stem cell lines
(Sherry et al. 2009) were cultured in serum-free Dulbecco's modified Eagle's medium
(DMEM)/F12 supplemented with B27 (Gemini Bio-products, San Francisco, CA,
www.gembio.com), epidermal growth factor (EGF) (20 ng/ml; Peprotech, Rocky Hill,
NJ, http://www.peprotech.com), and fibroblast growth factor (FGF)-2 (20 ng/ml;
Peprotech). Whenever indicated, the cell lines were treated with temozolomide at a
concentration of 20uM, Chk1 inhibitor, PF47736 (Tocris Biosciences, Bristol, UK), Chk2
inhibitor, NSC 109555 ditosylate (Tocris Biosciences, Bristol, UK), ATM inhibitor, KU55933 (Tocris Biosciences, Bristol, UK), ATR inhibitor IV (Cell Signaling Technology,
MA, USA).
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Lentiviral shRNA infection
Constitutive shRNA constructs targeting SMG1 were purchased from the RNAi
consortium Mission lentiviral library available from Sigma (TRCN0000037411,
TRCN0000037412 and TRCN0000037413), while doxycycline inducible shRNA
constructs targeting SMG1 were purchased from Thermofisher Scientific (#RHS4740EG23049). CRISPR (clustered regularly interspaced short palindromic repeats)-Cas9
guide RNA targeting SMG1 exon 2 (5’CACCGCCGAGATGTTGATCCGAATAGG 3’;
5’ AAACCCTATTCGGATCAACATCTCGGC 3’) was cloned into the lentiCRISPRv2
vector backbone, as previously described (http://www.ncbi.nlm.nih.gov/pmc/articles/
PMC4486245/pdf/nihms-702435.pdf). The lentiCRISPR v2 was a gift from Feng Zhang
(Addgene plasmid # 52961). shRNA and CRISPR plasmid DNA constructs were then
transfected into HEK293T cells to prepare lentivirus, following the standard
Lipofectamine® LTX transfection procedure. GBM stem cell lines were infected with
lentivirus in the presence of 2ug/ml polybrene. Two days after virus infection, the
infected cells were selected in 0.5 to 1 ug/ml puromycin. One set of cells were then
transferred to 1% hypoxic conditions in oxygen controlled incubator (Biospherix) and the
other identical set left to incubate under 21% normoxic conditions. Relative changes in
cell viability or gene expression of virus infected cells were compared to the kinase
targeted infected cells after 7 days by prestoblue assay.

siRNA transfection
GSC neurospheres were passaged and plated overnight in antibiotic-free complete
MEM medium and then transfected with 25 nM siRNA using Lipofectamine®
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RNAiMAX Transfection Reagent (Thermofisher Scientific, MA, USA) according to the
manufacturer's instructions. The non-targeting siRNA and the SMARTpool Accell
siRNA against SMG7, UPF1 and ATG7 were purchased from Dharmacon Research Inc.
(Lafayette, CO).

Cell viability assay
GSC neurospheres were dissociated to single cell suspension by trypsin and cell
viability assessed using the membrane permeant, resazurin based Prestoblue assay
(Sigma-Aldrich). Metabolically active cells reduce Prestoblue reagent to yield a red
fluorescent resorufin product, which was quantitatively measured in a fluorescent plate
reader (Spectrafluor Plus) at 590nm to determine cell viability.

RT-PCR
RNA was isolated using the RNeasy mini-kit (Qiagen, Valencia, CA) according
to the manufacturer’s instructions and treated with DNAse I (Invitrogen) for 30 minutes
in order to digest genomic DNA. RNA was reverse-transcribed with iscript kit (Biorad).
Quantitative PCR was performed using the Quantitect SYBR Green PCR Kit (Qiagen)
and the MX3000 real time cycler (Stratagene, La Jolla, CA). Data presented is the
average of three individual experiments; within each experiment technical triplicates
were performed. Fold changes were calculated relative to control by the 2-ΔΔCt method.
All primer sets amplify a single product of expected size; the following sequences were
used:
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SMG1 forward: GGTGGCTCGATGTTACCCTC;
SMG1 reverse: CTGCGTGAGCGAAGGTTTC;
β-Actin forward: CCTGGGCATGGAGTCCTGTGG;
β-Actin reverse: CTGTGTTGGCGTACAGGTCTT.
β-globin forward: GCACCTGACTCCTGAGG
β-globin reverse: CCGAGCACTTTCTTGCCA
MUP forward: CTGATGGGGCTCTATG
MUP reverse: TCCTGGTGAGAAGTCTCC

Computational modeling with Cell Collective platform
We used Cell Collective platform, an online open source collaborative software
modeling platform (Helikar et al. 2012), to model biologic signaling pathways.. We used
this platform to first construct a modified Boolean petrinet type model of SMG1
signaling in GS7-2 cell line under hypoxia and TMZ-induced stress. The Cell Collective
platform (www.cellcollective.org) was then utilized to run pathway simulations and
predict output after simulated inhibition of specific components of the pathway.

Western Blot
Cells were harvested in RIPA buffer (0.15 mol/l NaCl, 1% NP40, 0.01 mol/l
desoxycholate, 0.1% SDS, 0.05 mol/l Tris-HCl (pH, 8.0)) and quantified by BCA assay
(Invitrogen). Equal amounts of protein were subjected to SDS-PAGE and transferred to
nitrocellulose membrane. The membrane was blocked in 5% non-fat skimmed milk in
TBS-T for 1 hour. Primary antibodies were diluted and used according to manufacturer’s
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recommended protocol. Antibodies used and dilutions with sources. Horseradish
peroxidase conjugated secondary antibodies were incubated for 1hr at room temperature
in TBS-T. Protein bands were visualized by ECL kit.

NMD read-out assay
GBM stem cells were transiently transfected with a pmCMV-Gl plasmid, which
expressed β-globin (Gl) mRNA that was either nonsense-free (Norm) or harbored a
premature termination codon at position 39 within exon 2 (Ter) ( Zhang et al., 1998a) and
the reference phCMV-MUP plasmid was used as a reference plasmid (Belgrader and
Maquat, 1994), which expressed mRNA for the mouse major urinary protein (MUP) and
served to control for variations in the efficiencies of cell transfection (Ishigaki et al.
2001). We tested transfected β-globin by qRT-PCR using previously described primers,
as listed, for β-globin (Hwang et al. 2010) and MUP.

Intracranial tumor implantation in mice and TMZ treatment
All mice studies were conducted in compliance with IACUC protocol approved
by Tufts Medical Centre. Studies aimed to assess if there was an additive effect of SMG1
knockdown with TMZ treatment in MGG8 GBM stem cells in vivo. GS7-2 or MGG8
cells were tagged with luciferase (LV-Pico2-Fluc.mCherry (Bagci-Onder et al. 2011) )to
monitor tumor cell growth in vivo by real-time bioluminescence using Xenogen IVIS 200
imager and p-value was calculated by t-test at the termination of experiment. NCR nude
mice model were intracranially injected with GS7-2 luciferase empty vector control or
constitutive shSMG1 infected GS7-2 or MGG8 cells in groups of at least 5 mice
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each. TMZ was administered at the standard dosing regimen of 50 mg/kg body weight
for 5 consecutive days (Momota et al., 2005) after the MGG8 tumors were allowed to
form for 5 weeks. The mice were imaged until death or were euthanized once tumors
reached 30 mm3 or mice showed symptoms, like weight loss, hunching and seizures.
After euthanasia, brain slices were obtained and subjected to H&E and Ki67
staining. Mice survival was monitored and assessed by Kaplan-Meier analysis and
statistical significance was determined with log rank score.

Results

SMG1 knockdown preferentially inhibits the GS 7-2 cell line under hypoxia
SMG1 was found to be a hypoxia sensitive hit in GS7-2 cells from a pilot RNAi
screen of these GSCs under normoxia and hypoxia. We validated the SMG1 knockdown
showing that either constitutive shRNA hairpins or doxycycline inducible shRNAs
knocked down SMG1 up to 75% and inhibited GS7-2 growth up to 70% in hypoxia vs
only 30% under normoxia (Fig 4.1A, C; S4.1A). SMG1 knockdown using these shRNA
hairpins led to a similar trend of enhanced growth inhibition under hypoxia (up to 70%
under hypoxia, as compared to 30% under normoxia) in the GBM12 cell line as well (Fig
4.1B). However, SMG1 knockdown did not sensitize MGG8 cells to hypoxia (Fig
S4.1B). In addition, SMG1 knockdown only weakly affected the growth of GBM serum
lines and normal human fibroblast line, HS27, and transformed human fibroblast line,
HT1080, indicating a GBM stem cell sensitive requirement for this kinase (Fig S4.1C).
CRISPR-Cas9 hairpins targeting of the SMG1 gene led to almost complete knockdown of
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SMG1 kinase up to 90% (Fig 4.1D) (in contrast to ~70% knockdown by shRNA) and led
to strong growth inhibition (up to 90%) in GS7-2 cells under both normoxia and hypoxia
(Fig 4.1C). This result suggests that a minimal level of SMG1 kinase expression is
required for tumor cell growth irrespective of oxygen levels. In order to test if the
cellular requirement for SMG1 varied under physiological oxygen levels, we tested GSC
growth when SMG1 was inhibited under cell culture oxygen level (21% oxygen),
physiological oxygen level (5% oxygen) (Moreno et al. 2015) or tumor hypoxia levels
(1% oxygen) (Soeda et al. 2009; Wilson and Hay 2011). We found that SMG1 was
required for GS7-2 growth under both 1% and 5% oxygen, as opposed to 21% oxygen
(Fig S4.1D).

