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Abstract
Glioblastoma multiforme (GBM) is the most common and lethal primary malignant
tumor of the central nervous system. The median survival of patients post diagnosis is about
15 months despite the current aggressive standard of care treatment that includes surgical
resection followed by radiotherapy and chemotherapy with the DNA alkylating drug
temozolomide. Thus, there is an urgent need to develop new therapeutic agents to improve
patient prognosis.
GBM is a heterogeneous disease and a small subpopulation of tumor cells known
as cancer stem like cells (GSC) have been identified which are believed to sustain tumor
growth. These cells are refractory to current treatment and thus persist as a disease reservoir
thereby contributing to disease recurrence. In addition, GSC have been found to
preferentially reside in the hypoxic niches within the tumor and this further contributes to
the maintenance of stem cell properties and therapeutic resistance. Therefore, it is
extremely important to identify new therapeutic agents to target these cells.
Since kinases are readily druggable targets, we have carried out an arrayed wellby-well functional lentiviral RNAi kinome screen of 3 independent patient derived GBM
stem cell lines. The screening was performed both in normoxia and hypoxia conditions.
The screen identified some genes previously known to be involved in GBM as well as some
novel hits. Overall we found 12 kinase genes which were hits common to all the three lines
screened. Interestingly, majority of the hits (~75%) were specific for each line reflecting a
high degree of heterogeneity among these cell lines and highlighting the need for
personalized therapy for GBM. In addition, there were kinase hits that were either specific
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to either normoxia or hypoxia indicating differences in kinase vulnerabilities in different
microenvironments.
I have further validated one of the novel common kinase hits - YES1 (Yamaguchi
sarcoma viral oncogene) which is a member of the SRC family of tyrosine kinases. I found
that YES1 is required for GBM stem cell growth and survival using multiple
shRNA, CRISPR/Cas9 constructs as well as small molecule inhibitors. I also found that in
an orthotopic xenograft model, mice implanted with YES1 knockdown GSC had longer
survival compared to the YES1 expressing controls
Finally, I have evaluated the potential of JAK kinases as therapeutic targets to
inhibit GSC. The Janus kinase (JAK)-signal transducer and activator of transcription
(STAT) signaling pathway regulates cell growth, differentiation and apoptosis in a wide
variety of tumors including GBM stem cells.

Aberrant activation of the JAK/STAT3

pathway has been implicated not only in GBM progression, but also in acquired therapy
resistance and is linked to poor patient prognosis making this pathway an attractive target
for therapy. Moreover, there are several FDA approved JAK targeting drugs available for
other diseases and this could accelerate the development of JAK inhibitors for GBM. There
are 4 JAK family members- JAK1, JAK2, JAK3 and TYK2 and determining which JAK
combination to inhibit is a key step for development of an effective therapy. I have
therefore investigated roles of individual JAK kinases to assess their relative contributions
in activating STAT3 regulating GSC growth and survival. Here I show that JAK inhibitors
strongly suppress STAT3 activation and are growth inhibitory to GSC. Using RNAi, JAK1
was found to be dominant kinase in activating STAT3 in GSC. The results of these studies
could lead to the development of new therapies for GBM.
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Chapter 1
Introduction
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Glioblastoma multiforme (GBM)
Gliomas account for 24.7% of all primary brain and other CNS tumors and
represent 74.6% of malignant brain tumors (CBTRUS, 2016). Gliomas have been classified
into oligodendroglioma, astrocytoma, oligoastrocytoma and ependydoma. Astrocytomas
are the most prevalent form of glioma and have been classified into 4 grades (I-IV) by the
WHO based on distinctive histopathological features and increasing aggressiveness. Grade
I (Pilocytic astrocytoma) are considered to be benign, grade II (low grade diffuse
astrocytoma) and grade III (Anaplastic astrocytoma) are more aggressive and can progress
to higher grades. Grade IV (Glioblastoma multiforme or GBM) is the most aggressive and
constitutes 90% of all astrocytoma cases. GBM is characterized by nuclear atypia, high
cellular density, high mitotic activity, necrosis and microvascular proliferation (Maher et
al., 2001). GBM is the most common and most aggressive tumor of the central nervous
system (CNS) and has the highest incidence rate with about 3 new cases per 100,000 people
(Ostrom et al., 2014). The symptoms include headache, seizures, nausea, and drowsiness
and depending on the location of the tumor, patients can develop other symptoms such as
weakness on one side of the body, memory and/or speech difficulties, and visual changes
(Omuro and DeAngelis, 2013).
Current treatment modalities include maximal surgical resection followed by
chemotherapy with temozolomide (TMZ) and radiotherapy. TMZ is an oral cytotoxic DNA
alkylating agent that readily crosses blood brain barrier (BBB). TMZ is activated at
physiological pH to form its active form 5-3-(methyl)-1-(triazen-1-yl) imidazole-4carboxamide (MTIC). MTIC acts by methylating the O 6 -position of guanine (primary
lesion) thereby causing DNA damage. Addition of TMZ to radiation therapy increased the
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survival of patients from 12.1 months to 14.6 months compared to radiation alone (Stupp
et al., 2005). Thus, despite such aggressive treatment modalities, the average survival of
patients remains dismal and warrants the need for development of novel effective treatment
strategies.

Core pathways deregulated in GBM
A large number of molecular alterations have been identified in GBM that have
enabled better understanding of glioma biology and its dysregulated pathways. In the initial
TCGA study, Sanger sequencing along with microarrays were used to analyze alterations
in 601 genes from 91 patient samples. The most relevant signaling pathways involved in
GBM include growth factor receptor tyrosine kinase (RTK)–triggered pathways, including
the Ras sarcoma (Ras) pathway, as well as the phosphatidylinositol 3-kinase
(PI3K)/phosphatase and tensin homolog (PTEN)/AKT, retinoblastoma (RB)/cyclindependent kinase (CDK) N2A-p16INK4a, and the TP53/mouse double minute 2
(MDM2)/MDM 4/CDKN2A-p14ARF pathways (Fig 1.1).
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Figure 1.1: Major pathways deregulated in GBM, reproduced from (Brennan et al.,
2013).

RTK/RAS/PI3K pathways
The epidermal growth factor receptor (EGFR) gene is amplified in ~ 60% of GBM
(Brennan et al., 2013). About half of these GBM also harbor a mutation in EGFR gene that
codes for EGFRvIII, in which deletion of exon 2-7 in the extracellular ligand binding
domain leads to constitutive kinase activity (Cancer Genome Atlas Research Network,
2008). EGFR activation leads to activation of downstream RAS/RAF/MAPK, PI3K and
STAT pathways to support glioma growth (Wong et al., 1992). Additionally, ~13% of
GBMs also harbor platelet derived growth factor receptor alpha (PGFRA) amplifications
and this is one of the hallmarks of proneural subclass of GBM (Cancer Genome Atlas
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Research Network, 2008). Although less frequent, amplification of the MET RTK has also
been observed. Moreover, amplification of multiple RTKs can coexist among different
subpopulations within a same tumor and contribute to the GBM heterogeneity (Snuderl et
al., 2011; Szerlip et al., 2012). Thus, targeting single RTK might not be therapeutically
effective due to redundancy in activating downstream pathways by other RTKs.
Activation of phosphatidylinositol-3-kinases (PI3K) is known to activate
downstream signaling molecules such as PDPK1, AKT and mammalian target of
rapamycin (mTOR) resulting in cell proliferation and survival in GBM (Furnari et al.,
2007). Mutations in the catalytic (PIK3CA) or regulatory (PIK3R1) subunit occur in ~15%
of GBM and lead to activation of PIK3 kinase (Cancer Genome Atlas Research Network,
2008). Additionally, silencing mutations or deletions in phosphatase and tensin homolog
(PTEN) occur in 30% of GBM cases and is the main negative regulator of PI3K/AKT
signaling pathway.
Activation of the RAS pathway is common in GBM. While RAS mutations occur
rarely in GBM, the RAS pathway can be activated through aberrant activation of upstream
RTKs. In addition, mutations or deletion of neurofibromin 1 (NF1) – negative regulator of
RAS, occurs in 18% of GBM cases (Cancer Genome Atlas Research Network, 2008). Loss
of NF1 is associated with the mesenchymal subtype of GBM (Verhaak et al., 2010).
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P53 signaling pathway
P53 is a transcription factor that plays a role in cell cycle control, DNA damage
response, cell death and differentiation (Bieging et al., 2014). P53 is inactivated in through
mutations or deletions in 35% of GBM cases. Alternatively, upstream negative regulators
of p53 such as MDM2 and MDM4 are amplified in 14% and 7% of GBM thus causing
inactivation of p53 signaling pathway. Conversely, ARF – a negative regulator of MDM2
is itself deleted in 49% of GBM cases again inactivating p53 signaling.

RB signaling pathway
Retinoblastoma pathway plays a central role in cell cycle and cell proliferation. In
proliferating cells, activated cyclin-CDK complexes trigger phosphorylation mediated
inactivation of Rb leading to release of bound E2F (Malumbres and Barbacid, 2009).
Release of E2F drives transcription of growth promoting genes. The Rb pathway is
inactivated through either direct mutation or homozygous deletion of Rb gene or through
amplification of negative regulators of Rb like CDK4, CDK6 and CCND2 in 11%, 18%,
1% and 2% of GBM cases respectively (Cancer Genome Atlas Research Network, 2008).
Additionally, loss of endogenous CDK inhibitors like CDKN2A-p16INK4a and CDKN2Bp15INK4b leads to activation of CDK and hence Rb inactivation in 55% and 53% of GBM
cases respectively (Cancer Genome Atlas Research Network, 2008). Notably, CDKN2A
genetic locus at chromosome 9p21 produces both CDKN2A-p14ARF and CDKN2Ap16INK4a by alternative splicing. Because p16INK4a negatively regulates CDK4 and
p14ARF inhibits MDM2, leading to inactivation of TP53, simultaneous inactivation of both
genes by homozygous deletion inactivates both the Rb and the P53 pathways.
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Genetics and Molecular subtypes of GBM
Traditionally, GBM have been classified into de novo arising “primary” that
account for vast majority of GBM cases (90-95%) and manifest mostly in patients >65
years of age. On the other hand, “secondary GBM” which progress from lower grade II/III
gliomas, occur in younger patients ~45 years of age and account for small fraction (5-10%)
of the GBM cases (Ohgaki and Kleihues, 2013). While primary and secondary GBM are
histologically indistinguishable, they vary greatly in their genetic profiles. For example,
PTEN (Phosphatase and tensin homolog) tumor suppressor mutation and gene
amplification of EGFR (Epidermal growth factor receptor) are common in primary GBM
while mutations in IDH1/2 (isocitrate dehydrogenase), p53 and ATRX (Alpha
Thalassemia/Mental Retardation Syndrome X-linked) and loss of 1p/19q chromosomal
arm are hallmarks of secondary GBM which are also typical of low grade gliomas (Aldape
et al., 2015; Cancer Genome Atlas Research Network et al., 2015).
GBM is a heterogeneous disease both at histological and molecular level. Several
studies have attempted to classify GBM into subtypes based on their distinct molecular
profile. Phillips et al. classified 76 high grade gliomas into novel subtypes based on
differential gene expression patterns that had distinct clinical patterns (Phillips et al., 2006).
The 3 classes that came out from this study were proneural, mesenchymal and proliferative.
The proneural group was enriched for genes expressed in neural tissue while mesenchymal
group was associated with genes expressed in mesenchymal tissue and proliferative group
was enriched for genes expressed in proliferating cells. Importantly, the proneural group
was found to be associated with significantly better outcome (174.5 weeks) than either
proliferative (60.5 weeks) or mesenchymal (65 weeks) (Phillips et al., 2006). This was later
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attributed to the IDH1 mutations associated with proneural subtype and the survival
advantage was lost upon segregating this subgroup out (Brennan et al., 2013).
However, this classification has since been updated after the Cancer Genome Atlas
(TCGA) consortium performed an extensive molecular profiling of 200 GBM tumors using
microarray and DNA sequencing and proposed an integrated molecular classification
containing 4 subtypes (Fig. 1.1) predominantly based on patterns gene expression –
classical, proneural, mesenchymal and neural (Verhaak et al., 2010).

Figure 1.2: TCGA GBM classification into 4 subtypes – Proneural, Neural,
Mesenchymal and Classical, reproduced from (Brennan et al., 2013).
The classical subtype was frequently associated with altered expression and
amplification of EGFR, monosomy 10 and homozygous deletion of 9p21.3 targeting
CDKN2A-p16INK4A and p14ARF gene. Additionally, this subtype lacked mutations in
P53, NF1, PDGFRA or IDH1. The mesenchymal subtype was defined by expression of
mesenchymal markers (YKL40 and MET) and astrocytic markers (CD44 and MERTK)
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plus NF1 deletion or mutation. Proneural subtype was associated with expression of
PDGFRA, OLIG2 and DLL3 genes along with alterations in PDGFRA, P53 genes and
IDH1 mutations. Finally, neural subtype was the most poorly defined and had gene
expression signature that resembled normal brain tissue and expressed neuronal markers
such as NEFL, GABRA1, SYT1, and SLC12A5. These subtypes also differed in their
response to treatment with greatest benefit in classical subtype and least in proneural
subtype. The proneural subtype was later subdivided into G-CIMP+ and G-CIMP- (glioma
CpG Island Methylator Phenotype) based on differences in methylome profiles where GCIMP+ was found to be associated with IDH1 mutation (Noushmehr et al., 2010). IDH1
mutation was later shown to contribute to hypermethylation through increased production
of 2-hydroxyglutarate which inhibits TET enzymes involved in DNA de-methylation (Xu
et al., 2011). G-CIMP status was also found to be a predictor for survival status within
proneural subtype where G-CIMP+ patients had a median survival of 150 weeks in
comparison to G-CIMP- patients with median survival of 42 weeks (Noushmehr et al.,
2010).
More recently, TCGA profiled a very large set of adult ~1100 diffuse gliomas
which comprised of both high grade GBM and low grade glioma as identified
histologically. Multiple platforms, including genome-wide methylation profiling, RNA
sequencing, whole genome/exome sequencing, and copy number profiling, were utilized
to robustly describe clinically relevant, molecularly discrete groups of glioma (Ceccarelli
et al., 2016). CpG DNA methylation profiling classified the gliomas into either as IDH
wild type or IDH mutant. IDH wild type further separated into previously described
mesenchymal-like and classical-like clusters and an additional third cluster that was
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enriched for low grade glioma. Conversely, IDH mutant gliomas separated into 3 clusters,
1p/19q codeleted cluster, G-CIMP high and G-CIMP low clusters. The G-CIMP low
cluster had a very poor prognosis and the comparison of differentially hypomethylated
regions with G-CMIP high tumors displayed enrichment in SOX2 and OLIG2 transcription
factor DNA binding motifs suggestive of a stem cell like state in this cluster possibly
contributing to their aggressive nature (Ceccarelli et al., 2016).
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Figure 1.3: Molecular profiling of all adult diffuse glioma, reproduced from
(Ceccarelli et al., 2016).
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Thus, to summarize, molecular profiling has not only led to better understanding of
GBM biology but could also lead to development of more effective and targeted therapies
relevant to different molecular subtypes. However, it should be kept in mind that this
classification is largely based on gene expression and subtype instability has been reported.
Although subtypes are largely maintained in recurrent GBM, subtype switching has been
reported where different subtypes have been reported at the time of diagnosis and after
relapse post treatment (Phillips et al., 2006; Wang et al., 2016). Additionally, these
molecular subtypes represent the average transcriptional program of the bulk tumor. Single
cell RNA sequencing has shown that each tumor contains heterogeneous mixture of cells
that correspond to different transcriptional subtypes and mutations (Patel et al., 2014).
Increased heterogeneity was associated with poor survival which is believed to the major
reason for poor prognosis in GBM (Patel et al., 2014). This heterogeneity is in part
attributed to a small population of cells called GBM cancer stem like cells (GSC).

