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ABSTRACT
High-grade brain tumors have some of the highest rates of cancer-related death.
Occurring predominately in adults, patients with glioblastoma (GBM) are not expected to
survive longer than two years. Similarly, medulloblastoma (MB) is the most commonly
occurring malignant brain tumor in children and, although these cases have a much better
probability of survival, the severe impact of high-intensity treatment often causes long-term
negative side effects. Unfortunately, high-grade brain tumors are frequently resistant to standard
treatments like temozolomide (TMZ). Further, the development of new drugs is hindered by the
blood-brain barrier and the astronomical cost of drug discovery and clinical evaluation. The
immediate need for new treatment options encouraged our approach of querying compounds that
have previously been tested in clinical trials. Herein, we found that TMZ resistant GBM cells
express high levels of the mitotic kinase, Polo-Like Kinase 1 (PLK1) and that TMZ resistance
can be overcome using PLK1 kinase inhibitors, such as BI-2536. An assessment of off-patent
drugs revealed that the anti-alcoholism treatment, disulfiram (DSF), also had efficacy in
eliminating PLK1-high cells and this work proposes DSF can be repurposed for cancer
treatment. The importance of PLK1 was further investigated in a retrospective study of MB
patient samples that were assessed with the NanoString nCounter system. Cases with high PLK1
expression were more likely to relapse and had worse overall survival. This work suggests that
stratification of these high-risk cases can identify patients that may benefit from PLK1 inhibitors,
which cause G2/M arrest and apoptosis. Notably, both DSF and BI-2536 treatment had no
negative growth effects on normal brain cells. Finally, translationally controlled tumor protein
(TCTP) is a substrate of PLK1 that is used as a marker of kinase activity. An exploration of the
clinical and mechanistic impact of TCTP demonstrated a striking association with the sonic
hedgehog (SHH) MB subtype, as well, as establishing its role in cancer cell proliferation. In
conclusion, the studies outlined in this thesis encourage the investigation of PLK1 as a
therapeutic target in high-grade brain tumors and emphasizes the potential benefit of fighting
cancer with repurposed drugs.
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CHAPTER 1: INTRODUCTION

1.1

High-grade brain tumors
A brain tumor is a mass of abnormal cells that occurs in brain tissue. Brain and central

nervous system (CNS) tumors are the most common neoplasms for ages 0-19 years (5.42 per 100
000), and the seventh most common in adults (27.86 per 100 000) (Ostrom et al., 2014). There
are over 120 varieties of brain tumor that may be either benign or malignant. Tumors may be
considered primary, meaning the brain is their anatomical origin, or secondary where
tumorigenesis is a result of progression or metastasis of other cancer types. While relatively rare,
the mortality rate of brain tumors is high compared to other cancers due to limitations of current
treatment options and the nature of the disease. This is especially true for high-grade tumors,
which are malignant, rapidly growing and invasive. High-grade primary brain tumors are
classified as World Health Organization (WHO) grade IV tumors that are highly mitotic with
microvascular proliferation and/or necrosis (Louis et al., 2007). Glioblastoma (GBM) is the most
commonly occurring malignant brain tumor in adults, while medulloblastoma (MB) has the
highest frequency in pediatric cases; therefore, we focused our efforts towards these incredibly
aggressive cancer models.
1.1.1

Challenges
The treatment of brain tumors relative to other cancer types has unique obstacles. Tumor

formation in non-essential organs can be resolved with surgical removal of the tumor and extra
surrounding tissue. For example, total mastectomy for breast cancer or radical prostatectomy for
prostate cancer. Unfortunately, removal of extra brain tissue is not an option due to its essential
biological role for survival and cognitive function. Adding to this, details of human neurobiology
still remains relatively unmapped in function and mechanism (Thompson et al., 2014). This
emphasizes the dire need for brain tumor-specific studies. There are key challenges in brain
tumor biology that cause many promising cancer treatments to be ineffective.
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1.1.1.1

Detection
The intracranial detection of tumors is a major barrier to providing timely treatment to

patients. Usually, the first indication of disease is the presentation of neurological symptoms
such as headache, vomiting, or seizures. An estimated 50-70% of pediatric patients report severe
symptoms within 12 weeks of presentation, however, on average this timeframe is longer in
adults as headaches may be ignored or misattributed as common migraines (Park et al., 1983).
The rigid bone of the surrounding skull creates the need for advanced imaging to make a
diagnosis, and detection is usually accomplished with magnetic resonance imaging (MRI).
1.1.1.2

Blood-brain barrier
The ability of chemotherapeutic drugs to access the tumor site is crucial for them to elicit

an anti-cancer effect. A specialized blood-brain barrier (BBB) of capillary endothelial cells
complicates drug delivery to the brain and CNS. The BBB is selectively permeable and tightly
controls the transport of molecules either entering or leaving the neurological system. Fewer than
10% of therapeutic agents for neurological diseases proceed to clinical trials because of poor
brain penetration (Pangalos et al., 2007). Over 98% of small-molecule inhibitors also fail to cross
the BBB making the development of new drugs exceptionally difficult (Gabathuler, 2010).
The BBB is composed of luminal and abluminal plasma membranes of capillary
endothelial cells that are firmly attached to each other with tight-junctions (Janzer and Raff,
1987). Generally, free diffusion across the BBB is limited to small (<400Da) lipid-soluble
molecules preventing most drugs from entry (Oldendorf, 1974). The BBB blocks substances
circulating in the bloodstream while facilitating entry and secretion of other specific molecules
(Quan and Banks, 2007). These regulatory actions are carried out through the use of multiple
active transport complexes. For example, small molecule transport from the bloodstream to the
brain may use carrier-mediated transporters such as glucose carrier (GLUT1), or monocarboxylic
acid carrier (MCT1) (Morgello et al., 1995; Takanaga et al., 1995). Small molecules leaving the
brain may do so via active efflux transporters such as the ATP-binding cassette (ABC) protein
family (Begley, 2004). Receptor-mediated transporters are used for larger molecules, such as
transferrin or insulin, to gain entry. These transporters have become a major focus in drug
delivery research (Coloma et al., 2000; Fishman et al., 1987). Agarwal and colleagues used a
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GBM xenograft model to demonstrate that ABC transporters were responsible for the efflux of
the cancer drug erlotinib, and that transporter inhibition could be used to increase drug delivery
to tumor tissue (Agarwal et al., 2013). Another drug design strategy is to make compounds more
lipid- soluble by encapsulating them with lipoproteins; however, once compounds cross the BBB
they need to diffuse in an aqueous environment to reach the target tissue. As a result, highly
hydrophilic substances are frequently sequestered in the capillary bed (Greig et al., 1995). By
increasing access of anti-cancer compounds to the tumor site, the overall dose administered to
the patient could be decreased thereby reducing the negative impact of treatment.
1.1.1.3

Radiation
Radiotherapy is a fundamental strategy in most aggressive cancer treatment protocols. It

uses high energy X-ray, gamma ray or charged particles to target rapidly dividing cancer cells by
damaging DNA. Radiation also increases the cellular concentration of free-radicals, which can
also result in DNA damage and the initiation of apoptosis (Diehn et al., 2009; Lawrence et al.,
2008). While many studies demonstrate the anti-cancer benefit of treating brain tumor patients
with radiation, it can cause severe damage to normal non-tumor tissue. Patients treated with
whole brain radiation may experience loss of cognitive function, hearing loss, seizures, and
speech problems. The sequelae from radiation can have a dramatic impact on quality of life,
especially for pediatric cases whose neurological systems are still undergoing development
(Kulkarni et al., 2013; Ris et al., 2014). In addition, patients who have already been treated with
radiation and received a maximum safe lifetime dose may not be able to receive additional
treatment if a brain tumor regrows. It is paramount that new therapeutic agents are developed
that can effectively eliminate brain tumor cells and decrease the use of radiation in treatment
protocols.

1.1.2

Glioblastoma (GBM)
Malignant gliomas represent the most frequently occurring primary malignant brain

tumors in adults. Patients with GBM have an extremely dismal prognosis. Nearly all GBM
tumors are expected to regrow following treatment, and fewer than 5% of patients survive five
years following diagnosis (Ostrom et al., 2014). GBM is arguably the most tragic and
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devastating form of cancer; however, there has been very little advancement to treatment. Due to
its heterogeneous and diffuse nature researchers hope to identify useful molecular targets to
better manage this disease.
1.1.2.1

GBM clinical attributes
GBM is the most frequently occurring malignant brain tumor. Between 8 000 and 10 000

new cases of GBM are diagnosed annually in the USA. As well, approximately 45.6% of
malignant brain tumors, and 15.7% of all brain and CNS tumors are diagnosed as GBM (Ostrom
et al., 2014). GBM occurs more commonly in adults and has a median age of diagnosis of 64
years. Malignant gliomas account for 11.7% of brain and CNS tumors in children (0-19 years),
and there are unique challenges associated with treating younger patients (Jansen et al., 2012;
Ostrom et al., 2014). Of note, the incidence of GBM is reported to be skewed with a
preponderance of 1.6 males to every 1 female diagnosed. As well, a significant variability of
incidence based on geographic region has also been reported (Ostrom et al., 2014). The causes of
these differences in incidence remain to be determined, and no single underlying origin can be
attributed to GBM formation. In this regard, provocative evidence suggesting environmental risk
factors such as ionizing radiation may play a role (Fisher et al., 2007). Similarly, occupational
risk factors, electromagnetic fields and foods containing N-nitroso compounds have also been
considered for having a role in GBM incidence; however, the significance of these factors still
requires robust evidence (Fisher et al., 2007; Preston-Martin et al., 1982). Regardless, astrocytic
tumors like GBM are ranked as the third leading cause of cancer-related death in middle-aged
men, and the fourth leading cause in young women between the ages of 15-34 (Prados et al.,
1998; Stiles and Rowitch, 2008).
GBM is classified by the WHO as a grade IV astrocytoma that usually occurs
supratentorially in the cerebral hemispheres of the brain. Histologically, GBM has dense
cellularity, nuclear pleomorphism, and mitotic figures. Microvascular proliferation and
pseudopalisading necrosis are considered hallmarks of GBM by pathologists (Louis et al., 2007;
Wen and Kesari, 2008). Some less common histological variants of GBM include gliosarcomas,
giant-cell glioblastoma, small-cell glioblastoma, and glioblastoma with oligodendroglial features.
While the small-cell variant is thought to be associated with epidermal growth factor receptor
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(EGFR) gene amplification, oligodendroglial features are reported to have a more favorable
prognosis (Louis et al., 2007). Additionally, an index of cell proliferation is commonly measured
for GBM using Ki67 staining (Raghavan et al., 1990). GBM is an especially aggressive cancer,
the characterization of which has begun to evolve beyond histological prognostication towards
molecular characterization.
At the time of diagnosis patients with GBM usually present with one or more generalized
or focal neurological symptoms including headaches, seizures, confusion, dizziness, memory
loss, or even personality change. An increase in intracranial pressure due to tumor growth or
obstruction of normal flow of cerebral spinal fluid (CSF) is responsible for most symptoms at
diagnosis (Cha, 2006; Wen and Kesari, 2008). Diagnosis of GBM utilizes MRI, or computed
tomography (CT) to image the brain and look for a heterogeneous mass with surrounding edema
(abnormal swelling). Other forms of imaging can also be used in order to determine surgical
margins and degree of tumor infiltration into normal tissue. These may include perfusion
imaging, dynamic contrast-enhanced MRI, proton magnetic resonance spectrometry and
positron-emission tomography (Cha, 2006; Chen, 2007; Giovannini et al., 2015; Wen and
Kesari, 2008; Young, 2007). These techniques are also used post-operatively to monitor response
to treatment.
1.1.2.2

Current treatment and temozolomide (TMZ) resistance
The location and infiltrative nature of GBM has made it one of the most challenging

forms of cancer to treat. Quite often, by the time GBM is detected, it has progressed beyond what
may be currently curable. Patients newly diagnosed with GBM are treated with the standard
regime of maximal safe surgical resection, followed by radiation, in combination with
chemotherapy.
Surgery
The goal of a surgical operation is to remove as much tumor tissue as safely possible.
Unlike other tumor types, GBM is very infiltrative and spreads into surrounding tissues to a
much greater extent than is usually feasible to remove (Barker et al., 1998). Biopsy of GBM is
generally not done unless MRI detection determines the tumor location to be inoperable. This is
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regrettably the case in most diffuse intrinsic pontine glioma (DIPG) patients as tumors form
along the brain stem (Hargrave et al., 2006; Jansen et al., 2012). A number of technological
advancements have improved surgical techniques such as: intraoperative MRI mapping, MRIguided neuronavigation, and fluorescence-guided surgery. Further improvements to these
technologies are encouraged as they have facilitated slight improvements to survival (Stummer et
al., 2006; Wirtz et al., 2000). Interestingly, Santagata and colleagues (2014) demonstrate the use
of new surgical technologies that permit rapid molecular characterization at the time of surgery.
They examined the use of desorption electrospray ionization (DESI) mass spectrometry to
analyze the metabolites present in tumor tissue. This can be used to detect residue tumor
characteristics intraoperatively as opposed to days later through pathology analysis (Santagata et
al., 2014). For example, the immediate detection of isocitrate dehydrogenase 1 and 2
(IDH1/IDH2) mutation can aid in decision making to either extend resection or hold back. Even
more recently, laser interstitial thermal therapy (LITT) has been tested in Phase I clinical trials
with recurrent GBM. Under the commercial name of Neuroblate (Monteris Medical Inc.), this
technology uses a robotic heat laser to eliminate tumor cells. MRI detection guides surgeons in
real-time and requires minimal probe insertion in a 4.3 mm skull opening (Sloan et al., 2013).
Maximal safe resection has been used by oncologists for hundreds of years and still remains an
important method for brain tumor treatment today.
Radiotherapy
Radiotherapy has been one of the only treatments to consistently delay progression of
GBM. Standard treatment regimens will deliver 60 Gy of partial-field external-beam radiation in
2.0 Gy fractions, five days per week. A reduced radiation dose of 40 Gy in 15 fractions of 3
weeks, or a radiation-sparing protocol, may be given to elderly patients (>70 years) due to poor
tolerance (Glantz et al., 2003; Roa et al., 2004). Radiation protocols have been reported to
increase average patient survival from 3-4 months to 7-12 months post diagnosis (Stupp et al.,
2005). Although a modest improvement, 90% of GBM will re-grow at the original site and
current radiation protocols are not curative (Hochberg and Pruitt, 1980). As a result, potential
drug candidates that may enhance tumor sensitivity to radiotherapy are currently being
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researched. These have included specific inhibitors (Kim et al., 2004; Stea et al., 2003), and
chemotherapeutics (Prados et al., 2009; Stupp et al., 2005).
Chemotherapy
Surgery and radiation are not enough to prevent tumor growth and thus chemotherapy is
also included in standard GBM treatment protocols. The use of temozolomide (TMZ)
(Temodal®) has been established in the widely used Strupp protocol. This protocol includes
concurrent chemotherapy and radiation followed by adjuvant chemotherapy using TMZ. It was
first developed with a phase III clinical trial that tested the efficacy of radiation alone (60 Gy
over 6 weeks) versus radiation with TMZ (concurrent and adjuvant). A dose of 75mg/m2 body
surface per day for 6 weeks is used during radiation, followed by 150-200mg/m2/day for 6 cycles
(Stupp et al., 2005). TMZ is a ‘prodrug’ that is incorporated in oncology protocols for its DNA
alkylating mode of action. Following oral administration, TMZ is converted into its
physiologically active form, 5-(3-methyltriazen-1-yl) imidazole-4-carboxamide (MITC). MITC
then forms unstable methyldiazonium cations that facilitate the transfer of methyl groups to
DNA. The methylation of the O6 position of guanine is thought to be the most cytotoxic lesion
caused by TMZ, and it promotes the formation of DNA adducts that result in cell apoptosis
(Friedman et al., 2000; Pletsas et al., 2013). Unlike many chemotherapeutics, TMZ can cross the
BBB (Baker et al., 1999; Ostermann et al., 2004). The addition of TMZ to treatment protocols
increased the patient 2-year survival from only 10.4% to 26.5%; however, the median overall
survival was only increased to 14.6 months from 12.1 months. Many GBM tumors demonstrate
resistance to TMZ.
TMZ resistance
There are limited chemotherapeutic options for the treatment of GBM making TMZ
resistance a major problem. The activity of the DNA repair enzyme, O6-methylguanine
methyltransferase (MGMT), is presently the most well-characterized marker of TMZ resistance
in GBM. MGMT has the ability to remove the cytotoxic methyl groups placed on DNA by TMZ
treatment and, as a result, prevent cell death (Donson et al., 2007; Gerstner et al., 2009; Hegi et
al., 2005). In a study that coincided with the Strupp clinical trials, Hegi and colleagues
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determined that GBM patients with MGMT promoter methylation had improved 2 year survival
compare to unmethylated MGMT promoters (Hegi et al., 2005). Promoter methylation is an
epigenetic modification that disallows the transcript expression of MGMT. Mutation or deletion
of MGMT is not common (Esteller et al., 2000) and it is degraded by the proteasome after it has
completed its function and cannot be recycled (Tubbs et al., 2007; Xu-Welliver and Pegg, 2002).
The median survival for MGMT methylated patients is 21.7 months with a 46% survival after
two years following radiation and TMZ protocols. However, MGMT unmethylated patients have
only 12.7 month median survival with a 13.8% 2 year survival rate (Hegi et al., 2005; Stupp et
al., 2005). MGMT promoter methylation does not correlate with GBM molecular subtype
(Verhaak et al., 2010). Currently, MGMT methylation is the strongest predictor of outcome
validated for GBM, but patient survival longer than 5 years is rare regardless of MGMT status
(Donson et al., 2007; Wang et al., 2015).
DNA repair and apoptosis pathways have also been implicated in resistance to TMZ.
When TMZ treatment causes the alkylation of DNA that cannot be reversed by MGMT, cells
depend on alternative pathways to halt the cell cycle and direct the apoptotic cell fate. For
example, the mismatch repair pathway (MMR) will initiate cell death if it comes in contact with
adducts caused by TMZ. This pathway is responsible for sensing, and repairing, mispaired bases
during DNA replication. It is capable of excising thymine, which mispairs with O6-methylguanine, and will eventually initiate cell cycle arrest. The MMR is not able to repair the O6methyl-guanine modification, and this will result in apoptosis (Fu et al., 2012). Perturbation of
MMR pathways in cancer cells can prevent detection of TMZ-induced aberrations and allow
cells to continue replicating through treatment (Cahill et al., 2007; Friedman et al., 1998; Liu et
al., 1996; Yip et al., 2009). For example, inactivation of MMR gene MSH6 has been observed in
recurrent GBM and associated with more aggressive cell proliferation in the presence of TMZ
(Cahill et al., 2007; Yang et al., 2005).
The base excision repair pathway (BER) is another DNA repair system that can influence
sensitivity to TMZ. While downregulation of MMR pathway can lead to poor drug response, the
upregulation of the BER pathway contributes to TMZ resistance. The BER pathway coordinates
a number of DNA repair proteins to remove damaged or inappropriate DNA bases, for example
TMZ alkylated nucleotides (i.e., N7-methyl-guanine) (Trivedi et al., 2005; Zhang et al., 2010).
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Poly (ADP-ribose) polymerase (PARP) acts within this pathway to sense single stranded DNA
breaks, then further functions by modulating surrounding chromatin structures, and recruiting
DNA repair machinery (Althaus et al., 1999; Malanga and Althaus, 2005). As a result, the BER
pathway may facilitate repair of N3 and N7 guanine or adenine methylation caused by TMZ and
avoid initiation of apoptosis (Horton and Wilson, 2007). Although O6 methylation has a greater
cytotoxic effect in cells, N3 and N7 alkylation does contribute to the cumulative DNA adducts
that promote TMZ-induced cell death.
Resistance to TMZ is not restricted to DNA repair mechanisms. Key driver pathways
have a role in promoting aggressive GBM proliferation and escape from normal regulatory
checkpoints. These include: EGFR overexpression, p53, phosphatase and tensin homolog
(PTEN) mutation, and, more recently, miRNA (Brown et al., 2008; Golding et al., 2009; Hirose
et al., 2001; Mizoguchi et al., 2013; Neyns et al., 2009; Prados et al., 2009). For example,
enhanced TMZ resistance may be observed in GBM cells with the downregulation of miR-130a
and miR-145 (Chen et al., 2015; Yang et al., 2012), or upregulation of miR-10a*, miR-195, miR455-3p or miR-21 (Shi et al., 2010; Ujifuku et al., 2010; Wong et al., 2012).
Other treatments
Treating patients with GBM often presents greater challenges than the tumor itself. Along
with therapies directed at killing tumor cells, physicians may also prescribe corticosteroids (e.g.
Dexamethasome) to alleviate the pressure caused by building edema in brain tissues. Antiepileptic drugs may also be prescribed if patients experience seizures as a result of GBM or in
the aftermath of treatment. In addition, psychiatric care is an overlooked aspect of GBM
treatment and antidepressants have been used to support the emotional health of brain tumor
patients (Litofsky et al., 2004). There is some controversy as to whether adding more drugs can
affect the efficacy of anti-tumoral methods. A recent study suggests MGMT methylation status
fails to accurately predict response to TMZ in patients treated with corticosteroids (Weiler et al.,
2014). As well, anti-epileptic drugs, such as carbamazepine and phenytoin, have been shown to
induce liver enzymes that can elevate the metabolism of some chemotherapeutic agents. The
addition of these types of drugs to treatment is generally recommended on an individual basis
(Guthrie and Eljamel, 2013; Pursche et al., 2008). Other complications that commonly require
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additional treatment may include: cognitive dysfunction and venous thromboembolism (Wen et
al., 2006). While the impact of GBM and its treatment is often severe, the reduction of long-term
sequela has not been a major focus due to the unfortunate fact that most patients succumb to
disease within months of diagnosis.
1.1.2.3

Molecular pathology and classification of GBM
Various molecular pathways have been linked to the initiation and progression of GBM.