SMG1 knockdown sensitizes GBM stem cells to temozolomide (TMZ) treatment
Since SMG1 regulates DNA repair and the DNA-damaging drug TMZ is the
standard of care for GBM patients, we examined the combinatorial effect of SMG1
knockdown with TMZ treatment in GBM stem cells. We found an enhanced growth
inhibitory effect of SMG1 knockdown of up to 90% in the presence of TMZ in GS7-2
and GS12 under hypoxia (Fig 4.2A). In addition, the GS6-22 and MGG8 cell lines that
were less sensitive to SMG1 knockdown alone, also showed significant growth inhibitory
effect when SMG1 is knocked down in the presence of TMZ (Fig 4.2B).

SMG1 knockdown and TMZ treatment inhibit tumor growth in mouse xenografts
To test the in vivo tumorigenic potential of SMG1 inhibition, we performed a preliminary
experiment with shSMG1-infected GS7-2 cells, intracranially injected at a low density
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Fig 4.1. SMG1 knockdown inhibits selected GSC lines under hypoxia. A. GS7-2 or B.
GS12 cells were stably infected with the indicated shRNA hairpins for SMG1 or control
vector and assayed for growth in 1% oxygen or 21% oxygen, over 7 days. C. GS7-2 cells
were stably infected with constitutive CRISPR-Cas lentiviral vector and assayed for
growth in 1% or 21% oxygen over 7 days. *, **, and *** denote p values <0.5, 0.01 and
0.005 respectively with respect to control, student’s two-tailed t-test, bars SD. D. SMG1
knockdown with multiple shRNA hairpins and CRISPR-Cas hairpin was assayed in GS72 cells by RT-qPCR and western blot, whenever sufficient lysate could be obtained.
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to follow tumor growth in mice over time. Though the GS7-2 cells only grew to a limited
extent before reaching a steady state, we found that shSMG1-infected GS7-2 tumor cells
showed significantly less growth over time as compared to control tumor cells (p-value =
0.008) (Fig S4.2B). We then assessed the therapeutic potential of targeting SMG1 alone
or in combination with TMZ in the highly tumorigenic MGG8 cells. The control and
shSMG1 injected groups were allowed to form tumors for a month and observed in real
time with or without TMZ treatment. Bioluminescence tracking of tumor growth in vivo
showed that shSMG1-infected MGG8 cells grew at a slower rate than control cells, but
multiplied over time and eventually killed the mice within 2 months (Fig 4.3A, S4.2A).
Strikingly, shSMG1-infected MGG8luc tumors showed an almost 1000 fold greater
remission when treated with TMZ after a month, as compared to control MGG8luc
tumor. In addition, TMZ treatment significantly prolonged survival of mice injected with
these shSMG1-infected MGG8 cells, when compared to control (Fig 4.3B).
Representative mice brain slices with staining for H&E and Ki67, a marker for cellular
proliferation, showed that shSMG1 infected mice had a lower proportion of Ki67 stained
MGG8 cells than control mice (Fig 4.3C). Thus, SMG1 knockdown significantly reduced
tumor growth and mice survival when MGG8 cells were treated with the current standard
of care, TMZ.

Computational modeling of the SMG1 network
Since SMG1 regulates a large number of complex cellular processes, we used the
Cell Collective platform in order to model and predict which of these mechanisms is
responsible for the preferential growth inhibitory effect of SMG1 knockdown under
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Fig 4.2. SMG1 knockdown leads to enhanced growth inhibition of GBM stem cells
in the presence of TMZ. A. GS7-2 and GS12 cells were subjected to 20 uM TMZ
treatment in 1% oxygen or 21% oxygen over 7 days with and without SMG1 knockdown
and cell viability measured by prestoblue. B. MGG8 and GS6-22 cells that were less
sensitive to SMG1 knockdown alone, were subjected to TMZ treatment with or without
SMG1 knockdown, and assayed for growth by prestoblue after 7 days. *, **, and ***
denote p values <0.5, 0.01 and 0.005 respectively with respect to control, student’s twotailed t-test, bars SD.
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Fig 4.3. SMG1 knockdown and TMZ treatment significantly improves prognosis in
mouse xenografts.Control or shSMG1 infected MGG8 luciferase expressing cells were
injected intracranially in mice and subjected to 50 mg/kg TMZ treatment after 5 weeks.
A. In vivo growth of control vs shSMG1 infected MGG8 cells were measured using
bioluminescence IVIS imaging over 10 weeks or until the mice died, p-value = 0.006. B.
Kaplan Meier survival curve shows significant survival benefit when SMG1 is knocked
down in conjunction with TMZ, as compared to TMZ alone. C. H&E and Ki67 stained
brain slices of mice injected with shSMG1 or control vector infected MGG8 cells, p =
0.05.
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hypoxia and TMZ-induced stress. The Cell Collective is an online open source
collaborative modeling platform (Helikar et al. 2013), and was used to model the
dynamic regulatory interactions of SMG1 signaling in GBM stem cells. The Cell
Collective implements a boolean logic network (petrinets) with modifications for
temporal and concentration dependent events to simulate biological signaling networks
(Helikar et al. 2013). Petrinets are simple logic gate driven models that have been used
successfully to model signal transduction networks (Sackmann et al. 2006).
Experimental results and data from the literature were integrated to evaluate
DNA damage response elements, nonsense mediated mRNA decay elements and hypoxia
inducible elements as regulatory variables in the model, as listed in tablesS4.1-4.3. The
Cell Collective platform enables virtual in-silico experiments to simulate the activation or
inhibition of many nodes in these complex interactive pathways and allows us to make
systematic predictions about the behaviors of key components upon change of conditions
such as inhibition of SMG1 or hypoxia or TMZ treatment (Fig 4.4A). The Cell Collective
model offers an added advantage over strictly Boolean modeling to allow for real-time
concentration dependent simulations of SMG1 signaling in the virtual cell. The model
simulations can depict changes in various regulatory nodes to predict key mechanisms
behind GS7-2 cell growth inhibition, when SMG1 is inhibited under conditions of
hypoxia or TMZ (Fig 4.4B). The simulation found that cell growth was directly
influenced by cell cycle S phase continuation, apoptosis and autophagy nodes.
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Fig 4.4. Cell Collective generated simulation of SMG1 kinase network under
hypoxia or TMZ.A. Our model consists of about 25 signaling nodes. Yellow nodes are
the external nodes of the simulation that can be manipulated, while grey nodes are the
internal components of the model. Green arrow indicates positive regulation, while red
arrow indicates negative regulation between the nodes. B. Cell Collective modeling was
used to simulate GS7-2 cell growth when SMG1 is knocked down under normoxia or
hypoxia. Green nodes indicate activation, while red indicates inhibition.
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Role of SMG1 in the DNA damage response (DDR) pathway
Given the combinatorial effect of targeting SMG1 with the DNA-damaging drug, TMZ,
we investigated if SMG1 knockdown leads to a defect in the DDR pathway. The model
predicted that either hypoxia or TMZ treatment results in cellular DNA damage
(Hammond et al. 2002; Ito et al. 2013), and then activation of ATM and ATR repair
proteins, which stall the replication fork and activate checkpoint proteins, Chk1 and Chk2
(Matsuoka et al. 2000; Gibson et al. 2005). Meanwhile, ATR or SMG1 phosphorylates
and activates Upf1, which is also involved in DNA repair (Azzalin and Lingner 2006).
Upon efficient repair of the DNA breaks, the replication fork continues and cells proceed
through the cell cycle. The model predicted that loss of SMG1 can lead to a block in cell
cycle progression through its effect on the p53-p21 axis and/or replication fork
continuation by the repair proteins (Fig 4.5A). However, we found experimentally that
SMG1 knockdown upregulates phospho-p53 (Ser 15), total p53 and p21 protein level in
our GSC lines under hypoxia, which is indicative of the DNA damage response (Fig
4.5B). This finding contradicts earlier results in U2OS cells, where SMG1 knockdown
was shown to deplete p53 phosphorylation under oxidative stress (Brumbaugh et al.
2004). Thus, in vitro testing of the model here elucidated a unique response in GSC and
enabled us to refine the model pertinent to our system. Contrary to the literature, p53-p21
activation in this case did not upregulate apoptosis markers, such as cleaved caspase or
cleaved PARP (Schuler et al. 2000; Kumari et al, 1998). The activation of cell cycle
checkpoint proteins, Chk1 and Chk2 kinases, was then tested experimentally. SMG1
knockdown led to higher phosphorylation of Chk2 relative to control (Fig 4.5B), which
could be explain the lower Ki67 staining population when SMG1 is knocked down (Fig
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Fig 4.5. Role of the DNA damage response pathway in SMG1 loss mediated GBM
stem cell growth inhibition under hypoxia or TMZ treatment.A. Cell collective
model predicts that hypoxia or TMZ increases the frequency of DNA damage. Loss of
inhibits checkpoint protein mediated repair pathway, leading to block in cell cycle and
death. B. GS7-2 cells were subjected to doxycycline inducible knockdown of SMG1
alone or with TMZ under normoxia or hypoxia and assayed for p-p53 (Ser 15), p53, p21,
p-Chk2 (Thr 68) and Chk2. C. GS7-2 cells were subjected to SMG1 knockdown or
inhibitors for ATM, Chk2, ATR, Chk1 alone or with TMZ and assayed for growth under
normoxia or hypoxia after 7 days. D. Control or SMG1 knockdown GS7-2 cells were
stained for FITC-Ki67 and PI and flow cytometry was used for cell cycle G0, G1 or
S/G2/M phase analysis.
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4.5D). However, we found experimentally that there was no preferential activation of
these DNA damage response proteins in the presence of TMZ or hypoxia alone (Fig
4.5B). Finally, we tested experimentally whether inhibiting cell cycle checkpoint
signaling proteins phenocopies SMG1 knockdown in sensitizing GS7-2 cells to hypoxia
or TMZ. Inhibition of the ATR kinase, but not the ATM kinase, resulted in GS7-2 cell
growth inhibition (Fig S4.5C), whereas both Chk1 and Chk2 inhibitors led to GS7-2
growth inhibition (S4.5C). However, growth inhibition by Chk1 and Chk2 inhibitors was
not enhanced by hypoxia or TMZ treatment. These results suggest that preferential
growth inhibitory effect by SMG1 kinase loss was not due to its role in the DDR
pathway.