Glioblastoma stem like cells (GSC)
There are 2 models to explain heterogeneity observed in cancers. The stochastic
clonal model postulates that all cells in the tumor are biologically equivalent, have equal
potential to proliferate and initiate tumorigenesis and the heterogeneity among the cells is
attributed to stochastic variations in intrinsic (genetic and epigenetic variations) and
extrinsic factors (microenvironment, immune response) (Dick, 2009). Alternatively, the
hierarchal stem cell model posits that within the tumor bulk there exists a small
subpopulation of cells known as cancer stem cells that have the ability to self-renew and
differentiate and that the tumor heterogeneity is due to the diverse proliferating and

12

differentiating progeny of these stem cells (Shackleton et al., 2009). These 2 models are
not mutually exclusive and together contribute to the complexity of tumor progression and
maintenance.

Figure 1.4: Functional criteria of CSCs. Cancer stem cell exhibit self-renewal, tumor
initiation, proliferation, multilineage differentiation and stem cell marker expression
,reproduced from (Lathia et al., 2015).

Like normal stem cells, cancer stem cells exhibit self-renewal and potential to
differentiate into different cell types. In contrast to the normal stem cells, CSC possess
oncogenic mutations leading to uncontrolled growth and proliferation (Shackleton, 2010).
CSC have been found in multiple cancer types such as leukemia, breast, prostate, ovarian
including GBM (Ailles and Weissman, 2007). Traditionally, normal neural stem cells have
been isolated by culturing them in serum free media supplemented with epidermal growth
factor (EGF) and fibroblast growth factor (FGF) where they grow as neurosphere clones
13

(Reynolds and Weiss, 1992). The same method has since been used to isolate Glioblastoma
stem like cells (GSC) from GBM by several groups and showed that these cells could selfrenew both in vitro and in vivo, possess brain specific multi-lineage differentiation potential
to differentiate into astrocytes, oligodendrocytes and neurons and in addition, give rise to
invasive GBM (Galli et al., 2004; Ignatova et al., 2002; Singh et al., 2004). Similarly,
many markers that are expressed in normal neural stem cells (NSC) like CD133, SOX2,
OILG2, OCT-4, BMI-1, NESTIN have been reported to be expressed in GSC as well
(Lathia et al., 2015).
Peter Dirks’s group showed that CD133 which is a transmembrane glycoprotein,
can be used as a marker to isolate GSC from primary brain tumor samples by (Singh et al.,
2004). The authors showed that as few as 100 CD133+ cells were enough to initiate tumors
when transplanted into NOD-SCID mice as compared to implantation of 100,000 CD133cells which could not generate tumors. Furthermore, tumors generated by CD133+ could
be serially transplanted indicative of their self-renewal potential. GSC have also been
shown to undergo asymmetric division where CD133 is segregated asymmetrically in upon
growth factor depletion, with more CD133 being present in stem like daughter cells (Lathia
et al., 2011). However, use of CD133 as a GSC marker has been challenged where in some
GBM tumors, CD133- cells have also been shown to fulfill GSC criteria and form tumors
(Beier et al., 2007). However, it has also been suggested that this subpopulation of tumors
express very low levels of CD133 beyond the limit of detection by FACS which is routinely
used to isolate CD133+ cells thus suggesting that CD133 may not be a universal marker to
isolate GSC in all the GBM tumors (Gambelli et al., 2012). Other markers such as
CD15/SSEA have been reported to enrich for GSC (Son et al., 2009). However, cell surface

14

markers have also been shown to change based on tumor subtype and progression. Though
the challenge remains to identify a universal marker to identify GSC, CD133 still remains
the most commonly used marker to study GSC.
GSC are not only highly tumorigenic but also exhibit increased therapy resistance.
It has been shown that CD133+ cells display increased radiation resistance due to activation
of DNA damage checkpoint kinases (Chk1 and Chk2) along with an increased ability to
repair radiation-induced DNA damage compared to the CD133- cells (Bao et al., 2006a).
An additional mechanism of radioresistance has been reported where BMI1, a polycomb
group protein enriched in GSC, undergoes redistribution along the chromatin following
radiation and colocalizes with proteins required for DNA double strand break response
(Facchino et al., 2010). Chemoresistance of GSC to the standard GBM chemotherapy drug
temozolomide (TMZ) has remained controversial. Some studies have demonstrated
sensitivity of GSC to TMZ in culture (Beier et al., 2008; Mihaliak et al., 2010) whereas
others have shown increased TMZ resistance of CD133+ cells through increased
expression of MGMT, BCRP1 (Breakpoint Cluster Region Pseudogene 1), and antiapoptosis proteins (Liu et al., 2006; Qiu et al., 2014). Another potential mechanism by
which GSC display chemoresistance is through upregulation of ABC (ATP binding
cassette) drug transporters to pump out the drug (Sørensen et al., 2015).
The origin of cancer stem cells has been attributed to either direct mutations in
neural stem cell (NSC) population, progenitor cells or due to de-differentiation of more
mature cell types within the tumor. Lineage tracing experiments in murine models of
glioma has provided mixed evidence of the contribution of these cell types in tumorigenesis
(Modrek et al., 2014). Combined activation of AKT and KRAS in Nestin expressing cells
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(NSC, progenitor cells) led to formation of high grade glioma whereas GFAP
(differentiated astrocytes) did not form tumors (Holland et al., 2000). Similarly, loss of
p53, NF1 and PTEN tumor suppressors in nestin positive cells was shown to form high
grade astrocytomas with 100% penetrance (Alcantara Llaguno et al., 2009). On the other
hand there is also evidence where more differentiated progeny can give rise to tumor
formation. For example Ink4a-Arf deficiency when combined with activation of AKT and
KRAS activation in astrocytes (Uhrbom et al., 2002). More recently, de-differentiation of
neurons have been shown to occur in response to loss of p53 and NF1 and induce gliomas
in mice (Friedmann-Morvinski et al., 2012).
The concept of cellular plasticity among tumor cells also adds another layer of
complexity in GBM biology. For example, non GSC cells have been shown to acquire
stemness state in response environmental cues such as hypoxia, acidic stress, chemotherapy
and radiation (Auffinger et al., 2014; Dahan et al., 2014; Heddleston et al., 2009;
Hjelmeland et al., 2011). GSC have been also observed to exhibit lineage plasticity due to
their ability to transdifferentiate into endothelial cells both in vitro and in mice (Dong et
al., 2011; Ricci-Vitiani et al., 2010; Soda et al., 2011). Ricci-Vitiani et al reported that GSC
cultured in endothelial conditions directly transdifferentiated into CD31 and Tie-2
expressing endothelial cells (Ricci-Vitiani et al., 2010). Additionally, implantation of GSC
in immunocompromised mice generated tumors with vessels that were mainly composed
of human CD31+ endothelial cells whose selective targeting led to impaired tumor growth.
Finally, Soda et al. showed that both mouse and human GSC could transdifferentiate to
endothelial cells in a VEGF independent manner (Soda et al., 2011).
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Another alternative model to study GBM in vitro is the use of traditional serum
grown lines which are grown in 10% serum as opposed to serum free, EGF, FGF
supplemented media used for growing GSC. However, the use of these cell lines as a model
to study GBM has been challenged by several studies. A study from Fine group compared
genome wide chromosomal alterations and gene expression analysis of 83 primary GBM
tumors with 5 most commonly used serum lines and found that these cell lines harbored a
variety of genomic and gene expression changes not found in primary tumors leading to
misrepresentation of glioma biology (Li et al., 2008). Moreover, direct comparison of gene
expression profiling of GSC lines grown as neurospheres and serum lines derived from
same matched tumor showed that the GSC gene expression signature more closely
resembles to that of the original tumor in comparison to the serum grown lines (Lee et al.,
2006). Additionally, GSC generated highly invasive tumors in contrast to the matched
serum lines which were significantly less tumorigenic with minimal infiltration into
surrounding brain. GSC derived xenografts have also shown to also maintain genotype and
phenotype of primary tumor (Wakimoto et al., 2012). Additionally, neurosphere formation
has been correlated to poor prognosis in GBM (Laks et al., 2009). Thus GSC serve as both
genetically and clinically relevant model to study GBM.
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GBM hypoxia
The presence of microvascular proliferation and a necrotic core often surrounded
by pseudopalisading cells are the major hallmarks of GBM. Rapidly dividing tumor cells
induce angiogenesis to supply oxygen and nutrients to support the growing tumor mass. In
fact, GBM is one of the most highly vascularized tumors exhibiting high vascular density
and angiogenesis (Cavazos and Brenner, 2016). However, tumor associated blood vessels
are disorganized and dysfunctional and this compromised vascular integrity triggers
development of areas with low oxygen supply. This results in microenvironmental
heterogeneity where tumor regions have oxygen gradients and oxygen concentration
decreases as a function of distance from the vasculature (Vartanian et al., 2014). Necrotic
regions thus form within the tumor core that has severe hypoxic/anoxic microenvironment.
The physiological oxygen concentrations in GBM can range between 2.5 and 0.5% for
mild hypoxia and 0.5 and 0.1% for severe hypoxia as compared to healthy brain tissue
where the physiological oxygen concentrations range between 12.5 and 2.5%, (Evans et
al., 2004). Pseudopalisading cells are present as regions of hypercellularity around necrotic
core and are believed to represent tumor cells migrating away from central hypoxic core
(Brat et al., 2004). In fact, both the presence of necrosis and hypoxia are associated with
poor prognosis in GBM (Burger and Green, 1987; Rong et al., 2006). Hypoxic
microenvironment also imparts treatment resistance to the tumor cells. Upon radiation,
intracellular water undergoes hydrolysis and reacts with molecular oxygen to generate
superoxide radicals that attack DNA backbone causing DNA damage. Lower oxygen
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concentrations in hypoxic microenvironments causes reduced damage, and in fact three
times higher radiation dose is required to target cells in hypoxia than in the presence of
normal oxygenation (Cavazos and Brenner, 2016). Moreover, dysfunctional tumor
vasculature can impact efficient drug delivery leading to tumor cells escaping treatment.
Hypoxic tumor cells have been suggested to have lower proliferative capacity further
contributing to chemoresistance (Vartanian et al., 2014).
The cellular responses to hypoxia are in part regulated by HIF (Hypoxia inducible
factors) family of transcription factors that control transcription of hypoxia responsive
genes. Three HIFs – HIF-1, HIF-2 and HIF-3 have been identified each of which comprise
of an oxygen sensitive α subunit (HIF-1α, HIF-2α and HIF-3α respectively) and a
constitutively expressed HIF-1β subunit, also known as ARNT (aryl hydrocarbon receptor
nuclear translocator). HIF1α, HIF2α and HIF-1β are widely expressed in various tissues,
whereas HIF3α is normally expressed in highly avascular tissues such as the cornea
(Pawlus and Hu, 2013). In presence of oxygen, HIF-1α and HIF-2α undergo oxygen
dependent prolyl hydroxylation by prolyl hydroxylases (PHD) that facilitates binding of
von Hippel-Lindau protein (pVHL), an E3 ubiquitin ligase that in turn targets HIFs for
proteosomal degradation (Jaakkola et al., 2001). In contrast under hypoxia, PHD activity
is inhibited leading to HIF-1α stabilization and its accumulation in oxygen starved cells.
HIF1-α then translocates to nucleus where it dimerizes with HIF-1β to form active HIF
transcriptional complex with coactivators p300 and CBP and bind to hypoxia response
elements (HRE) of HIF target genes, and activate their transcription (Pawlus and Hu,
2013). Most of the genes downstream of HIFs are involved in adapting to metabolic stress
such as glycolytic enzymes hexokinase 2 (HK2), phosphofructokinase 1, aldolase,
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glyceraldehyde-3-phosphate dehydrogenase and glucose transporters (GLUT1 and
GLUT3). HIF-1α also promotes angiogenesis and endothelial cell proliferation by
increasing the expression of angiogenic factors such as VEGF-A and angiopoietins.
Elevated HIF-1 and HIF-2 expression has been linked to poor prognosis in glioma (Clara
et al., 2014; Sathornsumetee et al., 2008).
Current evidence suggests that GSC tend to preferentially reside in both
perivascular and hypoxic niches within the tumor (Soda et al., 2011). Furthermore, hypoxia
has been shown to regulate GSC biology through HIFs. Knocking down HIFs in GSC has
shown to inhibit self-renewal, proliferation and cell survival in vitro as well as reduce
tumorigenic potential of GSC in vivo (Li et al., 2009). Heddleston et al showed that
culturing cells in 2% oxygen condition promotes self-renewal ability of both CD133+ and
non-stem CD133- populations and was accompanied by increased expression of stem cell
factors such as OCT4, NANOG and c-MYC (Heddleston et al., 2009). Another study
demonstrated that hypoxia is involved in maintaining the undifferentiated state of GSC and
increase the CD133+ population and corresponding stem cell markers expression and
clonogenicity (Bar et al., 2010). This was in part shown to be driven in a HIF-1 dependent
manner as expression of oxygen stable HIF-1 in CD133- cells lead to an increase in
CD133+ population under normoxia. Additionally, HIF-1 mediated Notch pathway
induction is required for GSC maintenance under hypoxia (Qiang et al., 2012). On the other
hand, there are reports which demonstrate that HIF-2 is the dominant HIF in regulating
GSC under hypoxia (Seidel et al., 2010). A separate study reported that HIF-2 was
preferentially expressed in CD133+ cells whereas HIF-1 was expressed in both CD133+
and CD133- cells and that higher HIF-2 expression levels also relate to poorer prognosis
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(Li et al., 2009). Moreover, hypoxia also promotes angiogenesis directly by increasing
expression of VEGF-A through HIFs or through trans-differentiation of GSC to endothelial
cells (Bao et al., 2006b; Soda et al., 2011).

JAK/STAT pathway in GBM
JAK/STAT machinery-Janus Kinases (JAK)
The JAKs are large receptor associated tyrosine kinases and range from 120-140
KDa in size. JAKs are comprised of 7 JH (Jak homology domain) JH1-7 where JH1 forms
the tyrosine kinase domain at C terminal, JH2 forms a pseudokinase domain which
regulates the activity of kinase domain, JH3-4 form the Src homology 2 like domain (SH2
like domain) and finally JH5-7 have homology to the FERM (band 4.1 ezrin, radixin and
moesin) domain that mediates JAK binding to cytokine receptors and also regulates kinase
activity (Silvennoinen et al., 1993). There are 4 JAK family members – JAK1, JAK2,
TYK2 and JAK3, that selectively bind different cytokine receptor chains and thus display
specificity in response to different ligand signaling. This is potentiated by the fact that they
have distinct in vivo roles. JAK1 knockout mice die perinatally due to neurological defects,
JAK2 deficiency is embryonic lethal due to defective erythropoiesis, JAK3 deficiency
leads to severe defects in lymphocyte development and activity and lastly TYK2 knockout
mice are viable but are more susceptible to bacterial or viral infections. JAK1, JAK2 and
TYK2 are ubiquitously expressed while JAK3 expression is restricted to hematopoietic
tissues, myeloid and lymphoid tissues (Christian W Schindler, 2002).
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JAK activation occurs in response to a variety cytokines. Upon cognate ligand
binding, receptor dimerize which brings the receptor associated JAK tyrosine kinases in
close proximity allowing their trans-phosphorylation and activation. JAKs then
subsequently phosphorylate the C terminal tail of the receptor to create docking sites for
STAT monomers via their SH2 domains. STATs are transcription factors that are present
in an inactive state in the cytoplasm. Following STAT recruitment to the receptor, JAKs
subsequently phosphorylate STATs at a single specific tyrosine residue leading to STAT
activation and nuclear translocation where they activate/repress transcription of target
genes (O’Shea et al., 2015). Activation of STAT is the major downstream event upon
activation of JAK kinases that acts as a molecular hub for convergence of several signaling
pathways that are aberrantly regulated in GBM.