The identification of key drivers of disease has mainly been the result of cytogenetic, transcript,
and mutation profiling. By deciphering recurrent traits of GBM, researchers have developed
useful subgroup classification schemes and identified potential therapeutic options.
Major signaling pathways
Malignant transformation of normal cells is frequently caused by the deregulation of
growth factor signaling or the accumulation of genetic abnormalities (Furnari et al., 2007;
Ohgaki and Kleihues, 2007). There are two varieties of GBM that develop, either primary (de
novo) or secondary. Primary GBM is more common and forms in older patients (>50 years).
Recurrent traits of primary GBM may include: EGFR overexpression, p16 and PTEN deletion
(Costello et al., 1996; Ekstrand et al., 1991; Li et al., 1997; Smith et al., 2001). In contrast,
secondary GBM occurs in younger patients and forms through the malignant transformation of a
lower grade infiltrative glioma (i.e.,WHO II infiltrative astrocytoma or oligodendroglioma).
These tumors are less common and are characterized by platelet-derived growth factor receptor
(PDGFR) overexpression (10% of cases), TP53, and IDH1/IDH2 mutations (Ohgaki et al., 2004;
Watanabe et al., 1996; Yan et al., 2009). Secondary GBM usually have promoter methylation of
MGMT and respond more favorably to treatment compared to de novo GBM (Nakamura et al.,
2001). The presence of IDH1 mutation in GBM defines a distinct subset of tumors with a unique
epigenetic profile. These cases have been reported to have >60% two-year survival compared to
<20% for GBM subsets with wild-type IDH1 (Sturm et al., 2012). IDH1 mutations almost
exclusively affect amino acid residue 132 and alters the enzymatic role of IDH1 in metabolism.
Isocitrate is converted to α-ketoglutarate through a reaction catalyzed by wild-type IDH1, but
mutant IDH1 instead produces 2-hydroxyglutarate, a novel onco-metabolite, and accumulation of
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this molecule has been shown to have oncogenic effects. IDH2 codes for a related enzyme that is
mutated in secondary GBM at residue 172, which is analogous to IDH1 amino acid 132 (Dang et
al., 2009; Ward et al., 2010). Secondary GBM truly is a distinct subgroup of malignant gliomas
with unique metabolic features.
Familial genetic diseases can predispose for GBM. For example, germline mutations in
TP53 associated with Li-Fraumeni Syndrome, or Turcot’s Syndrome with mutations in MLH1 or
PMS2 (Hamilton et al., 1995; Sadetzki et al., 2013). As well, brain tumors may often form in
patients with type 1 or 2 neurofibromatosis caused by abnormal NF1 and NF2 genes (Huttner et
al., 2010; Sadetzki et al., 2013). It is estimated that a minority of 5% of GBM have a familial
source leaving the cause of gliomagenesis less straight-forward for the majority of patients. The
most common defects associated with GBM include: aberrations in receptor tyrosine kinases
(RTK), tumor suppressors, and cell survival pathways.
RTK signaling enables the activation of key proliferation and cell survival pathways such
as Ras/ERK and PI3K/Akt. Perhaps the most prominent is abnormalities in EGFR that occur in
40-50% of patients (Heimberger et al., 2005). Mutations or amplifications result in the
overexpression of EGFR signaling, often in a ligand-independent state. Approximately 50% of
cases with aberrant EGFR carry an in-frame deletion of exons 2-7 that constitutively activates
the receptor by removing its extracellular ligand-binding requirement (EGFRvIII; EGFR variant
III) (Frederick et al., 2000; Wong et al., 1992). Inhibitors targeting EGFR and EGFRvIII have
been tested in clinical trials with variable results (Neyns et al., 2009; Prados et al., 2009). Aside
from EGFR, other RTKs contribute to the growth of GBM including vascular endothelial growth
factor receptor (VEGFR) and platelet-derived growth factor receptor (PDGFR) pathways.
VEGFR is an essential regulator of angiogenesis and creates blood vessel systems that provide
for tumor tissues. The invasive nature of GBM has drawn a great deal of attention into VEGFR
inhibitors as it is highly expressed in tumor tissue. Clinical trials with the FDA approved VEGFR
inhibitor, Bevacizumab, show its well tolerated, but still incapable of preventing relapse
(Friedman et al., 2009; Gilbert et al., 2014; Iwamoto et al., 2009).
Deactivation of tumor suppressors is another form of oncogenic lesion in GBM. Mutation
in TP53 -or amplification of its negative regulatory factor MDM2-proto-oncogene, E3 ubiquitin
protein ligase (MDM2)- can disrupt the ability of cells to halt cell cycle and initiate apoptosis in
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the event of dysregulated growth or drug treatment (Burton et al., 2002; Forbes et al., 2011).
Further, PTEN is another tumor suppressor that is mutated in approximately 40% of primary
GBM and even completely deleted in some lower grade gliomas (Kato et al., 2000; Ohgaki et al.,
2004). This enzyme acts to negatively regulate the PI3K pathway and, as well, can block
transcription of MDM2 (Mayo et al., 2002). Other pathways implicated in GBM include Notch
(Purow et al., 2005; Ying et al., 2011), mTOR (Narita et al., 2002), and STAT3 (Kohsaka et al.,
2012).
Aberrant microRNA (miRNA) signaling has also been shown to modulate GBM
sensitivity to treatment. Both the up-regulation of tumor promoting miRNA (i.e., miR-21, miR195, and miR-455-3p) and down-regulation of tumor suppressing miRNA (i.e., miR-145) occurs
in GBM and may offer an alternative therapeutic target in future studies (Ujifuku et al., 2010;
Yang et al., 2012).
Subgroups of GBM
For decades the only established predictor for patient outcome was tumor grade (Louis et
al., 2007). While aberration to multiple signaling pathways can result in GBM formation, other
molecular characteristics indicate the presence of distinct molecular subtypes. A number of
large-scale microarray gene expression and DNA sequencing studies have been used to classify
tumors with similar molecular characteristics, as well as identify genes that are associated with
tumor progression and clinical outcome (Godard et al., 2003; van den Boom et al., 2003). One of
the earliest gene expression studies used EGFR overexpression or upregulation of chromosome
12q13-15 as markers of distinct groups of GBM (Mischel et al., 2003). In subsequent work,
Phillips and colleagues (2006) used two-way agglomerative clustering of microarray gene
expression to identify three distinct groups of high-grade astrocytoma. The Phillips subgroups
include: proneural (PN), proliferative, and mesenchymal. This study used a narrowed probe set
for genes whose expression strongly correlated with survival, and suggests that different
subclasses of GBM resemble the stages of neurogenesis. They found the PN subgroup had a
more favorable outcome compared to proliferative or mesenchymal, and suggest that tumors
often recur with mesenchymal characteristics (Phillips et al., 2006).
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More recently, Verhaak and colleagues (2010) refined GBM molecular subtyping
through analysis of data accessed from The Cancer Genome Atlas (TCGA) Research Network.
They assessed gene expression, chromosomal copy number alterations, and gene mutation data
in combination with clinical and morphological characteristics of approximately 433 primary
tumors. This resulted in the identification of four subgroups: proneural, neural, classic, and
mesenchymal (Verhaak et al., 2010).
Proneural Subtype. Enhanced PDGFRA signaling and mutations to IDH1 and TP53 are
hallmarks of proneural tumors. This subgroup is enriched with cases of PDGFRA point
mutations or amplification at its locus at chromosome 4q12. Genes involved in proneural and
oligodendrocytic development signaling were elevated in the proneural gene signature (DLL3,
NKX2-2, SOX2, ERBB3, and OLIG2) (Phillips et al., 2006). Approximately 54% and 30% of
cases were mutated for TP53 or IDH1, respectively. Three of four known secondary GBM
samples were found in this group, which generally occurred in younger patients (frequently <40
years). Proneural classification carries a slightly better prognosis compared to other subgroups,
but there was no significant benefit reported for treatment of these cases with higher intensity
chemotherapy and radiation protocols (Verhaak et al., 2010).
Neural Subtype. The molecular profile of the neural subtype is enriched for neuronal
lineage markers (NEFL, SYT1, GABRA1, and SLC12A5). This group did not have any
trademark copy number or mutations. Interestingly, the genetic profile of neuronal tumors
clustered similarly to two normal brain tissue samples that were included in the study dataset.
Similar to the proneural subgroup intensified treatment protocols did not show significant benefit
in survival of neural classified cases.
Classic Subtype. EGFR amplification and overexpression is most prominent in the classic
subtype. Approximately 95% of tumors had EGFR amplification and 5 of 7 EGFRvIII cases
included in the study cohort were classic. No cases of TP53 or IDH1 mutation were detected in
this subgroup. Other studies have also reported that EGFR amplification and p53 mutation are
mutually exclusive and do not occur in the same tumor (von Deimling et al., 1995; Watanabe et
al., 1996). In addition, 93% of classic tumors had amplification of chromosome 7 and
chromosome 10 deletion. Expression of nestin (NES), members of the sonic hedgehog (SHH;
SMO, GAS1, and GLI2) and Notch (NOTCH3, JAG1, and LFNG) signaling pathways were also
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indicative of the classic subtype. Survival analysis suggests these patients would significantly
benefit from more intensive treatment regimes (Verhaak et al., 2010).
Mesenchymal Subtype. Abnormal NF1 is a major distinguishing trait of mesenchymal
tumors. As well, 38% of these tumors had deletions of 17q11.2, a region containing the NF1
locus. This subtype expresses genes similar to those that mark microglial or Schwann-like cells.
Expression of previously reported mesenchymal markers CHI3L1 and MET were also detected
(Phillips et al., 2006). As well, mesenchymal tumors had a greater proportion of necrosis.
Necrosis is associated with an elevated inflammatory response and NF-kB signaling (TRADD,
RELB, and TNFRSF1A). Finally, the mesenchymal subtype may benefit from more intensive
radiation and chemotherapy.
Epigenetic profiling of GBM
Expanding on the original Phillips and Verhaak subtypes, researchers have further refined
GBM subgroups with epigenetic profiling (Noushmehr et al., 2010; Sturm et al., 2012). The first
DNA methylation array study examined promoter methylation in 272 GBM in the TCGA. Here
researchers distinguished methylation profiling that they termed glioma-CpG island methylator
phenotype (G-CIMP) that indicates a cancer-specific CpG island hypermethylation of a subset of
genes in a small group of tumors (Noushmehr et al., 2010; Toyota et al., 2000). They found GCIMP tumors associated with the proneural subgroup, with IDH1 mutations, and had a
significantly better clinical outcome than non-G-CIMP tumors.
Another study also used epigenetic profiling to further stratify GBM subgroups. Sturm
and colleagues (2012) separated out 6 molecular groups of GBM by integrating gene expression,
DNA methylation, and copy number changes. The groups still include distinct mesenchymal and
classic categories, but have further categorized the proneural tumors into RTK1, IDH, K27 or
G34 groups. The RTK1 group is distinguished by PDGFRA alterations, while mutant IDH1 and
G-CIMP profile hallmark the IDH group. K27 and G34 represent critical H3F3A mutations that
affect histone H3.3, which is a key regulator of epigenetic gene controls and telomere length
(Schwartzentruber et al. 2012). This study included both GBM and DIPG, and the K27 and G34
groups are composed mostly of pediatric cases (<21 years). H3F3A K27 tumors have poor
clinical outcome, while H3F3A G34 cases have a more intermediate outcome (Sturm et al.
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2012). Advancements in bioinformatic technologies allow us to map the complex cancer
genome. Molecular subtyping of GBM provides cues to which patient may experience greater
benefit from specific treatments, and which would not. With such few therapeutic options that
influence GBM progression, classification is a step towards the identification of new targetable
biomarkers.
1.1.2.4

Mouse models and cell of origin
Animal models of brain tumors have been developed for the purpose of understanding

tumor development, and in order to preclinically test new drugs. The first glioma mouse models
were generated using carcinogenic chemical induction. Exposure to methylcholanthrene or
nitrosoureas resulted in the formation of brain tumors that histologically resembled some aspects
of GBM while failing to fully encompass the genetic profile of the human disease (Barth, 1998;
Seligman et al., 1939). This approach depends on the random chance of mutation and, although
tumors are generated, chemical induction is inconsistent in location, tumor type, and rate of
incidence (Barth, 1998; Schmidek et al., 1971). The most commonly used technique for GBM
mouse modeling is xenograft transplantation (Shapiro et al., 1979). This involves the surgical
implantation of human brain tumor cells either intracranially (orthotopic) or subcutaneously
(heterotypic), into immunocompromised mice. Although some groups question how surgical
implantation itself can affect the biology of xenograft tumor models (Stylli et al., 2000),
malignancies that form frequently recapitulate the human tumor of origin from which the cells
were collected (Horten et al., 1981). Most importantly, orthotopic xenografts are especially
useful for assessing the efficacy of novel therapeutics in the ability to transverse the blood-brain
barrier.
The development of genetically engineered mouse models (GEM) has accelerated the
knowledge of signaling pathways that are essential for tumor formation and as well, have been
an important tool for pinpointing GBM cells of origin. One of the first GEM brain tumor models
involved the injection of the SV40 virus with a metallothionein fusion gene into eggs (Brinster et
al., 1984; Stylli et al., 2015) . Since then more refined models that target molecular drivers of
gliomagenesis have been used to produce human glioma characteristics. For example, loss of
function p53 and RB models are common, as is deletion of NF-1, and inactivation of PTEN
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(Huse and Holland, 2009; Reilly et al., 2000; Xiao et al., 2002; Zhu et al., 2005). Mouse models
have also validated the importance of RTK signaling in glioma biology. The overexpression of
EGFR signaling- either from gene amplification or EGFRvIII- is one of the most prominent
GBM traits. Numerous mouse models have aided in the development of EGFR pathway
inhibitors (Brown et al., 2008; Franceschi et al., 2007; Prados et al., 2009), as well, GEM
overexpression of PDGFB has produced successful models of GBM (Fisher et al., 1999;
Hambardzumyan et al., 2009; Uhrbom et al., 1998). Most importantly, GEMs have allowed
researchers to target subpopulations of cells for specific oncogenic changes. Using adenoviral
transduction methods, Llaguno and colleagues (2009) silenced Nf1, Trp53, and Pten with a
Cre/lox system. They found that high-grade gliomas formed when this adeno-cre/lox construct
was injected into the subventricular zone (SVZ); however, there was limited tumorigenesis when
it was injected into the striatum or cerebral cortex (Alcantara Llaguno et al., 2009). This study
highlights the importance of inactivation of tumor suppressors (i.e., p53, PTEN, NF1) in GBM
formation; as well, suggests a requirement for this to happen in undifferentiated progenitor cells.
Other groups also show the potential for progenitors to be the cell of origin. Chen and colleagues
(2012) used nestin-ΔTK-IRES-GFP transgene expression to show that the hierarchies of GBM
cells that regrow after TMZ treatment originate from a neural stem cell origin. These findings not
only suggest progenitor cell of origin, but provides evidence that this subpopulation can
repopulate the tumor following chemotherapy treatment (Chen et al., 2012). Alternatively,
another study used retrovirus-mediated PDGFB expression (in combination with inactivated
Trp53 and/or Cdkn2aINK4A/ARF) in Nestin+ progenitor cells to generate gliomas (Hambardzumyan
et al., 2009). However, when this was done in mature GFAP+ glial, or committed
oligodendroglial precursors, gliomas were also formed. These findings suggest that while neural
stem cells may act as the cell of origin in the SVZ, gliomagenesis is not restricted to this
subpopulation. Different cell types most likely have the ability to transform, but may also depend
on the perturbation of different molecular pathways for this to occur. This further exemplifies the
heterogeneity of GBM and emphasizes the need to design therapeutic approaches to address this
variability.
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1.1.3

Medulloblastoma (MB)
While brain tumors in adults can be devastating, the treatment of pediatric brain tumors

like MB has added complexity. At present, brain tumors are responsible for the highest rate of
cancer-related death in children. Improvement of treatment regimes have dramatically increased
progression-free and overall survival rates; however, this has been at the cost of quality of life
(Gatta et al., 2009). Standard radiotherapy and surgical procedures often result in sequelae that
can impact neurological development and endocrine regulatory systems. There is a need for
better therapeutics that can provide personalized targetable options in order to avoid negative
treatment side effects in children.
1.1.3.1