Role of SMG1 in Nonsense Mediated Decay pathway
Since the classical role of SMG1 in the NMD pathway has previously been
implicated in tumorigenesis (Isken and Maquat 2008), we subsequently tested an
alternative model-generated hypothesis that SMG1 knockdown inhibits GS7-2 cell
growth under hypoxia or TMZ due to its role in the NMD pathway. The model predicted
that hypoxia or TMZ increases the frequency of premature termination codons (PTC),
which can no longer be removed by the nonsense mediated mRNA decay (NMD)
pathway when SMG1 is knocked down. Hence, autophagy is upregulated leading to cell
death (Fig 4.6A). We tested the frequency of PTC in these cells by transfecting β-globin
(Gl) mRNA that was either nonsense-free (Norm) or engineered to express a PTC (Ter)
(Zhang et al., 1998a). In line with the model prediction, hypoxia or TMZ led to higher
levels of expression of PTC containing beta globin, which was further enhanced upon
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Fig 4.6. Loss of SMG1 inhibits cell growth under hypoxia due to a defect in NMD
pathway. A. The model predicts that hypoxia increases the frequency of premature
termination codons (PTC), which can no longer be efficiently removed by NMD pathway
when SMG1 is knocked down. Hence autophagy is upregulated leading to cell death. B.
SMG1 knockdown interferes with nonsense mediated decay of transfected β globin with
PTC. C. GS7-2 cells were subjected to doxycycline inducible SMG1 knockdown for 7
days and assayed for its downstream p-Upf1, Upf1 or the autophagy marker, LC3-II,
under hypoxia or normoxia, with or without TMZ treatment. D. Knockdown of the
downstream NMD effector, SMG7, shows an additive growth inhibition in GS7-2 cells
upon TMZ treatment, both under normoxia and hypoxia.

SMG1 knockdown (Fig 4.6B). Interestingly, the hypoxia sensitive growth inhibitory
effect of SMG1 knockdown correlated with the induction of Upf1 in GS7-2 cells under
hypoxia (Fig 4.6C). As predicted by our model, indeed, the autophagy marker LC3-IIA
was also upregulated specifically under hypoxia (Fig 4.6C). In order to test whether the
Upf1 induction or autophagy response caused cell growth inhibition, we tested if we
could rescue GS7-2 cell growth with siUpf1 or siLC3-IIA (Fig S4.3A, B). However,
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inhibition of either Upf1 or autophagy induction was not able to rescue GS7-2 growth,
suggesting that neither of these mechanisms were responsible for the growth defect
caused by SMG1 inhibition. Further, SMG1 knockdown was shown to reduce the protein
levels of p-Upf1 as well as SMG7 (Fig 4.6C, S4.3C), both of which play important roles
in the NMD pathway. We then tested the role of the downstream NMD effector, SMG7,
in regulating GBM stem cell growth. SMG7 inhibition phenocopied SMG1 inhibition and
resulted in preferential growth inhibition of GS7-2 cells under hypoxia or TMZ (Fig
4.6D). Thus, depletion of SMG7 kinase could explain the mechanism by which SMG1
kinase inhibition sensitized GBM stem cell growth to hypoxia and TMZ. These results
show that the NMD pathway mediates the preferential growth inhibitory effects of SMG1
in the presence of hypoxia and TMZ, but the exact mechanism of cell death remains
elusive.