Figure 1.5: JAK/STAT pathway activation. Binding of cytokine to its receptor
leads to transphosphorylation of receptor associated JAKs. This leads to receptor
phosphorylation creating docking sites for inactive STAT monomers. STAT are
then phosphorylated by JAKs and translocate to nucleus to regulate transcription,
reproduced from (O’Shea et al., 2015).
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STAT (Signal transducer of activators of transcription)
The STAT gene family is comprised of 7 members - STAT1, STAT2, STAT3,
STAT4, STAT5A, STAT5B and STAT6. STAT were initially discovered by Cochran lab
as a DNA binding factor that bound to the c-Fos promoter in response to PDGF stimulation
in BALB/c-3T3 cells and proposed that in the quiescent cells, the factor preexisted in an
inactive form and its DNA binding activity is activated in presence of extracellular inducers
(Hayes et al., 1987). There are 3 major classes of negative regulators of JAK/STAT
signaling – suppressor of cytokine signaling (SOCS) proteins, protein tyrosine
phosphatases (PTP) such as SHP-1 and SHP-2 and protein inhibitors of activated STATs
(PIAS). SOCS function by either physically blocking STAT recruitment to the receptor or
by targeting JAK for proteasomal degradation. SHP acts by dephosphorylating JAK
proteins whereas PIAS inhibit STAT DNA binding or by promoting STAT proteosomal
degradation.
Of all the STATs, STAT3 has emerged as a key player in carcinogenesis including
GBM. STAT3 was shown to be required for v-src-mediated transformation (Bromberg et
al., 1998; Turkson et al., 1998). Also, loss of STAT3 in mouse epithelium inhibits
induction of skin tumors by carcinogen DMBA (Chan et al., 2004). STAT3 is
constitutively active in breast cancer stem cells, prostate cancer stem cell and GBM stem
cells (Kroon et al., 2013; Sherry et al., 2009). STAT3 activation occurs in response to
ligands like EGF, PDGF, IL-6 family of cytokines such as Oncostatin M (OSM), Leukemia
inhibitory factor (LIF) and Interleukin-6 (IL-6) through tyrosine phosphorylation at Y705.
The IL-6 family of cytokines has a common gp130 subunits the provides 5 independent
docking sites for STAT3. The accounts for the strong activation of STAT3 by these
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cytokines. This activating phosphorylation is carried out by 3 different classes of kinases
including JAK kinases; receptor tyrosine kinases such as EGFR and PDGFR; and non
receptor associated tyrosine kinases like Src kinases and BCR-Abl. Activated STAT3
translocates to nucleus and promotes transcription of genes involved in cell proliferation,
survival and tissue invasion thus promoting tumor progression (Brantley and Benveniste,
2008).
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Ligand

Receptor Complex

Activated
Jak Family
Member

Activated
STAT
Family
Member

IL-6

IL-6 R alpha+ gp130

STAT1
STAT3

CNTF

CNTF R alpha + LIF R
alpha +gp130

Jak1
Jak2
Tyk2
Jak1
Jak2
Tyk2
Jak1
Jak2
Tyk2
Jak1

STAT3

LIF R alpha+ gp130

Jak2
Tyk2

STAT3
STAT5

EGF

EGF R/ErbB1

Jak1
Jak2

EGF

ErbB2/Her2

Jak2

EGF

ErbB4/Her4

Jak2

PDGF

PDGF R alpha +PDGF R
beta

Jak1

STAT1
STAT3
STAT5
STAT1
STAT3
STAT5
STAT1
STAT5
STAT1

Jak2
Tyk2

STAT3
STAT5

LIF

LIF R alpha+ gp130

Oncostas OSM R beta+ gp130
tin M/
OSM

STAT1

STAT1
STAT3
STAT5
STAT1

Table1.1 Examples of JAK utilization in activating STAT signaling. (Adapted
from www.rndsystems.com)
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JAK/STAT3 in GBM
Constitutive STAT3 activation has been reported in large number of cancers
including GBM (Rahaman et al., 2002). Elevated expression of JAK1, pJAK1 and
activated STAT3 correlate with poorer prognosis in GBM patients (Birner et al., 2010; Lin
et al., 2014b; Tu et al., 2011). Furthermore, STAT3 is involved in maintaining self-renewal
of GSC and inhibition of STAT3 by RNAi or small molecule inhibitors inhibits cell growth
and sphere formation and sensitizes GSC to TMZ (Sherry et al., 2009; Villalva et al., 2011).
STAT3 is not only implicated in maintaining stem like state in GSC but also in their
multipotency (Sherry et al., 2009). Furthermore, STAT3 in co-operation with C/EBPβ is
one of the master regulators responsible for mesenchymal signature in GSC (Carro et al.,
2010). STAT3 drives expression of wide variety of genes including proliferation genes cmyc, p21, cyclin D; the anti-apoptotic genes - bcl-xl and survivin; the angiogenic gene
VEGF; and the invasion genes MMPs. Thus, STAT3 impinges on multiple aspects of
tumorigenesis (Konnikova et al., 2003; Ouédraogo et al., 2016).
While direct activating mutations in JAK kinases or STAT3 are absent in
glioblastoma, aberrant STAT3 activation has been attributed to constitutively activated
upstream cytokine receptors usually by paracrine or autocrine secretion of ligands,
amplification of receptor tyrosine kinases or loss of endogenous JAK/STAT inhibitors
(Brantley and Benveniste, 2008). For example, IL-6 family of cytokines are the major
STAT3 activators in GBM. IL-6 family comprises of cytokines like IL-6, OncostatinM
(OSM), Ciliary Neurotrophic Factor (CNTF), and Leukemia inhibitory factor (LIF). These
cytokines signal through gp130 receptor, where cytokine binding leads to the
homodimerization of gp130 or heterodimerization of gp130 with other gp130-related
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receptor subunits, such as the OSM receptor, LIF receptor or IL-6 receptor (Xu and
Neamati, 2013). All 3 JAK1,2 and TYK2 proteins are associated with gp130 receptors and
activate STAT3 (Babon et al., 2014). Of these family members IL-6 has been most well
studied in GBM. Autocrine production of IL-6 expression results in constitutive activation
of STAT-3, and blocking IL-6 signaling by neutralizing antibodies to IL-6 reduced STAT3 activation, inhibited cell proliferation, and induced apoptosis (Rahaman et al., 2002). In
GSC, both IL-6 receptor and GP130 receptor expression is elevated and blocking IL-6
signaling inhibit STAT3 activation and GSC proliferation and induces apoptosis. Further,
blocking IL-6 signaling through IL-6 antibody slows glioma growth in vivo (Wang et al.,
2009).
Similarly, EGFR amplification is a common event in GBM and leads to STAT3
activation (Lo et al., 2008). Additionally, EGFR constitutive variant EGFRvIII cooperates
with wild type EGFR to cause STAT3 hyperactivation in GBM (Fan et al., 2013).
Similarly, PDGFRβ has also been shown to drive STAT3 activation in GSC (Y. Kim et al.,
2012). Loss of negative regulator of STAT3 such as PIAS-1 or PTPRD (protein tryosine
phosphatase receptor delta), a STAT3 phosphatase leads to activation of STAT3 and cell
proliferation (Brantley et al., 2008; Veeriah et al., 2009). Together this data implicates
STAT3 as a bona fide target for GBM. One possible way to do this is to target the upstream
kinases that activate STAT3 like JAK kinases. AG490, was one of the first inhibitors to be
used in GBM that inhibited STAT3 activation, inhibited proliferation of U251 cells and
induced apoptosis by reducing the expression of prosurvival Bcl-xL, Bcl-2 and Mcl-1
genes (Konnikova et al., 2003; Rahaman et al., 2002). Similarly, two JAK inhibitors
WP1066 and AZD1480 inhibit STAT3 activation and GBM cell growth both in vitro and
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in vivo (Iwamaru et al., 2007; McFarland et al., 2011). All of these studies have used
relatively unspecific JAK inhibitors that inhibit multiple JAK kinases and it is not clear
which of the JAK kinase/s would be important to inhibit in GBM. In this thesis, I have
investigated which of the JAK kinases is involved in the activation of STAT3 in GBM and
will expand on this in later sections.
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Summary
GBM is a rapidly lethal cancer and despite its extensive molecular characterization,
the treatment options remain limited. GSCs are believed to thrive in hypoxic niches within
the tumor that can survive the radiotherapy and chemotherapy and contribute to disease
recurrence. Thus, GSC represent an attractive target to treat GBM and improve patient
prognosis. To this end, we have focused our work on kinases as potential molecular targets
to inhibit these cells. In this thesis, in chapter 2 we have attempted to identify novel kinases
required for survival of these GSC under different oxygen conditions of both hypoxia and
normoxia using arrayed RNAi kinome screening. In chapter 3 we have validated one of the
identified kinase hit and attempted to understand its role in regulating GSC growth. Chapter
4 evaluates the potential of using JAK inhibitors to inhibit GSC growth.
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Chapter 2
RNAi kinome screening in GSC under hypoxia and
normoxia

Relative author contributions
Surbhi Goel and Sejuti Sengupta equally contributed to the RNAi screening and analysis
Table 2.1-2.6 contributed by Sejuti Sengupta
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The median survival of GBM patients is only about 14-15 months, despite the
current aggressive treatment by surgery, chemotherapy with temozolomide (TMZ) and
radiotherapy (Stupp et al., 2005). Thus there is an unmet need to identify new drug targets
to improve patient prognosis in GBM. Accumulating evidence suggests existence of a
minority sub population of GBM stem cells within the tumor bulk that are resistant to
chemotherapy and radiotherapy (Bao et al., 2006a; Eramo et al., 2006; Liu et al., 2006).
These cells thus persist as reservoir for the disease thereby contributing to disease
recurrence. Therefore, it is extremely important to identify new therapeutic agents to target
these cells. Such a stem cell directed therapy could be used as an adjuvant therapy in
combination with the traditional treatment to improve patient prognosis. Also, GSCs have
been found to preferentially reside in the hypoxic niches within the tumor that in turn has
been shown to further contribute to the maintenance of stem cell properties and therapy
resistance (Li et al., 2009; Seidel et al., 2010). Despite significant progress, the molecular
mechanisms

that

allow cells

to

survive

in

low oxygen

are insufficiently

understood. Therefore, it is extremely valuable to study mechanisms of GBM-SC
maintenance and proliferation in different microenvironments in order to identify novel
targets for drugs that can be used to treat these otherwise refractory cells.
One such group of potential targets are kinases that act as important mediators in
several signaling pathways and are readily amenable to drug inhibition (Knight et al.,
2010). A large number of inhibitors already exist for various kinases that make them ideal
candidates to study for developing cancer therapeutics.

Kinase inhibitors have been

successful as therapeutics and have revolutionized treatment for certain types of cancers
such as imatinib mesylate (GleevecTM) targeting BCR-Abl in chronic myelogenous
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leukemia (CML) and erlotinib for targeting EGFR in metastatic non-small cell lung cancer
(Baker and Reddy, 2010). Such success has not been achieved yet for GBM as number of
kinase inhibitors that have been tested in clinical trials for GBM against EGFR, PDGFR,
AKT and mTOR, all of which have failed to improve patient outcomes (Wilson et al.,
2014). However, identification of kinases that are required for growth and survival of GSC
specifically might pave the way towards developing novel therapeutics to target GBM in
combination with the traditional therapies for improving treatment efficacy. Here, we have
performed an RNAi screen to identify specific kinases required for the growth and survival
of GBM-SCs in both normoxic and hypoxic microenvironments.

Experimental Procedures
RNAi Screening
The MISSION LentiExpress human kinase shRNA set targeting ~501 kinase genes was
obtained from Sigma (Moffat et al., 2006). The shRNA kinome library includes ~3200
lentiviral shRNA pre-arrayed in a 96 well plate format. Each plate has 80 shRNA constructs
along with non-targeting and empty vector negative controls on each plate. The library has
at least 5 or more different shRNA sequences targeting each of the kinase to account for
off target effects. The shRNA construct is cloned in the pLKO.1 vector harboring
puromycin resistance gene. The screening protocol and puromycin concentration were
optimized for each of the 3 screened lines – GSC6.22, GSC 11.1 and GSC 7.2. Briefly, low
passage cells were seeded onto the 96 well plates at a density of 5000 cells/well in 70 ul
stem cell media so that the final well volume is 100 ul with 2 ug/ml polybrene in duplicate
plates. A complete media change (100ul) was done for GSC7.2 and GSC 11.1 next day
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while 100 ul fresh media was added to GSC 6.22 to avoid loss of cells. 48 hours post
infection, puromycin was added to a final concentration of 0.25 and 0.75 ug/ml respectively
for GSC7.2 and GSC 11.1 with a total well volume of 200 ul. For GSC 6.22 half media
change was done and puromycin was added at a concentration of 1 ug/ml with a total well
volume of 200 ul. One set of plate was then moved to hypoxia chamber (Biospherix) (1%
oxygen) and the other duplicate plate was kept under normoxia (21% oxygen). 6-9 days
post infection, neurospheres were dissociated into single cell suspension by addition of 10
ul of concentrated 40X trypsin (1% trypsin) and pipette trituration to measure GSC
viability.
Prestoblue assay
Cell viability assessed using the membrane permeant, resazurin based dye Prestoblue
(Sigma Aldrich) which is reduced to yield a red fluorescent resorufin product by
metabolically active cells. The fluorescence is directly proportional to live cells which can
be quantified by fluorescent plate reader (Tecan Spectrafluor Plus) at 544/590nm to
determine cell viability. Briefly, trypsin (final concentration 0.5%) was added to dissociate
the tumor spheres into single cell suspension. Prestoblue reagent was added to the cells at
1X concentration followed by mixing and cells were incubated for 30 minutes after which
fluorescence was measured by the plate reader.

Hit selection criteria
Putative hits in the screen were defined by the following 3 critieria.
1. The median ± 2 Median of Absolute Deviation (MAD) or Z* score was ≤ -2 was
used for platewise analysis. Viability for each well test well was calculated as log
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of cell growth in each well normalized to median of cell growth of non targeting
controls to identify shRNA hairpins that effectively inhibit cell growth. Z* scores
based on MAD analysis were calculated as the difference in viability between test
shRNA and the median of all test wells shRNA on the plate, normalized to the
MAD score calculated for each plate (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.
2. Additionally, shRNAs had had to give 50% or more growth inhibition relative to
non-targeting hairpins to be scored as a hit in order to identify biologically
significant hits.
3.

Finally, to minimize false positives due to off target effects only those genes were
scored as hits for which at least 2 or more different shRNA sequences met both the
growth inhibition and statistical cutoffs in either of the oxygen conditions.

Additionally, platewise Z* score distance between normoxia and hypoxia was plotted to
confirm differential growth by the hairpins which were enriched under specific oxygen
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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Hit intersection, annotation and pathway analysis
The BioVenn web application was used to draw area proportional venn diagrams to
represent intersection between hits among 3 screened GSC lines and to compare hits
between normoxia and hypoxia (Hulsen et al., 2008). Oncomine (www.oncomine.com)
and cBioPortal (http://cbioportal.org ) was used to analyze expression and mutation of
selected hits in GBM TCGA data set respectively (Gao et al., 2013; Rhodes et al., 2007).
GBM Bio Discovery portal was used to generate survival curves to correlate expression
levels of common hits with clinical outcome (https://gbm-biodp.nci.nih.gov/) (Celiku et
al., 2014). STRING (http://string-db.org/ ) was used to generate enriched pathways and
biological processes for the screening hits.