MB clinical attributes
MB accounts for upwards of 20% of pediatric brain tumors (Crawford et al., 2007). 21%

of MB occurs in infants with the peak incidence of approximately 44% MB of pediatric MB
occurring between the ages of 4-9years (Kool et al., 2012; Tabori et al., 2006). Fewer than 12%
of cases fall into the young adult age group (>16 years) with less than 1% of MB in older adult
patients making it an especially rare occurrence (Kool et al., 2012; Roberts et al., 1991). The
WHO lists MB as a Grade IV embryonal tumor that occurs infratentorially in the cerebellum or
4th ventricle (Louis et al., 2007). Originally considered to be a primitive neuroectodermal tumor
(PNET), MB was later found to be molecularly distinct from supratentorial PNETs. The term
MB includes embryonal malignancy of the brain stem and posterior fossa (Pomeroy et al., 2002;
Rorke, 1983). Symptoms that are commonly presented at time of diagnosis usually hint towards
cerebellar dysfunction, involvements of the brainstem nuclei and tracts, or hydrocephalus, for
example: vomiting, headache, macrocephalus, and ataxia. Elevated intracranial pressure can
cause compression of the 4th ventricle and dilatation of the 3rd and the lateral ventricles due to
hindered CSF flow, and is detectable with MRI. Diagnosis of infants is more difficult. The loss
of developmental milestones and the “setting-sun” sign head tilt may be observed.
Traditional methods of tumor staging are used for clinical characterization of MB. A
primary tumor (T) -stage (T1, T2, T3a, and T4) is determined depending on whether the tumor
has reached a diameter of 3 cm and infiltrated surrounding tissues. This is paired with a
metastasis (M) -stage value (M0, M1, M2, M3, and M4) that ranks the severity of tumor cell
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spread in the CSF, ventricles, or subarachnoid space (Chang et al., 1969). Unlike solid tumors of
other organs, the spread of brain tumors are generally contained in the CNS; however, aggressive
infiltrative tumors can disseminate along the CSF. Metastatic disease has been reported in 30%
of MB patients (Gerber et al., 2014).
On a microscopic level, the histopathological appearance of MB tissue is one of the
current methods for risk stratification. There are four major histopathological categories of MB
based on the extent of tissue nodularity, desmoplasia, anaplasia, and nuclear size (Eberhart et al.,
2002). First, approximately 80% of MB have classic (CMB) histology that is distinguished by
the appearance of uniform sheets of small round blue cell appearance with a high nuclear to
cytoplasmic ratio (Provias and Becker, 1996). Secondly, desmoplastic/nodular (DN) histology is
found in 15% of cases (Provias and Becker, 1996) and have a distinct pale nodular architecture
with neuronal differentiation patterns. These cases stain for reticulin in dense intercellular
networks of desmoplastic fibers that form between the nodules (McManamy et al., 2007;
Northcott et al., 2012b). Third, MB with extensive nodularity (MBEN) is the least frequently
occurring histological group. It has lobular architecture surrounded by zones that do not stain for
reticulin. MBEN and DN are suggested to have a better prognosis than CMB (Garrè et al., 2009;
McManamy et al., 2007). This is not the case for the fourth major histological classification,
large-cell/ anaplastic (LCA) MB, which is regarded as a marker of high-risk disease (Eberhart et
al., 2002). LCA is highly mitotic and characterized by pleomorphism, tumor cell ‘wrapping’, and
large anaplastic nuclei (Northcott et al., 2012b).
1.1.3.2

Current treatment protocols
The overall survival rates for MB have improved remarkably over the last few decades

(Gatta et al., 2009). This improvement can mostly be attributed to the adoption of intense,
escalating radiation protocols (Carrie et al., 1999; Grabenbauer et al., 1996; Jakacki et al., 2012)
along with better surgical maintenance of CSF and tumor resection. Unfortunately, there is often
a trade-off between the benefit of high intensity, and invasive, techniques and the long-term
quality of life of patients. To this point, long term side effects have a much greater impact on
children compared to adults for two reasons, (1) they can disrupt key developmental stages, and
(2) children generally have more remaining lifespan compared to adults that are considerably
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older in age. As a result, it is necessary to create strategies to stratify risk in pediatric MB in
order to de-escalate treatment intensity and decrease negative sequela. Current stratification used
for clinical decision-making include: patient age, M-stage, extent of resection, and more recently
histology (Pietsch et al., 2014). These criteria are used to dictate a specific approach to the
treatment of MB using surgical resection, radiation, and chemotherapy.
Surgery
The medical term for surgical removal of tumors like MB is posterior fossa craniotomy.
Craniotomy means, “drilling bone out from the skull”, and the procedures are done by making an
incision near the bottom of the skull in order to access the cerebellum. There are three main
objectives when operating. The first objective is to establish an official diagnosis for tumor (Von
Hoff and Rutkowski, 2012). Second, to restore normal CSF flow in the ventricles of the brain.
Some of the major symptoms at diagnosis of MB are due to an increase in intracranial pressure
from CSF blockages, also known as hydrocephalus. This can result from the tumor itself, or even
infections following treatment. A ventriculoperitoneal shunt is used to relieve CSF pressure
either at time of surgery-or in the days following- for a reported 50% of patients (Bartlett et al.,
2013; Bhatia et al., 2009). The third goal of surgery is to resect as much tumor as possible
without causing damage to the normal surrounding tissue. Remaining tumor tissue >1.5 cm2 is
considered a risk factor and patients with sub-total resection have significantly lower overall
survival compared to gross total resection (Grill et al., 2005). Regardless, surgeons must
determine a balance between achieving maximal resection and avoiding neurological damage.
Negative sequela may be experienced immediately after surgery and include non-obstructive
hydrocephalus, bleeding, neurocognitive impairment, and ‘posterior fossa syndrome’ (Korah et
al., 2010). This outcome is worsened with the combination of radiation to the brain that has been
associated with neuroendocrine defects such as hypothyroidism and delayed puberty (Frange et
al., 2009).
Radiation and chemotherapy
The postoperative management of MB is approached differently between infants and
older children, but the objective in all age groups is to promote patient survival while reducing
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long-term side effects. To attempt to achieve this, clinical trials stratify children into high and
standard-risk groups. Standard-risk cases are generally non-infant with no metastatic
dissemination that may benefit from protocols with reduced radiation. For example, these cases
have been shown to have equal survival benefit when a full dose of 36 Gy radiation to the
posterior fossa was dropped to 23.4 Gy (Packer et al., 2006). Currently, there is an ongoing
clinical trial testing if this radiation boost can be dropped to 18 Gy in order to further reduce
neurological sequelae (NCT00085735). In addition, this trial is also testing whether the radiation
of only the tumor bed is sufficient for standard-risk cases as opposed to the whole posterior
fossa. Following surgery and radiation, standard-risk MB patients are usually treated with
cocktails of chemotherapeutics, including: cisplatin, carboplatin, cyclophosphamide, and
vincristine. (Packer et al., 2006). Chemotherapy is occasionally used immediately after surgery
in hopes of delaying or completely avoiding radiation (Duffner et al., 1993).
The high-risk group of childhood MB generally either have >1.5 cm2 residual tumor or
metastatic dissemination located at the neuraxis. Recurrent cases of tumor relapse are also
considered high-risk in older children and, unfortunately, have a lower than 10% salvage rate
(Pizer et al., 2011; Warmuth-Metz et al., 2011). The therapy protocols for these cases are
intended to benefit patient survival, and the reduction of negative side effects is a secondary
consideration. The benefit of current protocols depend on using higher doses of radiation such as
36 to 39.6 Gy plus boosts to the posterior fossa and solid metastases (Jakacki et al., 2012). In
addition, these high-risk cases are candidates for testing radio-sensitizing drugs and protocols
involving hyperfractionation of high radiation doses (i.e., dividing the radiation into multiple
doses per day) (Gandola et al., 2009; Pizer et al., 2011; Warmuth-Metz et al., 2011). Aside from
radiotherapy, there are a number of clinical trials questioning if there may be any benefit
provided for high-risk MB from a specific chemotherapy regimen (Chi et al., 2004; Dhall et al.,
2008; Jakacki et al., 2012; Pizer et al., 2011; Warmuth-Metz et al., 2011). Unfortunately, any
dose de-escalation for high-risk MB children will require the adoption of accurate prognostic
markers to clinical practice.
Treatment protocols for infant and younger children aim to completely avoid the use of
craniospinal radiation. An age cut off for the use of radiotherapy is <3 years in some institutions
and <6 years in others. In cases with no metastasis, favorable results are achievable with surgery
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and post-operative chemotherapy only (Dhall et al., 2008; Grill et al., 2005). One study that used
three cycles of intravenous chemotherapy (cyclophosphamide, methotrexate, vincristine,
etoposide, and carboplatin) and intraventricular methotrexate following surgery report a 77% 5year survival rate. However, there was only a 38% 5-year survival for children with detectable
metastases (Rutkowski et al., 2005). Further, a series of “Head Start” protocols have been tested
in multiple institutions. Head Start I ran from 1991 to 1997 and was initially started as a
chemotherapy-only treatment option for children <6 years old. It includes five cycles of a postoperative chemotherapy cocktail (vincristine, cisplatin, cyclophosphamide and etoposide)
followed by myeloablative chemotherapy (carboplatin, thiotepa and etoposide) with autologous
hematopoietic cell rescue (AuHCR) (Dhall et al., 2008). Head Start II ran from 1997 to 2003 and
incorporated the addition of high doses of methotrexate into each cycle. Early reports from Head
Start I/II show that patients benefitted from intensified induction chemotherapy in the absence of
radiation (Fangusaro et al., 2008). Trials with Head Start III ran from 2003 to 2009 and are
reported to have the best survival outcomes of children receiving a radiation-sparing
chemotherapy protocol. This version incorporated oral TMZ and etoposide into alternating
cycles of the chemotherapy cocktail used in Head Start II. Approximately 52% of patients <6
years avoided craniospinal radiation, and 2-year overall survival was 80% for M0 cases (Suneja,
2011). Although there was only a 54% 2-year overall survival for M1 cases, this is still a
significant improvement from other radiation-sparing regimes (Rutkowski et al., 2005; Suneja,
2011).
There have been no MB clinical trials specifically for adults (>18 years) due to the low
frequency of adult cases. As a result, the role of chemotherapy in adult MB is relatively
unknown. One study tested the efficacy of treating adult ( >20-years of age) MB with the
pediatric HIT 2000 protocol (Friedrich et al., 2013; Warmuth-Metz et al., 2011). Approximately
70 patients were treated with 35.2 Gy craniospinal radiation with boosts to the posterior fossa,
along with chemotherapy (lomustine, vincristine, and cisplatin). Of note, chemotherapy was
found to be beneficial for M0 adult MB. As well, tumor location and histology was found to be
influential risk factors for adult MB (Friedrich et al., 2013). More work needs to be done as a
growing body of evidence suggests the biology of adult and pediatric MB are reasonably distinct
(Northcott et al., 2011a; Remke et al., 2011b).
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Along with clinical features, histological subtype has further stratified patient risk and
been incorporated into treatment decision-making. Intensified adjuvant protocols for
chemotherapy and radiation are warranted for non-infant patients with residual tumor, evidence
of metastasis, or LCA histology (Rutkowski et al., 2010). These are characteristic of high-risk
disease and represent fewer than 30% of non-infant children. For infants, the DN histology is
considered a marker of better outcome compared to LCA or CMB, but again, this only
encompasses a small subset of MB cases (Rutkowski et al., 2005; von Hoff et al., 2009). The
majority of MB diagnosed has CMB histology assessed as standard-risk according to current
clinical practice, but while some of these patients fail to respond to treatment, others have the
ability achieve remission from surgery alone. As a result, there has been a paradigm shift in the
MB field to emphasize the use of molecular markers and technologies to develop better tools for
clinical prognostication. To do this, researchers look for molecular cues in systems that control
brain development.
1.1.3.3

Hijacking cerebellar development
Tumor formation is often the result of aberrant signaling pathways that are normally

essential for the growth and maintenance of specific tissues. As an embryonic tumor, strong
evidence suggests that specific developmental pathways are responsible for MB formation. To
strategically develop therapy and prognostic markers, an understanding of the fundamental
biology of MB is necessary.
Cerebellum development
The cerebellum has a number of different precursor cell populations that are regulated by
signaling pathways during development. There are two major embryonic germinal zones from
which cerebellar cells develop. The first is the ventricular zone (VZ) that lines the roof of the
fourth ventricle. It contains GABAergic precursor cells that will later form cell types such as
Purkinje neurons, astrocytes, oligodendrocytes and Bergman glia (Eberhart, 2008). The second
cerebellum germinal zone is the rhombic lip. This is the location of glutamatergic precursors that
migrate to the nuclear transitory zone to form the deep nuclei. In addition, the rhombic lip
produces granule neuron precursor (GNP) cells that proliferate transiently to form the external
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granular layer (EGL). GNPs are considered lineage-committed and will differentiate into mature
granule neurons that form an internal granule layer (IGL). As well, GNPs express high levels of
the transcription factor ATOH1 (MATH1), which is essential for EGL development and used as a
marker for GNP cells. It has been suggested that another population of undifferentiated stem
cells may exist within the white matter of the postnatal cerebellum. It is interesting to note that
this population can generate astrocytes, neurons, and oligodendrocytes, but does not generate
GNPs (Goldowitz and Hamre, 1998; Pei et al., 2012a; Wang and Zoghbi, 2001). As this variety
of embryonic precursor cells develops into a postnatal cerebellum, there are key signaling
pathways that control this process.
WNT signaling
The WNT pathway was originally discovered through the wingless phenotype of
Drosophila melanogaster developmental studies. In humans, it has an important developmental
role in the embryonic brain and neural stem cell signaling (Ciani and Salinas, 2005). Pei and
colleagues (2012) have shown that WNT signaling promotes the proliferation of GABAergic
neural stem cells located in the VZ. It is suggested that elevated WNT signaling not only drives
proliferation but disrupts neural stem cell differentiation (Pei et al., 2012a). The activity of the
WNT pathway depends on the cellular accumulation of free β–catenin (CTNNB1). Normally
maintained at low levels, β–catenin is contained by an APC/AXIN/GSK3 multiprotein complex.
GSK3 or another kinase, CK1α, will phosphorylate β–catenin and thereby target it for
ubiquitination and proteolysis. The canonical pathway is activated when extracellular WNT
ligands bind frizzled (FZD), a family of G-protein coupled transmembrane receptors. Activation
of FZD sends a direct signal to the cytosolic protein disheveled (DSH) that causes a disruption of
the inhibitory APC/AXIN/ β–catenin complex. This liberates β–catenin from targeted
degradation and it increases cytosolic concentration. β–catenin will translocate to the nucleus
where it interacts with TCF co-factor proteins to activate transcription of WNT pathway genes
such as Cyclin D1 and c-MYC (Figure 1.1). Activation of WNT pathway transcript substrates
affects proliferation, and cell fate determination (Zechner et al., 2003).
Familial activating mutations in the WNT pathway have been reported to cause MB.
Specifically, Turcot’s syndrome results from the mutation of the adenomatous polyposis coli
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(APC) gene and predisposes for MB and GBM (Thompson et al., 2006). Modifications to APC
affect its ability to complex with β–catenin thereby blocking regular β–catenin degradation
programs. Somatic mutations can also occur in the gene that codes for β–catenin, CTNNB1. This
mutation disrupts the negative regulatory systems that tightly control β–catenin resulting in
accumulation in the nucleus (Eberhart et al., 2000; Zurawel et al., 1998).

Figure 1.1 Summary graphic of canonical WNT signaling pathway.

Sonic Hedgehog (SHH) signaling
SHH is one of three human homologs of the Drosophila melanogaster Hedgehog (Hh)
gene, and its expression is crucial to neural tube and brain development early in embryogenesis
(Odent et al., 1999). GNPs- after migrating to the EGL- proliferate in response to SHH ligands
that are secreted by Purkinje neurons. In the canonical pathway, SHH ligands bind the
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transmembrane receptor patched (PTCH1) on the surface of GNPs. When not bound by SHH,
PTCH1 represses the activity of another transmembrane protein, smoothened (SMO). Ligand
binding results in the internalization of PTCH1 thereby releasing the inhibition of SMO that then
recruits and binds other pathway components to the membrane. Within the cell, the proteins
SUFU and Kif7 sequester a pool of microtubule-bound GLI transcription factors. PKA, CK21,
and GSK3 are kinases that oppose the SHH pathway by phosphorylating GLI when sequestered;
this causes GLI degradation (Ingham et al., 2011). Proteasome-dependent cleavage of GLI also
result in the conversion of carboxy-terminus repressor GLI proteins that are able to translocate to
the nucleus and block the transcription of SHH target genes (Ruiz i Altaba et al., 2002).When
SMO is active, the repression of GLI is released, and it translocates to the nucleus. Nuclear GLI
binds DNA to activate or repress specific genes such as PTCH1, HHIP, MYCN, BMI1, and
ATOH1 (Dahmane et al., 1997; Ruiz i Altaba et al., 2002) (Figure 1.2)
Mutations found in the gene coding for PTCH1 are responsible for causing Gorlin’s
Syndrome, a disease that increases susceptibility for MB (Cowan et al., 1997). This autosomal
dominant disorder is also associated with mental defects. Other mutations affecting SMO, SUFU,
and GLI1/2 may cause constitutive activation of the SHH pathway, thereby promoting
dysregulated proliferation in the GNP cell population that can result in MB tumor formation
(Schüller et al., 2008; Taylor et al., 2002). Along with embryonic development, the SHH
pathway regulates neural stem cells in the adult brain; however, this regulation in non-GNPs is
not as well characterized (Palma et al., 2005). Notably, crosstalk of the SHH pathway with other
signaling networks - such as WNT, BMP, NOTCH and MYC - is in part responsible for
controlling both normal and cancer cell development (Natarajan et al., 2013; Oliver et al., 2003;
Pan et al., 2006; Rios et al., 2004).
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Figure 1.2 Summary graphic of SHH canonical signaling pathway.

BMP signaling
Members of the bone morphogenic protein (BMP) family are thought to be responsible
for providing the initiatory signal for granule cell specification of precursors in the rhombic lip.
BMPs - specifically BMP6, BMP7, and GDF7- are produced by cells in the dorsal midline
(Alder et al., 1999). This pathway stimulates GNPs to begin to differentiate into mature granule
neurons that eventually form the IGL. BMP2 signaling is reported to suppress the proliferative
response of GNPs to SHH to cause cell cycle exit (Angley et al., 2003; Rios et al., 2004; Zhao et
al., 2008). Alder and colleagues demonstrated that treating neural cells with BMPs and
transplanting them into the postnatal mouse cerebellum causes the differentiation of mature
granule neurons in the EGL (Alder et al., 1999). As a negative regulator of SHH-driven cell
proliferation in the cerebellum, BMP signaling is highlighted as an influential regulation
pathway in MB (Fogarty et al., 2005; Merve et al., 2014).
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NOTCH signaling
The proliferation and differentiation of GNPs are also coordinated by the NOTCH
pathway (Yoon and Gaiano, 2005). This pathway is characteristically involved with cell-cell
communication, and its canonical pathway includes juxtacrine binding of membrane-bound
ligand receptors (Natarajan et al., 2013). The transmembrane receptor, Notch2, binds a
membrane-bond ligand (i.e., JAG1/2 or DLL family) from another cell to activate cleavage of its
intracellular domain, NICD, which then translocates to the nucleus to activate transcript of genes
like p21, MYC and the HES family. There are multiple proteins that modulate this pathway
(Solecki et al., 2001; Yoon and Gaiano, 2005). NOTCH2 signaling is down-regulated as GNPs
exit the cell cycle. The NOTCH pathway reportedly inhibits differentiation and promotes
proliferation, which has implications for sustaining oncogenesis if dysregulated (Solecki et al.,
2001). Hallahan and colleagues have shown that NOTCH2 and HES5 pathway members are
elevated in MB compared to normal cerebellum; as well, they have been linked to SHH signaling
using in vivo models of MB (Hallahan et al., 2004). An understanding of the biology of
development is an asset in decoding the biology of cancer.
1.1.3.4