Discussion
SMG1 was found as a cell line specific and hypoxia-sensitive hit from a pilot
RNAi kinome screen of GS7-2 cells. Previously, SMG1 has been shown to play different
roles in different tumor types. Consistent with our findings in GBM, downregulation of
SMG1 made HPV-positive head and neck squamous cancer cells more sensitive to
radiation therapy (Gubanova et al. 2012). A kinome siRNA screen in multiple myeloma
cells also identified SMG1 as a common hit in multiple cell lines (Tiedemann et al.
2010). SMG1 gene is amplified in about 15% of metastatic breast cancer samples and
alterations in the SMG1 gene correlated with lower patient survival (TCGA datatset,
www.cbioportal.org), thereby implicating its role as a potential target oncogene. In
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contrast, SMG1 has been reported to exhibit tumor suppressor effects in other cancer
cells, like U2OS and HCT116 cells (Gubanova et al. 2013). We confirmed that SMG1
inhibition led to enhanced GBM stem cell growth inhibition under hypoxia using multiple
shRNA and CRISPR constructs. Inhibition of GBM cells in hypoxic environments is
important for the effective remission of refractory GBM tumors (Soeda et al. 2009). In
addition, our data suggests that SMG1 holds significant therapeutic potential since it
shows additive growth inhibitory effects in multiple GSC lines in the presence of TMZ
and synergistic effects in vivo.
Given that SMG1 has been found to be both oncogenic and anti-oncogenic, it is
clear that the overall function of SMG1 depends on its cellular context. Therefore, we
used Cell Collective computational modeling system to investigate which molecular
mechanisms might be responsible for making GSC lines susceptible to SMG1 inhibition
under hypoxia or TMZ-induced stress. The model predictions were tested to evaluate the
contribution of the DNA damage response pathway and Nonsense mediated mRNA
decay pathway in SMG1 mediated growth inhibition. While SMG1 inhibition showed
GBM stem cell specific effects in upregulating DNA damage response pathway
components, including p21 and Chk2, these effects did not explain the enhanced growth
inhibition by SMG1 loss under hypoxia or TMZ. The model was refined based on our
experimental results, which sometimes contradicted results from the literature from other
non-GBM cell lines. The model generated an alternative hypothesis, which was verified
experimentally to show that SMG1 functions in nonsense mediated mRNA decay to
inhibit GBM stem cell growth and survival. This study shows the importance of
integrating experimental approaches with computational approaches to generate a
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hypothetical model and verify it experimentally to uncover a mechanism of action,
relevant to a given biological context.
Since SMG1 functions to degrade aberrant mRNAs containing PTCs, it was no
surprise that SMG1 knockdown led to higher levels of PTC containing β-globin.
Importantly, we also found a higher incidence of PTC containing β-globin in the presence
of hypoxia or DNA damage induced by TMZ treatment in GBM cells. Aberrant mRNA
with PTC occur as a result of genomic frameshift or nonsense mutations caused by
alternative splicing, which frequently occur in cancer cells (Wang et al. 2011) and could
be exacerbated in the presence of cellular stress (Popp and Maquat 2014; Wang et al.
2015), such as hypoxia or DNA-damage induced by TMZ. We, hereby, provide evidence
for the first time that support previous suggestions that hypoxia/TMZ potentially inhibits
NMD in GBM stem cells. Additionally, experimental depletion of SMG1 was shown to
further interfere with the NMD pathway by depleting p-Upf1 and SMG7 proteins,
resulting in higher levels of PTC containing β-globin mRNA. Importantly, inhibiting the
NMD pathway through SMG7 inhibition phenocopies the effect of SMG1 inhibition in
sensitizing GSC to hypoxia and TMZ. These findings suggest that SMG1 primarily acts
through its role in the NMD pathway in GBM stem cells. Consistent with the role of
NMD in our cells, an earlier RNAi screen found that loss of PHF5A inhibited GSCs
through a similar mechanism. PHF5A is a splicing factor, which when mutated was
shown to generate more PTCs and thereby induce nonsense mediated decay of many
essential growth regulatory proteins (Hubert et al. 2013). In addition, protein complexes
involved in NMD, UPF1, SMG7 and SMG8, were identified as core essential genes
found from screens in GBM and some other cancers (Vogelstein et al. 2013). This is
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further evidence of the critical role of this fundamental NMD process in impacting GBM
tumorigenesis through a broad range of target genes.
Since our model predicted that inhibition of NMD activates autophagy consistent
with the results of other studies (Wengrod et al. 2013a), we tested and found activated
autophagic marker, LC3A, when SMG1 is knocked down under hypoxia or TMZ.
However, we could not rescue cell growth by knocking down the autophagy effector gene
ATG7 (Vuppalapati et al. 2015), indicating that it is not solely responsible for GSC
growth inhibition. Although autophagy is generally a mechanism for cancer cell survival
under certain contexts, including hypoxia (Chang et al. 2012; Qiang et al. 2013; Marino
et al. 2012; Gong et al. 2012; Cicchini et al. 2015), Wengrod et al have reported that
simultaneous inhibition of NMD and autophagy leads to synergistic cell death (Wengrod
et al. 2013a). However, our results suggest that autophagy does not play a key role in
SMG1 mediated blockade of GBM stem cell proliferation. Future studies will address the
mechanism of SMG1 mediated GSC growth inhibition.
Ultimately we would like to construct enhanced computer simulations of the key
molecular and genetic nodes in GBM in order to identify which tumors that will likely be
responsive to anti-SMG1 therapy. This will eventually help in making informed
therapeutic predictions of whether targeting SMG1 will be effective in a given patient.
This study is a step towards devising much needed personalized therapy for treating
GBMs.
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Fig S4.1. SMG1 knockdown has a cell-line and hypoxia sensitive growth inhibitory effect. A.
GS7-2 and B. MGG8 cells were stably infected with doxycycline inducible shRNA hairpin for
SMG1 and assayed for growth in 1% oxygen or 21% oxygen, with or without doxycycline
treatment over 7 days. C. SMG1 knockdown does not inhibit growth of normal fibroblast,
HT1080, or serum glioma lines, U251, U373 or SF126. * denotes p value less than 0.05.
Student’s two-tailed t-test; bars S.D. D. SMG1 knockdown leads to preferential growth inhibition
under 5% oxygen as well as 1% oxygen.
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Fig S4.2. SMG1 knockdown alone does not significantly improve prognosis in GSC
mouse xenografts. A. Control or shSMG1 infected MGG8 luciferase expressing were
monitored in mice using bioluminescence IVIS imaging over 10 weeks or until the mice
died. Kaplan Meier survival curve shows minimal improvement in survival benefit when
SMG1 is knocked down, as compared to control, p=0.08. B. In-vivo growth rate of
SMG1 knocked-down GS7-2 luciferase tumor cells is significantly lower than control, as
monitored by bioluminescent IVIS imaging in mice over 16 weeks, p=0.008.
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Fig S4.3. Role of NMD and autophagy in SMG1 mediated GSC growth inhibition.
A. Upf1 or ATG7 knockdown does not rescue GS7-2 growth inhibition under hypoxia. B.
siUpf1 and siATG7 depletes Upf1 and LC3-II proteins respectively. C. SMG7 protein
level is reduced upon knockdown of SMG1 and gets depleted upon SMG7 knockdown.
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5.1. Regulation of the JMJD3 (KDM6B) histone demethylase in glioblastoma stem
cells by STAT3
We have shown that STAT3 is required for GBM stem cell growth, neurosphere
formation and stem cell marker expression. Transient STAT3 inhibition for as little as 4
hours has an irreversible inhibitory effect on neurosphere formation, suggesting an
epigenetic mechanism of action. Consistent with this, we found that STAT3 represses the
H3K27 demethylase JMJD3. JMJD3 expression decreases neurosphere formation and
proliferation, whereas JMJD3 knockdown rescues this sphere formation phenotype.
STAT3 regulates multipotency of GSC by repressing neuronal differentiation specific
genes like MYT1, FGF21 and GDF15. In summary, I have found that STAT3 is a critical
regulator of GBM-SC multipotency, and that targeting STAT3 signaling pathway may be
therapeutic in glioblastoma. STAT3 does this by inducing histone demethylase
expression, which are instrumental in controlling the balance between GSC self-renewal
and differentiation by regulating H3K27 trimethylation.
Based on the observation that STAT3 inhibition has a rapid and irreversible effect
on GSC growth, we hypothesized that STAT3 exerts an epigenetic effect that can change
the chromatin at multiple promoters in a stable fashion. We investigated histone
demethylases as potential STAT3 target genes since they play an important role in
normal as well as oncogenic growth and differentiation. Polycomb-mediated repression
often maintains multipotency of normal neural stem cells and GSC by regulating tissuespecific gene expression. We focused on the H3K27me3/2 demethylase JMJD3 due to a
rapid upregulation of JMJD3 mRNA and protein levels upon STAT3 inhibition. JMJD3
is also upregulated during GBM-SC differentiation, implying that repressive H3K27me3
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marks must be removed before transcription of differentiation genes can be activated. We
have found that STAT3 interacts directly with the JMJD3 promoter, suggesting that
JMJD3 is a direct STAT3 target gene. JMJD3 has been identified as a STAT3 occupied
gene in ES cells, which is consistent with our results (Kidder et al. 2008). While STAT3
is best known as a transcriptional activator, we showed that it represses JMJD3. A few
earlier studies have also provided evidence that STAT3 acts as a repressor of the cell
cycle regulator p21, for example (Fukada et al. 1998; Rokavec et al. 2014). ChIP-ChIP
and microarray studies suggest that STAT3 represses genes in multiple cell types (Dauer
et al. 2005; Kidder et al. 2008). Our findings suggest recruitment or stabilization of the
NCoR repressor complex at the JMJD3 promoter, as a likely mechanism of repression.
Previous studies in murine neural stem cells indicated that JMJD3 is repressed by the
NCoR and SMRT nuclear co-repressors for the retinoic acid (RA) receptor (Jepsen et al.
2007). In fact, deletion of SMRT/NCoR or exogenous RA relieves this repression. RA as
well as JMJD3 can induce neural differentiation of ES or neural stem cells (Okada et al.
2004; Jepsen et al. 2007). We also found that RA can induce JMJD3 expression in GSC,
which is consistent with the involvement of the SMRT/RAR complex in JMJD3
repression in our cells. In addition, it was recently shown that inhibiting JMJD3 delayed
RA-induced differentiation of human embryonal carcinoma cell line (Kang et al. 2015).
While Ene et al (2012) have found evidence that DNA methylation can also contribute to
JMJD3 repression, the sites of that STAT3 binds to appear to be distinct from the regions
of DNA methylation (Ene et al. 2012). Preliminary methylation-specific PCR (MS-PCR)
did not show differences in DNA methylation at JMJD3 when STAT3 was inhibited.
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However, given recent evidence that STAT3 can control DNA methylation (Lee et al.
2012), this mechanism of regulation merits further investigation.
This thesis adds to the repertoire of studies showing a complex context-dependent
function of aberrant H3K27 trimethylation in several cancers (Ntziachristos et al., 2014;
Yamaguchi and Hung, 2014). While induction and maintenance of H3K27me3 mark is
pro-oncogenic in medulloblastoma and adult glioblastomas (Zhang et al. 2015; Suvà et al.
2009; Kim et al. 2013; Robinson et al. 2012), global loss of H3K27 methylation is
oncogenic in pediatric gliomas (Bender et al., 2013; Venneti et al., 2013). Deep
sequencing efforts revealed somatic mutations in H3F3A (affecting lysine (K27) or