Results
We carried out a well by well functional lentiviral RNAi kinome screen of 3
independent patient derived GBM stem cell lines. The screening was performed both in
normoxia (21% oxygen) and hypoxia (1% oxygen) and cell viability assay was done after
about 1 week of infection to identify kinases required for survival of GSC (Fig. 2.1). The
shRNAs were shortlisted if they had 50% or more growth inhibition relative to nontargeting hairpins and a statistical Z* score value of ≤ -2. Having a 50% growth inhibition
cutoff in addition to Z* score value of ≤ -2 enabled us to identify biologically significant
hits. Additionally, to minimize the consequences of off target effects, only those genes
were scored as hits for which at least 2 or more different shRNA sequences met both the
growth inhibition and statistical cutoffs in either of the oxygen conditions.
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Figure 2.1: Screening protocol and representative kinase plate layout. Screening
summary and annotation of common hits
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Figure 2.2: Screen hit distribution. A. Table depicts hit distribution under hypoxia,
normoxia or both conditions in each cell line. B. Biovenn was used to generate Venn
diagrams cell-line intersection between kinase hits that were identified under either
conditions or sensitive to hypoxia or normoxia.
Using these criterion, we identified 38 (GSC 6.22), 39 (GSC 7.2) and 54 (GSC11.1)
hits in either of the oxygen conditions resulting in an overall hit rate of about 7.5-10% of
the kinases screened (Fig. 2.2). These hits comprise of genes that scored as hits in both the
oxygen conditions and hits that were hypoxia or normoxia sensitive. Surprisingly, only 12
kinase genes - CHK1, CDC2L1, CDK6, CDKL5, ERBB3, DDR1, KDR, PKN1, PLK1,
STK39, TXK and YES1 were common to all the three cell lines irrespective of the oxygen
conditions (Fig. 2.2). Five of these kinase hits, CDK6, CHK1, ERBB3, KDR and PLK1
have been well implicated in GBM previously (Table 2.1). CDK6, CHK1 and PLK1 are
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cell cycle genes and have been shown to drive growth and survival in GBM (X. Li et al.,
2015; Pezuk et al., 2013; Signore et al., 2014). While ERBB3 is a member of epidermal
growth factor receptor family is involved in cell proliferation and survival and known to
get upregulated in response to EGFR inhibition in GSC (Clark et al., 2012; Mujoo et al.,
2014), KDR, also known as VEGFR2, is known for its role in angiogenesis and in
regulating GSC viability (Hamerlik et al., 2012; Xu et al., 2013). Among the common 7
novel hits, STK39 is involved in stress response, DDR1 is a collagen receptor, CDC2L1 or
CDK11B is a cell cycle gene, YES1 is involved in cell survival and differentiation, CDKL5
mediates phosphorylation of methyl CpG binding protein-2 (MECP2) and has recently
been identified as a kinase required for survival of GBM cells (Varghese et al., 2016) and
TXK is involved in immune function but is known to be expressed in the brain (Table 2.2).
Known Signaling
Pathway
hits
ERBB3 EGFR family,
PI3K related

Cellular
function
Anti-apoptosis,
cell
proliferation

Relevance to GBM

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, Cell cycle
Phosphorylates
Rb,
implicated
in
PI3K/Akt
progression and glioma(Wiedemeyer et al. 2010; Ruano et al.
related
differentiation 2006)
PLK1 Regulates
Cell cycle and Negative regulator of p53, overexpression
AURKA,
mitosis, DNA correlates with cellular proliferation and poor
APC/C
damage
prognosis in glioma(J A Pezuk et al. 2013; Lee
activator
response
et al. 2012; Julia Alejandra Pezuk et al. 2013;
Tiedemann et al. 2010; Danovi et al. 2013;
Bhinder and Djaballah 2013)
KDR VEGF receptor, Endothelial
Promotes tumor angiogenesis in glioma (Geng
PI3K/Akt and proliferation,
et al. 2001; Lee et al. 2016; Yao et al. 2013; Lu
RhoGDI
survival,
et al. 2012)
related
migration,
tubular
morphogenesis
and sprouting
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CHEK1 p53, PI3K,
Cell cycle arrest Physiological stress response to hypoxia,
GPCR related in response to apoptosis/cell cycle control in glioma (Geng et
DNA damage al. 2001; J. Lee et al. 2016; Yao et al. 2013; Lu
et al. 2012)
Table 2.1. 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
Novel
hits
STK39

Signaling
Pathway
MAP14,
WNK4

YES1

Src, Fyn,
CDK4, RTK

DDR1

GPCR,
Nanog, Rho
GTPase,
AKT

CDKL5

STK, BDNF

PKN1

RhoA/B,
p38, JNK,
PKC- related
kinase

TXK

PI3K, Src,
FAK,
integrin

Cellular
function
Stress response
pathway, Ion
transport
Cell growth,
survival and
differentiation,
apoptosis, cellcell adhesion, T
cell and Akt
mediated
migration
Cell-matrix
adhesion, cell
growth, receptor
for binding
collagen,
Phosphorylates
PTPN11
Phosphorylation
of MeCP2,
synaptic
transmission,
cell spreading

Relevance to Cancer
Mediates genotoxic stress induced
apoptosis in B-cell lymphoma
Cell cycle progression and apoptosis
inmesenthelioma(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).
Mediates EMT and invasion in breast
cancer(Koh et al. 2015)and pancreatic
cancer(Chow et al. 2016)respectively;
K-RAS driven lung adenocarcinoma
initiation and progression(Ambrogio et
al. 2016; Chow et al. 2016; Koh et al.
2015).
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).
Identified as an essential kinase in
multiple myeloma screen(Tiedemann et
al. 2010)

Cell cycle arrest
in response to
DNA damage,
tumor cell
invasion
Th1,IL2cytokine Immunomodulatory activities,
production,
regulatesPI3-Kbinding to T cell
actin
antigen(Schneider et al. 1998)
cytoskeleton
regulation

39

CDC2L1

CDK family,
Regulates
PLK1

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 nonhodgkinlymphoma(Dave et al. 1999;
WHITE et al. n.d.)

Cell cycle
progression,
mitosis and
apoptotic
signaling

Table 2.2. 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.

The 12 common kinases were not found to be frequently mutated in GBM as
determined by analysis of the TCGA data by the cBioPortal (Fig. 2.3). Interestingly 6/12
were overexpressed in GBM relative to normal brain tissue in the TCGA dataset as
determined by Oncomine (Fig. 2.6A). Since Oncomine lacks GBM data stratified
according to the 4 molecular subtypes, we used GBM-BioDP that has both the gene
expression and clinical outcome data for the individual GBM subtypes. We found that these
kinases were differentially expressed between the 4 subtypes. CHK1, CDKL5, ERBB3 and
PLK1 for example were overexpressed in proneural subtype while CDK6, DDR1 and
PKN1 were overexpressed in classical subtype (Fig. 2.4). Notably, CDKL5 and ERBB3
were not found to be overexpressed from oncomine analysis probably due to the fact that
these genes have elevated expression levels in only one of the four subtypes (proneural)
along with lower levels of expression in other subtypes such that the combined expression
for all the subtypes was not elevated in oncomine analysis.
Furthermore, single gene expression levels of most of the genes were not correlated
with survival, however higher expression levels of any of the 2 genes namely CDKL5 and
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ERBB3 were significantly associated with poor prognosis in the proneural and classical
subtypes respectively (p value < 0.05) (Fig. 2.5). However, when expression levels of all
the 12 genes were used together as a gene set, this effect was much stronger and higher
expression of this gene set strongly correlated with poor clinical outcome indicative of the
clinical relevance of the hits (Fig. 2.6 B-E). This difference in prognosis was most
significant in the proneural subtype followed by the classical subtype which could be due
to the fact that most of the genes were preferentially overexpressed in either of these 2
subtypes.

Figure 2.3 : cBioPortal Oncoprint snapshot of 12 common kinase genes. Genes are
listed on the left. Percentage of gene alterations frequency noted in the GBM TCGA data
are also seen on the left. The red color signifies gene amplifications, blue signifies
deletions and green and black dots signify mutations across all samples pictorially
represented in a continuous line.
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CDK6

CHEK1

CDKL5

DDR1

ERBB3

KDR

PLK1

PKN1

STK39

TXK

YES1

Figure 2.4 : Individual gene expression boxplot according to molecular subtype:
classical (C), mesenchymal (M), proneural (P), neural (N) as characterized by Verhaak
et al., 2010.
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CDKL5

ERBB3

Figure 2.5 : Single gene survival analysis. Kaplan–Meier estimates of the overall survival
of patients in different GBM subtypes -classical (C), mesenchymal (M), proneural (P),
neural (N) based on gene expression level.
A
B-E

Figure 2.6 : Overexpression of common hits correlate to GBM prognosis. A. 6/12
common genes are overexpressed in GBM relative to brain (Oncomine analysis). B-E
Kaplan–Meier estimates of the overall survival of patients in different GBM subtypes where classical (C), mesenchymal (M), proneural (P), neural (N) based on 12 common hits.
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Oxygen condition sensitive hits
The screening was performed both in normoxia and hypoxia to assess differences
between kinase requirements in different oxygen microenvironments. To define hits which
were condition sensitive, first the genes that displayed differences in number of shRNAs
scored as hits in either of the oxygen conditions were selected. Average Z* score was then
calculated for same hairpins in each of the conditions and then Z* score distance between
normoxia and hypoxia was calculated to identify hits that displayed maximum difference
in Z* scores in normoxia vs hypoxia. Hits which had a minimum difference in robust Z*
score of >=2 between normoxia and hypoxia, were selected as oxygen condition sensitive
strong hits (Fig. 2.7). Z* score difference of less than 2 was scored as weak condition
sensitive hit. Interestingly, for all the 3 lines screened, majority of the hits were growth
inhibitory in both the oxygen conditions and some hits which were condition sensitive. No
hypoxia sensitive hit was found to be common among the 3 lines which could be due to
the overall low number of hypoxia sensitive hits or due to different hypoxia resistance
mechanisms of the 3 GBM stem cell lines.
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Figure 2.7: Z* score distribution of hypoxia and normoxia sensitive genes. Z* score
distance between hypoxia and normoxia of the condition sensitive genes in GSC6.22,
GSC7.2 and GSCS11.1 cells are shown.
The hypoxia sensitive hits are listed in Table 2.3 and 2.4 in the order of their
enrichment under hypoxia. A number of hypoxia enriched genes - MAP3K12, STK39,
MAP4K2 and PTK2 are involved in the MAPK mediated cellular stress response
pathway. Both the VEGF receptor gene (KDR) which is known to be involved in
angiogenic pathway (Bao et al., 2006b) and HGF receptor MET gene are known to be
induced by hypoxia in GBM (Eckerich et al., 2007). In addition, PRKAA1/AMPK and
SIK1 are kinases known to be involved in metabolic processes and trend towards hypoxia
sensitivity. On the other hand, CDC2L1 and BMX kinases were the top normoxia sensitive
hits (Table 2.5) and require further validation since they have been previously implicated
as oncogenic targets in GBM (Guryanova et al., 2011; Varghese et al., 2016). Interestingly,
some of the same genes like KDR, STK39 or family members, such as ROCK1 and
ROCK2, showed differential condition sensitivity in different cell lines, indicating variable
resistance mechanisms of the cells.
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Strong
Hypoxia
sensitive
genes

Signaling pathways

Cellular function

STK39

MAPK, WNK4

Stress response pathway, Ion transport

DDR1

GPCR, Nanog,
GTPase, AKT

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

MAP4K2 MAPK

Stress response, immune response

ERBB3

EGFR, PI3K

Cell proliferation, neuron differentiation, antiapoptosis

UHMK1

GPCR

Cell cycle progression, RNA processing and/or
trafficking

MAP3K12 MAPK, JNK

Stress response, chromatin modification

KDR
or VEGF
VEGF-R2
RIOK1
Ribosome biogenesis

VEGF, Hypoxia and angiogenesis
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 2.3. Annotation of strong hypoxia sensitive genes. Signaling pathway
and cellular functions of strong hypoxia sensitive genes are shown. Annotation was
adapted from the genecards database (www.genecards.org).

46

Weak
Hypoxia
sensitive
genes
ROCK2

Signaling pathways

Cellular function

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 MAPK,cAMP, mTOR Response to hypoxia, regulation of autophagy,
or AMPK2
metabolism
PIM1

JAK/STAT

Mitotic cell cycle, cell proliferation

BRD2

Cell cycle/checkpoint, Spermatogenesis, regulates transcription by
Wnt/hedgehog/notch chromatin remodeling

NTRK3

GPCR

AKT1

PI3K, Insulin, MAPK, Cell survival, DNA damage response, hypoxia and
ErbB
p53, metabolic process, VEGF signaling

VRK2

MAPK

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

ROR2

GPCR

Cartilage development and osteogenesis

Cell growth regulation, neuron differentiation,
Neurotrophin receptor

Table 2.4. Annotation of weak hypoxia sensitive genes. Signaling pathway and
cellular functions of weak hypoxia sensitive genes are shown. Annotation was adapted
from the genecards database (www.genecards.org).
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Strong Signaling pathways
Normoxia
sensitive
genes
CDC2L1 Cell cycle/Mitotic
BMX

Jak/STAT

ROCK1 Rho/Rac, FAK,
PI3K,LIMK

Cellular function

Cell cycle progression, apoptosis
Cell migration, angiogenesis, cell proliferation and
survival.
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
Glucose uptake and transport, PTEN dependent
signaling, focal adhesion cell cycle arrest and apoptosis, cell adhesion

Table 2.5. Annotation of strong normoxia sensitive genes. Signaling pathway and
cellular functions of strong normoxia sensitive genes are shown. Annotation was adapted
from the genecards database (www.genecards.org).
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Signaling pathways
Weak
Normoxia
sensitive
genes

Cellular function

STK39

MAP14, WNK4

MYLK3

Calcium signaling
Vascular smooth muscle contraction, Regulation
pathway, focal adhesion 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
Regulation of ossification and bone
misregulation in cancer mineralization

STRADA mTOR

PINK1

Respiratory electron
transport, ATP
synthesis

MAP4K2 MAPK

Stress response pathway, Ion transport

Neuralfunction, Chemoresistance, target in
medulloblastoma

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

Stress response, immune response

Table 2.6. Annotation of weak normoxia sensitive genes. Signaling pathway and
cellular functions of weak normoxia sensitive genes are shown. Annotation was adapted
from the genecards database (www.genecards.org) or from the literature.
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Pathway analysis
STRING was used to stratify the hits into the known cellular pathways and
biological processes. As expected, the hits were enriched for processes characteristic of
kinases like protein phosphorylation, protein autophosphorylation and cellular protein
modification etc. The 12 common hits between the 3 GSC lines were not found to be
enriched for any specific cellular pathway. GSC 6.22 was found to be enriched for
oncogenic pathways like PI3K-AKT signaling pathway, cell cycle, axon guidance and
focal adhesion pathway. While GSC 7.2 was enriched in cell cycle, MAPK pathway, T cell
receptor pathway and PI3K-AKT signaling pathway, GSC11.1 was found to be enriched
in PI3K-AKT signaling, pathways in cancer, proteoglycans in cancer and glioma signaling.
Thus, PI3K-AKT signaling was a common pathway in all the cell lines screened indicating
the importance of this pathway in cell survival. The hypoxic hits were enriched for
pathways such as Focal adhesion, proteoglycans in cancer, PI3K-AKT signaling followed
by angiogenic VEGF signaling. On the other hand, normoxia sensitive hits were not found
to be enriched for any specific pathway.
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A. GSC6.22

B. GSC7.2

C. GSC11.1

D. Hypoxia sensitive hits

Figure 2.8: Pathways enriched in the kinase hits as generated by the STRING
database. A. Kinase hits in GSC 6.22. B. Kinase hits in GSC 7.2. C. Kinase hits in
GSC11.1. D. Hypoxia sensitive kinases.
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Table 2.1S: Common hits scored as hits in GSC lines screened. Numbers represent
number of shRNA hairpins scored as hits in normoxia and hypoxia.

Discussion
RNAi kinome Screening and hit selection
Kinases are important regulators in signal transduction and several are known to be
deregulated in cancer including GBM. In order to identify kinase genes required for
survival of GSCs, we have carried out an RNAi kinome screen where we have individually
knocked down ~ 501 human kinase genes. A stringent cutoff criterion of Z* score value of
≤ -2 and 50% growth inhibition was used to shortlist both statistical and biological relevant
shRNAs. Additionally, to minimize false positives due to off target effects, genes were
scored as hits only if at least two independent shRNAs targeting a gene met both growth
inhibition and Z* score cutoffs. While these approaches together helped us identify high
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confidence true hits, it is possible that due to this stringent analysis we may have excluded
some true positive hits. Additionally, inefficient knockdown by some shRNA hairpins or
survival through activation of redundant or parallel pathways could give rise to false
negatives and therefore, these hits may not include all of the essential kinases in the GBM
stem cell lines screened.