Molecular classification of MB
The classification of molecularly distinct subgroups within single cancer types has

become common in oncology. Genomic technologies and advanced biostatistics have identified
four subgroups of MB based on patient demographics, clinical outcomes, somatic genetic events
and gene expression (Taylor et al., 2012). Establishment of these subgroups has resulted from
over a decade of research depicting the influence of specific cell signaling pathways and
identifying chromosomal abnormalities. The initial attempts to deduce the clear number of
subgroups by different research groups had variable results mainly due to variation in patient
cohorts (Cho et al., 2011; Kool et al., 2008; Northcott et al., 2011b; Thompson et al., 2006).
Cooperation within the research community resulted in the acceptance of four main subgroups at
a consensus meeting held in 2010 (Taylor et al., 2012). These include: WNT, SHH, Group 3, and
Group 4.
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WNT subtype
The WNT subtype of MB is the most established but occurs in fewer than 10% of cases
(Northcott et al., 2012a). These cases are generally older children and lack leptomeningeal
dissemination. Over 90% of individuals with WNT MB have long-term survival, and this
subtype is considered a good prognosis. Ellison and colleagues report that death that do occur in
the WNT subgroup are usually due to complications of treatment or formation of a secondary
neoplasm (Ellison et al., 2011). Interestingly, LCA histology has been reported in a few rare
WNT cases and is considered to have a good prognosis (Ellison et al., 2005), however, the vast
majority of WNT MB have CMB histology. Traditional clinical stratification methods are
useless in identifying these cases without additional markers.
As the name suggests, tumors in the WNT subgroup are recognized for a hyper- activation of
the WNT, or β–catenin, signaling pathway. Familial activating mutations in the WNT pathway
have been reported to cause MB. Specifically, Turcot’s syndrome results from the mutation of
the APC gene and predisposes for MB and GBM (Thompson et al., 2006). Modifications to APC
affect its ability to complex with β–catenin thereby blocking regular β–catenin degradation
programs. As a result of the loss of negative β–catenin regulation, it continues to translocate to
the nucleus and activate the WNT signaling transcriptome. Somatic mutations can also occur in
CTNNB1, and this mutation disrupts the negative regulatory systems that tightly control β–
catenin resulting in accumulation in the nucleus.
Monosomy of chromosome 6 is the main cytogenetic characteristic of the WNT subtype
(Ellison et al., 2011), and more recently elevated expression of CD15 (stage-specific embryonic
antigen 1/SSEA-1/FUT4) (Manoranjan et al., 2013). Mutations in SMARCA4, CREBBP,
DDX3X, and PIK3CA have also been found in WNT subgroup tumors (Robinson et al., 2012).
In addition, immunohistochemical staining for high nuclear β–catenin or DKK1 positivity are
useful tools for identifying WNT cases that has already been adopted by some pathologists
(Ellison et al., 2005; Northcott et al., 2011b).
Sonic hedgehog (SHH) subtype
Between 20-25% of MB are classified in the SHH subtype (Northcott et al., 2012a). This
group was originally considered to have an intermediate prognosis, and more recent findings
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suggest there may exist further subcategories of SHH MB that accounts for its clinical
heterogeneity (Kool et al., 2008; Pietsch et al., 2014). Between 15-20% of cases diagnosed
present metastatic disease and there is an interesting bimodal distribution in patient age.
(Northcott et al., 2012c, 2011b). Compared to other subtypes, there is a higher frequency in
patients younger than 3 (infant) and older than 16. Clear differences in molecular and clinical
attributes of pediatric and adult SHH MB have previously been reported (Northcott et al.,
2011a). Histologically there is an enrichment of DN cases in the SHH subtype, however, while
nearly all DN tumors are SHH, SHH tumors can also have CMB, LCA, and MBEN histology
(Ellison et al., 2011). To add further complexity, having DN histology is suggested to be a good
marker of prognosis for younger children, but a poor prognostic marker for adult cases
(Northcott et al., 2011a).
The SHH subtype is another group identified based on the dysregulation of a previously
studied signaling pathway. Compared to other MB subtypes, the highest rates of single gene
mutations occur in the SHH subtype (Northcott et al., 2012c). Somatic mutations in PTCH1,
SUFU, and SMO, as well as amplifications of GLI1 and GLI2, have been found in MB (Kool et
al., 2014; Parsons et al., 2011; Pugh et al., 2012; Taylor et al., 2002). There is also a number of
SHH cases that have MYCN amplification. Both Group 4 and SHH groups can have MYCN
overexpression whereas Group 3 MB are known for overexpression of a relative protein, c-MYC
(Kool et al., 2008; Northcott et al., 2011b). SHH-driven MB also has identifying chromosomal
aberrations, for example, the deletion of 10q, 14q, or 17q, and gain of 3p or 3q. Interestingly,
PTCH1 is located at 9q22, and the loss of 9q has also been reported in a small number of tumors.
(Northcott et al., 2012c). Northcott and colleagues proposed the use of secreted frizzled-related
protein 1 (SFRP1) protein to identify SHH cases, however, immunohistochemical detection of
SHH has been less reliable than gene expression based methods (Northcott et al., 2011b).
Group 3 subtype
Group 3 MB are considered to have the worst prognosis of the four subtypes. This group
is diagnosed in ~27% of MB and is associated with the highest rates of metastatic disease that
are reported to be between 40-45% of patients (Kool et al., 2012; Taylor et al., 2012). The gender
distribution is skewed with a 2:1 male to female cases and Group 3 occurs almost exclusively in
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pediatric cases. Originally no adult Group 3 MB were reported (Remke et al., 2011b), but larger
meta-analysis suggest they account for 6% of this group (Kool et al., 2012). This discrepancy can
most likely be attributed to the difference in age cut-off used in these studies, as the classification
of young adults (16-21) can be variable. Regardless, Group 3 MB is especially aggressive with
an overall survival of only 33% adult, 39% infant, and 50% childhood cases. Agreeing with these
survival trends, LCA histology occurs more frequently in Group 3 MB. CMB histology also
occurs in Group 3 whereas DN and MBEN are absent from this subtype (Kool et al., 2012;
Northcott et al., 2012a, 2011b).
Unlike WNT and SHH subtypes, Group 3 and Group 4 have more similar genetic profiles
that rely on gene expression-based diagnosis. A single signaling pathway has not yet been
identified as being responsible for Group 3 oncogenesis; however, there is precedence for
overexpression of genes associated with retinal development. Orthodenticle Homeobox 2
(OTX2) is one such gene that is amplified in 7.7% of Group 3 MB (Adamson et al., 2009; Bai et
al., 2010; Northcott et al., 2012c). The most highly associated genomic aberration is MYC
amplification (16.7%), which was determined to occur mutually exclusive to OTX2. MYC overexpression is a candidate driver of this subtype and a marker of poor prognosis (Delmore et al.,
2011; Northcott et al., 2012c, 2011b). It has also been suggested that Group 3 can be stratified
into two subsets, Group 3α, which has amplified MYC and poor prognosis, and Group 3β, which
does not have the amplification and experiences an intermediate prognosis (Cho et al., 2011).
Although fluorescence in situ hybridization (FISH) detection of MYC is a commonly used in
laboratories, there are limitations to sensitivity using this assay (Pfister et al., 2009). Similarly,
natriuretic peptide receptor 3 (NPR3) has been developed as an immunohistochemical marker for
the diagnosis of Group 3 MB, but its detection lacks the sensitivity required for robust clinical
use (Min et al., 2013; Northcott et al., 2011b).
More recently, mutations affecting epigenetic regulatory proteins were discovered in
Group 3 MB. For example, SMARCA4, KMT2D, and CHD7 encode for proteins that remodel
chromatin, as well as mutations affecting genes in the lysine-specific demethylase (KDM) family
(Jones et al., 2013, 2012; Northcott et al., 2012a). More work is currently underway to decipher
which important downstream systems are modified by these epigenetic signaling mutations.
Single gene mutations are more common in SHH subgroup and are found in less than half Group
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3 MB where chromosomal alterations are more prevalent. A gain of chromosome 1q, 7, 17q, and
18, as well as loss of 10q, 16q, and 17q have all been reported (Northcott et al., 2012c; Pfister et
al., 2009). Researchers are now beginning to pinpoint functional reasons as to why such
chromosomal alterations drive MB progression. In a recent publication, somatic genomic
rearrangements were found to increase the expression of GFI1 and GFI1B in one-third of Group
3 MB. It is suggested that rearrangements of chromosomal DNA modifies the proximity of
enhancer regions to the promoters of these oncogenes thereby elevating expression within the
cell (Northcott et al., 2014). Under this premise, the downregulation of genes as a result of
chromosomal rearrangements is also a consideration that requires further investigation.
Group 4 subtype
The final and most common occurring MB subgroup is Group 4. Just over 35% of MB
are classified as Group 4 and between 35-40% of these cases are metastatic at the time of
diagnosis (Kool et al., 2012; Northcott et al., 2012a). The highest disproportion in gender
distribution is within this group, as there are 3 boys diagnosed for every 1 girl (Kool et al., 2012;
Northcott et al., 2012a). Taylor and colleagues (2011) describe Group 4 as being “prototypical
MB” in clinical appearance, however, at this point it can only be identified using transcriptional
profiling. Between 40-45% Group 4 MB occur in the childhood age bracket, with 25% in adult
and considered rare in infants. Group 4 has an intermediate prognosis for childhood cases but is a
marker of poor outcome for adults. Infants with Group 4 MB have the worst outcome relative to
other age groups (Kool et al., 2012; Remke et al., 2011a; Shih et al., 2014). Histologically, the
majority of Group 4 patients have CMB with a few cases of LCA. DN has been reported in
Group 4, but it has been suggested that this may have been due to a categorization error (Gajjar
and Robinson, 2014; Kool et al., 2012). Further, LCA and Group 4 tumors with metastasis are
considered high risk and show about 60% 5-year survival. Standard risk Group 4 cases with no
metastasis and gross total resection have >80% 5-year survival with current treatment strategies.
(Kool et al., 2012; Shih et al., 2014; Taylor et al., 2012). Recent studies using cytogenetic
markers demonstrate a low-risk population of Group 4 based on chromosome 11 loss or 17 gain.
Both low and standard risk Group 4 individuals have the potential to do well with current
treatment strategies (Shih et al., 2014).
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Although Group 4 occur frequently, there is least known about the molecular pathology
of this subgroup. There are no known syndromes that predispose for Group 4 MB, and it was
originally identified based on the bioinformatic clustering of cases that overexpress neuronal
differentiation and glutamatergic genes (Kool et al., 2008; Northcott et al., 2011b). Aside from
gene expression, the use of potassium voltage-gated channel subfamily A member 1 (KCNA1)
has been proposed as an immunohistochemistry (IHC) marker of Group 4, however, validation
studies found it to be detectable in all four subgroups making it ineffective for classification
(Min et al., 2013; Northcott et al., 2011b). The most common aberration in Group 4 is an
isochromosome 17q (i17q), which is found in 66% of cases. This aberration occurs when an
additional q-arm is used to replace a lost p-arm of chromosome 17 (Kool et al., 2012; Northcott
et al., 2012a; Robinson et al., 2012). Although never seen in WNT or SHH tumors, i17q is
present in both Group 3 and Group 4 MB. Of note, i17q is a marker of poor prognosis in Group 3
where it is found in 26% of cases, but has no prognostic influence in Group 4 relative to
balanced karyotype patients (Shih et al., 2014). Other rearrangements that have been found in
Group 4 include gains in chromosome 7, 17q, 18q, and loss in 11p, 8, and X. Approximately
80% of Group 4 female patients have a complete loss of X chromosome (Kool et al., 2008;
Northcott et al., 2011b; Taylor et al., 2011).
One of the initial challenges is finding characteristics that differentiate Group 4 from Group 3
tumors. For example, MYCN and CDK6 are amplified in approximately 6% and 5% of Group 4
MB, respectively, but rarely found in Group 3 (Cho et al., 2011; Northcott et al., 2011b).
SNCATP, a gene implicated in Parkinson disease, is also amplified in around 10% of Group 4
tumors. The mechanistic importance of this modification in MB is still to be determined
(Northcott et al., 2012a, 2012c). Other genes that are mutated in Group 4 include KDM6A (12%),
MLL3 (5%), ZMYM3 (5%), and CBFA2T2 (3%) (Cho et al., 2011; Northcott et al., 2012c;
Robinson et al., 2012). Like Group 3 MB, amplification of OTX2, overexpression of GFI1, and
mutations in the KDM protein family are routinely found. However, unlike Group 3, there is a
greater proportion of amplified MYCN than MYC in Group 4 (Gajjar and Robinson, 2014; Jones
et al., 2012; Northcott et al., 2012c).
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1.1.3.5

Mouse models and cell of origin
WNT. Gibson and colleagues (2010) developed the first WNT specific animal model.

This was achieved through the induction of CTNNB1 activating mutations in progenitor cells of
the lower rhombic lip and embryonic dorsal brainstem. Herein the first evidence of a different
cell of origin between subtypes was established (Gibson et al., 2010). The progenitor cell
populations driven by WNT signaling appear to differ in location and activity compared to SHHdriven progenitors. This same group later improved their first WNT model, which had 15%
penetrance, to add a PIK3CAE545K mutant allele. This mutant had been identified in human WNT
tumors, and its addition increased the WNT mouse model to 100% penetrance (Robinson et al.,
2012). In support of the first model, an independent group found that the Gibson and colleagues
(2010) mouse model accurately resembled human tumors using gene expression profiling
(Pöschl et al., 2014). The creation of animal models that truly replicate the characteristics of
WNT tumors is essential for creating better methods to safely eliminate tumor growth in
children.
SHH. Mouse models of the SHH subgroup of MB have fueled much of the information
known about MB. There are more models of SHH than any of the other subtypes, and they are
mostly derived through the modification of various components of the SHH pathway. For
example, the first models were generated using germline deletion of one Ptch1 allele (Ptch1+/-)
(Goodrich et al., 1997; Wetmore et al., 2000). Similarly, another group has developed a
transgenic mouse model using Smoothened (Smo) mutations (Hallahan et al., 2004; Hatton et al.,
2008). These animal studies have revealed the cell of origin for SHH MB through the promotion
of tumorigenesis with deletion of Ptch1 specifically in committed cerebellar GNPs (Schüller et
al., 2008; Yang et al., 2008). More recently, genomic studies have enhanced the Ptch+/penetrance with the addition of the Sleeping Beauty (SB) transposon system to study metastatic
dissemination and screen for gene candidates responsible for driving tumorigenesis (Dupuy et
al., 2005; Genovesi et al., 2013; Wu et al., 2012). The development of animal models of the SHH
has been a valuable tool for understanding this MB subtype.
Group 3. Less is known about the molecular drivers of Group 3 making the generation of
animal models more difficult compared to the WNT or SHH subtypes. In the same journal issue,
two groups are credited with developing the first animal models of Group 3 using orthotopic
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transplantation of murine neural progenitor cells. Pei and colleagues (2012) did so using
orthotopic transplantation of cerebellar stems cells, which were modified to overexpress Myc
(MYC) along with mutant Trp53 (p53). The tumors that developed resembled LCA histology
including cell wrapping morphology and a gene expression profile that differed from SHH based
mouse models (Pei et al., 2012b). Kawauchi and colleagues (2012) also developed a Myc based
mouse model in combination with a loss of Trp53 in GNPs. This group used the neuronal lineage
marker, Atoh1, to sort for GNPs, but its expression disappeared in the transformation of the
tumor cells. The Myc-induced tumors were distinct from WNT or SHH models (Kawauchi et al.,
2012). Herein, the Group 3 mouse models from both studies demonstrate that this subtype may
develop from neural stem cells or de-differentiated cells as a result of MYC-dependent
transformation. The aforementioned mouse models were examined for similarity to human
Group 3 tumors. Although initially distinct from WNT and SHH murine models using a 50-100
gene panel, neither model matched the profile of Group 3 patient tumors; instead they were
found to be most similar to SHH (Pöschl et al., 2014). The authors suggest this may be
attributable to the use of loss of function p53 in the Group 3 models because this aberration is
more commonly found in SHH patients. It is also valuable to note that only a portion of human
Group 3 MB have MYC amplification, and more work needs to be done to establish models for
other subsets of Group 3. Finally, a third research group used a patient-derived metastatic Group
3 sample to derive the cell line HD-MB03. They suggest that orthotopic transplantation of HDMB03 into mice produced tumors reflecting the original patient tumor (Milde et al., 2012).
Although patient sample xenograft may not truly reflect the developmental biology of tumor
development, this approach provides useful preclinical models for therapeutic testing.
Group 4. At this point in time, there are no animal models that accurately reflect Group 4
MB. This may be attributed to the current lack of understanding of the exact molecular
mechanisms that drive this subgroup. Of note, the use of MYCN amplified mouse models have
been suggested to partially reflect the small subset of MYCN amplified Group 4 MB (Eberhart,
2012; Swartling et al., 2010). As more is learned about the molecular basis of MB subgroups,
greater opportunities for prognostication and therapy development have become apparent.
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Proportion of cases:
Common age
groups:
Gender ratio (F/M):
Prognosis:
Proposed cell of
origin:

WNT
~10%

SHH
20-25%

Group 3
25-30%

Children, few adults

Adults and infants,
some children

Young children,
some infants

1:1.5
Intermediate to
Poor

1:2

Group 4
35-40%
Mostly
children, few
infants and
adults
1:3

Poor

Intermediate

1:1
Good

Lower rhombic lip - Neural stem cells
-Neural stem cells
and dorsal brainstem
from SVZ
-GNPs from EGL
progenitor cells
-GNPs from EGL

Unknown

Signaling
Expression:

WNT pathway

SHH pathway

-MYC signature
-Retinal genes

Neuronal
genes

Histology:

Mostly Classic

DN, Classic, LCA,
MBEN

Classic, LCA

Classic, LCA

i17q, 1q+, 7+, 10q- i17q, X-, 11p-,
, 16q-, 17q7+, 18q+
MYCN,
CDK6.
CTNNB1, APC,
PTCH1, SMO,
MYC, OTX2,
SNCATP,
Examples of altered
SMARCA4, CREBBP,
SUFU, TP53,
SMARCA4,
KDM6A,
genes:
DDX3X, PIK3CA
MYCN, GLI2
KMT2D, CHD7
MLL3,
ZMYM3,
CBFA2T2
Adapted from (Northcott et al., 2012a, 2012b; Taylor et al., 2011)
Cytogenetics

Monosomy 6

3q+, 9q-, 10q-

Table 1.1 General summary of features of MB molecular subtypes.

1.1.3.6

Additional drivers of MB

Since the identification of the four MB subgroups, further large-scale, whole genome studies
have uncovered more information that will undoubtedly refine our perception of this disease
(Jones et al., 2012; Pugh et al., 2012; Robinson et al., 2012). The pathogenesis of a portion of
tumors can be attributed to disruption of established development signaling pathways (i.e., WNT
or SHH), however, these cases are considered a minority and the exact mechanism behind the
majority of tumors is relatively unknown. One hypothesis is that the answer lies in
posttranslational regulation of gene expression and not solely dependent on the direct aberration
of canonical pathway components.
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Epigenetic regulators
The role of epigenetic regulation of the oncogenome has gained a great deal of
momentum in MB research. Whole-genome sequencing revealed that many of the most
frequently mutated genes in MB coded for proteins with epigenetic activity. For example,
mutations in SMARCA4 and KMT2D are recurrently detected and not limited to specific
subgroups (Pugh et al., 2012; Robinson et al., 2012). These genes are involved in chromatin
remodeling. Simply, this can either increase or restrict access of transcriptional machinery to
specific gene promoters. Other epigenetic factors make up the list of most frequently mutated in
WNT (i.e., CREBBP, SMARCA4, KMT2D), SHH (i.e., BCOR, KMT2D), Group 3 (i.e., CHD7,
SMARCA4, KMT2D, KDM family), and Group 4 (i.e., CHD7, KMT2D, KMT2C, KDM6A)
(Northcott et al., 2012a; Pugh et al., 2012; Robinson et al., 2012). Additionally, truncating
mutations in MLL2 and MLL3 also occur in a subgroup independent manner and have a
significant impact on regulation of histone H3 methylation that is indicative of patient outcome
(Dubuc et al., 2012).
Epigenetic factors also have influential roles within specific subtypes. BMI1 is involved
in neural stem cell self-renewal and acts as a regulator in an epigenetic polycomb complex
(Leung et al., 2004). Expression of BM1I has been linked to the SHH subtype, and there is a
suggested regulatory feedback loop between BMI1 and SHH ligand in MB tumor initiating cells
(Wang et al., 2011). As well, amplifications of the transcript factor OTX2 are reported in Group
3 and Group 4 MB. Bunt and colleagues suggest OTX2 activity may cause the upregulation of
the epigenetic complex genes SUZ12, EZH2, and EED (Bunt et al., 2013; Jones et al., 2012).
Experimentally silencing OTX2 caused a reduction in polycomb remodeler expression with a
coinciding increase of demethylase activity. As a result this produced a decrease in histone H3
lysine 27 (H3K27) methylation, which is a key epigenetic modification suggested to allow gene
expression that promotes stem cell-like properties (Bunt et al., 2013). Disruption of epigenetic
regulation is a unifying theme across MB subtypes; however, the downstream consequence to
transcription still remains unclear.
TP53
Another important driver of MB that is not restricted to a subgroup identifying signaling
pathway is TP53. TP53 mutations are some of the most frequently reported in cancer. This gene
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codes for p53, which is considered the “guardian of the genome” and has roles in controlling
apoptosis, DNA repair, growth arrest, and stress response (Brosh and Rotter, 2009; Muller and
Vousden, 2013; Strano et al., 2007). Li-Fraumeni syndrome is a familial disease caused by the
heritable TP53 mutations that predispose children to MB (Malkin et al., 1990). These cases
normally present with LCA histology, MYCN amplification and assign to the SHH subgroup
(Kool et al., 2014). Sporadic mutations of TP53 occurs in 16% WNT and 21% SHH MB tumors
(Zhukova et al., 2013). TP53 mutations are essentially absent from Group 3, and are rare in
Group 4. Patients positive for TP53 mutation have a dramatically worse prognostic outcome
(Northcott et al., 2012a; N. Zhukova et al., 2013). Although molecularly important, the exact
genesis of TP53 mutation in MB remains to be determined. Rausch and colleagues (2012)
propose an interesting concept that links TP53 mutations in MB to catastrophic DNA
rearrangements. Specifically, they suggest that a process called chromothripsis causes a single
event of dramatic chromosomal “shattering” that can result in gene mutations and copy number
changes, and that this may be a driver of TP53 mutations in SHH MB (Rausch et al., 2012). It
has become clear that the pathogenesis of MB extends beyond canonical signaling pathways;
therefore, our approach to treating cancer must do so as well.