glycine (G34) residue) in 30% pediatric GBMs and 70% pediatric diffuse intrinsic
pontine gliomas, which are associated with poor clinical outcome (Wu et al. 2012; Sturm
et al. 2012). Both these gain-of-function histone H3.3 mutations were shown to
reprogram the epigenomic and genomic landscape to drive gliomagenesis. While
H3.3G34 mutants altered H3K36me3 binding (Bjerke et al. 2013), H3.3K27 mutants are
dominant negative inhibitors of PRC2 that result in global reduction in repressive
H3K27me3 (Lewis et al. 2013; Venneti et al. 2013; Bender et al. 2013). Restoration of
H3K27me3 levels in H3.3K27 mutant pediatric glioma lines by a JMJD3 inhibitor,
GSKJ4, significantly reduced their growth and tumorigenicity (Hashizume et al. 2014).
However, H3K27 mutations are rare in other forms of cancer, including adult GBMs,
thereby suggesting a highly context specific tumorigenic role for loss of H3K27
trimethylation.
Mutation independent anomalies in epigenetic modifiers were also tumorigenic in
adult GBM. EZH2 overexpression is necessary for the self-renewal of GSC (Suva et al.,
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2009), while inactivating mutations in the H3K27 demethylase UTX (KDM6A) has a
tumor-suppressor effect in adult GBM (van Haaften et al., 2009). Studies have shown the
role of EZH2 in maintaining growth and tumorigenesis of GSC by regulating c-myc
(Suvà et al. 2009), cell cycle genes (Zhang et al. 2015) and other neural developmental
genes (K. Zhang et al. 2015; Suvà et al. 2009; Kim et al. 2013; Robinson et al. 2012). In
addition, EZH2 is co-regulated in a positive feedback loop with β-catenin/TCF4 or
STAT3 pathway, which can transform GSC into a more aggressive mesenchymal
phenotype (J. Zhang et al. 2015). Along similar lines, Kim et al. had found that EZH2
mediated methylation of STAT3 led to enhanced STAT3 phosphorylation and activity,
thereby promoting GSC tumorigenicity (Kim et al. 2013). Concurrently, we hereby show
that STAT3 negatively regulates the histone H3K27 demethylase, JMJD3 expression, and
thereby maintains GSC growth and self-renewal. Another recent finding from Ene et al.
(2012) in adult GBM stem cells supported our findings, showing induction of histone
H3K27 demethylase JMJD3 and concomitant reduction in H3K27me3 during GSC
differentiation. In fact, JMJD3 overexpression remarkably reduced self-renewal and
tumorigenicity of GSC (Ene et al. 2012). In another study, GSC differentiation
corresponded to lower levels of mixed lineage leukemia-5 (MLL5) and higher levels of
H3K4me3 and H3.3 variant associated with transcriptionally active regions (Gallo et al.
2015). While STAT3 inhibition did not change global H3K27me3 levels and MLL5 gene
expression in our GSC lines, these results warrant investigation of H3K4me3 or H3.3
variant in our cells to negate the possibility of cell-line specific effects. Gallo et al. (2015)
found that MLL5 upregulation tended to co-occur with upregulation of JMJD3 and UTX.
These investigators also found that GSK-J4 mediated inhibition of JMJD3 and UTX was
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shown to reduce the self-renewal of GSC. This was in the opposite direction to our study
and Ene et al. (2011) study, whereby overexpression of JMJD3 reduced self-renewal of
stem-like neurospheres isolated from adult GBM. However, GSK-J4 has nonspecific
inhibitory effects on other Jumanji domain family members (Heinemann et al. 2014),
which complicate interpretation of the results observed by Gallo et al. (2015). In the
future, levels of other Jumanji family members and related epigenetic and transcriptional
changes need to be assessed to resolve such context-dependent anomalous histone H3
mediated effects. The differences observed may be simply due to differences in the cell
lines studied. Expression of the dominant negative histone H3.3K27 mutation in
adult GBM-SC may shed light on the effect of H3K27me3 in the context of adult GSC
lines.
!
Future directions:
We and others have reported aberrant activation of STAT3 in GBM (Konnikova
et al. 2005; Sherry et al. 2009) that was subsequently suggested to be one of the master
regulators that drive aggressive mesenchymal transformation in GBM (Carro et al. 2010;
Zhang et al. 2013). Given the role of STAT3 in GBM stem cells, it will be intriguing to
assess whether STAT3 activation status can be used prognostically to distinguish GBM
tumors that generate stem-like neurospheres in culture and be associated with poor
patient outcomes. Our data that transient STAT3 inhibition for as little as 4 hours
irreversibly depletes neurosphere formation capacity of GSC strengthens the argument
that STAT3 inhibition could be effective therapeutically.
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Induction of a long-term, irreversible loss of neurosphere formation and GBM
stem cell phenotype suggests an epigenetic mechanism of action by STAT3. This is
consistent with studies in breast cancer that provided evidence for stable transformation
of MCF10A breast cells by STAT3 target genes (Iliopoulos et al. 2010). Tamoxifen
treatment activates STAT3 in MCF10A cells, which then regulates the expression of
microRNAs, miR-21 and miR-181-B, to induce stable transformation of the cells. This
transformed state persists beyond the expression of the microRNAs, suggesting an
epigenetic mechanism of action. We have found that maintenance of CSC phenotype by
STAT3 is at least partially mediated by JMJD3 repression, as knockdown of JMJD3 in
STAT3 inhibited cells rescues the sphere inhibition phenotype in a dose dependent
manner. Thus, JMJD3 induction following STAT3 inhibition has the capacity to regulate
target genes to reprogram GSC chromatin. These findings are consistent with the findings
that STAT3 is essential to maintain ES cell pluripotency and promote iPS cell
reprogramming by its regulation of the reprogramming transcription factors c-myc, Klf-4,
Oct4 and Nanog, among others (Ko et al. 2006; Yang et al. 2010; Tang et al. 2012).
There is also evidence that STAT3 can regulate other epigenetic modifiers, like JMJD1a
and Eed in murine ES cells (Ura et al. 2008; Ko et al. 2006).
In order to confirm that JMJD3 upregulation leads to the demethylation of
specific target gene promoters, we performed chromatin immunoprecipitation (ChIP)
using an antibody to H3K27me3. Myt1 was one of the first human polycomb targets to be
described, with a known role in neural differentiation, so it is a plausible JMJD3 target in
GSC (Romm et al. 2005; Sarma et al. 2008). We found a consistent decrease in
H3K37me3 at the Myt1 promoter correlating with JMJD3 expression upon STAT3
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inhibition, however no upregulation in gene expression was observed by STAT3
inhibition alone. We showed that Myt1 gene induction requires additional transcription
factor activated by BMP4 such as SMAD2. This is likely to be a widely applicable
mechanism whereby JMJD3 causes histone demethylation of its target genes to remove
repression and presumably open up the chromatin, but does not necessarily lead to gene
activation. As in the case of Myt1, it is likely that additional transcriptional activators like
SMAD2 are needed to induce expression of the JMJD3 target genes. In fact, genome
wide ChIP experiments have shown that BMP4 activated SMADs are often associated
with H3K27me3 marked genes in murine ES cells (Fei et al, 2010). This is analogous to
the regulation of the GFAP promoter during neural development, in which both
demethylation of the STAT3 binding site and the activation of STAT3 are necessary to
activate gene expression (Takizawa et al. 2001). An immediate question is to confirm a
similar mechanism in other transcription factor target genes from the ChIP-sequencing
and microarray data, which lost H3K27me3 mark but did not get expressed upon STAT3
inhibition.
In order to identify differentiation specific genes induced upon the loss of GSC
self-renewal following STAT3 inhibition, genome-wide ChIP-sequencing was combined
with microarray analysis to identify neural lineage genes that underwent H3K27
demethylation as well as those that were induced upon STAT3 inhibition. Neural genes,
FGF21 and GDF15, were confirmed to lose H3K27me3 mark as well as get induced upon
STAT3 inhibition. Experimentally, we could ask whether upregulation of JMJD3 under
conditions that favor the differentiation of neurons, astrocytes, or both, has an effect on
the expression of Myt1, FGF21 and GDF15. In the future, there is need for validation of
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plausible target genes involved in cell cycle, therapy resistance and immune response that
exhibited gain of repressive H3K27me3 and are likely mediators of STAT3 in
maintaining GSC tumorigenicity or mesenchymal transformation.
JMJD3 expression is not sufficient to completely recapitulate the effects of
STAT3 inhibition in inducing differentiation specific genes, such as Myt1 or Beta-IIItubulin, suggesting that other direct STAT3 regulated genes also play a role maintaining
GBM stem cells. In fact, STAT3 can also influence other epigenetic regulators, in
addition to JMJD3. There is evidence that pluripotency and neural developmental genes
are regulated by both JMJD3/UTX demethylase dependent as well as independent
manner (Kang et al. 2015). A systematic analysis of the possible epigenetic alterations,
such as histone H3 acetylation, H3K4 methylation, H3K9 methylation, and their
regulators will help to identify other possible epigenetic mechanisms involved.
We showed that STAT3 also regulates JMJD3 in non-transformed neural stem
cells, thereby implying a conserved mechanism of regulation in normal neural and
glioblastoma stem cells. This is consistent with the role of STAT3 in maintaining selfrenewal in normal stem cell types, including murine and human embryonic stem cells
(Niwa et al. 1998) and induced pluripotent cells (iPS) (Tang et al. 2012). This may also
explain why knockout of STAT3 is embryonic lethal (Takeda et al. 1997). While this
could complicate therapeutic targeting of GBM stem cells without affecting normal
neural stem cells, it provides further evidence of a widespread developmentally critical
mechanism for maintaining self-renewal in both cancer stem cells and tissue stem cells in
this case. Constitutive activation or deletion of STAT3 in the neural stem cell
compartment of transgenic glioma mice model, like Mut7 model (Chen et al., 2012), will
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help to answer if STAT3 activation is required or sufficient for transformation of neural
stem cells. It has not been studied whether STAT3 inhibition has a differential effect on
the quiescent stem cell population as opposed to the rapidly dividing progenitor stem cell
population.
Consistent with our findings that STAT3 inhibition upregulates JMJD3 to inhibit
GSC self-renewal, Ene et al. (2012) showed the therapeutic efficacy of JMJD3
overexpression in inhibiting tumorigenicity of GSC (Ene et al. 2012). Based on our
results, it would also be interesting to use an inducible overexpression system to
determine whether turning on JMJD3 expression in an established tumor can cause an
inhibition or reduction in tumor size, or whether it would render the tumor more
sensitive to chemotherapy and radiation. It would also be interesting to compare STAT3
inhibition in vivo in tumors initiated by control and shJMJD3 infected cells. If JMJD3 is
necessary for the effects of STAT3 inhibition on tumorigenesis, then we would expect
that JMJD3 knockdown would abrogate any improvement we may see with STAT3
inhibition.
While this work focused on the mechanism behind a sustained inhibition of GSC
neurosphere formation upon transient STAT3 inhibition, our lab has previously
demonstrated the in vivo therapeutic role of targeting STAT3 to block tumor initiation
and maintenance. Our in vitro results are consistent with the findings of Wang et al,
showing a significant increase in survival when Stat3 signaling was inhibited by anti IL-6
treatment in GSC xenograft tumors (Wang et al. 2009). Consistent with our findings that
STAT3 is required to maintain GSC self-renewal in vitro (Sherry et al. 2009), it was
recently shown that activation of STAT3 signaling by bone marrow X-linked (BMX)
!