RNAi kinome screen comparison with previous screens in GBM
With an overall gene-wise hit rate of ~10% for the GBM stem cell lines screened,
we found that several of our kinase hits have been previously identified as essential genes
in other cancers including GBM such as PLK1, AURKA, AURKB, CDK6, CHEK1,
RPS6KA4, PRKAA1 and PRKDC (Hart et al., 2015, 2014). Recent pooled RNAi screen
to identify survival kinases in GBM line U87MG identified 20 kinases of which several
such as CDC2L1, CDKL5, CSNK1E, PRKAA, ROR2 and VRK1 were also scored as hits
in our screen (Varghese et al., 2016). A previous pooled shRNA kinase screen identified
48 kinases that were preferentially growth inhibitory to GBM stem cells in comparison to
normal neural stem cells of which 6 - ROR2, PCTK1, EPHA2, VRK2, KDR and PLK1
were also scored as hits in our screen (Ding et al., 2013). These hits would be of therapeutic
interest due to preferential targeting of GBM stem cells over neural stem cells. Another
RNAi screen to identify survival kinases in GBM stem cells shortlisted 28 kinases of which
RIPK1, SBK1, BRD2 and SGK1 were found in our screen (Goidts et al., 2012). Another
kinome wide RNAi screen study by Wurdak et al. 2010, identified TRRAP
(Transformation/Transcription Domain-Associated Protein) gene required for GBM stem
cell differentiation through chromatin modulation. Although shRNA for TRRAP was not
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included in our library (as it is not as active kinase), some of the other kinases that were
identified as differentiation inducing like NEK7, STK39, PRKACB and FLT were scored
as growth inhibitory kinases in our screen. Thus, identification of previously reported hits
provides us confidence that our screen has generated potentially relevant and true hits.
In addition to detecting some hits from previous studies, our screen generated
several novel hits like YES1, DDR1, PKN1, TXK and CDKL5 that were common among
all the 3 GBM stem cell lines. It is worth noting that majority of the hits ~75% were unique
to a given cell line suggesting a high degree of molecular heterogeneity of the 3independent patient derived lines. Thus, there is a narrow spectrum of kinase dependency
to universally target GBM stem cells which is in line with the significant intra and inter
tumoral heterogeneity observed in GBM (Inda et al., 2014; Kumar et al., 2014; Patel et al.,
2014). This warrants the need for developing personalized treatment approach for patients
based on their disease specific vulnerabilities. Importantly, about 10-30% hits differed
under normoxic and hypoxic conditions demonstrating different kinase dependencies in
different microenvironments. None of the hypoxia sensitive hits were common which
could be due to overall low number of condition specific hits or due to different hypoxia
resistance mechanisms of these cells.

"Hit" kinases are a part of relevant signaling pathways
Although there was no specific pathway that was enriched in the common hits, most
of these kinases identified were involved in core cellular processes like cell cycle and
survival. Not surprisingly, PI3K-AKT signaling was among the top pathways that was
enriched in all the 3 GBM stem lines screened including genes like EGFR, ERBB3, AKT1,
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KDR, PDPK1, PKN1, MAP4K2, MAP3K12 and SGK1. Although PI3Kinase was not
included in the screening kinase library, we did score the canonical PI3K-AKT signaling
members such as AKT1, PDPK1 and upstream activators like EGFR, ERBB3 in some of
the cell lines. SGK1 which is a member of AGC family of kinases gets activated by PDPK1
and activates mTOR1 and 2. Other AKT isoforms were not detected probably due to
functional redundancy.
88% of GBM have genomic alterations in RTK/PI3K/AKT/RAS network (Cancer
Genome Atlas Research Network, 2008). Inhibition of PI3K signaling is known to inhibit
GBM stem cells proliferation (Ströbele et al., 2015) and sensitize GBM cells to radio and
chemotherapy (Choi et al., 2014; Gil Del Alcazar et al., 2013; Westhoff et al., 2009)
implicating it as an important pathway in glioma regulation. Another fraction of our hits,
such as CHEK1, CDK6, PLK1, AURKB and AURKA genes, affect cell cycle control. It
should be noted that we found multiple hits from a given pathway in any one cell-line,
indicating that each cell line may be more susceptible to a specific signaling node. For
examples AURKA and AURKB, CDK4 and CDK6 in GSC11.1; SIK1 and SIK2, PTK2
and PTK7 in GSC6.22; RPS6KA3 and RPS6KA4, PLK1 and PLK4 in GSC7.2. A large
number of the kinase targets identified from our screen belong to cell cycle/apoptosis and
PI3K pathways and collectively affect cell survival. A few of the 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, JAK1), 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.
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One of the most important and novel aspect of our study is that this is the first GBM
RNAi screen conducted under hypoxia. This is therapeutically relevant since GBM stem
cells reside in hypoxic niches and that in turn has been shown to further contribute to the
maintenance of stem cell properties and therapy resistance (Bar et al., 2010; Heddleston et
al., 2009; Li et al., 2009). Interestingly, the hypoxia sensitive hits were enriched for
MAPK/ERK pathway genes, such as MAP4K2, STK39, MAP3K12 and PTK2. These hits
could contribute to GSC survival under hypoxia by activating cellular stress response
pathway (Burroughs et al., 2013; Lamalice et al., 2007). In fact, Mitogen-associated protein
kinases (MAPKs) constitute a HIF-independent alternative route for cell survival under
hypoxia by activating stress response genes in cancer cells (Kunz and Ibrahim, 2003;
Laderoute et al., 1999). Moreover, a few of the hypoxia enriched hits, such as
KDR/VEGFR2 and MET are involved in angiogenesis. This was interesting because our
screen was carried out with GSC neurospheres in vitro in the absence of a matrix or
endothelial cell coculture to model angiogenesis. However, the hypoxic microenvironment
can lead to activation of the VEGF pathway (Glück et al., 2015; Kaur et al., 2005) as well
as promote endothelial transdifferentiation (Ricci-Vitiani et al., 2010; Soda et al., 2011).
Moreover, KDR and MET have been previously shown to regulate GSC growth (Hamerlik
et al., 2012; Joo et al., 2012; Xu et al., 2013)

We have also found 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 CDC2L1 and BMX kinases which were the top normoxia
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sensitive hits have been previously implicated as oncogenic targets in GBM (Guryanova et
al., 2011; Varghese et al., 2016).

Expression of common kinases correlates with clinical outcome in GBM
Of the potential hits, only 12 (25%) were common between the 3 GSC lines
screened reflecting their molecular heterogeneity. The 12 common kinases contained a
number of expected kinase hits - CDK6, CHK1, ERBB3, PLK1 and KDR/VEGFR2, that
are known to play a role in GBM as well as novel hits like YES1, STK39, PKN1, CDKL5,
CDC2L1, DDR1 and TXK. Identification of known hits provided confidence that our
approach was robust to identify novel regulators of GSC growth and survival. Furthermore,
6 out of 12 common kinases were overexpressed in GBM relative to normal brain tissue
which included the novel kinase hits DDR1 and YES1 that showed more than 3 fold
upregulation making them strong candidates for further validation. Notably, higher gene
expression of 12 common genes was found to be associated with poor clinical outcome
suggestive of the clinical relevance of these hits in GBM. Thus, the kinases identified from
our screen not only regulate GSC growth and survival but their overexpression correlates
with poor patient prognosis. It is important to note that the remaining 6 common kinases
that are not overexpressed in GBM are equally important and functionally relevant. Instead
of being overexpressed they could be indirectly hyperactivated through upregulation of
upstream regulators or through downregulation of negative regulators.
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Chapter 3
Validation of YES1 as a kinase required for growth and
survival of GSC
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The YES1 kinase was originally discovered in Yamaguchi 73 and Esh sarcoma
viruses as an oncogenic protein that could transform fibroblasts in culture (Ghysdael et al.,
1981; Itohara et al., 1978; Wallbank et al., 1966). YES1 belongs to SRC-family of nonreceptor tyrosine kinases (SFKs) which include eight members: SRC, LYN, FYN, YES,
FGR, HCK, LCK and BLK among which YES1, SRC, LYN, and FYN are widely
expressed, whereas BLK, FGR, HCK, and LCK are found primarily in hematopoietic cells
(Thomas and Brugge, 1997). Like other SFK's, YES1 kinase is composed of an N-terminal
Src homology (SH) 4 domain that has lipid modification sites; a poorly conserved `unique'
domain; an SH3 domain that can bind to specific proline-rich sequences; an SH2 domain
that can bind to specific sites of tyrosine phosphorylation; an SH1 tyrosine kinase catalytic
domain followed by a C terminal negative regulatory tail for autoinhibition of kinase
activity (Summy et al., 2003).

YES1 activity is regulated by two highly conserved tyrosine sites, one in the C
terminal tail at Y530 and the other in the activation loop at Y419 (Thomas and Brugge,
1997). Phosphorylation at the Y530 by C-terminal Src kinase (csk) or csk homologous
family member inhibits YES1 activity by promoting assembly of SH3, SH2 and kinase
domain into an inactive conformation whereas autophosphorylation at Y419 activates the
kinase (Okada and Nakagawa, 1989; Zrihan-Licht et al., 1997). Additionally,
phosphotyrosine

phosphatases

(PTP)

activate

or

inhibit

YES1

activity

by

dephosphorylating the inhibitory C terminal Y530 or the Y419 in the activation loop
respectively (Roskoski, 2005).
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YES1 is activated in response to various growth factors and adhesion proteins
resulting in cell proliferation, survival, migration and differentiation (Clump et al., 2005).
In mouse embryonic stem cells, YES1 is involved in maintaining self-renewal and
pluripotency. LIF signaling activates YES1 which leads to tyrosine phosphorylation
mediated activation and nuclear translocation of YAP (Yes associated protein) where it
associates with TEAD family of transcription factors to drive expression of stem cell
factors NANOG and OCT3/4 (Tamm et al., 2011).

YES1 is known to be overexpressed in a wide variety of cancers including colon,
melanoma, head and neck, renal, lung, and stomach cancers (Sugawara et al., 1991).
Specifically YES1, but not SRC, has been shown to be functionally involved in the
malignant phenotype in colon carcinoma (Sancier et al., 2011) and malignant
mesothelioma (Sato et al., 2012). YES1 loss has shown to significantly inhibit cell growth
in pancreatic cancer (Je et al., 2014), rhabdomyosarcoma (Yeung et al., 2013), basal-like
and Her2-positive breast cancers (Bilal et al., 2010), GD3+ melanoma (Hamamura et al.,
2011) and induce G1 cell cycle arrest in ovarian cancer lines (L. Li et al., 2015).
Furthermore, YES1 has also been implicated in promoting invasion in melanoma
(Hamamura et al., 2011) and in p53 deficient PDGFRα expressing mouse astrocytes
(Ohkawa et al., 2015). In GBM, YES1 and p85 subunit of PI3K get recruited to CD95 upon
CD95 ligand stimulation and promote invasion by via GSK3β/β-catenin/MMP pathway
thereby implicating YES1 as a broad therapeutic target for a wide variety of cancers
including GBM (Kleber et al., 2008).
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YES1 was identified as a common hit in the RNAi kinome screening performed in
3 different patient derived GBM stem cell lines. Here, we have validated that YES1 loss
leads to growth inhibition of GBM stem cells using lentiviral shRNA and CRISPR
constructs both in vitro and in vivo mouse xenografts. We have also shown that SFK
inhibitors are also growth inhibitory and induce apoptosis in GBM stem cells. We have
further attempted to elucidate the mechanism of growth inhibition and understand
molecular pathways involved.

Experimental Procedures

Cell Lines and Reagents
Human GBM stem cell lines, GSC6.22 and GSC11.1 were established in the laboratory
from patient tumors from Tufts Medical Center following neurosphere culture method
(Sherry et al., 2009). MGG8 were obtained from Hiroaki Wakimoto (Wakimoto et al.,
2012). GBM stem cell lines were cultured in serum-free DMEM/F12 supplemented with
Gem21 without Vitamin A (Gemini Bio-products, San Francisco, CA), epidermal growth
factor (EGF-20 ng/ml) and fibroblast growth factor (FGF2-20 ng/ml, Peprotech, Rocky
Hill, NJ).SU6656 and Saracatinib were obtained from Selleckchem (Houston, Texas).

siRNA transfection
Pooled siRNA targeting YES1, SRC and the non-targeting control were purchased from
Dharmacon. GSC were plated overnight in SCM and then transfected next day. Briefly,
GSC were transfected with siRNA using RNAi max reagent (Invitrogen) according to
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standard instructions. Three to five days after transfection, cells were trypsinized for presto
blue assay or immunoblotting was performed.

shRNA and CRISPR lentiviral infection
Lentiviral shRNA constructs targeting YES1 were purchased from the RNAi consortium
Mission

lentiviral

library

available

from

Sigma

(TRCN0000010006

and

TRCN0000121245). CRISPR Cas9 guide RNA targeting YES1 exon 6 (5’CTAGTCGCAAAGATTCTCGA-3’ and exon 9 (5’-CTATATTCACCGAGATCTTC-3’)
were designed using (http://crispr.mit.edu/) and were cloned into the lentiCRISPRv2
vector backbone, as previously described (Sanjana et al., 2014). 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 2000 transfection protocol. Viruses were concentrated by addition
of 5-10% of PEG followed by centrifugation. 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 0.1 to 1 ug/ml puromycin for two days.

Cell viability assay
GBM stem cell neurospheres were dissociated to single cell suspension by adding trypsin
to cells with media (0.5% final concentration) and cell viability assessed using the
membrane permeant, resazurin based dye Prestoblue (Sigma Aldrich) which is reduced to
yield a red fluorescent resorufin product by metabolically active cells. The fluorescence is
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directly proportional to live cells which was quantified by fluorescent plate reader (Tecan
Spectrafluor Plus) at 544/590 nm to determine cell viability.

Immunoblotting
Cells were harvested in RIPA buffer (Pierce) supplemented with protease inhibitors and
quantified by BCA assay (Invitrogen). Equal amounts of protein were subjected to SDSPAGE and transferred to nitrocellulose membrane. The membrane was blocked in 5% nonfat skimmed milk or 5% Bovine serum albumin (Sigma Aldrich) in TBS-T for 1 hour.
Primary antibodies were used according to the manufacturer’s recommended protocol. The
following antibodies were utilized in this study: YES1, total and cleaved PARP, cleaved
caspase 3 (Cell Signaling, MA); β-Actin (Sigma, MO); pYAP Tyrosine 357 (Abcam). SRC
and total YAP antibodies were kindly provided by Dr. Brian Schaffhausen. Horseradish
peroxidase conjugated secondary antibodies were incubated for 1hr at room temperature in
5% milk in TBS-T. Protein bands were visualized by ECL kit and x-ray film (Thermo
Fisher).

In vivo xenograft mouse injections with GBM stem cells
All mice studies were conducted in compliance with protocols approved by Tufts IACUC.
MGG8 cells were tagged with luciferase to monitor tumor cell growth in vivo by real-time
bioluminescence using Xenogen IVIS 200 imager. Briefly, stable MGG8 cell lines were
established with either shYES1 or shScramble. NCR nude mice were stereotactically
injected intracranially with 100,000 MGG8 cells as previously described (Cetin et al.,
2006). The mice were imaged until death or were euthanized once tumors reached 27 mm3
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or mice showed defined symptoms like 15% weight loss, hunching and seizures. KaplanMeier analysis was done to assess survival.

Results
YES1 knockdown inhibits GBM stem cells growth
YES1 was identified as one of the common required kinases in the RNAi kinome
screening of GSC lines. It is ~3.3 fold upregulated in GBM relative to normal brain in the
TCGA dataset (Fig 3.1a) as well several other GBM datasets available on oncomine (Fig
S1.1). The observation that YES1 was among the top novel kinase hits, its overexpression
in GBM along with the mounting evidence of its role in other cancers motivated us to
investigate its function in GSC biology. To validate YES1 as a true screening hit we used
a combination of genetic depletion (siRNA, shRNA, CRISPR) and small molecule
inhibitor approach to inhibit YES1.
To determine if YES1 was essential for GBM stem cell growth, we first used
siRNAs to target YES1 and the closely related family member SRC kinase. Cells were
transfected with siYES1 or siSRC and growth and knockdown was measured 3-5 days post
transfection relative to the non-targeting control. Transient loss of YES1 in GSC6.22 and
GSC 11.1 led to ~40% growth inhibition whereas SRC depletion had no effect on growth
of these cells despite good knockdown efficiency suggesting YES1 specificity in regulating
stem cell growth.

64

A

B

C

Figure 3.1. siYES1 is growth inhibitory in GSC. A. YES1 3.3 fold overexpression in
GBM relative to normal brain in TCGA dataset as determined by Oncomine. B,C
GSC6.22 and GSC11.1 were transfected with pooled siRNA sequences targeting YES1,
SRC and non-targeting control. Cell viability was assayed by presto blue assay and
YES1 and SRC knockdown efficiency assayed by western blot in GSC6.22.