1.2

Modern approaches to therapy development
The body of knowledge on high-grade brain tumor biology has vastly expanded. Work to

improve the precision of surgical resection, as well, the implementation of novel
biotechnologies, has resulted in a better understanding of the molecular characteristics of tumors.
Further, the discovery of cancer stem cell-like (CSC) populations has offered some explanation
into the complexity of recurrent disease. Researchers are now searching for clinically approved
drugs that can be repurposed for the elimination of therapy-resistant tumor subpopulations.
1.2.1

Surgical advancements
Some of the recent advances in malignant brain tumor treatment strategies have aimed to

improve the accuracy and precision of surgical techniques. In one German study, the use of
ALA-Fluorescence-guided (FGS) surgery in combination with chemotherapy has increased the
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percentage of complete resections from 27.2% to 48.4% and the mean overall survival from 16.6
to 20.1 months (Slotty et al., 2013). Similarly, 3D ultrasound technology has also made modest
improvements to the surgical removal of GBM. Another European study reports a mean overall
survival increase from 9.6 to 11.9 months since incorporating 3D ultrasound visualization into
surgical practice (Sæther et al., 2012). Additional technologies have also been used to attempt to
circumvent drug delivery limitations created by the BBB. The implantation of biodegradable
carmustine- releasing wafers (Gliadel® wafer) into the peritumoral tissue following surgery has
been explored. This approach would ideally increase the direct infusion of chemotherapy to the
surgical cavity while reducing systemic toxicity to the patient, but early trials with this technique
have mixed reviews. Some studies report slight improvements to survival, but carmustine wafers
have also been shown to cause complications such as intracranial infection, hydrocephalus, and
ventricular defects (Perry et al., 2007; Westphal et al., 2003). While innovative methods to
enhance surgical resection and drug delivery are being developed, the issue remains that there is
limited to no progress in the hunt for drug therapies to overcome drug resistance and some of
these being developed have limited efficacy.
1.2.2

NanoString gene expression technology
Bioinformatic technologies have taken the center stage of experimental and future

clinical diagnostics. Genetic tests using cytogenetics, gene sequencing, RNA transcript
expression profiling, and more recently, DNA methylation arrays, are molecular platforms that
provide integral information about the specific characteristics of neoplasms. The amalgamation
of the aforementioned methodologies have been used to establish molecular subtypes of multiple
cancer types, including GBM and MB (Cho et al., 2011; Jones et al., 2012; Kool et al., 2012;
Northcott et al., 2011b; Phillips et al., 2006; Sturm et al., 2012; Verhaak et al., 2010).
Specifically, the use of mRNA gene expression has triggered the implementation of molecular
profiling into patient stratification. The next major step is the translation of genetic-based
technologies out of research laboratories and into functional clinical diagnostic use.
Quantitative real-time polymerase chain reaction (RT-PCR) and RNA microarrays are
established tools for measuring transcript levels in biological samples to make up gene
expression profiles. While both methods have been instrumental in retrospective studies, they
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lack the sensitivity and reproducibility required for prospective clinical use. For instance,
microarrays have the ability to compare gene expression of hundreds of targets, but requires lots
of high-quality RNA, is expensive, and produces variable data. RT-PCR is a great deal more
sensitive than microarrays but is only capable of measuring a single gene target per reaction. As
well, RT-PCR depends on a reverse transcriptase enzymatic reaction that demands the use of
high-quality input material. The ideal gene profiling system should be able to accurately measure
multiple targets in a quick, reproducible manner with limited biological samples of clinical
relevance.
The NanoString nCounter system is a relatively recent technology for the ultra sensitive,
multiplexed measurement of nucleic acid targets. This system detects individual mRNA
transcripts and uses molecular barcodes with an automated digital read out (Geiss et al., 2008).
This is done through the hybridization of two sequence-specific probes (35-50bp) per gene of
interest. First, the “capture probe” that has a complementary sequence to the target mRNA and is
linked to a biotin tag. Second, the “reporter probe”, which also has complementary target gene
sequence, but is also linked to a color-coded detection tag. The detection tag is composed of a
single-stranded DNA backbone that is annealed to RNA segments with specific fluorophores.
There are seven fluorophore-coupled segments per gene forming a specific color bar code that is
unique to a specific gene target. The nCounter system is capable of detecting approximately 800
targets in a single 100 ng total RNA sample. A hybridization reaction of sample RNA, capture
and reporter probes are mixed and allowed to form triplexes. Following this the complexes are
fixed to a streptavidin-coated surface in the presence of an electric field. The biotin from the
capture probe has an extremely high affinity for this surface, and the field orientates the
complexes so they can be easily counted. A digital analyzer then uses the fluorescent signals
from the reporter probe to quantify the desired gene targets. The nCounter system is more
sensitive than standard Affymetrix U133 microarrays and equally as sensitive as RT-PCR.
Additionally, this system requires only a fraction of the amount of RNA as other methods and
does not depend on enzymatic reaction (Geiss et al., 2008). This is a huge benefit for clinical
samples that are often limited in quality and quantity.
Tumor tissue is preserved in formalin-fixed paraffin-embedded (FFPE) blocks as
standard practice by pathologists. The use of IHC protein stains on FFPE tissue has been
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attempted for brain tumor subtype classification, however, there remains too much lot-to-lot
variation in detection materials as well differences in pathologist interpretation (Goschzik et al.,
2014; Northcott et al., 2011b). Fortunately, the NanoString nCounter system can reliably detect
transcript expression in highly fragmented RNA that can be extracted from FFPE. It has
demonstrated additional efficacy using RNA from flash frozen tissue and crude tissue lysates
(Malkov et al., 2009). One study used this technology to profile malignant hematologic disease
and found the NanoString mRNA expression of important surface markers correlated to levels of
antigen detection using flow cytometry. This suggests the nCounter platform has the potential to
replace a number of subjective and labor intensive methods used by technicians (Fernandez et
al., 2012).
Most importantly, Northcott and colleagues (2012d) have created a NanoString based
molecular subtyping method for MB. A 25-gene minimal marker signature can be used to
determine subtype using low quantities of RNA from extracted from FFPE. In an early study
researchers were able to assign either WNT, SHH, Group 3, or Group 4 classification to 88% of
clinical FFPE samples assessed with 100% accuracy (Northcott et al., 2012d). The reason some
samples could not be subtyped is attributed to the age and degradation of archived FFPE tumor
tissue. NanoString nCounter technology offers an opportunity to predict MB tumor subtype that
may be instrumental in providing accurate patient stratification and dictate effective treatment
protocols.

1.2.3

Cancer stem cells
The complexity of malignant brain tumors is not restricted to intertumor diversity, but

intratumoral heterogeneity. For example, the presence of undifferentiated subpopulations in adult
and infant tissues that are responsible for tissue maintenance and development. Neural stem cells
were first identified in mouse models, which led to the discovery and isolation of human neural
stem cell populations (Reynolds and Weiss, 1992; Roy et al., 2000). Understanding the
characteristics of stem cell populations is of upmost importance for cancer research due to the
discovery of CSCs. CSCs are a small subset of cells that are capable of unlimited self-renewal,
can undergo differentiation, and are tumor-initiating when transplanted orthotopically (Figure
1.3A). The general premise of the “cancer stem cell hypothesis” is that not all cells have equal
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ability to proliferate and maintain tumorigenesis. While the bulk of the tumor is made up of
differentiated cells, the CSC population can continually self-renew and asymmetrically divide to
generate tumor mass. It is hypothesized that cancer treatments fail to prevent tumor relapse as
they target the tumor bulk and not CSCs (Tan et al., 2006; Vescovi et al., 2006).
Singh and colleagues were the first to isolate and characterize brain tumor CSCs from
both GBM and MB (Singh et al., 2003). In vitro, brain CSCs are grown and propagated in
selective neurosphere culture conditions that are non-adherent, and in serum-free medium
supplemented with epidermal growth factor (EGF) and fibroblast growth factor (FGF). A
neurosphere is a “ball of cells” generated from the self-renewal and proliferation of viable CSCs.
Some semi-differentiated progenitor cells can also generate neurospheres, but the true test of
CSC function is whether the cell population can sustain neurosphere growth following multiple
serial passages (Singec et al., 2006). Extraction of primary brain tumor neurospheres is a
valuable practice because primary neurospheres will often more closely retain the characteristics
of the neoplasm of origin when compared to cell lines that are propagated adherently in serum
(Lee et al., 2006).
Prominin 1 (CD133) is a cell surface glycoprotein suggested to be a marker of
multipotent stem cells in the brain and other tissues (Galli et al., 2004; Singh et al., 2003).
CD133-positivity correlates with the CSC population and is enriched for in the SVZ leading to
the question of whether these cells are the cells of origin for malignant glioma. When sorted
using flow cytometry and orthotopically transplanted into immunocompromised mice, CD133negative cells require >105 cells for tumor initiation whereas the CD133-positive population
could generate tumors with as few as 100 cells (Singh et al., 2004). GBM having >2% CD133positive cells or high ki67 staining are considered to have a poor prognosis (Pallini et al., 2008).
CD15 is another proposed marker of brain tumor CSCs (Read et al., 2009; Son et al.,
2009). Sorting for CD15-positive cells enriches for tumor initiation and proliferation; however,
there is a lack evidence of multi-lineage differentiation. As well, CD15-positive MB cells do not
consistently form self-renewing neurospheres and are expressed in lineage-committed GNP cells
(Read et al., 2009).
Aldehyde dehydrogenase (ALDH) is a family of metabolic enzymes that catalyze the
oxidation of aldehydes, which are toxic products of alcohol metabolism (Lipsky et al., 2001). A
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relationship between high ALDH activity and stem cell behavior prompted the use of an ALDH
based fluorescence assay, Aldefluor®, to identify undifferentiated populations both within
cancer and normal tissues (Corti et al., 2006; Deleyrolle et al., 2011; Rasper et al., 2010). In
cancer studies, high ALDH expressing cells have been associated with enhanced xenograft tumor
formation in mice and chemotherapeutic resistance (Choi et al., 2014b; Schäfer et al., 2012)
An exact marker for, and the origin of CSCs remains a controversial topic. The overlap
between developmental pathways and drivers of tumorigenesis causes one to postulate how traits
within lineage hierarchies influence brain tumor formation. Experimental evidence supports the
idea that glioma CSCs could arise from abnormal stem cells that gain oncogenic traits, and also
supports the possibility that they could form due to the activation of stem cell genes in more
restricted progenitors (Alcantara Llaguno et al., 2009; Hambardzumyan et al., 2009; Read et al.,
2009). While it was initially thought that CD133-negative cells represented a non-tumor
initiating population, it was later shown that they can generate tumors that also contain CD133positive cells (Wang et al., 2008). This plasticity may suggest that CD133 is not a reliable
marker of CSCs; in addition, CD133 is also expressed by endothelial cells that may contaminate
the sorting of GBM cells, skewing experimental results. Differing traits between CD133-positive
and CD133-negative cells might even represent CSCs from distinct cells of origin. Gene
expression profiles suggest CD133-positive cells resemble a proneural glioma signature while
CD133-negative correlates with a mesenchymal signature (Lottaz et al., 2010).
Regardless of markers, resistance to chemotherapy and radiation regimes is the most
important characteristic of CSCs. While treatments often are successful in killing off the tumor
bulk, CSCs have unique properties that allow them to continue to proliferate and self-renew
thereby regrowing the neoplasm (Figure 1.3B) (Diehn et al., 2009; G. Liu et al., 2006; Stiles and
Rowitch, 2008). Radioresistance can result from the activation of DNA damage response
pathways (Bao et al., 2006; Hambardzumyan et al., 2008). As well, CSC populations have been
shown to elevate expression of anti-apoptotic and drug resistance proteins such as MGMT. This
increase results in heightened resistance to chemotherapies, namely carboplatin, etoposide,
paclitaxel and TMZ (G. Liu et al., 2006). It is absolutely critical that new therapies be developed
to eliminate the tumor bulk, while also targeting CSC subpopulations, in order to prevent relapse
of high-grade brain tumors.
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Figure 1.3 Summary graphic of the cancer stem cell hypothesis.
(A) Cancer stem-like cells (CSCs) have the ability to self renew, and differentiate into tumor bulk to re-establish
tumor formation upon relapse. (B) Standard treatments that fail to target CSCs result in tumor regrowth, whereas
elimination of CSCs in combination with therapies that target the growth of more differentiated cells may prevent
tumor relapse.

1.2.4

Repurposing off-patent drugs
One of the biggest problems in advancing the treatment of brain tumors is the time and

resources required to develop new therapeutics. It is estimated to take 15 years and somewhere
between $500 million and $2 billion in preclinical and clinical testing to bring a single drug to
market (Chong and Sullivan, 2007; Karamehic et al., 2013). All new drugs need to be rigorously
evaluated for safety, and phase I clinical trials alone typically take two years and over $17
million to complete (DiMasi et al., 2003). According to one health report, only 1 in 1000
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compounds in preclinical testing will proceed to clinical trials. From those, 1 in 5 will be
approved for use in humans, and only 2 in 10 of those drugs approved will generate sustainable
revenue to recoup development costs (Karamehic et al., 2013). As a result, the pharmaceutical
industry often delegates its resources toward developing therapeutics for larger target
populations and not towards less common diseases. This is especially true for pediatric cancers,
which are often highly complex, and childhood specific clinical trials are exceptionally rare
(Milne and Bruss, 2008).
There are nearly 10 000 drugs known to modern clinical medicine, and the full multitude
of functions for the majority of these compounds is still to be determined. Currently, only 1 in 10
drugs tested clinically is covered by exclusivity patents, which leaves a plethora of drugs that
could potentially be repurposed in an affordable manner. By repurposing off-patent drugs for
cancer treatment, the overall cost of drug development could be cut by at least 40% due to
previously conducted safety trials (Chong and Sullivan, 2007). TMZ has been the primary
chemotherapeutic used to treat GBM for over a decade; this is despite the fact that most patients
develop resistance to it (Stupp et al., 2005). Approximately $15 000 over an average of 5.1
months is the cost of treating a malignant glioma patient with TMZ. This consumes an estimated
61% of the total cost of patient care, and TMZ does not come close to ranking as one of the
pricier cancer drugs (Meropol and Schulman, 2007; Wasserfallen et al., 2005). There is a vast
amount of un-mined potential in repurposing off-patent drugs that could potentially revolutionize
the treatment of high-grade brain tumors.
1.2.4.1

Repurposing disulfiram (DSF)
Disulfiram (DSF), also known as Antabuse®, is used for treatment of substance abuse

and in addiction studies (Hald and Jacobsen, 1948; Suh et al., 2006). Initially, the compound had
been used in the process of rubber manufacturing. In 1937, it was discovered that factory
workers, who were regularly exposed to DSF, would experience flu-like symptoms when they
ingested alcohol (Suh et al., 2006). The first clinical trials for the use of DSF as an anti-alcoholic
treatment began in 1948, and it has been used in patients for over 60 years (Hald and Jacobsen,
1948). With the more recent discovery of a stem cell population in cancer, scientists are once
again finding new purposes for DSF.
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DSF is most widely known as an inhibitor of ALDH. A relationship between high ALDH
activity and stem cell behavior prompted the use of an ALDH based fluorescence assay. ALDH
enzyme activity is thought to be involved in cell detoxification and Aldefluor® active cells have
been associated with resistance to cisplatin, docetaxel, and doxorubicin (Jiang et al., 2009). The
drug cyclophosphamide is a fundamental chemotherapeutic in many pediatric brain tumor
treatment protocols. High levels of ALDH have been directly shown to intervene with
cyclophosphamide metabolism and decomposition making this a potential mechanism for
chemotherapeutic resistance (Hipkens et al., 1981; Sládek et al., 2002). The ALDH1a1 isoform
was previously thought to have the strongest association with the CSC phenotype; however,
Marcato et al. (2011) suggest expression of ALDH1a3 to have greater CSC correlation and
prognostic importance compared to ALDH1a1 in breast cancer (Marcato et al., 2011). With a
family of 19 total ALDH isoforms, it is difficult to pinpoint complete functional independence
due to redundancy in activity.
DSF was identified in several studies as an agent that inhibits CSCs for cancers of the
breast, ovary, pancreas, lung and blood (Hothi et al. 2012; Iljin et al. 2009; Mimeault and Batra
2008). It could, therefore, have great promise in brain tumor treatment particularly given that it
not only kills CSCs but seems to do so by targeting multiple pathways operative in these
refractory cells.