144

kinase (Guryanova et al. 2011) or FoxM1 transcription factor (Gong et al. 2015) was
required for GSC self-renewal and tumorigenesis (Guryanova et al. 2011). Interestingly,
the expression of BMX and its effect on STAT3 activation is specific to GSC, but not the
neural progenitor cells or bulk tumor cells, thus making it a selective target upstream of
STAT3.
However, it may be possible to limit toxicity of STAT3 targeted therapy by using
fewer doses of the inhibitor. We found that transient STAT3 inhibition to permanently
arrest the growth of GSC, which has the potential to produce a significant clinical benefit
with very few doses of a STAT3 inhibitor. Intracerebral delivery techniques to limit
STAT3 inhibitor concentration to the area surrounding the tumor could also limit
potential neural stem cell toxicity. Additionally, tumor hypoxia can increase STAT3
activation, which may enhance the effectiveness of STAT3 targeted therapy (Kang et al.
2010). Others have recently reported that STAT3 inhibition in GBM-SC may enhance the
anti-tumor immune response (Wei et al. 2010). Conditioned media from GSC inhibited T
cell proliferation and cytokine release, and inhibition of STAT3 in the GSC by RNAi
diminished this effect (Wei et al. 2010). Thus, inhibiting STAT3 may have the added
benefit of increasing the anti-tumor immune response, in addition to its anti-proliferative
effect on GBM stem cells. STAT3 inhibition might be more effective in combination
with chemotherapy to target the rapidly dividing bulk tumor cells as has been shown in
other tumor types..
While STAT3 inhibition prolongs the survival of mice in a wide variety of tumor
models, it and other SH2 domain-containing molecules are generally considered to be
difficult targets for drug design and do not currently have a clinically tolerable inhibitor
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available. Therefore, other members in the lab are working on inhibitors of JAK kinases
which are required to activate STAT3 in GBM.. Several JAK inhibitors such as
Ruxolitnib (JAK1/2) and Tofacitnib (JAK3) are FDA approved for treating
myeloproliferative disorders and rheumatoid arthritis respectively and are fairly well
tolerated in patients. Jak2 inhibitors, AZD 1480 and WP-1066, were shown to inhibit
STAT3 activity and show favorable response in GBM mice model (Iwamaru et al. 2007;
McFarland et al. 2011). However, it is not currently clear that which of the JAK kinases
is actually crucial due to the non-specificity of the drugs used in these reports.
!
Conclusion
We have found that STAT3 regulates proliferation and multipotency of these cells
by repression of the histone demethylase JMJD3. Our results suggest that inhibiting
STAT3 removes repressive H3K27me3 mark from neural differentiation genes and
makes their chromatin accessible to induction by additional transcription factors. We
propose that targeting the STAT3 pathway inhibits the growth and self-renewal of GBM
stem cells by driving them towards a neural differentiation phenotype. This work adds to
the growing body of evidence that STAT3 signaling is important in a variety of human
cancers.. It demonstrates a link between STAT3 signaling and aberrant regulation of
H3K27 methylation, which is a developmentally critical epigenetic mechanism of cell
fate regulation in both normal and tumor stem cells.
!
5.2. RNAi kinome targets in GBM stem cells
In order to identify additional druggable targets in GSC, an unbiased functional
screen was conducted to identify kinases required for growth and survival of multiple
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GSC lines. Kinases are very druggable targets and kinase inhibitors were the first
successful targeted drugs to be approved for cancer therapy. Some examples are imatinib
mesylate (Gleevec ) for treating BCR-Abl in chronic myelogenous leukemia (CML) and
TM

gastric stromal tumors and erlotinib for targeting EGFR in metastatic non-small cell lung
cancer. Therefore, our screen focused on identifying kinases essential for GBM growth
and survival since they are important mediators of many signaling pathways and are
readily amenable to drug inhibition, thereby making them ideal candidates for developing
cancer therapeutics (Knight et al. 2010). Growth inhibition was determined by arrayed
lentiviral shRNA screening in order to provide increased sensitivity and direct
identification of shRNAs for follow-up without the need for postscreen deconvolution
(Moffat et al. 2006). A stringent hit selection method based on median average deviation
(MAD) analysis was used to minimize the effect of outliers on hit selection under both
normoxic and hypoxic conditions (Chung et al, 2008). An additional stringency measure
of at least 50% growth inhibition relative to control was applied to select hits that result
in

biologically

meaningful

phenotypes

as

well

as

statistically

significant

hits. Strong oxygen condition sensitive hits were selected by requiring a > 2 z* score
distance between inhibition under normoxia and hypoxia for the same shRNA. Although
these criteria minimized false positive hits, it is possible to miss some true positive hits
due to the stringent selection criteria or inefficient knockdown of the kinases by the
shRNA hairpins. This might be the reason that the SMG1 kinase was not identified as a
hit in the full kinome screen, but was identified from a pilot screen to be a hypoxia
sensitive hit in GS7-2 cells using a different assay method that was noisier than the
modified prestoblue assay used for the full kinome screen.
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Overall, our screen identified some genes consistent with previous studies as well
as some novel hits for GBM stem cells. A number of genes, ERBB3, CDK6, KDR, PLK1
and CHK1 previously known to be involved in gliomagenesis were identified as common
hits to all 3 GBM-SC screened through our unbiased screening approach. , This
demonstrated the fidelity of our screen findings as well as commonality of some tumor
cell kinase addictions in GBM-SC.. Some of the kinase hits identified in our screen, such
as PLK1, AURKA, AURKB, CDK6, RPS6KA4, PRKAA1 and PRKDC, are members of
the core essential or lethal human genes analyzed from previous loss-of-function screens
in CRISPR screens of multiple tumor cell lines (Hart et al. 2015; Hart et al. 2014). These
core essential genes are enriched for fundamental DNA replication, transcription,
translation and protein degradation processes. Notably, SMG1 was found to be required
in subset of our GBM stem cell lines likely due to its role in the nonsense mediated
mRNA decay (NMD) - a process that also found in some core lethal genes. Thus, other
proteins that take part in NMD, including UPF1, SMG7 and SMG8 were also identified
as core essential genes found from screens in GBM as well as other cancers (Hart et al.
2015). A kinome siRNA screen in multiple myeloma cells also identified SMG1 as a
common hit in multiple cell lines (Tiedemann et al. 2010). This is further evidence of the
critical role of protein complexes involved in NMD and is consistent with our findings in
GSC. However, not all the core essential kinase genes were identified as hits in our
screen due to possibly due to inefficient knockdown or activation of redundant pathways
in our cells.
The hits from our functional screen overlapped with the core pathways enriched
in GBM (Cerami et al. 2010). A number of our hits, including EGFR, ERBB3, AKT1,
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KDR, PDPK1, PKN1, MAP4K2 and MAP3K12 genes affect RTK/Ras/PI3K pathway.
Another fraction of our hits, such as CHEK1, CDK6, PLK1, AURKB and AURKA
genes, affect cell cycle control mediated by p53/Rb signaling. It should be noted that we
found multiple hits from a given pathway in the same cell-line, indicating that a particular
cell line is more susceptible to that signaling node. Some examples of potentially
redundant hits are AURKA and AURKB, CDK4 and CDK6 in GS11-1; SIK1 and SIK2,
PTK2 and PTK7 in GS6-22; RPS6KA3 and RPS6KA4, PLK1 and PLK4 in GS7-2.
Interestingly, a global analysis of driver genes previously identified in most forms of
cancer were found to affect a limited number of pathways that can be organized into three
core cellular processes that are responsible for a selective growth advantage (Fig 5.1)
(Vogelstein et al. 2013). A large number of the kinase targets identified from our screen
belong to cell cycle/apoptosis and PI3K pathways and collectively affect cell survival.
Some of our kinase hits, MAP3K12, STK39, CHEK1 and VRK2 affect the MAPK stress
and DNA damage control pathways which are expected to contribute to genome
maintenance. Some of our other hits also affected STAT (PIM1, BMX, TYK2),
chromatin modification (MAP3K12, BRD2, CDKL5, VRK1), transcriptional regulation
(UHMK1, BMP2K) and Notch and Hedgehog (BRD2, CSNK1A1, YES1) pathways that
potentially affect GBM stem cell fate. However, enrichment of angiogenic pathways,
including VEGF or HGF pathway, have not been identified as driver gene mutations in
previous studies of GBM, but are implicated in GBM stem cells (Milkiewicz et al.
2006). Although mutations in the VEGF or HGF receptor might not be common in tumor
cells, microenvironment cues like hypoxia can lead to aberrant downstream VEGF
pathway activation (Glück et al. 2015; Kaur et al. 2005). Consistent with this, our
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functional kinome screen conducted under hypoxia identified hits like KDR or MET,
which affect angiogenesis, one of the key factors driving tumor progression. Although
our screen used in vitro GSC neurospheres which did not necessarily model angiogenesis
in the absence of a matrix or endothelial cell coculture, hypoxia has been previously
shown to promote endothelial transdifferentiation of GSC and this may explain why they
scored in our screen (Soda et al. 2011; Wang et al. 2010; Ricci-Vitiani et al. 2010).