Due to the transient nature of siRNA mediated knockdown, we next infected GSCs
with lentiviruses harboring shRNAs targeting YES1 to achieve a more stable knockdown
of YES1. Cells were infected with 2 different lentiviruses harboring shRNA targeting
YES1 or the scramble control followed by puromycin selection after 48hours. Cells were
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then assayed for cell viability after 7-10 days of infection using presto blue assay. YES1
depletion led to strong growth inhibition in not only the three GSC lines that were used in
screening previously but also in another fourth independent line MGG8 (Wakimoto et al.,
2012). The growth inhibition ranged from 60-80% (Fig 3.2a-d) indicating that YES1 is
required for GBM stem cell growth. The shYES1 were also confirmed to achieve efficient
YES1 knockdown by western blot (Fig 3.2e). Additionally, we also observed induction of
cleaved PARP in cells infected with shYES1 suggesting that YES1 loss leads to cell death
(Fig. 3.2f).
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Figure 3.2. shYES1 is growth inhibitory in GSC. A-D. GSC6.22, MGG8, GSC11.1
and GSC 7.2 were infected with 2 different shRNA sequences targeting YES1 and nontargeting scramble control. Cell viability was assayed by presto blue assay 7-10 days
after infection depending on cell line used. E. Yes1 knockdown efficiency assayed by
western in GSC6.22 and GSC11.1. F. Induction of cleaved PARP 4 days after
transfection as determined by western.
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As an additional method of validation, we also designed 2 guide RNA sequences
to target YES1 locus and cloned them to generate CRISPR lentivirus constructs targeting
YES1. Cells were then infected with lentiviral constructs and selected with puromycin 48
hours post infection. Viability was measured with prestoblue assay. The guides could
effectively deplete YES1 protein (Fig 3.3d) and were able to inhibit growth of the cells by
70-90% (Fig. 3.3a-c) further confirming that YES1 is required for GBM stem cell growth.
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Figure 3.3. YES1 CRISPR is growth inhibitory in GSC. A-C. GSC6.22, 11.1 and
MGG8 were infected with 2 different guide sequences targeting YES1 (Exon6-guide1
and Exon9-guide1) and non- targeting sequence control. Cell viability was assayed by
presto blue assay 7-10 days after infection depending on cell line used. D. Yes1 depletion
assayed by western in GSC6.22 and MGG8. F. Induction of cleaved PARP 4 days after
transfection as determined by western blot.
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SFK inhibitors are growth inhibitory to GBM stem cells and induce apoptosis
Since there are no YES1 specific inhibitors known, we used the pan SFK inhibitors
to test if chemical inhibition of YES1 would be growth inhibitory in GBM stem cells. We
treated GSC6.22, GSC11.1 and MGG8 with different doses of SU6656 and Saracatinib for
7 days and observed that both the inhibitors could inhibit GBM stem cell growth in a dose
dependent manner (Fig. 3.4 a,b). Additionally, inhibitors induced apoptosis as seen by
induction of cleaved PARP and activated Caspase 3 within 24 hrs of drug treatment (Fig.
3.4c,d). The induction of apoptosis could be blocked by addition of pan-caspase inhibitor
Q-VD indicating that YES1 inhibition induces apoptosis in GBM stem cells.
A

B

C

D

Figure 3.4. YES1 inhibition is growth inhibitory to GSCs. A-B. GSC6.22, MGG8
and GSC 11.1 were subjected to increasing concentrations (uM) of Src family inhibitor
(SU6656 or Saractinib) for 7 days and live cell number measured by prestoblue assay.
C-D. Western blot showing induction of cleaved PARP upon treating GSC with
increasing concentrations of SU6656 and Saracatinib which is rescued by co-treatment
with q-VD (10uM), a pan caspase inhibitor (24 hrs).
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YES1 knockdown inhibits tumor growth in mouse xenografts
To test the in vivo tumorigenic potential of YES1 inhibition, we performed
stereotactic intracranial injections in nude mice. Luciferase tagged MGG8 were infected
with shYES1-06 or shScramble control followed by puromycin selection. Equal number of
live cells (100,000) were injected per mice intracranially. The time to death for the mice
was noted and Kaplan Meier survival curve was plotted. YES1 depletion led to a significant
increase in survival of mice as compared to the scrambled control, indicating the
importance of YES1 for in vivo tumor growth (Fig 3.5).

Figure 3.5. YES1 knock down provides survival benefit using in vivo xenograft
model. Nude mice were injected intracranially using stereotactic injections with 100,000
cells of the MGG 8 line containing either scrambled control (shSCR, n=6) or hairpin
targeting Yes1(shYES-06, n=7). Figure shows a Kaplan-Meier survival curve for mice
with MGG 8 cells with scrambled or YES1 knock down hairpins. Mice with shYES1
have a significant survival benefit than the control p<0.05 (Log Rank test).

YAP1 is a possible downstream substrate of YES1 in GSC
YES1 is known to phosphorylate YAP1 (Yes associated protein 1) at Tyrosine 357
leading to its activation (Rosenbluh et al., 2012; Tamm et al., 2011). To examine if YAP1
is downstream target of YES1 in GSC, we treated cells with SU6656 and immunoblotted
for p-YAP Y357 to look for changes in phosphorylation levels. We found that the YES1
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inhibitor could block p-YAP Y357 within 1 hour of drug treatment without affecting total
YAP levels (Fig. 3.6a). Furthermore, inhibition of YAP directly by the small molecule
inhibitor verteporfin also inhibited growth of cells in a dose dependent manner and induced
apoptosis (Fig 3.6b,c). Verteporfin blocks YAP-TEAD interaction and thus blocks YAP
induced downstream transcription (Liu-Chittenden et al., 2012). To directly assess role of
YAP in regulating cell growth we used siRNA to knockdown YAP and observed a ~30%
growth reduction in GSC6.22 and a weaker effect in GSC11.1. Since, it is known that TAZ,
a closely related paralog of YAP exhibits functional redundancy and might compensate for
the loss of YAP1 (Moroishi et al., 2015), we decided to perform dual knockdowns of YAP1
and TAZ. Dual knockdown of YAP1 and its paralog TAZ by siRNAs had a stronger growth
effect on GSC6.22 of GSCs while in GSC11.1, TAZ knockdown seemed to be more
important in regulating growth (Fig 3.6d,e) indicating different sensitivities of GSC to
YAP/TAZ knockdown. Although, treatment with YAP inhibitor verteporfin was growth
inhibitory to GSC11.1, it is not known whether verteporfin can also inhibit TAZ. Similarly,
it is also not known if YES1 can phosphorylate TAZ akin to YAP.
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Figure 3.6. YAP inhibition is growth inhibitory to GSCs. A. GSC6.22 and GSC 11.1
were treated with SU6656 and probed for YAP tyrosine phosphorylation by western blot.
B. GSC6.22, MGG8 and GSC 11.1 were subjected to increasing concentrations (uM) of
YAP inhibitor (Verteporfin) for 7 days and live cell number measured by prestoblue
assay. C. Western blot showing induction of cleaved PARP upon treating GSC with
increasing concentrations of verteporfin for ~19hrs. D. GSC6.22 and GSC11.1 were
transfected with pooled siRNA sequences targeting YAP, TAZ and non-targeting
control. Growth inhibition was assayed by presto blue assay. E. YAP and TAZ
knockdown efficiency assayed by RT-QPCR.
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Discussion
YES1 regulates GSC growth and survival
YES1 is a non-receptor tyrosine kinase and was identified as a common hit in all
the three lines screened. Interestingly, only YES1 among all the SFK family members was
scored as hit in our screening. YES1 mutations or gene alterations are uncommon in GBM,
but it is overexpressed in GBM relative to normal brain in several studies including TCGA
data (Fig 3.1a, FigS3.1). We also noted that its closely related family member SRC is not
overexpressed in GBM (Fig S3.2). In contrast to YES1 loss, knockdown of SRC was not
growth inhibitory in GSC, demonstrating YES1 specificity in regulating GSC growth (Fig
3.1). This is consistent with another study in malignant mesothelioma where knockdown
of YES1 but not SRC led to significant reduction in growth and G1 cell cycle arrest (Sato
et al., 2012). The specificity in signaling is proposed to be due to differences in subcellular
localization of Src family members allowing interaction with different substrates and due
to differences in unique SH2 and SH3 substrate interacting domains (Summy et al., 2003).
Here we show that YES1 is required for GBM stem cell growth and survival using
multiple shRNA, CRISPR constructs as well as small molecule inhibitors in vitro. We also
show that in the orthotopic xenograft model, mice implanted with YES1 knockdown GSC
had longer survival compared to the YES1 expressing controls. This observation is in line
with another study in GBM where knockdown of YES1 in serum grown lines led to reduced
GBM cell proliferation both in vitro and in vivo (Lewis-Tuffin et al., 2015). Furthermore,
we also observed that YES1 loss also leads to apoptosis as seen by induction of cleaved
PARP and cleaved caspase which can be blocked by addition of a pan caspase inhibitor.
Although additional assays such as annexinV and propidium iodide staining need to be
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done to further confirm this, there is evidence in other cancer lines that YES1 inhibition
leads to apoptosis (L. Li et al., 2015; Sato et al., 2012).

YAP is a possible substrate downstream of YES1 and contributes to GBM stem cell
survival
To understand YES1 pathway biology, we focused our studies on understanding
YAP regulation. Yes associated protein (YAP) was originally identified as a protein bound
to SH3 domain of YES1 (Sudol, 1994) and is a transcription co-activator that has been
implicated in stem cell maintenance, control of organ size and promote transcription of cell
proliferation and anti-apoptotic genes (Zhao et al., 2010). YAP is regulated by Hippo
tumor suppressor pathway where activation of LATS1/2 kinase phosphorylates YAP at
S127 that creates docking site for 14-3-3 protein. This leads to YAP cytoplasmic
sequestration thus blocking its nuclear import (Zhao et al., 2010). In contrast, YES1
mediated tyrosine phosphorylation of YAP leads to its activation and drives transcription
of embryonic stem cell self-renewal program (Tamm et al., 2011). Similarly, in colon
cancer cells YES1 phosphorylates YAP which leads to nuclear localization of YAP-TBX5β-catenin transcription complex to promote transcription of pro-survival genes BCL2L1
and BIRC5 (Rosenbluh et al., 2012).
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Figure 3.7: YAP activation by YES1.

In GBM, both YAP and its paralog TAZ are overexpressed and their higher
expression correlates with shorter survival in patients (Bhat et al., 2011; Orr et al., 2011).
We tested the possibility of YAP activation through tyrosine phosphorylation by YES1 in
GSC. Interestingly, we observed a decrease in YAP tyrosine phosphorylation upon YES1
inhibitor treatment, thus it is possible that YES1 regulates GSC growth via YAP activation
(Fig 3.6a). However, it remains to be confirmed if genetic depletion of YES1 would also
decrease YAP phosphorylation. Consistent with this, direct YAP inhibition through
verteporfin also led to strong GSC growth inhibition and induction of apoptosis (Fig 3.6
b,c). However, the effects of YAP silencing through siRNA were not as strong as
verteporfin treatment. This could be either due to the compensatory signaling by TAZ or
due to the transient nature of siRNA mediated knockdown. Indeed, double knockdown of
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YAP/TAZ did elicit a statistically stronger growth effect suggesting redundancy in the
signaling of these 2 proteins. Also, though the siYAP and siTAZ did achieve strong
reduction at m-RNA levels, this needs to be confirmed at protein level.
Additionally, it is not known if verteporfin can inhibit TAZ, but there is evidence
that verteporfin treatment can lead to decreased abundance of both YAP and TAZ protein
levels in fibroblasts by unknown mechanism (Szeto et al., 2016) and this might also
contribute to the stronger growth phenotypes than single knockdowns. It is also not known
if YES1 can directly phosphorylate TAZ and further work needs to be done to determine
relative contributions of YAP/TAZ in regulating GSC growth downstream of YES1. Also,
it is possible that verteporfin mediates its effects additionally through YAP/TAZ
independent mechanisms.

FigS3.1. YES1 overexpression in GBM relative to brain. YES1 ~ 3fold
overexpression in Murat and ~2 fold overexpression in Sun datasets relative to normal
brain in TCGA dataset as determined by Oncomine.
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FigS3.2. SRC expression in TCGA dataset as determined by Oncomine.
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FigS3.3 YES1 inhibition is growth inhibitory to GSCs in hypoxia. A-B. GSC6.22,
MGG8 and GSC 11.1 were subjected to increasing concentrations (uM) of Src family
inhibitor (SU6656 or Saractinib) for 7 days under hypoxia (1%) and live cell number
measured by prestoblue assay
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FigS3.4 Western blot quantifications. Representative blot was imaged and quantified
by image J analysis software.
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Chapter 4
Role of JAK kinases in growth and survival of GSC
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STAT3 belongs to the signal transducer and activator of transcription (STAT)
family of 7 latent transcription factors whose activation leads to transcription of genes that
control cell proliferation, apoptosis and differentiation both in normal and cancer cells
(Siveen et al., 2014). Constitutive activation of STAT3 has been reported in a number of
cancers such as breast, lung, ovarian, pancreatic, skin, and GBM (Bromberg, 2002;
Rahaman et al., 2002). STAT3 is involved in maintaining self-renewal of GSC and its
inhibition by RNAi or small molecule inhibitors inhibits cell growth and sphere formation
and sensitizes GSC to TMZ (Sherry et al., 2009; Villalva et al., 2011). STAT3 is not only
implicated in maintaining stem like state in GSC but also in their multipotency (Sherry et
al., 2009). Moreover, activation of STAT3 leads to transcription of several prosurvival
genes such as Bcl-2, Mcl-1, and Bcl-XL (Kim et al., 2014; Konnikova et al., 2003).
Many signaling pathways are aberrantly regulated in GBM and several of them
converge at activation of the JAK/STAT3 pathway. STAT3 can be activated by tyrosine
kinases: receptor tyrosine kinases EGFR, PDGFR, RET; cytokine receptor associated JAK
tyrosine kinases; or non-receptor associated kinases such as SRC and BCR-ABL.
Activation of STAT3 occurs in response to variety of growth factors such as EGF, PDGF
and is strongly activated by IL-6 family of cytokines including Oncostatin M (OSM),
Interleukin 6 (IL-6), Leukemia inhibitory factor (LIF) and Ciliary Neurotrophic Factor
(CNTF) (Aggarwal et al., 2009). Constitutive expression of OSM and IL-6 has been
reported in GBM both in vitro and in vivo which are thought to contribute in part to drive
activation of STAT3 (Van Meir et al., 1990). Additionally, inhibition of IL-6 signaling
leads to growth inhibition and apoptosis in GSC indicating the importance of the IL-6
family in GBM pathogenesis (Wang et al., 2009).
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The binding of cytokines such as OSM, IL-6 etc to their cognate receptors leads to
activation of receptor associated JAK kinase family members - JAK1, JAK2, TYK2 and
JAK3. Activated JAKs in turn phosphorylate receptor cytoplasmic domains creating
docking sites for the SH2 domains of inactive STATs. Following receptor recruitment,
STAT monomers are activated through tyrosine phosphorylation by JAKs leading to
dimerization, translocation to nucleus and regulation of gene transcription. Activated
STATs regulate expression of genes involved in cell proliferation, angiogenesis and antiapoptotic signaling all of which promote tumorigenesis (O’Shea et al., 2015).
In addition to tyrosine phosphorylation at Y705, STAT3 is also phosphorylated on
S727 and phosphorylation of both the residues is required for its maximal activation (Wen
et al., 1995)(Rahaman et al., 2002) Furthermore, elevated expression of JAK1, pJAK1 and
activated STAT3 (both pY705 and pS727) correlate with poorer prognosis in GBM patients
(Birner et al., 2010; Lin et al., 2014b; Tu et al., 2011). Therefore, JAK/STAT inhibition
represents an attractive target for therapeutic intervention and there are several FDA
approved JAK inhibitors used as drugs for other diseases (Sonbol et al., 2013).
JAK inhibitors have previously shown to inhibit cell proliferation, stimulate
apoptosis and inhibit GBM tumor growth in murine xenograft models indicating the
importance of JAK/STAT axis in cell survival (Iwamaru et al., 2007; McFarland et al.,
2011; Stechishin et al., 2013). However, all of these studies have used JAK inhibitors that
inhibit multiple JAK kinases and it is not clear as to which of the four JAK kinase/s would
be most important to inhibit in GBM. In this chapter, we show that JAK inhibitors can
inhibit GSC growth and present intial studies to investigate the roles of individual JAK
kinases in regulating GSC growth and survival.
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Experimental procedures
Cell Lines and Reagents
Human GBM stem cell lines, GSC6.22 and GSC11.1 were established in the laboratory
from patient tumors from Tufts Medical Center following neurosphere culture method
(Sherry et al., 2009). MGG8 were obtained from Wakimoto lab (Wakimoto et al., 2012).
GBM stem cell lines were cultured in serum-free DMEM/F12 supplemented with GEM21
without vitamin A(Gemini Bio-products, San Francisco, CA), epidermal growth factor
(EGF-20 ng/ml) and fibroblast growth factor (FGF2-20 ng/ml, Peprotech, Rocky Hill, NJ).
JAK inhibitors were obtained from Selleckchem, Texas.
siRNA transfection
Pooled siRNA targeting JAKs and the non-targeting control were purchased from
Dharmacon. GSC were plated overnight in SCM and then transfected the next day. Briefly,
GSC were transfected with siRNA using RNAi Max reagent (Invitrogen) according to
standard instructions. Three to five days after transfection, cells were trypsinized for presto
blue assay or immunoblotting was performed.
Cell viability assay
GBM stem cell neurospheres were dissociated to single cell suspension by adding trypsin
to the cells with media (final concentration 0.5%) and cell viability assessed using the
membrane permeant, resazurin based dye Prestoblue (Sigma Aldrich) which is reduced to
yield a red fluorescent resorufin product by metabolically active cells. The fluorescence is
directly proportional to the number of live cells which was quantified by fluorescent plate
reader (Tecan Spectrafluor Plus) at 544/590nm to determine relative cell viability.
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Immunoblotting
Cells were harvested in RIPA buffer (Pierce) supplemented with protease inhibitors and
quantified by BCA assay (Invitrogen). Equal amounts of protein were subjected to SDSPAGE and transferred to nitrocellulose membrane. The membrane was blocked in 5% nonfat skimmed milk or 5% Bovine serum albumin (Sigma Aldrich) in TBS-T for 1 hour.
Primary antibodies were used according to the manufacturer’s recommended protocol. The
following antibodies were provided by Pfizer and utilized in this study: JAK1, JAK2,
TYK2, STAT3, p-S727STAT3, p-Y705STAT3, Mcl-1, AKT, P-JAK1 (Cell signaling).
Cleaved PARP (Cell Signaling, MA); β-Actin (Sigma, MO). P-S473 AKT was kindly
provided by Dr Phil Hinds at Tufts University. Horseradish peroxidase conjugated
secondary antibodies were incubated for 1 hr at room temperature in 5% milk in TBS-T.
Protein bands were visualized by ECL kit (Thermo Fisher).