1.3

Polo-like Kinase 1 (PLK1) a potential target of high-grade brain tumors
Uncontrolled proliferation is a hallmark of cancer, and targeting drivers of the cell cycle

could prevent tumorigenesis. Polo-like Kinase 1 (PLK1) is a serine/threonine kinase that
promotes cell cycle progression and is often used as a marker of proliferation (Yuan et al., 1997).
Overexpression of PLK1 is common in aggressive forms of cancer (Harris et al., 2012;
Takahashi et al., 2003; Takaoka et al., 2014; Wolf et al., 1997). It enables cells to override
regulatory checkpoints that can promote genomic instability and cell transformation (Smith et al.,
1997; Smits et al., 2000). A small interfering RNA library screen by our group identified PLK1
as a promising target for rhabdomyosarcoma, a common pediatric soft-tissue tumor (Hu et al.,
2009). As well, multiple studies report that PLK1 is an extremely attractive target for eliminating
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CSCs across different types of tumors (Francescangeli et al., 2012; Grinshtein et al., 2011; Harris
et al., 2012). Further, specific small molecule inhibitors against PLK1 are already available and
being tested in various clinical trials. Therefore, we question whether PLK1 could be a valuable
target for the treatment of high-grade brain tumors.
1.3.1

PLK1 structure
The PLK protein family was discovered in Drosophila melanogaster, and alteration of

the polo gene caused defects in mitosis and meiosis. Evolutionarily, PLK1 is the original
ancestral family member with at least three duplication events producing paralogs, PLK2, 3, 4,
and 5 (Carvalho-Santos et al., 2010; Kothe et al., 2007). PLK1 is highly conserved in organisms
that use centrioles in mitosis and is not present in most plant species (Karpov et al., 2010). Other
PLK family members have been implicated in roles in centriole duplication (PLK2 and 4),
regulation in checkpoint transition, and cytokinesis (PLK3). PLK5 lacks a functional kinase
domain and little is known about its cellular function (reviewed in Zitouni et al. 2014).
PLK1 is a 603 amino acid kinase composed of a polo-box domain (PBD), an interdomain linker (IDL) region, and a serine/threonine kinase domain (KD). The C-terminal PBD is
made up of two smaller polo-box structures (PB1 and PB2) separated by a loop switch region
and preceded by the Polo-Cap (PC). This region functions primarily to mediate protein
interactions, localization, and regulate the activity of N-terminal KD (Elia et al., 2003a, 2003b;
Lee et al., 1998). An IDL connects the PBD and KD. This region also participates in regulation
of the KD and contains a D-box motif at PLK1Arg337 that is used to target PLK1 for
degradation (Lindon, 2004; Xu et al., 2013). Finally, the KD contains regulatory T-loop, and an
ATP-binding site for the transfer of phosphate groups to substrates (Figure 1.4) (Macůrek et al.,
2008).
The KD is activated through phosphorylation of it T-loop site at Thr210 and a Ser137
hinge activation in the ATP-binding pocket. When these sites are not phosphorylated the PBD
has the ability to directly bind and inhibit the KD through bending of the flexible IDL (Y.-J. Jang
et al., 2002; van de Weerdt et al., 2005). Displacement of the PBD from the KD increases PLK1
kinase activity. This occurs as a result of activation phosphorylations on the KD or through
phosphopeptide binding of the PBD to target proteins (Elia et al., 2003a; Y.-J. Jang et al., 2002).
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The PBD is not regulated through direct phosphorylation, but the affinity of the PBD for binding
phosphosubstrates can be modified by ubiquitination (Beck et al., 2013). Kachaner and
colleagues recently uncovered the crystal structure of the KD and PBD inhibitory complex and
discovered that the stability of this interaction is dependent on the binding of another protein,
Map205 (Kachaner et al., 2014). Various cell cycle proteins interact and modify the PBD, IDL
and KD of PLK1 in order to regulate the various roles of PLK1 throughout mitosis.

Figure 1.4 Summary graphic of the protein structure of PLK1.

1.3.2

PLK1 regulation
The activation of PLK1 activity needs to be tightly regulated both temporally and

spatially for the dynamic execution of cell division. Expression of PLK1 is low during interphase
then is up-regulated during S-phase. Levels of PLK1 mRNA and protein peak during the G2/M
transition in mitosis and decline following anaphase (Uchiumi et al., 1997; Winkles and Alberts,
2005). Rb and E2F protein families can repress transcription of PLK1 during interphase while
various activators of transcription increase PLK1 production during mitosis. FOXM1 and B-myb
are transcription factors reported to up-regulate PLK1, which occurs following cyclin-dependent
kinase (CDK) inactivation of the transcriptionally repressive DREAM complex (Down et al.,
2012; Pilkinton et al., 2007; Sadasivam et al., 2012; Wen et al., 2008).
Once expressed, the timely localization of PLK1 during various stages of mitosis is key
in dictating its function. There are low levels of PLK1 located in the cytoplasm and associated
47

with microtubules or centrosomes during interphase. Once mitosis is initiated, a high level of
PLK1 is associated with microtubules at the centrosomes, and kinetochores, as well as being
highly concentrated at the central spindle and midbody during anaphase (Lee et al., 1998; Seong,
2002). PLK1 accumulates in both the nucleus and cytoplasm. The KD contains a nuclear
localization sequence (residues 134-146) that aids PLK1 in accessing the nucleus before
breakdown of the nuclear envelope (Taniguchi et al., 2002); however, the PBD has a greater role
in localization through binding of various phosphopeptides. Of note, PBD has a higher affinity
for substrates that have already been ‘primed’ through phosphorylation by either PLK1 itself or
another cell cycle kinase such as CDK1. This is an example of a mechanism used for signal
amplification as the higher the cellular concentration of phosphorylated PLK1 substrates, the
greater the affinity of the PLK PBD to bind them. This results in the release of the PBD
intramolecular binding of the KD and enhances kinase activity (Elia et al., 2003a, 2003b; Y.-J.
Jang et al., 2002; McInnes et al., 2012). Localization of PLK1 to the kinetochores and the central
spindle is achieved through PBD interaction with P-INCENP, which is primed by CDK1 (Goto
et al., 2006). In addition, ubiquitination can modify the attachment of phosphosubstrates to the
PBD causing PLK1 to separate from binding partners and leave kinetochores as a means of
progressing out of metaphase (Beck et al., 2013).
The activation and deactivation of PLK1 serine/threonine kinase activity is a critical
regulatory control that can be manipulated in a short timeframe. Kinase activity mirrors the
cyclic changes of PLK1 expression that increase in the G2/M transition and is highest during
mitosis (Figure 1.5A). Activity is increased when the PBD is bound to phosphoproteins and
releases the KD to become available to other factors. Similarly, activation occurs in part from
other kinases that phosphorylate Ser137 and Thr210 in the KD. The phosphorylation of Ser137by an unknown kinase- helps control PLK1 function later at the spindle checkpoint (Y. J. Jang et
al., 2002; van de Weerdt et al., 2005; Xu et al., 2013). Aurora A and its cofactor, Bora, are
responsible for phosphorylating Thr210 in G2 phase (Macůrek et al., 2008; Seki et al., 2008).
Evidence also suggests protein kinase A (PKA) and STE20-like kinase (SLK) may also
phosphorylate Thr210 (Ellinger-Ziegelbauer et al., 2000; Kelm, 2002). Activation of PLK1 can
also be indirectly affected through upregulation of its inhibitors or downregulation of its
activators (i.e., Aurora A). Constitutive activation of PLK1 kinase activity have been shown to
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produce defects in mitotic and cytokinetic events (Kong et al., 2014; Lindon, 2004). Therefore,
regulatory factors like myosin phosphatase 1 (Mypt1) can dephosphorylate the Thr210 activation
residue. Mypt1 is first primed by CDK1 then directly binds the PLK1 PBD and removes the
phosphosite from the KD (Yamashiro et al., 2008).
Final downregulation of PLK1 occurs in anaphase as cells exit from mitosis. PLK1
normally has a short half-life and is targeted for degradation via the ubiquitination dependent
proteasome pathway. Protein phosphatase CDC14B activates the anaphase-promoting complex
(APC/C) that then ubiquitinates PLK1 at the D-box motif located in the IDL (Figure 1.5B).
Polyubiquitination targets PLK1 for proteolysis by the proteasome and protein levels drop until
the next round of mitosis (Bassermann et al., 2008; Lindon, 2004).
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Figure 1.5 Summary graphic of PLK1 expression and activation.
(A) PLK1 expression and kinase activity begins to activate in S phase, and peaks in mitosis before being downregulated at the end of cell division. (B) The secondary structure of PLK1 enables intramolecular regulation. In the
absence of activating phosphorylation the polo-box domains (PB1 and PB2) domains inhibit the kinase domain
(KD). Following phospho-activation by other mitotic kinases, a steric change in morphology allows access of the PB
domains to phoshosubstrates. The anaphase-promoting complex (APC/C) ubiquinates the D-box in the inter-domain
linker (IDL) region to target PLK1 for proteasomal degradation at the end of mitosis.

1.3.3

PLK1 function
PLK1 is a driver of cell cycle that functions at various points of mitosis. In mammalian

systems, PLK1 is essential for embryonic development and knockout mouse models do not
survive past the 8-cell stage of growth (Lu et al., 2008). PLK1 acts as a molecular hub that both
receives and transmits mitotic signals at specific times and locations that are essential for the
coordination of mitosis (Archambault et al., 2015). Work in both Drosophila and mammalian
models have implicated PLK1 involvement in mitotic entry, G2/M transition, centrosome
coordination, spindle assembly, chromosome segregation, and cytokinesis (Figure 1.6).
Mitotic entry. At the end of the G2 growth phase, cells must initiate the appropriate
signaling program in order to commit to entering mitosis and commit to duplication. CDK1 and
cyclin B complex together to form the M-phase-promoting factor (MPF) that is kept inactive
through inhibitory CDK1 phosphorylation by mitotic kinases, Wee1 and MYT1 (McGowan and
Russell, 1995; Mueller et al., 1995). Activation of the MPF causes the onset of mitosis and
synchronizes its progression by phosphorylating specific targets. The MPF can become active
when phosphatases, such as CDC25C, remove the inhibitory phosphorylation. CDC25C is a
phospho-substrate of PLK1, and when PLK1 becomes active in late G2 it activates CDC25C,
which allows activation of the MPF (Roshak et al., 2000; Toyoshima-Morimoto, 2002). In
addition, PLK1 can phosphorylate Wee1 and MYT1 directly. This increases the affinity for
SCF/beta-TrCP E3 ubiquitin ligase and results in the targeting of Wee1 for degradation
(Nakajima et al., 2003; Watanabe et al., 2004). PLK1 has also been shown to directly
phosphorylate cyclin B when located at the centrosome. This results in the activation of cyclin B
and it then translocates to the nucleus (Jackman et al., 2003; Toyoshima-Morimoto et al., 2001).
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PLK1 kinase activity effectively promotes the initiation of the mitotic “start” program while also
removing the mitotic “breaks”.
G2/M checkpoint. The transition to mitosis involves the initiation of M-phase signaling
programs, but also requires approval to continue through the G2 DNA damage checkpoint.
Duplication of the genome occurs during S-phase and DNA damage sensing pathways will halt
cell cycle progression if an error in replication is detected. For example, the ATM and ATR
kinase programs are initiated in the presence of single-stranded (ssDNA) and double-stranded
DNA (dsDNA) breaks, respectively. ATM phosphorylates CHK2 that can then inhibit CDC25C,
PLK1, and promote p53 activity. Similarly, ATR targets CHK1 that also inhibits CDC25C, but
promotes the activity of Wee1 and p53. The MPF is indirectly inactivated by p53 and a cell cycle
arrest occurs until DNA damage is repaired (Krause et al., 2000; Zitouni et al., 2014). DNA
damage stops cell cycle progression and causes the inhibition of PLK1. Experiments testing
expression of a constitutively active PLK1 mutant show it can overcome DNA damage arrest
(Smits et al., 2000). PLK1 can directly deactivate CHK2, as well, PLK1 has been shown to bind
to p53 and interfere with its pro-apoptotic function (Ando et al., 2004; van Vugt et al., 2010). As
well, PLK1 phosphorylates the ATR and CHK1 stimulatory protein Claspin and targets it for
degradation (Mamely et al., 2006). Similarly, the PLK1 substrate, RAD51, is a DNA repair
protein that can inactivate CHK2 and CHK1, inhibit Wee1 and Claspin, and promote
dissociation of repair factors from DNA (Limbo et al., 2011; Yata et al., 2012). PLK1 also
inhibits breast cancer susceptibility protein BRCA2, which is important for dsDNA break repair
(Lin et al., 2003; Takaoka et al., 2014). When PLK1 is active, it allows G2/M transition by
blocking factors that have roles in preventing mitotic progression.
Centrosome coordination. PLK1 is involved in promoting the maturation of the major
microtubule organizing organelle called the centrosome. Centrosomes are made up of centrioles
and function in the construction of the mitotic spindle by recruiting microtubule nucleating and
regulatory factors. They are duplicated during interphase, mature during G2, and separate to
daughter cells during mitosis. Maturation involves the accumulation of γ-tubulin attachments and
pericentriolar material (PCM) around the centrioles. PLK1 facilitates the attraction of γ-tubulin
recruiting and organizing PCM proteins such as CEP192, pericentrin, NEK9, NEDD1, and
Aurora A (Haren et al., 2009; Lane and Nigg, 1996; Sdelci et al., 2012). Inhibition of PLK1
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results in the formation of a monopolar spindle with poor microtubule organization and reduced
γ-tubulin levels (Lane and Nigg, 1996; Lénárt et al., 2007; Santamaria et al., 2007). Ninein-like
protein (NLP) is another centrosome-associated protein that is phosphorylated by PLK1 in the
reorganization of the microtubule scaffold (Casenghi et al., 2005, 2003; Rapley et al., 2005).
In prometaphase, the mature centrosomes separate to the plasma membrane on opposite
ends of the cell. PLK1 coordinates this disjunction in two steps. First, it phosphorylates Ser/Thr
protein kinase 3 (STK3) that relieves the inhibition of NEK2A from protein phosphatase 1γ
(PP1γ). As a result, NEK2A phosphorylates two proteins that link centrosomes, CEP250, and
rootelin and initiates separation (Mardin et al., 2011, 2010). Additionally, PLK1 phosphorylates
NEK family proteins that signal along with kinesin-related motor protein, EG5 to localize it to
the centrosome. Mitotic kinases and motor proteins coordinate the separation of the centrosomes
(Smith et al., 2011; Tsou et al., 2009).
Spindle assembly. The mitotic spindle is an apparatus of microtubules that connect
centrosomes to chromosomes- via kinetochore attachment- that is used to divide cellular material
during mitosis. PLK1 functions to regulate the spindle assembly checkpoint (SAC), which is
responsible for ensuring that chromosomes are properly aligned and connected to the
microtubule-kinetochore network (van de Weerdt et al., 2005). Kinetochore-microtubule
attachments are bi-directionally oriented and require high tension. Low tension and unattached
kinetochore detection results in checkpoint activation and cell cycle arrest (Nicklas and Ward,
1994; Stern and Murray, 2001). The stable association of PLK1 and α, β, and γ- tubulin
facilitates its role in spindle assembly. Linker proteins like translationally controlled tumor
protein (TCTP) are responsible for complexing PLK1 to the cytoskeleton and other cell cycle
proteins. TCTPSer46 is a target residue that is exclusive to PLK1 and is phosphorylated at the
metaphase-anaphase transition to dissociate TCTP from microtubules and destabilize the mitotic
spindle (Figure 1.7) (Gachet et al., 1999; Yarm, 2002). TCTP has also been associated with
tumorigenesis and DNA damage response pathways (Amson et al., 2011; Tuynder et al., 2004),
but whether PLK1 phosphorylation of Ser46 affects these roles is currently undetermined. PLK1
also contributes to the recruitment of important kinetochore proteins such as Aurora B, survivin,
INCENP, and borealin that aid in the detachment of incorrect microtubules. Activation of PLK1
occurs when it binds to INCENP and is phosphorylated by Aurora B at the centromere, and
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similarly kinetochore-microtubule attachment is stabilized (Carmena et al., 2012; Chu et al.,
2011; D. Liu et al., 2012).
Chromosome segregation. Sister chromatids are separated and pulled to opposite poles of
the dividing cell during anaphase. Cohesin protein complexes hold chromatids tightly together as
they are appropriately attached and aligned to the mitotic spindle. PLK1 affects the removal of
cohesin in two ways. First, in prophase PLK1 is recruited to the chromosome arms where it
docks with Sororin that enables it to directly phosphorylate subunit SA2 of cohesin to cause the
removal of the complex (Zhang et al., 2011). Some cohesin remains through to metaphase. Next,
during metaphase, PLK1 phosphorylates early mitotic inhibitor 1 (EMI1) to target it for
degradation, which results in activation of the APC/C complex. Separase is a protease that is
activated when APC/C-CDC20 targets its inhibitor, securin, for degradation. This causes the
final cleavage of cohesin and the separation of sister chromatids (Hansen et al., 2004; Moshe et
al., 2004). Of note, experiments in PLK1 depleted cells show that APC/C activation and
substrate degradation still take place suggesting this may be a redundant function that does not
depend solely on PLK1 (Kraft et al., 2003; van Vugt et al., 2004). Finally, before sister
chromatids are separated PLK1 is ubiquitinated at Lys492 by CUL-KLHL22 to reduce its
affinity for kinetochores and cause its release (Beck et al., 2013).
Cytokinesis. Cytokinesis involves the rearrangement of the cytoplasmic membrane and
cytoskeleton. Initially, a midbody is formed that develops into a cleavage furrow and leads to the
abscission of two daughter cells. During anaphase, PLK1 relocates from the centrosome to
kinetochores at the spindle midzone. The purpose of this is suggested to allow PLK1 to serve as
a platform for the recruitment of signaling factors to control cytokinesis. For example,
microtubule interaction stimulates PLK1 to phosphorylate targets like PRC1, which prevents
premature formation of the midzone (Hu et al., 2012; Neef et al., 2007). Also at the midzone,
PLK1 phosphorylates components like MKLP1 and HsCyk-4. This promotes the recruitment of
epithelial cell transforming 2 (ECT2), which is a RHO guanine nucleotide exchange factor.
ECT2 activates RHOA GTPase that drive the formation of the cleavage furrow and contractile
ring (Petronczki et al., 2008, 2007). In addition, phosphorylation of CEP55 by PLK1 prevents its
localization to the central spindle and it interaction with MLKP1. When PLK1 is removed from
the kinetochores and subsequently degraded it allows CEP55 recruitment to the midbody where
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it promotes abscission (Bastos and Barr, 2010). The role of PLK1 in cytokinesis may not be
completely essential. PLK1 depletion in cells activates cell cycle arrest; however, Van Vugt and
colleagues (2004) demonstrate that simultaneous depletion of important checkpoint factors can
result in the induction of early stages of cytokinesis.
PLK1 has many roles in the coordination of mitosis. Studies in model organisms have
uncovered additional functions, such as: promoting Golgi fragmentation (Sütterlin et al., 2001),
DNA replication (Mandal and Strebhardt, 2013), meiosis (Jordan et al., 2012), and asymmetrical
cell division (Wang et al., 2007). Understanding the cellular functions of PLK1 provides clues
into which processes cancer cells are heavily dependent.

Figure 1.6 Summary graphic of the substrates and functions of PLK1 in regulation of the cell cycle.
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1.3.4

PLK1 inhibitors
Presently, there are three main strategies to target PLK1 with novel inhibitors that are at

various stages of clinical development. Some of the more notable inhibitors include BI-2536
(Boehringer Ingelheim), BI-6727 (Boehringer Ingelheim), GSK461364A (GlaxoSmithKline),
TAK-960 (Takeda Pharmaceuticals), and NMS-1286937 (aka NMS-P937; Nerviano Medical
Sciences).
1.3.4.1

Targeting ATP binding site
The first compounds designed to target PLK1 were designed as ATP-competitive

inhibitors that block the activity of the PLK1 kinase domain. For example, BI-2536 is a
dihydropteridinone derivative with nanomolar potency against PLK1 (IC50=0.83nM), but it also
inhibits PLK2 and PLK3 isoforms at higher concentrations (Steegmaier et al., 2007). BI-6727 is
a second-generation small molecule with structural similarities to BI-2536. Interestingly,
preclinical studies involving combinational therapy have demonstrated multidrug resistance
enhanced by CSC drivers such as ABC transport proteins may be overridden with the use of BI6727 (To et al., 2013).
GSK461364 is another ATP-competitive inhibitor that is reported to inhibit the catalytic
activity of PLK1 over 100 fold more than other isoforms and related kinases. This
imidazotriazine derivative reduces tumor formation in vivo and has been used to enhance GBM
cell radiosensitivity in vitro (Gilmartin et al., 2009; Tandle et al., 2013). Interestingly,
GSK461364 has substantial uptake to the brain using animals models and has been used to study
the potential of targeting PLK1 to prevent breast to brain metastasis (Qian et al., 2011).
A final ATP-competitive inhibitor is NSM-1286937. One of the advantages of this
compound is that it has been formulated for oral availability as opposed to intravenous injection.
When compared to BI-2536 or BI-6727, NMS-1286937 is highly specific to PLK1 relative to
other isoforms, however, it still shows off target effects on other proteins such as MELK, FLT3
and CD2 (Valsasina et al., 2012). The highly conserved nature of many human Ser/Thr kinase
domains has initiated studies into alternative structural features of PLK1 that might offer greater
target specificity.
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1.3.4.2

Targeting Polo-box domain
A second approach to PLK1 drug design is the development of PBD targeting inhibitors.