Fig 5.1: Cancer cell signaling pathways and the cellular processes they regulate. All
of cancer driver genes can be classified into one or more of 12 pathways as stated in the
middle ring that confer a selective growth advantage (Vogelstein et al. 2013). These
pathways can be subdivided into three core cellular processes depicted in the outer ring.
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In addition to the hits identified from previous related screens or studies, our
screen came up with several novel hits, including YES1, DDR1, CDKL5, PKN1 and
TXK common to all 3 GSC lines. However, 75% of our hits were unique to a given cell
line, demonstrating significant heterogeneity between the 3 GBM stem cell lines
screened. This narrow spectrum of commonality in kinase dependency is in line with
genetic heterogeneity observed in GBM tumors and there is also likely to be even greater
epigenetic diversity (Ramkissoon et al. 2015). Importantly, 10 to 30% of the hits in each
cell line varied under different oxygen levels, which directly demonstrated
microenvironmental context dependent heterogeneity in the tumor cell response. None of
the hypoxia sensitive hits were common between any 2 GSC lines screened. This raises
the question of whether developing hypoxia sensitive inhibitors for a narrow spectrum of
GBM patients will be commercially viable. The heterogeneity of the GSC lines and/or the
low number of condition sensitive hits might explain this lack of common hypoxia
sensitive hits. However, this result suggests that there might not be a common hypoxia
resistance mechanism of GSC.
An important distinction of our study is that it is the first GBM RNAi screen
conducted under hypoxia. This is therapeutically important since current treatment is
believed to fail in part due to the inability to target resistant GBM stem cells which can
survive tumor hypoxia and regenerate the tumor mass (Li et al. 2009; Heddleston et al.
2009; Méndez et al. 2010; Bar et al. 2010). Interestingly, our screen generated a number
of potentially HIF independent hypoxia resistance mechanisms which might be critical in
our GSC lines given the constitutive expression of HIF-1A and HIF-2A in some of our
cells. The MAPK/ERK pathway genes, including stress kinases MAP3K12, MAP4K2
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and STK39; and focal adhesion kinases, PTK2 and ROCK2, showed the strongest
hypoxia sensitivity. Mitogen-associated protein kinases (MAPKs) constitute a HIFindependent alternative route for cell survival under hypoxia by eliciting stress response
genes in both cancer cells (Blanco et al. 2007; Laderoute et al. 1999) and neurons (Park
and Rongo 2016). MAPK/ERK is the most significantly enriched pathway in glioma
(Ceccarelli et al. 2016) and may be a susceptible node that can be targeted in refractory
GBM stem cells under hypoxia. Our screen also identified the well-known angiogenic
response genes, KDR/VEGF-R2 and MET as hypoxia sensitive hits, presumably because
hypoxia has been shown to push GSC towards endothelial lineage and increased stemness
(Soda et al. 2011; Bar et al. 2010). Our findings also show that CDC2L1 and BMX
kinases, which were previously implicated in multiple myeloma and GBM respectively
(Guryanova et al. 2011; Tiedemann et al. 2010), are required in our cells only under
normoxic conditions. Thus, drugs that target these kinases might fail to inhibit the stem
cells in hypoxic areas of the tumor.
The results presented in this thesis confirm that SMG1 kinase is a cell-line
specific and hypoxia enriched hit. 15% of metastatic breast cancer lines show SMG1
gene amplification, implicating its broad role as an oncogene (cbioportal.com). Of the 7
GSC lines tested, SMG1 showed significant hypoxia sensitive growth inhibition in only 2
GSC. More GSC lines will be screened in future to identify cell lines that are inhibited by
SMG1 inhibition. Genetic characterization of the cell lines differentially responsive to
SMG1 inhibition under hypoxia will be helpful to identify specific lines sensitive to antiSMG1 therapy. Interestingly, we showed that SMG1 inhibition sensitizes all of the GSC
lines tested to the current standard of care, temozolomide (TMZ). Identifying targets for
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combination therapy with TMZ is a widely explored avenue to enhance its therapeutic
window (Prados et al. 2009; Ramirez et al. 2015; Nadkarni et al. 2012) and motivates the
development of SMG1 specific inhibitors to test its efficacy in the clinic (Gopalsamy et
al. 2012). I investigated the mechanism behind enhanced growth inhibition by SMG1
under hypoxia or TMZ combinatorial therapy, using computational modeling of contextdependent SMG1 signaling network. My findings showed that the classical nonsense
mediated mRNA decay process is an important target for GBM stem cell resistance to
cellular stress, including hypoxia as well as DNA damage induced by TMZ.
We hereby report the first such screen done in GBM stem cells under hypoxia to
study survival mechanisms of GBM stem cells under limiting oxygen conditions. The
kinase dependencies identified in this GSC screen constitute important therapeutic targets
for the development of kinase inhibitors. A previous siRNA kinome screen identified key
kinases of the MAPK pathway, ERK1 and MAPK3K1, as positive regulators of HIF-1
activity in HELA cells when exposed to hypoxia overnight (Chen et al. 2009). This raises
the possibility that the loss of MAPK pathway kinases, identified as hypoxia sensitive
hits from our screen, could inhibit GSC growth under hypoxia by restricting HIF-induced
tumorigenic response. Intriguingly, an arrayed RNAi kinome screen performed in a
colon cancer line identified GAK and IRAK4 kinases as novel HIF independent kinases
responsible for cell survival under anoxic stress. Despite differences in cancer type and
oxygen levels screened (0.1% vs 1%), some of the candidate anoxia kinases, MAP3K12,
MET, PIM1 and SMG1, were also hypoxia sensitive in our GBM stem cells (Pan et al.
2013).
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A limited number of high throughput RNAi screens have been recently performed
to identify novel targets in glioma. A pooled shRNA kinase screen identified mitotic
spindle factors, Bub1B and BugZ, as differentially essential for growth of GSC as
compared to normal NSC (Toledo et al. 2014; Ding et al. 2013). Of the 48 kinase genes
found to be differentially inhibitory in GSC in this screen, 8 of the kinase hits from all the
3 lines were common with our kinase hits in GSC. These include AURKB, PLK1, PTK2,
ROR2, EPHA2, KDR and VRK2, and are therapeutically preferential targets since they
were not observed to be inhibitory to normal neural stem cells (Ding et al. 2013). In
addition, three of our common hits, CHEK1, PLK1 and AURKB, were part of a larger
GBM-specific mitotic subnetwork constructed from TCGA samples (Ding et al. 2013).
Another shRNA kinome wide screen identified the TRRAP adapter protein as an inducer
of differentiation of GSC that reduced their tumorigenicity (Wurdak et al. 2010). TRRAP
or Transformation/Transcription Domain-Associated Protein is a PIKK family protein,
but not an active kinase, and is a relevant target in GBM through chromatin-related
processes and cell cycle control. Although transcriptional regulation and cell cycle
control processes were enriched from our hits, shRNA for the TRRAP gene was not
included in our library. However, some of the other kinases identified by Wurdak et al.
(2010) as differentiation inducing in GSC, such as NEK7, STK39, PRKACB and FLT,
were identified as growth inhibitory kinases in our screen. Another study by Cheng et al.
(2015) that combined transcriptomic expression analysis with kinome wide shRNA
screening of mesenchymal and proneural GSC identified the receptor tyrosine kinase
AXL as a differentially expressed target for reducing self-renewal and tumorigenicity of
mesenchymal GSC, but was not identified as a hit in our screens (Cheng et al. 2015).
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While sub-classification of our GSC lines is not known currently, some of our kinase hits,
MET, ERBB3 and TGFBR2 were found to be highly expressed in mesenchymal GSC
line 83 as compared to the proneural GSC line 528 used in this study. Two of our hits
common to all the GSC lines screened, PKN1 and PLK1, were also previously identified
in a RNAi screen in multiple myeloma (Tiedemann et al. 2010).
Some small molecule kinase inhibitor screens in glioma also identified hits in
common with our screen. While CHK1 inhibition alone was lethal in the GSC lines we
screened, small molecule inhibitors targeting CHK1 and PDK1 simultaneously showed a
synergistic effect in GSC (Signore et al. 2014), while PLK1 was identified as a target in
another chemical screen in GSC (Danovi et al. 2013). Such small molecule inhibitor
screens are instrumental in identifying combination therapies for overcoming resistance
to kinase inhibition. Future studies will aim to integrate findings from our RNAi kinome
screening with kinase inhibitor library screening and gene expression profiles and
genomic data to be able to predict the kinase dependency in specific cancer cells.
!
Future Directions
Overall, our unbiased screen identified kinases that can potentially be targeted to
curb this extremely aggressive and refractory disease. Kinase targets that are effective in
multiple GSC lines under both normoxic and hypoxic conditions need to be carefully
validated. This is especially important to overcome inherent limitations of RNAi screen
associated with variations in shRNA knockdown efficiencies and off-target effects. While
Yes1 has been successfully validated to be a true hit in all 3 cell lines under both
normoxia and hypoxia; the other novel hits common to all 3 cell lines, CDKL5, DDR1,
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PKN1 and TXK need systematic follow-up. Cell cycle dependent kinase like-5 (CDKL5)
is an especially interesting hit due to its potential role in regulating cell cycle arrest and
promoting neuronal development (La Montanara et al. 2015; Valli et al. 2012; Leoncini
et al. 2015). Moreover, CDKL5 mutations have been detected in primary gastric cancers
and gastric cancer lines (Zang et al. 2011) and its role as a tumor-associated antigen
makes it a target for immunotherapy in T-cell leukemia (Kawahara et al. 2007).
Finally, kinome screening should be performed in normal neural stem cell lines to
attempt to identify therapeutic targets which can impair GBM stem cell growth without
any effect on normal stem cells. It will also be interesting to assess differences in kinase
dependencies between GBM stem cell lines and differentiated serum GBM lines.
Therapeutic relevance of kinase dependency in GSC can be further verified by assessing
their activation state in primary patient tumors. This is especially important for kinases,
like SMG1, which are not found to be overexpressed or mutated in TCGA glioblastoma
database, but might be activated due to enhanced DNA damage or nonsense codons in
tumor cells.
Parallel screening of our GSC lines under normoxia and hypoxia puts us in a
unique position to investigate novel resistance mechanisms of GSC under hypoxia and to
identify targets that effectively inhibit these cells under hypoxia. It would be interesting
to follow up unique hypoxia resistance mechanisms of the GSC lines screened by
correlating specific genetic profiles of each line with its specific hypoxia or normoxia
sensitive hits. Another future experiment would be to validate normoxia enriched hits,
such as CDC2L1 or BMX, and investigate the mechanisms by which the drugs targeting
these kinases might not function effectively under tumor hypoxic conditions. STK39 is
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part of the stress response pathway and has been validated as a hypoxia sensitive hit in
GS6-22 cells, warranting a thorough investigation of its underlying mechanism of action.
Computational simulation of the various interacting signaling nodes that a kinase is
involved in will help pave the way for such mechanistic studies. Importantly, we have
pioneered integrating experimental approaches with a computational approach to
generate hypotheses and then test them in the lab. We have used this approach to
refine/train the computational model to represent the relevant mechanism of action of the
kinase hit, SMG1, in the context of GBM stem cells. In the future, our Cell Collective
model of SMG1 signaling could be expanded to include other mechanisms regulated by
SMG1, including telomere maintenance and Staufen-1 mediated mRNA decay
mechanisms (Chawla and Azzalin 2008; Cho et al. 2013). The contribution of two other
PI3K family proteins that might play a redundant role as SMG1 in DNA damage, ATM
and ATR, were also investigated. In the future, possible redundancies of DNA-PK or the
mTOR family of proteins with SMG1 should be investigated. One of the challenges in
identifying a critical kinase node is the activation of compensatory redundant pathways
(Sun and Bernards 2014). Although STAT3 was the top pathway affected by our kinase
hits, redundancy of upstream kinases might explain why only one the 4 JAK kinases
scored as a hit in only one of the lines screened.
One of our immediate future plans is to perform RNA-sequencing analysis of the
GSC tumor lines, GS6-22, GS7-2 and GS11-1, to correlate unique kinase dependencies in
these cells to their gene expression and mutation profile. Detailed genotypic information
of the cell lines may allow us to identify which tumor subtypes respond to cell line
specific hits, like SMG1. For instance, the high throughput Oncomap platform has been
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used to profile GBM tumors for actionable mutations in multiple oncogenes and tumor
suppressors simultaneously and come up with customized therapy tailored for that tumor
(Ramkissoon et al. 2015). Ultimately, many more GSC lines will need to be characterized
to determine whether there are statistically significant correlations between kinase
dependencies and GBM subtypes and genotypes.
In addition, epigenetic alterations in GBM stem cells have not been extensively
studied. It will be informative to analyse specific changes in chromatin structure, histone
modifications and DNA methylation that accompany a specific kinase dependency profile
in each tumor line. Such systematic multiparametric analyses of each GSC line may
allow us to associate essential kinases identified from the screen with specific gene
mutations and expression, chromatin modifications, protein expression or metabolic
changes. Information about the genetic diversity of GBM stem cell lines will be
ultimately used to design customized therapies by targeting a specific combination of
kinases unique to individual patient tumors based on their genetic, epigenetic, proteomic
and metabolomic profiles. A future goal will be to build computer simulations to predict
which tumors will be likely to respond to which specific kinase(s) inhibition, based on
their molecular profile.
Although it is known that microenvironmental factors contribute to oncogenesis,
context dependent changes in GBM tumor cells have not been well characterized. In
particular, not much is known about genetic or epigenetic changes induced in GSC by
hypoxia. Hypoxic cells have been reported to display a decrease in activating histone
acetylation and a resultant global gene repression (Ramachandran et al. 2015). H3K9
hypoacetylation or HDAC1 upregulation under hypoxia led to reduced levels of tumor
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suppressors, p53, BRCA1 and RAD51 and VHL, which translated to increased
expression