Results
JAK inhibitors are growth inhibitory to GSCs and induce apoptosis
Given the importance of JAK/STAT3 signaling in GSC growth and survival, we
decided to inhibit this pathway using JAK inhibitors and used a panel of four commercially
available JAK inhibitors to examine their effect on GBM-SC growth. All these inhibitors
are marketed as JAK2 inhibitors but also target other JAKs with varying potencies (Table
4.1). While JAK1, JAK2 and TYK2 are expressed in brain, JAK3 expression is restricted
to hematopoietic tissues (C W Schindler, 2002). GSC lines were treated with JAK
inhibitors or a STAT3 inhibitor as a positive control for 3 days. It was found that all the
JAK inhibitors led to a significant growth reduction in a dose dependent manner (table 4.1,

85

4.2). Additionally, the JAK3 specific inhibitor was used as a control and was not growth
inhibitory even at high concentrations of 50 uM.

Table 4.1

Table 4.1: JAK inhibitors are growth inhibitory to GSC. GSC6.22 and MGG8 were
treated with the indicated JAK inhibitors for 3 days and relative cell growth quantified
by Prestoblue assay. Numbers depict percent growth relative to DMSO control and
represent an average of 3 replicates. The standard deviations were less than 5% of the
mean. Numbers in red show >70% growth reduction.

Table 4.2

Table 4.2: JAK3 inhibitor is not growth inhibitory to GSC. GSC6.22 and MGG8
were treated with the indicated JAK inhibitors for 3 days and cell growth quantified by
Prestoblue assay. Numbers depict percent growth relative to DMSO control and
represents average of 3 replicates.

86

JAK inhibitors inhibit activation of STAT3
To confirm that the JAK inhibitors could inhibit the activation of JAK-STAT3
pathway in GBM stem cells, we immunoblotted for pY705 STAT3 after drug treatment in
GSC lines. The JAK inhibitors could strongly suppressed the basal level of STAT3
phosphorylation. In addition, we stimulated GSC with Oncostatin M which is a member of
IL-6 family of cytokines and a potent JAK/STAT activator. JAK inhibitors could also
inhibit OSM induced pY705 STAT3 phosphorylation in a dose dependent manner within
1.5 hours of drug treatment (Fig 4.1a-d) thus confirming the efficacy of the drugs in
blocking JAK/STAT pathway. Total STAT3 levels were unaffected. Additionally, we
observed that the JAK2 inhibitor lestaurtinib could repress activation of JAK1 indicating
its lack of JAK2 specificity. JAK inhibitors also induced cell death as seen by induction of
cleaved PARP within 24 hrs of drug treatment (Fig 4.1e).
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Figure 4.1 A. pY705 STAT3 inhibition by Jak inhibitors. A-D GSC6.22 and MGG8
were treated with indicated doses of JAK inhibitors for 1.5 hrs followed by brief 5 min
stimulation by OSM. E. Induction of of cleaved PARP in MGG8. Cells were treated with
the drug for 19 hrs and cell lysate were probed for cleaved PARP .
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JAK specificity in regulating growth and STAT3 activation
Since JAK inhibitors can target multiple JAK family members, it is uncertain from
the inhibitor data which of the JAK member/s are necessary to inhibit GSCs. To resolve
this, we used RNAi to knock down expression of each JAK individually to assess the effect
of their loss on GSC growth. Cells were transfected with siRNA to JAK1, JAK2, JAK3
and TYK2 and cell viability was measured after 72 hours. All the siRNAs were confirmed
to have good knockdown efficiencies (Fig. 4.2c, Fig 4S1.1). Only JAK1 knockdown was
found to be growth inhibitory in GSC 6.22 and MGG8 suggesting that JAK1 might be the
most important JAK family member in regulating growth although this growth effect was
not as strong as with the JAK inhibitors (Fig. 4.2a,b,c and Table 4.1). Additionally,
GSC11.1 did not have a statistically significant growth phenotype on loss of any of the
JAKs.
Strikingly,

only

siJAK1

could

significantly

suppress

pY705

STAT3

phosphorylation without any effect on the pS727 STAT3 or total STAT3 levels. In contrast,
knockdown of JAK2 and TYK2 kinases did not affect growth or p705 STAT3 levels
suggesting that JAK1 has a non- redundant role in activating STAT3 signaling in GSCs
(Fig 4.2d,e, Fig 4S1.2) and regulating growth in GSCs. Additionally, we observed a
compensatory upregulation of other JAKs upon knockdown any one of the JAKs in
GSC6.22 (Fig 4.2d) but .not in GSC11.1 indicating intrinsic differences in JAK regulation
(Fig 4S1.1).
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Figure 4.2: JAK1 specificity in regulating growth and STAT3 activation. A,B,C.
Growth inhibition upon siJAKs relative to non-targeting control by prestoblue assay. DE. Cells were transfected with siJAK and harvested 3 days post transfection, extracts
were analyzed by western blot.
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The JAK inhibitors have a very strong growth inhibition phenotype (>75%),
whereas JAK1 knockdown did not exhibit such strong growth inhibition (<40%) even
while strongly inhibiting pY705 STAT3 phosphorylation. Since the JAK inhibitors inhibit
both JAK1 and JAK2 with different potencies, we carried out combinatorial siJAK
knockdown experiments to test whether depleting multiple JAK kinases simultaneously
would have a stronger phenotype. As expected, JAK1 knockdown in combination with
JAK2 or TYK2 displayed a statistically significant stronger growth inhibition phenotype
in GSC11.1 (Fig 4.3a,b) whereas in GSC6.22 double JAK knockdowns did not further
enhance growth effect and was comparable to single JAK1 knockdown. On the other hand,
double JAK2/TYK2 knockdown did not have a significant growth effect compared to the
control in both the GSC lines. Thus, due to the dominant role of JAK1 in phosphorylating
STAT3 at Y705 and in growth regulation, we focused our studies on siJAK1+
siJAK2/siTYK2 combinations.
Furthermore, in contrast with single JAK knockdowns, in addition to pY705
STAT3

reduction

we

also

observed

a

decrease

in

pS727

STAT3

upon

siJAK1+siJAK2/siTYK2 without changes total STAT3 levels (Fig 4.3c). It should be noted
that phosphorylation at S727 is required for maximal activation of STAT3. Since JAK2 is
known to activate PI3K/AKT and MAPK pathways in myeloproliferative disorders , we
examined if these pathways were affected in GSC as well (Meyer and Levine, 2014). We
did not observe change in p-AKT (Fig 4.3c) or p-ERK levels on combinatorial JAK
knockdown (data not shown).
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Figure 4.3: JAK combinatorial knockdown. A,B. Growth inhibition upon siJAKs
relative to non-targeting control in GSC6.22 and GSC11.1 by prestoblue assay. C, D.
Cells were transfected with siJAK and harvested 3 days post transfection, extracts were
analyzed by western blot.
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Discussion

GBM is an aggressive disease and patient prognosis remains dismal due to lack of
an effective treatment. The JAK/STAT pathway acts as a molecular hub for signals from
upstream extracellular cytokines and growth factor and is an active area of research in
GBM (Swiatek-Machado and Kaminska, 2013). We and others have previously shown that
direct STAT3 inhibition by small molecule inhibitors that prevent STAT3 DNA binding
or genetic depletion inhibits GSC proliferation (Ashizawa et al., 2013; Sherry et al., 2009).
Another alternative to inhibit JAK/STAT signaling is through inhibition of upstream JAK
kinases. This strategy is particularly relevant to blood cancers like polycythemia
vera, essential thrombocythemia, and myelofibrosis where mutations in JAK2 have been
implicated in constitutive activation of diverse signaling pathways including STAT5 and
STAT3, AKT and MAPK (Gäbler et al., 2013). The mutation (V617F), occurs in the Jak2
pseudokinase domain and appears to render hematopoietic cells more sensitive to growth
factors such as erythropoietin and thrombopoietin ultimately leading to excessive cell
proliferation. Similarly, JAK1 activating mutations have been identified in a substantial
proportion of acute lymphoblastic leukaemia patients, where they are believed to promote
survival of malignant cells (Thomas et al., 2015). Although JAK mutations are not
common in GBM, JAK/STAT signaling is aberrantly upregulated due to amplification of
upstream signals like EGFR, IL-6 and methylation of negative regulatory genes such as
SOCS3 (Brantley and Benveniste, 2008). Given the success of JAK inhibitors in
myeloproliferative neoplasms and the availability of large number of clinically approved
JAK inhibitors, we examined a panel of different JAK inhibitors to inhibit different GSC
lines.
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JAK inhibitors are growth inhibitory to GSC
We have tested 4 different JAK inhibitors all of which are marketed as JAK2
inhibitors. While some like SAR302503 have off target activity for other non JAK kinases
such as FLT3, it is still 5 fold more selective for JAK2 over FLT3 in cell free lysates. All
the 4 JAK inhibitors were growth inhibitory to GSC in a dose dependent manner (Table
4.1). The JAK3 specific inhibitor tofacitinib did not affect growth of the cells in even high
doses of 50 uM consistent with the lack of JAK3 expression in brain (Table 4.2). Most of
the drugs caused 80-90% growth reduction at 5 uM concentration whereas lestaurtinib was
most potent even at the low concentrations of 100 nM.

JAK inhibitors inhibit STAT3 activation and induce cell death
JAK kinases phosphorylate Y705 residue on STAT3 leading to its activation. Both
SAR302503 and lestaurtinib were found to block both basal and stimulus induced
activation of STAT3 in a dose dependent manner thus demonstrating their on target
efficacy in blocking the JAK/STAT pathway (Fig. 4.1a-d). Although, both these drugs are
commercially available as JAK2 inhibitors, SAR302503 could inhibit JAK1
phosphorylation in GSC (Fig 4.1b) as well, indicating that it can inhibit multiple JAK
kinases. It remains to be seen if other drugs including lestaurtinib can inhibit JAK1 and
TYK2 phosphorylation in a similar manner. Additionally, both these drugs induced cell
death as judged by cleaved PARP. These results are line with a recent study where use of
a different JAK2 inhibitor SAR317461, inhibited GSC proliferation, blocked STAT3
activation and induced apoptosis (Mukthavaram et al., 2015).
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JAK1 is the dominant kinase in activating STAT3 in GSC
While it is known that all 3 of the JAK family tyrosine kinases (JAK1, JAK2, and
the TYK2) can associate with one or another cytokine and growth factor receptors, it is not
known for certain, which one or combination of these kinases is necessary for growth and
STAT3 activation in GBM. Here we found that only JAK1 depletion through siRNA could
reduce pY705 STAT3 levels and has a non-redundant role in activating STAT3 (Fig 4.2c).
This is in line with a previous study where JAK1 specificity in activating STAT3 has been
demonstrated in U87-MG glioma cells (Peixoto et al., 2016). Similarly, a JAK1
requirement for STAT3 activation has been demonstrated in inducing de novo resistance
towards EGFR inhibitor afatinib in NSCLC (S. M. Kim et al., 2012).
JAK1 knockdown also exhibited a significant growth reduction in GSC6.22 while
this effect was much weaker in GSC11.1 (Fig 4.2a,b). This weaker growth effect in
GSC11.1 and could be due to the transient nature of the siRNA mediated knockdown
because shJAK1 was found to strongly inhibit GSC11.1 growth in our lentiviral shRNA
based kinome screening project. However, it is also possible that GSC6.22 is more
susceptible to JAK1 inhibition.
Strikingly, even upon strong pY705 STAT3 reduction with siJAK1, we did not
observe the strong growth phenotype that we see with the JAK inhibitors in GSCs
suggesting that pY705STAT3 may not be the only downstream effector of JAK kinases.
Alternatively, it is possible that it takes more time for the JAK knockdown to elicit growth
effects which may have been missed due to the transient nature of the siRNA mediated
JAK knockdown. This is supported by the observation that in GSC11.1 shRNA mediated
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JAK1 knockdown has a strong growth phenotype while siJAK does not. In addition, it is
plausible that inhibition of multiple JAK kinases is required to elicit a stronger growth
effect. This is in line with the compensatory upregulation of remaining JAK family
members we see upon knocking down either of the JAK kinase (Fig 4.2c). Thus, it is
possible that the remaining JAK kinases compensate by activating other cell survival
pathways independent of STAT3. However, these pathways don’t appear to be either the
MAPK or AKT pathways which have been previously been shown to be activated
downstream of JAK kinases.