The PBD uses selective protein-protein interactions for subcellular localization of PLK1 and to
target substrates to the kinase domain. Structural differences in the PBD composition of the
different PLK isoforms can be exploited for the development of greater isoform specificity for
PLK1. Screens of small molecule libraries have identified a handful of nonpeptidic compounds
that interact with the PBD in a way that reduces downstream Plk1 function, notably:
purpurogallin, poloxin, and thymoquinone. As well, work with synthetic phosphopeptides
designed from structural mimics of PLK1 substrate CDC25C have developed this approach and
molded further drug design (McInnes et al., 2012). Preliminary testing of PBD targeted inhibitors
demonstrates great promise in various cancer models, but these compounds have yet to be tested
in clinical trials.
1.3.4.3

Targeting PLK1 expression with siRNA
The third method to target PLK1 in cancer involves RNA-based gene inhibition

technology. TKM-080301 (Tekmira Pharmaceuticals) is an interfering RNA formulation
encapsulated by lipid nanoparticles that are designed to reduce PLK1 specific transcript
expression. Initial in vivo experiments demonstrated PLK1 silencing for up to 10 days following
administration with low myelosuppression, which is a limitation of many PLK1 kinase inhibitors
(Semple et al., 2011).
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Figure 1.7 Inhibition of PLK1 prevents phosphorylation of substrates and has implications to mitosis.
(A) Specific inhibitors can be used to block PLK1 kinase activity and result in mitotic defects due to the number of
regulatory functions of PLK1. (B) The substrate TCTP is phosphorylated by PLK1, which results in abrogated
affinity to bind microtubules. Inhibition of PLK1 directly correlates to reduced levels of P-TCTPSer46.
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1.4

Hypothesis & aims
There are limited options available for the treatment of high-grade brain tumors, and

those currently available are often associated with long-term sequelae. The overarching objective
of this research is to identify key molecular drivers of aggressive GBM and MB that can be
safely targeted in patients. It is known that (1) PLK1 is a mitotic kinase that is overexpressed in a
variety of cancers (Holtrich et al., 1994; Smith et al., 1997), and (2) through phosphorylation of a
variety of substrates PLK1 influences cancer cell proliferation and survival pathways (Smits et
al., 2000; Yarm, 2002). Based on this, the hypothesis tested in this research is whether PLK1
expression is associated with highly aggressive disease and if its activity can be targeted to
overcome drug-resistant tumor growth.
To test this, I cultured primary GBM cells derived from patient tumors and measured
levels of PLK1 following standard of care TMZ treatment. The efficacy of targeting PLK1 in
TMZ resistant cells was assessed, as well as the potential of an off-patent drug, DSF. Therefore, I
show that elevated PLK1 expression may be associated with resistance to TMZ and discovered
the potential for DSF in overcoming TMZ-resistant GBM growth (chapter 2). Further
investigation suggested PLK1 might be an important target in pediatric brain tumors. Thus I
further examined its role in MB. Highly sensitive gene expression profiling of MB patient
cohorts was used to correlate PLK1 expression with clinical outcome. As well, the potential to
target PLK1-high cases with PLK1 specific inhibitors was addressed (chapter 3). Finally, I
characterized the importance of the PLK1 downstream substrate, TCTP, to better understand
why PLK1-high MB is especially aggressive. TCTP expression in clinical patient samples was
evaluated, and siRNA inhibition of TCTP was used to assess its oncogenic role in SHH MB cell
lines. Targeting the PLK1-TCTP axis could influence cell cycle checkpoint activation to improve
the clinical efficacy of cancer treatments (chapter 4).
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CHAPTER 2: REPURPOSING DISULFIRAM AS AN ALTERNATIVE
THERAPEUTIC AGAINST TMZ RESISTANT GBM
2.1

Overview
Resistance to the chemotherapeutic temozolomide (TMZ) is one of the greatest problems

in the current treatment of glioblastoma (GBM). Even in cases lacking markers of resistance,
such as O6-methylguanine methyltransferase (MGMT) expression, TMZ treatment fails to
prevent tumor recurrence for most patients. In the present study, we address the anti-cancer
potential of disulfiram (DSF), an off-patent drug that has been routinely used to control
alcoholism for the past six decades. Monolayer cell growth assays were conducted to test the
influence of DSF and TMZ on GBM proliferation. As well, neurosphere self-renewal assays
were used to assess whether DSF could be used to target undifferentiated tumor cell populations.
Detailed investigation found the expression of the oncogenic cell cycle kinase, polo-like kinase 1
(PLK1), was reduced with DSF treatment but up-regulated in drug resistant GBM treated with
TMZ. Further experimentation revealed PLK1 inhibition with siRNA or small molecules blocks
the growth of TMZ resistant GBM cells in vitro. Consequently, freshly isolated primary GBM
patient samples were found to express high levels of PLK1 and be especially sensitive to DSF.
Our studies encourage DSF being repurposed for the treatment of refractory GBM.

2.2

Introduction
Glioblastoma (GBM) is considered the most aggressive variety of brain tumor that

unfortunately has limited treatment options. Surgical resection and radiation is often ineffective
due to the location and infiltrative nature of GBM, therefore, recurrence is extremely common.
The median expected survival of patients with GBM is only 14 months regardless of aggressive
treatment protocols (Rock et al., 2012). Current treatment for GBM involves a regime of the
chemotherapeutic temozolomide (TMZ) in combination with radiation, however resistance to
TMZ is common in GBM. TMZ is an alkylating agent and tumors expressing O6-methylguanine
methyltransferase (MGMT) have the ability to overcome its anti-proliferative effect by
enzymatically removing the methyl groups added to DNA by TMZ (Gerstner et al., 2009; Hegi
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et al., 2005). Even MGMT silenced cases acquire TMZ resistance, which further complicates
treatment of GBM (Blough et al., 2010). Mutations in mismatch repair genes have been shown to
be generated following long-term exposure to TMZ and exemplify an additional route of
treatment resistance (Yip et al., 2009). There are limited options available to overcome GBM
growth and recurrence.
The major issue in treating GBM is the re-growth of the tumor following resection and
treatment. A growing number of genetic based GBM studies suggest there are key drivers of the
disease, specifically cell cycle regulatory factors that correlate with patient survival (Duncan et
al., 2010; Hulleman and Helin, 2005; Smits et al., 2010). The heterogeneous nature of GBM is
also considered a major obstacle in therapeutic development. Studies using animal models show
that a mixture of cells with different properties within GBM contributes to treatment resistance
(Dell’Albani, 2008; Galli et al., 2004; Molofsky et al., 2003; Muñoz and Guha, 2011; Park and
Rich, 2009; Singh et al., 2004). The majority of cancer treatments target the proliferative
capacity of tumor cells, however, the ability of more undifferentiated populations of GBM cells
to self-renew is often unaffected by chemotherapy (Eramo et al., 2006; Weber et al., 2011). Selfrenewal is a process that allows the indefinite perpetuation of cells that are uncommitted to
terminal tissue-specific lineages and is controlled by cell cycle pathways (Kenney and Rowitch,
2000; Kippin et al., 2005; Molofsky et al., 2003; Morrison et al., 1999). By using culture
conditions that enrich for these self-renewal abilities, a number of groups have successfully
isolated and characterized the undifferentiated cell population in GBM that retain properties of
the primary tumor (Galli et al., 2004; Pandita et al., 2004; Piccirillo et al., 2006; Singh et al.,
2004; Wakimoto et al., 2009). Propagation and in vitro experiments with brain tumor cell selfrenewal is done using neurosphere tissue culture methodology (Deleyrolle and Reynolds, 2009;
Reynolds and Weiss, 1992; Singh et al., 2004). Using these growth conditions cells can be serial
passaged to continually form new spheroid clusters as they self-renew. There must be alternative
methods developed that target both the proliferation and self-renewal of cancer cells as the
heterogeneity of GBM may be responsible for evading current treatment protocols resulting in
relapse (Park and Rich, 2009).
Polo-like kinase 1 (PLK1) is a serine/threonine kinase that is influential in many essential
cell cycle functions. These include mitotic entry, centrosome maturation, cell cycle progression
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and cytokinesis (Arnaud et al., 1998; Golsteyn et al., 1995; Lane and Nigg, 1996; Mundt et al.,
1997; van Vugt et al., 2004). Our group has previously shown that PLK1 is highly overexpressed in cancer compared to normal tissue and is a promising therapeutic target for brain
tumors (Hu et al., 2009; Lee et al., 2012b). Specifically, a high level of PLK1 expression in
GBM is associated with a worse overall survival. We have demonstrated that PLK1 is essential
for sustaining the growth of neurospheres and PLK1 inhibition can delay tumor growth using an
orthotopic brain tumor model (Lee et al., 2012b). Although chemical inhibitors of PLK1 are
being developed for clinical use (Garuti et al., 2012; Wäsch et al., 2010), the long expensive
pipeline of drug development prompts the question of whether there are off-patent drugs with
undiscovered anti-cancer potential that are already clinically approved.
Disulfiram (DSF) is an off-patent small molecule that has been safely used for the
treatment of alcohol abuse for over sixty years. This compound is an inhibitor of the aldehyde
dehydrogenase (ALDH) enzyme family, which is involved in the metabolism of alcohol, and has
been used as a marker for self-renewing tumor cell populations (Lipsky et al., 2001; Rasper et
al., 2010). Although best characterized for its activity against ALDH, DSF is not specific or
exclusive to these enzymes and there are a number of reports that have uncovered alternative
effects of DSF on cell activity (Musacchio et al., 1966; O’Brien et al., 2012). Initially we
identified DSF in a screen for drugs that inhibit tumor-initiating cells using the Prestwick Library
(unpublished data). In a position article by Kast et al (2009), DSF was discussed for the
treatment of GBM (Kast and Belda-Iniesta, 2009); therefore, we questioned whether DSF would
target drug resistant cells. DSF is an attractive compound for the treatment of brain tumors
because it is a small molecule with the potential to cross the blood-brain barrier (Eneanya et al.,
1981; Maj et al., 1970; Oskarsson, 1984). This study provides in vitro evidence promoting DSF
as an effective treatment for GBM and suggests it could augment cytotoxicity of the currently
used chemotherapeutic, TMZ. The data presented here proposes a new use for the clinically safe
compound, DSF, as a treatment for cancer.
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2.3
2.3.1

Results
DSF inhibits GBM self renewal and proliferation
To examine the efficacy of current standard-of-care TMZ and DSF, proliferation and

self-renewal was examined in GBM cell lines. The proliferation of pediatric GBM SF188 cells
is unaffected by TMZ tested at 5-15µM concentrations, which are physiologically achievable
(Figure 2.1). SF188 cells are classified as TMZ resistant with a suggested IC50 of 500µM (Gao
et al., 2009). These cells are sensitive to DSF with a concentration of 500nM being sufficient to
suppress monolayer growth by ~100% over 72 hours (Figure 2.2A). Neurosphere self-renewal of
SF188 cells is completely inhibited with similar DSF concentrations (Figure 2.2B). The primary
adult GBM cells, BT074, are also refractory to TMZ (Kanai et al., 2012; Pandita et al., 2004) but
demonstrate sensitivity to DSF in neurosphere self-renewal assays (Figure 2.2C). Likewise, the
self-renewal of GBM4 primary cells is also inhibited with DSF treatment (Figure 2.2D).
Microscope images exemplifying the impact of DSF on BT74 and GBM4 neurosphere formation
is illustrated in Figures 2.2E-F. Next we questioned whether the combination of DSF and TMZ
has an additive cytotoxic effect. When used as single agents, low doses of DSF (50nM) or 10µM
TMZ had no anti-proliferative effect, however proliferation and self-renewal was reduced by
~50% with combination treatment (Figure 2.3A-C).
Based on our observations in established GBM cell lines, we next looked to expand our
findings with primary tumor samples. Primary GBM cells were freshly isolated from two adult
patient samples that are denoted aBT001 and aBT003. GBM with mutations in IDH1 or IDH2
genes are reported to have aberrant metabolic remodeling that influences tumor survival
pathways in response to therapy and hypoxia (Sanson et al., 2009; Wolf et al., 2010). IDH1 and
IDH2 sequencing of aBT001 and aBT003 tumor samples was negative for mutation (data not
shown). In addition, both cases had unmethylated MGMT promoters, which suggests they may
be less susceptible to TMZ (Figure 2.4A). As expected, monolayer growth of aBT001 was not
affected by TMZ (Figure 2.4B), however, 500nM DSF inhibited proliferation by 87% after 72
hour (Figure 2.4C). aBT003 primary cells also demonstrated resistance to TMZ in neurosphere
assays (Figure 2.4D). Conversely, DSF blocked aBT003 cell self-renewal capacity by 95-98%
(Figure 2.4D-E). Cells from a third adult GBM primary isolate, aBT015, were also found to be
resistant to TMZ but sensitive to DSF in neurosphere assay (Figure 2.5). IDH1/2 mutation and
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MGMT promoter methylation status is presently unknown for aBT015. While DSF inhibits
growth of GBM cells, it is important to note that concentrations up to10µM DSF had no antiproliferative effect on normal human astrocytes (Figure 2.6). These in vitro data suggest that
DSF may have anti-tumorigenic potential for targeting TMZ resistant GBM.

Figure 2.1 SF188 cells are resistant to TMZ.
SF188 cells demonstrate drug resistance when treated with concentrations of 1-15µM TMZ for 72 hour and assessed
for monolayer growth. Treatments were plated in triplicate and the experiment performed thrice.
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Figure 2.2 DSF inhibits GBM cell growth and self-renewal.
(A) SF188 monolayer cell proliferation following 72 hours 50, 100 and 500nM DSF treatment. 7-day neurosphere
assay with serial passaging that tests the effect of 50, 100 and 500 nM DSF on self-renewal of (B) SF188, (C) BT74,
and (D) GBM4 cells. Representative images from neurosphere microscopy demonstrate effect of DSF treatment on
(E) BT74 and (F) GBM4 neurosphere growth. Scale bar= 200µm.
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Figure 2.3 Combination treatment with DSF augments TMZ cytotoxicity.
(A) SF188 cells treated with 50nM-1µM DSF, in combination with 10µM TMZ, in a monolayer growth assay over
72 hours. Cells were plated in triplicate and growth calculated relative to DMSO control treatment [**p< 0.005, Ttest]. (B) BT74 neurosphere assay testing 10µM TMZ and in combination with 10-200nM DSF. BT74 spheres
>30µM were counted following 5-6 days of non-adherent growth, then chemically dissociated to serial passage and
grown for an additional 5-6 days. Data in A and B represents a single experiment. (C) Morphology of BT74 spheres
are shown following 6 days of drug treatment. Scale bar = 200 µm.
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Figure 2.4 Primary isolated GBM cells demonstrate sensitivity to DSF yet resistance to TMZ.
aBT001 and aBT003 primary GBM cells were isolated from adult patients. (A) DNA extracted from these cases was
assessed for MGMT promoter methylation via PCR reaction. An unmethylated MGMT promoter suggests the
protein is expressed in the cases (M= methylated, UM= unmethylated). (B-C) Monolayer growth of aBT001 was
unaffected by TMZ, but DSF suppressed growth by as much as 92% in 72 hour with a single treatment. (D-E)
aBT003 neurosphere growth was unaffected by TMZ, however DSF treatment reduced self-renewal by 95-98% with
a single treatment. Scale bar = 200µm.
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Figure 2.5 aBT015 primary adult GBM cells are resistant to TMZ but sensitive to DSF.
aBT015 primary GBM cells were isolated from an adult patient. (A) Self-renewal was unaffected by TMZ in a
7-day neurosphere assay using a 24-well plate format. Data represents a single experiment and (B) sphere
morphology is represented. Scale bar = 200µm. (C) aBT015 self-renewal was abolished with 500nM DSF treatment
in neurosphere assay also using a 24-well plate format. Data from two experiments represented and (D) sphere
morphology is represented. Scale bar = 200µm.
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Figure 2.6 High doses of DSF do not affect proliferation of normal human astrocytes.
Normal human astrocyte cells show no reduction in proliferation when treated with concentrations of 5nM-10µM
DSF for 72 hours and assessed for monolayer growth. Treatments were plated in triplicate and the experiment
performed thrice.
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2.3.2

DSF treated GBM cells decrease expression of PLK1
With such a drastic impact on cancer cell growth and self-renewal, we next investigated

whether DSF treatment impacts important signaling pathways. Our group recently reported that
highly aggressive GBM express PLK1 and have an oncogenic addiction that promotes cancer
cell survival (Lee et al., 2012b). Whether PLK1 has a role in overcoming TMZ resistance in
GBM still has not been addressed, therefore, we questioned whether the dramatic anti-growth
effect of DSF has an impact on PLK1. Interestingly, PLK1 expression was reduced following 24
hour DSF treatment at both 500nM (Figure 2.7A) and 250nM concentrations (Figure 2.7B).
Inhibiting PLK1 expression with siRNA prevented cell growth (Figure 2.7C). This result was
also observed when cells were treated in combination with various concentrations of TMZ.
Whereas high doses of TMZ failed to induce apoptosis in SF188 cells, the combination with
siPLK1 produced strong detection of PARP and Caspase 3 cleavage by western blot (Figure
2.7D).
These results were confirmed in a second cell line. U251 cells treated for 24 hour had
reduced PLK1 expression at 500nM (Figure 2.8A) and 250nM (Figure 2.8B) concentrations of
DSF. Inhibiting PLK1 with siRNA or the small molecule BI-2536 blocked U251 cell
proliferation. Like SF188, this U251 anti-growth effect also occurred with the combination of
PLK1 inhibition and TMZ (Figure 2.8C-D). Finally, U251 cells treated with DSF were
suppressed in growth ~81% at 200nM and ~100% at 500nM doses (Figure 2.8E). In summary
these data suggest PLK1 expression is reduced with DSF treatment and inhibition of PLK1 has
an anti-proliferative effect in TMZ resistant cells.
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Figure 2.7 PLK1 expression is reduced in pediatric GBM SF188 cells treated with DSF.
(A-B) SF188 protein and RNA was extracted following a 24 hour treatment with DSF or DMSO solvent control.
Levels of PLK1 assessed using immunoblotting and qRT-PCR. Inhibition of PLK1 expression with siRNA (C)
reduces SF188 monolayer cell growth and (D) induces apoptosis, either alone, or in combination with TMZ.
Cleavage of PARP and caspase 3 was used to detect apoptosis by immunoblotting and a scramble RNA oligo was
used as a siRNA transfection control.
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Figure 2.8 PLK1 expression is reduced in adult GBM U251 cells treated with DSF.
(A-B) U251 protein and RNA was extracted following a 24 hour treatment with DSF or DMSO solvent control.
Levels of PLK1 assessed using immunoblotting and qRT-PCR. (B) Inhibition of PLK1 expression with siRNA
reduces U251 monolayer cell growth either alone, or in combination with TMZ. A scramble RNA oligo was used as
a siRNA transfection control. (C) BI-2536 PLK1 kinase inhibitor also reduces U251 monolayer growth alone, and in
combination with TMZ. (D) Likewise, DSF treatment prevented U251 growth relative to DMSO solvent control
treated cells in a dose-dependent manner.