of

HIF1

and

VEGF.

Additionally,

hypoxia

induced

promoter

hypermethylation and repressed the HIF target BNIP3 in pancreatic, colorectal and
gastric cancer, thereby deregulating hypoxia-induced cell death (Ramachandran et al.
2015). In GBM, hypoxia was shown to regulate GSC self-renewal and tumorigenicity by
inducing histone methyltransferase mixed-lineage leukemia 1 (MLL1) expression
resulting in de-repression of HIF2alpha and its target genes (Heddleston et al. 2012).
While our screen results have identified kinase vulnerabilities in GBM stem cells under
hypoxia, further studies are needed to systematically identify and establish causality of
epigenetic changes driving tumor cell adaptation to hypoxia. This can be accomplished
by performing genome wide ChIP-sequencing and DNA pyrosequencing analysis to
compare histone and DNA methylation changes in GSC between normoxia and hypoxia.
These results can then be combined with multiparametric analysis to identify which of
these epigenetic changes result in gene expression and protein changes. This will help to
identify critical epigenetic regulators that play a functional role in GSC growth and
survival under hypoxia. Such studies can even be done in combination with drug or
radiation treatment to elucidate mechanisms of therapy resistance in GBM stem cells,
which is prevalent under hypoxic conditions.
Inhibition of an essential kinases can create selective pressure for tumorigenic
cells to acquire resistance to therapy. Resistance to kinase inhibitors can occur by
mutation of the target kinase, disruption of negative regulatory mechanisms and
activation of its downstream signaling or redundant pathways (Gross et al. 2015). EGFR
inhibitors, erlotinib and gefitinib, failed in the clinic for GBM patients, in part due to
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PI3K mediated resistance (Prados et al. 2009). In order to overcome resistance,
combination therapies targeting multiple kinases in redundant signaling pathways or
combination of kinase inhibitor with cytotoxic chemotherapy drugs need to be explored.
As proof of principle, I showed that SMG1 kinase inhibition shows enhanced growth
inhibition in the presence of TMZ treatment. RNAi kinome screening can be done in
combination with chemotherapeutic drugs, like TMZ, to identify synergistic effects of
kinase inhibition with drug treatment on a large scale. In addition, forward genetic
screens like ours can be refined to determine synthetic lethality of gene pairs from our
screen. Two genes are synthetically lethal if loss of function mutation of either alone does
not compromise cell viability but mutating both leads to death (Bommi-Reddy et al.
2008). This can be tested by knocking down gene pairs by a combination of shRNAs in
each well or screening specific knock-out cell lines. A systems approach is therefore
needed to prioritize kinase target combinations and identify synthetic lethality type
interactions for each tumor.
Chemical inhibitor screens can also help identify combinations of kinase codependency and synthetic lethality for essential kinases (Szwajda et al. 2015). Therefore,
I have also been involved in a complementary kinase inhibitor screening approach using
a GSK library to identify inhibitors and thereby kinases essential for the growth of our
GBM stem cell lines. Although most of these inhibitors have multiple kinase targets that
make it difficult to identify a specific kinase(s) addiction, preliminary analysis shows
both common as well as unique hits from the two screening approaches. Future studies
will

aim

to

integrate

high-throughput
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drug

screening

data,

comprehensive kinase inhibition data

with

mutation

and

gene expression

profiles to predict kinase dependency in GSC.
To determine a more comprehensive list of other targets in GSC, other members
of the lab have also performed genome wide pooled shRNA screens with a different
shRNA library and confirmed SGK1 as a kinase hit common to both the pooled approach
and arrayed approach. The major drawbacks for RNAi screens are false-positive hits due
to off-target effects and false-negative hits due to inefficient knockdown by shRNA
hairpins. The more recent clustered, regularly interspaced, short palindromic repeats
(CRISPR) technology enable knockout screens in mammalian cells may be more
sensitive than shRNA screens and has fewer off-target effects (Koike-Yusa et al. 2014).
However, both CRISPR and RNAi screens yield false negative results, due to the lack of
a high throughput method to confirm efficient knockdown of the target genes in the
screening plates. Efforts are underway to screen the GSC with a inducible CRISPR
knock-out library to identify additional genes whose complete deletion might affect
gliomagenesis. As in the case of SMG1 gene knock-out, CRISPR technology can
knockdown gene expression almost entirely and therefore cause a more drastic loss-offunction growth phenotype. This contrasts with the typically incomplete gene knockdown
by shRNA that might have residual function and therefore show a weaker phenotype.
(However, it should be noted that not all CRISPR guides result in complete elimination
of gene expression of the target gene due to variable deletions and targeting
efficiency). In the future, CRISPR mediated SMG1 knock-out mouse model or a
transgenic heterozygous SMG1 deletion mouse model should be used to confirm the anti-
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tumorigenic effects of the kinase. In conclusion, each screening technology has the
potential to generate a unique set of hits, which can serve as novel candidate target genes.
!
Conclusion
RNAi screening in GSC yielded a number of genes known to be involved in
gliomagenesis as well as novel hits, of which YES1 kinase has been validated to be
inhibitory under both conditions in multiple GSC lines. Notably, 75% of the kinase hits
were cell-line specific, thereby demonstrating the need for personalized therapy. In
addition, 30% of kinase vulnerabilities were shown to vary according to
microenvironmental oxygen conditions and potentially influence treatment efficacy.
While the hypoxic hits can reveal critical hypoxia resistance mechanisms for GSC
survival, targeting the normoxic specific hits might not be effective for targeting cells in
the hypoxic regions of the tumor. A cell-line specific hypoxia sensitive hit, SMG1 kinase
was validated and nonsense mediated mRNA decay was found to be an important
oncogenic mechanism in GSC under cellular stress induced by hypoxia or TMZ. Thus,
SMG1 and other kinases identified here are potentially important targets for the
development of kinase inhibitors for treating GBM.
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