JAK1 combination knockdowns have stronger growth phenotype
To address the growth phenotype differences observed with JAK inhibitors and
single JAK knockdowns, we carried out combinatorial JAK knockdowns and as expected
JAK1 knockdown in combination with either JAK2 or TYK2 led to stronger growth
inhibition (Fig 4.3a,b) suggesting that inhibition of multiple JAK kinases are required for
maximal GSC growth. We did not see any differences between JAK1/2 or JAK1/TYK2
knockdown with respect to growth or STAT3 activation. Conversely, JAK2/TYK2 double
knockdown in both GSC6.22 and GSC11.1 did not have a significant growth phenotype
relative to the control indicating the absolute requirement JAK1 in regulating GSC growth
(Fig 4.3a,b).
Furthermore, double knockdown combinations with JAK1 not only led to reduction
in pY705STAT3 (due to loss of JAK1), but also reduction in pS727STAT3 suggestive of
multiple pathways by which different JAK kinases can activate STAT3 (Fig 4.3c,d). Thus,
it is possible that both Y705 and S727 STAT3 phosphorylation independently contribute
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to GSC growth and should be targeted to achieve effective GSC inhibition.
Phosphorylation at S727STAT3 is required for the maximal transcriptional activity of
STAT3 and can induce STAT3 activation independent of pY705 in prostate cancer (Qin et
al., 2008; Wen et al., 1995). In fact, phosphorylation at S727 STAT3 stimulates normal
neural stem cell (NSC) growth and survival independent of tyrosine phosphorylation
(Androutsellis-Theotokis et al., 2006). Additionally, elevated pS727STAT3 levels in GBM
correlate with poorer prognosis (Lin et al., 2014a). The precise mechanism of
pS727STAT3 regulation by JAK kinases is unclear however ERK, p38 MAPK, JNK and
Protein kinase C (PKC) have been shown to phosphorylate S727STAT3 in other contexts
(Swiatek-Machado and Kaminska, 2013). Thus, it remains to be elucidated whether any of
these pathways are affected upon JAK inhibition.
Additionally, we did not observe any changes in p-AKT (Fig 4.3c) or p-ERK (data
not shown) levels upon double JAK knockdowns which further needs to be investigated
with the inhibitors as well. But this data also suggests that the double JAK knockdown
associated stronger growth effects (as compared to single knockdown) are not due to
dysregulation of these pathways, but probably due to additional reduction in pS727STAT3
levels. Thus, reduction in both Y705STAT3 and S727STAT3 might be required for GSC
growth. This is also in line with the observation that SAR302503 inhibitor treatment also
leads to decrease in STAT3 phosphorylation at both the sites (Fig. 4.1d) which may
contribute to its stronger growth effects. However, this observation needs to be further
investigated.
While STAT3 is the major substrate downstream of JAKs and contributes to GSC
growth, it is possible that other STATs also contribute to GSC growth as well. Of the other
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STATs, STAT5b is overexpressed in GBM and required for proliferation and invasion of
some GBM cells (Liang et al., 2009). However, we have previously shown that although
STAT5 is expressed in GSC, pSTAT5 is undetectable (Sherry et al., 2009). Thus, STAT3
is the major STAT activated in GSC studied here.
Overall, our results suggest that JAK inhibitors are a potential therapeutic for GBM
treatment and that inhibition of multiple JAK kinases is required to inhibit GSC growth
among which JAK1 seems to play a major role. Also, JAK1 has a non-redundant function
in phosphorylating Y705STAT3 in GSC.

Figure 4S1.1: siJAK knockdown efficiency in MGG8 and GSC11.1. Cells were
transfected with siJAK and harvested 3 days post transfection, extracts were analyzed
by western blot.

Figure4S1.2: JAK1 knockdown in MGG8 inhibits p-Y705STAT3. Cells were
transfected with siJAK and harvested 3 days post transfection, extracts were analyzed
by western blot
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Figure4S13: Western blot quantifications. Representative blot was imaged and
quantified by image J analysis software.
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Chapter 5
Discussion and future directions
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Discussion: RNAi screening and YES1 validation
GBM is an aggressive disease and patient prognosis remains dismal due to lack of
an effective treatment. Kinases are important regulators in signal transduction and several
are known to be deregulated in cancer including GBM. To identify kinase genes required
for survival of GSCs, we have carried out an RNAi kinome screen where we have
individually knocked down ~ 501 human kinase genes. Overall, ~10% of kinases were
scored as hits in the GBM stem cell lines of which several have been previously identified
as essential genes in other cancers including GBM providing us confidence that our screen
has generated potentially relevant and true hits.
Of the potential hits, only 12 (25%) were common between the 3 GSC lines. The
12 common kinases contained a number of expected kinase hits - CDK6, CHK1, ERBB3,
PLK1 and KDR/VEGFR2, that are known to play a role in GBM as well as novel hits like
YES1, STK39, PKN1, CDKL5, CDC2L1, DDR1 and TXK. It is worth noting that majority
of the hits ~75% were unique to a given cell line suggestive of a high degree of molecular
heterogeneity of the 3 screened GSC lines. Thus, there is a narrow spectrum of kinase
dependency to universally target GBM stem cells which is in line with the significant intra
and inter tumoral heterogeneity observed in GBM (Inda et al., 2014; Kumar et al., 2014;
Patel et al., 2014). Importantly, about 10-30% hits differed under normoxic and hypoxic
conditions demonstrating different kinase dependencies in different microenvironments.
Although there was no specific pathway that was enriched in the common hits, most of
these kinases identified were involved in core cellular processes like cell cycle and
survival.

101

Furthermore, although none of these common kinases was found to be frequently
altered in GBM but 6 out of 12 common kinases were overexpressed in GBM relative to
normal brain tissue. Notably, higher expression of 12 common genes was found to be
associated with poor clinical outcome suggestive of the clinical relevance of these hits in
GBM. Thus, the kinases identified from our screen not only regulate GSC growth and
survival but their overexpression correlates with poor patient prognosis. Additional
information on activation status of these kinases in GBM tumor samples would further
support the rationale for inhibiting these kinases in patients.
Here we have validated one of the common kinase hits - YES1 using multiple
shRNA, CRISPR constructs as well as small molecule inhibitors in vitro. We also show
that in the orthotopic xenograft model, mice implanted with YES1 knockdown GSC had
longer survival compared to the YES1 expressing controls. In addition, preliminary data
suggests that YES1 regulates GSC growth via YAP activation.

Future directions

The kinase hits generated by RNAi screen are required for growth and survival of
GBM stem cells. Inhibition of these kinases needs to be further studied in the normal neural
stem cell, traditional GBM serum lines as well as GSC matched serum lines to assess the
specificity of these kinases. Although the current standard of care chemotherapy TMZ is a
systemic DNA damaging agent and affects normal cells as well, it would be interesting to
find kinase hits whose inhibition has limited affect on normal cells. Another member of
the lab has shown that SGK1 has this phenotype. Secondly, among the core common hits,
YES1 has been validated in the lab but some of the other novel hits such as CDKL5, DDR1
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and PKN1 need to be further investigated. CDKL5 is interesting due to its role in neuronal
development and regulating cell cycle arrest (La Montanara et al., 2015; Valli et al., 2012).
Additionally, condition specific hits need to be further validated. It would be interesting to
follow up hypoxia sensitive kinase hits and study their role in hypoxia resistance
mechanism. This is also true for normoxia sensitive hits like CDC2L1 and BMX which
need a thorough investigation to confirm their normoxia specific role. This is especially
important because drugs targeting these kinases might not work effectively under hypoxic
tumor conditions. In addition, efforts are underway to perform CRIPSR screens in GSC, to
complement RNAi screen. CRISPR knockout would help circumvent the inefficient
knockdown and off target effects associated with shRNA based screens.

YES1 reduction led to strong growth inhibition in GSC. While we did see induction
of apoptosis upon YES1 inhibition, it needs to be further investigated if cell cycle defects
also contribute to growth effect. There is evidence in other lines where YES1 loss induces
cell cycle arrest. Secondly, it would be interesting to determine if YES1 loss can synergize
with TMZ treatment both in vitro and in vivo. In vivo experiments with inducible YES
knockdown/knockout/inhibitor together with TMZ should be performed in mice to more
closely mimic the clinical settings. Furthermore, YES1 requirement in regulating growth
should be further explored in normal neural stem cells, traditional serum lines and GSC
should be compared with matched differentiated serum lines.
Mechanistically, more experiments are required to understand YES1 biology in
GSC. Although we did observe a decrease in YAP tyrosine phosphorylation upon YES1
inhibition, it remains to be seen if this also leads to change in nuclear localization of YAP
and downstream transcription. Additionally, to determine if YAP is the major effector
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downstream of YES1, more definitive rescue experiments with constitutively active YAP
in YES1 depleted/inhibited cells should be performed to test YAP contribution in
regulating GSC growth downstream of YES1. Additionally, it is also possible that YES1
elicits its effect through other YAP independent mechanisms. Due to known role of SFK
in activating STAT signaling, we tested for changes in p-STAT3 levels upon both YES1
genetic depletion and inhibitor treatment. Preliminary results do not show decrease in pSTAT3 levels (data not shown). In addition to testing individual pathways, RNA seq and
phosphoproteome analysis needs to be done to understand the pathways regulated
downstream of YES1.

Discussion: Role of JAK kinases in GSC growth and survival

Both JAK1 and TYK2 were scored as hits in 2 different GSC lines in the RNAi
kinome screening. Both JAK1 and TYK2 are members of the JAK/STAT pathway that acts
as a molecular hub for signals from upstream extracellular cytokines and growth factor and
is an active area of research in GBM (Swiatek-Machado and Kaminska, 2013). We have
tested 4 different JAK inhibitors all of which were growth inhibitory to GSC, blocked
STAT3 activation and induced cell death.
Individual JAK knockdown by RNAi showed that only JAK1 depletion could both
inhibit growth and block STAT3 activation in GSC suggesting that JAK1 is the dominant
kinase required for growth and STAT3 activation in GSC. Furthermore, double knockdown
combinations with JAK1 not only led to reduction in pY705STAT3 (due to loss of JAK1),
but also reduction in pS727STAT3 suggestive of multiple pathways by which different
JAK kinases can activate STAT3. Thus, it is possible that both Y705 and S727 STAT3
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phosphorylation independently contribute to GSC growth and should be targeted to achieve
effective GSC inhibition. The precise mechanism of pS727STAT3 regulation by JAK
kinases is unclear however ERK, p38 MAPK, JNK and Protein kinase C (PKC) have been
shown to phosphorylate S727STAT3 in other contexts (Swiatek-Machado and Kaminska,
2013). Thus, it remains to be elucidated whether any of these pathways are affected upon
JAK inhibition.
Overall, our results suggest that JAK inhibitors are a potential therapeutic for GBM
treatment and that inhibition of multiple JAK kinases is required to inhibit GSC growth
among which JAK1 seems to play a major role. Also, JAK1 has a non-redundant function
in phosphorylating Y705STAT3 in GSC.

Future directions
While all the JAK inhibitors tested so far have been growth inhibitory to GSC in
vitro. It remains to be seen if these inhibitors are active in in vivo settings as well. There
is some evidence that JAK inhibitors like AZD1480 and WP1066 can cross blood brain
barrier and inhibit GBM growth in vivo (McFarland et al., 2011; Stechishin et al., 2013).
Secondly, stable knockdown by shRNA or CRISPR would resolve the issue of incomplete
and transient knockdown of JAK kinases and should be used as an additional tool to further
validate their role in GSC growth. Both single and combinatorial JAK knockouts (double
and triple) should be examined to assess and compare growth phenotypes from single
knockouts. These would be expected to achieve stronger knockdown/knockout of the JAK
proteins and might help to resolve the growth differences we see between siJAK
knockdowns and inhibitors. Third, the cell death mechanism induced by JAK inhibitors
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remains unknown in our cells. While there is evidence that the JAK inhibitors induce
apoptosis, this needs to be confirmed in our cells (Mukthavaram et al., 2015). Annexin PI
staining and induction of cleaved caspase 3 after inhibitor treatment would be the primary
experiments to do in this regard. Additionally, expression of STAT3 downstream genes
such as Bcl-2, Bcl-xl, Survivin, Mcl-1, CCND1 should be tested with both JAK inhibitor
and compared between single and double knockdowns. Preliminary results show a
reduction in Mcl-1 upon JAK1 combination knockdowns. This needs to be compared with
single knockdowns and with the JAK inhibitors. Additionally, the synergistic effect of JAK
inhibition with TMZ remains to be investigated. Finally, contribution of JAK effector
pathways other than STAT3 needs to be more thoroughly investigated in regulating GSC
growth both with the inhibitors and genetic depletion experiments. For example, it has been
shown that activation of SH2B1 by JAK2 is involved in regulating glucose metabolism in
adipose cells (Rui, 2014).
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Thesis conclusions
We have performed a functional kinome RNAi screen to identify kinases that are
essential for GBM stem cell growth and survival. Overall, our screen identified some
genes consistent with previous studies as well as some novel hits. In addition, we found 12
core common kinase hits and their elevated expression associates with poor clinical
outcome in GBM patients. We found that 75% of the kinase hits were unique for each of
the 3 cell lines screened reflecting their molecular heterogeneity. This warrants the need
for developing personalized treatment approach for patients based on their disease specific
vulnerabilities. Moreover, we found that the GSC display differences in kinase
vulnerabilities in different microenvironments and thus these differential sensitivities must
be considered to therapeutically target GBM.
One of novel common hits, the YES1 gene, was further validated as a kinase
required for growth and survival of GSC. Additionally, we have investigated the role of
JAK kinases in GSC growth and survival. Overall we have found that JAK inhibitors
inhibit growth of GSC and block activation of STAT3. Moreover, JAK1 kinase was found
to be the dominant kinase in activating STAT3 in GSC. These studies strongly suggest
that there are novel kinase targets for GBM that have yet to be fully investigated for their
therapeutic potential.
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Appendix
GSC11.1
Normoxia
hits

Hypoxia
Hits
Normoxia

Hypoxia

Normoxia

Hypoxia

PDPK1

4

1

BRD2

0

2

PSKH1

3

0

BTK

0

2

STK39

3

0

DDR1

0

2

MAP4K2

3

1

LIMK1

0

2

VRK1

3

1

MET

0

2

BMP2K

2

0

NTRK3

0

2

FLT3

2

0

PRKAA1

0

2

MYLK3

2

0

RIOK1

0

2

PXK

2

0

SBK1

0

2

STK36

2

0

UHMK1

0

2

ROR2

0

3

KDR

0

5

ERBB3

1

3

VRK2

1

3

Both Normoxia and
Hypoxia
Normoxia

Hypoxia

PLK1

4

4

AURKA

2

1

AURKB

2

1

CAMK2G

2

1

CHEK1

2

1

CSNK1G3

2

1

DAPK3

2

1

EPHA1

2

1

EPHA4

2

1

JAK1

2

1

MAP2K5

2

1

BLK

2

2

CDC2L1

2

2

CDKL5

2

2

DYRK1B

2

2

RIPK1

2

2

TXK

2

2

TYK2

2

2

MTOR

2

3

EGFR

1

2

PKN1

1

2

PTK2

3

2
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ZAP70

3

2

CALM1

3

3

CSNK1E

3

3

DYRK1A

3

3

PRKACB

3

3

TGFBR2

3

3

CDK6

4

3

YES1

4

2

GSC6.22
Hypoxia Hits

Normoxia hits
Normoxia

Hypoxia

Normoxia

Hypoxia

ROCK1

3

1

MAP4K2

1

3

STRADA

3

1

SIK1

0

3

TYK2

3

0

CSNK1A1

0

2

CDC2L1

2

0

PTK2

0

2

PINK1

2

0

ROCK2

0

2

SCYL3

2

0

TSSK4

0

2

TLK2

2

0

YES1

2

0

BMX

2

0

EPHA2

2

0

Both Normoxia and Hypoxia
Normoxia

Hypoxia

EGFR

7

5

CDK4

6

4

KDR

5

5

CDK6

3

2

OBSCN

3

2

TXK

3

3

MARK3

2

1

MYO3B

2

1

NEK7

2

1

PKN1

2

1

SGK1

2

1

VRK2

2

1

CDKL5

2

2

CHEK1

2

2

DDR1

2

2

MATK

2

2

PTK7

2

2

YSK4

2

2
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ERBB3

2

3

SIK2

2

3

PLK1

1

2

STK39

1

2

TP53RK

1

2

GSC7.2
Hypoxia Hits

Normoxia hits
Normoxia

Hypoxia

Normoxia

Hypoxia

ERBB3

4

1

BTK

0

4

STK17B

3

0

MAP3K12

0

4

AURKB

2

0

STK39

0

3

Both Normoxia and Hypoxia
Normoxia

Hypoxia

KDR

5

5

DDR1

2

3

DYRK1A

3

3

CDKL5

2

3

ROR2

2

3

AURKA

2

2

CDK6

2

2

CHEK1

2

2

FLT4

3

3

PLK1

2

2

PLK4

1

2

RPS6KA3

2

2

RPS6KA4

2

2

TGFBR2

2

2

EPHB2

2

1

GSK3B

2

1

MKNK1

2

1

NEK3

2

1

PAK6

2

1

PCTK1

2

1

PDPK1

2

1

PRKDC

2

1

TEC

2

1

TXK

2

1

ABL1

1

2

EPHA1

1

2

MAP4K1

1

2
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AKT1

0

2

PIM1

0

2

YES1

2

4

CDC2L1

2

1

PKN1

2

1
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