71

2.3.3

Efficacy of PLK1 inhibition in overcoming TMZ resistance
We have previously published results showing SF188, BT74, BT241 and GBM4 cells

have between 203-470 fold transcript overexpression of PLK1 compared to normal human
astrocytes (Lee et al., 2012b). In the present study, we found the TMZ resistant SF188 cells have
approximately double the detected PLK1 transcript compared to the partially TMZ sensitive
U251 cells (Figure 2.9A). Interestingly, while U251 cells are reported to be sensitive to TMZ
there was always ~30% of cells that remained viable following TMZ treatment. For example,
after treating U251 cells with TMZ for 7 days approximately 71.5% of cells had died off leaving
behind a residual population (Figure 2.9B). This cell population was harvested and evaluated for
PLK1 using western blot in order to study the impact of PLK1 expression in TMZ drug
resistance. It was discovered that PLK1 protein expression was much higher in the residual
population compared to the untreated and DMSO solvent controls (Figure 2.9C). Considering
these results we next inquired whether the residual TMZ resistant population could be targeted
with the PLK1 inhibitor, BI-2536. The U251 7 day experiment was repeated which left a residual
population of TMZ resistant cells. TMZ was removed, and the residual cells were then exposed
to a single dose of BI-2536 ranging between 5-100nM. The TMZ resistant population was
extremely sensitive to growth inhibition with BI-2536 treatment (Figure 2.9D). Nearly 90% of
cells from the TMZ residual population underwent cell death following treatment with 10nM BI2536. These findings suggest that PLK1 may be a potential driver of TMZ resistance that can be
overcome with therapeutic intervention.
Adult GBM BT74 cells have previously been reported to be resistant to TMZ (Kanai et
al., 2012). The efficacy of BI-2536 against these cells was tested using neurosphere self-renewal
assays with serial passaging. While TMZ treatment had no effect, BI-2536 eliminated the
neurosphere growth of BT74 cells (Figure 2.10A-B). Similarly, the adult GBM BT241 cells also
demonstrated sensitivity to PLK1 inhibition but resistance to TMZ (Figure 2.10C-D). There was
no additional benefit from combining BI-2536 and TMZ in either BT74 or BT241 tests (Figure
2.10A-D). Cumulatively, these data indicate the use of PLK1 inhibition may be integral in
targeting GBM with TMZ resistant characteristics.
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Figure 2.9 Targeting PLK1 inhibits growth of TMZ resistant cells.
(A) U251 cells have lower PLK1 transcript expression compared to the TMZ resistant SF188 cells by qRT-PCR. (B)
Growth assay showing partial TMZ sensitivity following a long-term 7-day treatment of U251 cells with TMZ. Cells
were treated with 10µM TMZ every 48 hour. (C) Immunoblot demonstrating an increase of PLK1 protein levels in
TMZ treated U251 cells compared to untreated and DMSO controls after 24 hours. Actin is used as a loading
control. (D) Residual U251 cells that survived long-term 10µM TMZ treatment were re-plated and treated with BI2536 for a 5 day growth assay.
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Figure 2.10 PLK1 inhibitors can be used to overcome TMZ resistance.
(A-B) Neurosphere growth with serial passaging demonstrates TMZ resistant BT74 cells are sensitive to reduced
self-renewal with treatment of 10nM BI-2536. (C-D) BT241 cells are another example of TMZ resistant cells that
show sensitivity to PLK1 inhibition. Both BT74 and BT241 cells are maintained as primary isolates and cultured
only in neurosphere conditions. The combination of TMZ and BI-2536 did not enhance efficacy of BI-2536
administered alone. Scale bar = 500µM.
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2.3.4

Patient derived GBM samples that express high levels of PLK1 demonstrate

sensitivity to PLK1 inhibitors
As previously mentioned aBT001 and aBT003 were freshly isolated from adult GBM
patients. Cells extracted from both these cases were sensitive to DSF, therefore we addressed
whether they also expressed PLK1. Tissue sections from these cases were stained using
immunohistochemical detection and PLK1 protein was found to be highly abundant (Figure
2.11A). Given that PLK1 was highly expressed, aBT001 cells were treated for 72 hours with BI2536 in a monolayer growth assay 25nM of BI-2536 inhibited aBT001 cell proliferation by up to
80% and induced apoptosis (Figure 2.11B-C).
Recently, PLK1 overexpression has also been reported in pediatric medulloblastoma,
which is another highly aggressive brain tumor (Harris et al, 2012). As a final test we examined
if PLK1 inhibition had efficacy against the extremely proliferative MED8A medulloblastoma
cell line. Indeed various concentrations of BI-2536 reduced monolayer cell growth >95%. Even
greater of note, treatment of this medulloblastoma cell line with DSF completely eliminated
viable cells in most replicate experiments (Figure 2.12). In conclusion, high levels of PLK1 are
detectable in aggressive brain tumors and compounds such as BI-2536 or DSF are promising
options for enhancing current treatments.

75

Figure 2.11 aBT001 and aBT003 patient tissue express high levels of PLK1.
(A) aBT001 and aBT003 GBM patient tissue was assessed for PLK1 levels using immunohistochemical detection.
High levels of PLK1 are detected in both cases. (B-C) BI-2536 PLK1 inhibition suppresses the growth of aBT001
in monolayer and induces apoptotic cell death.
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Figure 2.12 BI-2536 and DSF treatment blocks growth of MED8A medulloblastoma cells.
Pediatric medulloblastoma MED8A cell line assessed for monolayer cell proliferation following single treatment of
BI-2536 (20 or 100nM) and 500nM DSF. DMSO is used as a solvent control for both compounds. BI-2536 efficacy
on MED8A has been tested in three experiments, however data presented here are representative of a single
experiment.
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2.4

Discussion
There are several characteristics of GBM that hinder therapeutic development. These

include a heterogeneous morphology, a delicate location, and the problem of TMZ resistance.
For some patients, TMZ treatment induces a response that may initially reduce tumor growth, but
relapse eventually occurs for most cases. The long-term survival rate for GBM patients treated
with TMZ is extremely low and this harsh chemotherapeutic is ineffective at targeting the cancer
cell self-renewal that may cause tumor regrowth (Burkhardt et al., 2011; Gao et al., 2009; Rock
et al., 2012). In the present study we demonstrate that DSF has efficacy against GBM in vitro by
completely suppressing cell growth. Adding to this, we observe the same degree of inhibition in
self-renewal assays. Concentrations as low as 100nM DSF were sufficient to eliminate
monolayer proliferation and similarly inhibit self-renewal using neurosphere assays. Perhaps
most importantly, DSF was highly effective against GBM cells that are refractory to TMZ.
One of our most striking observations was that DSF was effective against GBM models
where cells have developed TMZ resistance. In this study we found the important cell cycle
kinase, PLK1, is down-regulated following treatment of cell lines with DSF. We also show that
TMZ treatment increased expression of PLK1 protein and speculate this phenomenon may have
a role in the aggressive nature of recurrent GBM. It is interesting to note that TMZ resistant
SF188 cells have approximately double the PLK1 transcript expression when compared to the
U251 cells, which are partially TMZ sensitive. This collection of evidence suggests that DSF has
great potential for the treatment of aggressive brain tumors.
Several other studies have used DSF in combination with standard cancer chemotherapy
agents, such as: paclitaxel (Yip et al., 2011), gemcitabine (Guo et al., 2010), docetaxel (Budman
and Calabro, 2002), cyclophosphamide (Magni et al., 1996), and 5-fluorouracil (Wang et al.,
2003). We found the combination of DSF and TMZ treatment was helpful in some instances but
not others. While monolayer proliferation assays did not show drastic changes with the drug
combination, some cytotoxic augmentation was observed in GBM cells tested in neurosphere
self-renewal assays. These data agrees with a breast cancer study that examines DSF toxicity to
cancer stem cells in vitro (Yip et al., 2011). Similarly, we show enhanced cytotoxicity to TMZ
and investigate the use of DSF to target self-renewing primary cells that may be responsible for
driving recurrence.
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DSF is also being evaluated in other cancer types including metastatic melanoma,
prostate cancer, and another phase II/II trial assessing its use in combination with cisplatin for
treating metastatic small cell lung carcinoma (ClinicalTrials.gov Identifier NCT00312819).
Verma and colleagues have also examined the use of DSF in combination with cisplatin with
hopes to decrease nephrotoxicity in a randomized study of cisplatin sensitive malignancies
(Verma et al., 1990). They report that combining DSF with cisplatin did not reduce toxicity,
however, there was a markedly high patient dropout rate that made data analysis inconsistent
between groups. This study also used concentrations of 2000mg/m2 oral DSF, which far exceed
the minimal concentrations required to elicit a response as suggested by our in vitro data. The
treatment of alcoholism with DSF only requires 250mg/day and this leads us to speculate that the
unnecessarily high dose may have created issues in the Verma et al study (Suh et al., 2006;
Verma et al., 1990). Final results of the ongoing GBM clinical trials will not be available for at
least another three years. We believe DSF will have great benefit if used to treat primary tumors
for a number of reasons. Not only is DSF inexpensive and easily administered, it has the
capability to cross the blood-brain barrier, which is a major limitation in brain tumor therapeutic
design (Faiman et al., 1980; Maj et al., 1970; Oskarsson, 1984).
In the context of this study, the exact mechanism of action of DSF was somewhat elusive
for us. However, DSF could be a powerful therapeutic given that it has been reported to target
multiple pathways that are operative in cancer. Other researchers speculate the metal chelating
properties of DSF metabolites may be responsible for inducing apoptosis. For example, cell
death may be a result of redox induced oxidative stress (Cen et al., 2002), proteasome inhibition
(Chen et al., 2006), or modulation of the NFkB pathway (Nogueira et al., 2011; Yip et al., 2011).
When considering mechanisms proposed by these studies it is important to note they were
conducted using the combination of DSF with metal ion additives (eg. CuCl2). In contrast, we
demonstrate exceptional activity of DSF in the absence of metal supplementation and therefore
question an alternative mechanism of action of DSF on cancer cells.
Initially we suspected DSF targeted cancer cells through inhibition of ALDH (Lipsky et
al., 2001); however, we found this was not entirely the case. Greater concentrations of DSF are
required to inhibit cell proliferation than those needed to block ALDH activity in GBM cells.
Adding to this, the inhibition of ALDH activity with DEAB, an ALDH pan inhibitor, failed to
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suppress growth to the degree of DSF. Loss of ALDH did not induce dramatic cell death in GBM
cells even when ALDH1A1 and ALDH1A3 isoforms were individually silenced with siRNA (data
not shown). These studies redirected our focus toward a pathway that does cause considerable
cell death and to this end we address a possible link to PLK1. GBM cells are dependent upon
PLK1 and inhibiting expression of this kinase suppresses growth of GBM cells nearly 100% and
this is associated with cell death (Lee et al., 2012b). Serendipitously we noted that DSF treatment
reduced PLK1 expression in both SF188 and U251 cells. The influence of DSF on the PLK1
pathway would have significant implications given that PLK1 is central to the growth of many
varieties of cancer (Harris et al., 2012; Lee et al., 2012b; McInnes and Wyatt, 2011; C. Zhang et
al., 2012). This opens up several new lines of investigation given that this is the first
demonstration of an off-patent drug that inhibits PLK1 expression.
Here we demonstrate the efficacy of DSF in suppressing refractory GBM growth and
self-renewal at low concentrations. DSF is safe and has been approved for clinical use for
decades; therefore, DSF has excellent potential to be repurposed for the treatment of GBM.

2.5

Experimental procedures

Cell culture
The American Tissue Culture Collection (ATCC) supplied pediatric GBM SF188 (TMZ
resistant), adult GBM U251 (partial TMZ sensitivity), and normal human astrocyte cells. GBM4
and BT74 GBM cells are well-established GBM models that were obtained from Dr. Hiro
Wakimoto at Massachusetts General Hospital, Boston (Kast and Belda-Iniesta, 2009; Pandita et
al., 2004; Wakimoto et al., 2011, 2009). BT241 is another primary isolate model that was
isolated from a patient with GBM, and obtained from Dr. Sheila Singh at McMaster University,
Hamilton (Singh et al., 2004; Venugopal et al., 2012). GBM4, BT74 and BT241 cells have all
been previously characterized both in vitro and in vivo using xenograft experiments (Pandita et
al., 2004; Piccirillo and Vescovi, 2007; Singh et al., 2004; Venugopal et al., 2012; Wakimoto et
al., 2009). Primary patient isolated cells, aBT001, aBT003 and aBT015, were isolated using
methods previously described (Fotovati et al., 2011; Piccirillo and Vescovi, 2007). All primary
samples were acquired in accordance with the guidelines of the Institutional Review Board, and
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along with patient consent. SF188, U251, and aBT001 cells were grown in monolayer using
Minimum Essential Medium/Earle’s Balanced Salt Solutions (MEM/EBSS) (Hyclone, Logan
UT, USA) and Dulbecco’s Modified Eagle Medium (DMEM)/High Glucose (Hyclone),
respectively, supplemented with 10% fetal bovine serum (FBS). BT74, aBT003, aBT015 and
sphere assays were grown non-adherently using NeuralBasal medium with Neurocult supplement
and growth factors, EGF (20ng/ml), bFGF (20ng/mL) and heparin (2mg/mL). Normal human
astrocytes were grown in Astrocyte medium (ScienCell cat. #1801) on adherent plates coated
with poly-L-lysine (ScienCell cat. #0413).
Drug treatment and proliferation assay
Proliferation assays were conducted by plating 1000 cells/well in 96-well plates with a
range of concentrations of TMZ or DSF. All treatments were done in triplicate, and plates
incubated at 37°C in a 5% CO2 incubator. After 72 hours, cells are fixed with 2%
paraformaldehyde in 100µl PBS, and stained with Hoechst 33342 dye (2µg/ml) at room
temperature for 30 minutes before a wash with 100µl PBS. Plate analysis and image capture was
done using an ArrayScan VTI Reader (Thermal Fisher) (Hu et al., 2009). Dimethyl sulfoxide
(DMSO) was used to reconstitute TMZ and DSF and also was used as a solvent control at
equivalent proportions to the concentration of DMSO in drug treatments. Ethanol was used as a
control for DEAB. Solvent controls were used below 1/1000 dilution in cell medium.
For analysis of effect of BI-2536 on U251 TMZ resistant cells, U251 cells were treated
with 10µM of TMZ (or DMSO) every 2 days for a total of 7 days. The cells were harvested for
protein extraction and immunoblotting was done to examine PLK1 expression. The cells were
then re-plated and treated with increasing concentrations of BI-2536 (5-100nM) for 5 days
before the cells were stained with Hoechst dye and quantified on Cellomics. The effect of PLK1
inhibition was investigated using siRNA or BI-2536 as previously described (Lee et al., 2012b).
Neurosphere assay
Self-renewal in BT74, GBM4 and SF188 cells was examined using a neurosphere
suspension assay (Note: BT74 and GBM4 cells are always maintained as spheres as were the
primary isolates described below). Approximately 10 000 cells/well were plated into a low
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adherent 6 well dish using neurobasal medium supplemented with human recombinant EGF (20
ng/ml), human recombinant bFGF (20ng/ml) and heparin (2µg/ml) [Stem Cell Technologies].
Primary samples were obtained from adult patients under informed consent according to the BC
Cancer Agency guidelines. Tumor cells were isolated as previously described by us (Lee et al.,
2012b). Neurospheres were grown for 5-6 days following plating. Spheres >30µm were counted
and photographed using an Axiovert 40CFL microscope and AxioCam MRc camera. NeuroCult
Chemical Dissociation kit (Stem Cell Technologies, cat. #05707) was used to passage cells,
which are counted and replated as single cells. All drug treatments of TMZ and DSF were done
at the time of plating, and repeated during serial passaging.
PLK1 regulation and expression
SF188 or U251 cells were treated with DSF (100-500 nM) for 24 hours, proteins were
harvested and levels of PLK1 were evaluated by immunoblotting. RNA for gene expression
analysis was isolated using Qiagen RNeasy Mini Kit (cat. #74106). Transcript expression was
determined using qRT-PCR with PLK1 Assay on Demand (Applied Biosystems, cat. #4331182).
PLK1 expression was silenced using siRNA as previously described (Lee et al., 2012b). Tumor
cell growth following siPLK1 transfection was evaluated compared to scramble control RNA in
SF188 cells. PLK1 was also inhibited with BI-2536 and growth was assessed in SF188, BT74,
and BT241 all of which are TMZ resistant.
Immunohistochemisty
Primary adult GBM cases (aBT001 and aBT003) were formalin-fixed, paraffin
embedded, sectioned and immunostained for PLK1. PLK1 protein expression was evaluated
using LSBio antibody (diluted 1:200, PLK1 rabbit anti-Human polyclonal Antibody LS-B4225LSBio LifeSpan Bioscience, Seattle, WA). The secondary antibody was universal detection kit
from DAKO LSAB2 System-HRP (DAKO, Carpinteria, CA). MGMT status of these tumors was
determined by methylation specific PCR as previously described (Gerstner et al., 2009).
Statistical analysis
Experimental data were collected from multiple experiments and reported as the
treatment mean ± standard error. Significance was calculated using the Student’s T-test, where
*p<0.05, and **p<0.01.
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CHAPTER 3: TARGETING POLO-LIKE KINASE 1 (PLK1) IN
PEDIATRIC MEDULLOBLASTOMA

3.1

Overview
Advances in molecular subtype classification of medulloblastoma (MB) have provided

insight into the complex heterogeneity of this primarily pediatric brain tumor. Here, we validate
the use of subtyping methodology and further investigate new therapeutic targets for poor
prognosis cases, namely SHH and Group 3 MB. Using a drug screen of compounds currently in
clinical trials we identified PLK1 as an oncogenic driver of MB that can be inhibited with the
small molecule BI-2536. As well, we measured PLK1 transcript expression in two independent
patient cohorts and found its overexpression correlated significantly with poor prognosis across
all subtypes of MB. While PLK1 is high in MB, this was not the case in normal tissues and
treatment of non-malignant cells with BI-2536 had no negative effect on cell survival. Primary
patient-derived cell culture was used to discover a relationship between BI-2536 sensitivity and
the gene expression of PLK1. As well, an in vivo xenograft demonstrated a survival advantage
for BI-2536 treated animals that were comparable to a model of standard-of care chemotherapy.

3.2

Introduction
Medulloblastoma (MB) is the most frequently occurring malignant pediatric brain tumor.

A regime of surgical resection, radiation and aggressive chemotherapy is the current treatment
approach for MB; however, the success of these strategies may vary on a case-by case basis. For
example, the location may restrict the degree of maximal safe resection of the tumor. As well,
whole brain and spinal radiation is generally advised against for children under the age of 3
years. Over the past few decades the patient survival rate for standard-risk disease has improved
from 5% to >70% due to medical advances (Sirachainan et al., 2011; Taillandier et al., 2011),
however, the five-year survival rate for high-risk MB remains dismal (16-70%) (Sirachainan et
al., 2011). Unfortunately, almost all survivors will inevitably suffer from long-term adverse
sequelae. These undesirable side-effects are attributed to the impact that invasive surgery,
radiation, and toxic chemotherapy has on the developing brain (Mabbott et al., 2005). Therefore,
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it is imperative to develop novel therapeutics that could reduce sequelae while improving the
cure rate of high-risk brain tumors.
MB can be divided into four different molecular subtypes: WNT, Sonic Hedgehog
(SHH), Group 3 and Group 4. These subtypes were originally described based on differences in
gene expression using cDNA microarrays (Northcott et al., 2011a) which were subsequently
substantiated by immunohistochemistry (IHC) (Ellison et al., 2011; Northcott et al., 2011a).
Microarrays are problematic because they require fresh snap-frozen tissues whereas IHC is
hindered by the subjectivity of scoring and differential staining across laboratories. Recently,
mRNA based assays have been developed using the Nanostring nCounter system to avoid some
of the problems associated with prior methods of classification (Northcott et al., 2012d).
Advantages of NanoString are: 1) multiple genes are used to distinguish MB subtypes, 2) it is
highly quantitative, and 3) it does not require an amplification step allowing for low abundance
genes to be detected from formalin-fixed paraffin embedded (FFPE) tissues.
The MB subtypes differ not only in genetic signatures but also in response to clinical
therapy (Kool et al., 2012). In studies of MB where adult and pediatric patients were evaluated
collectively, the WNT molecular subtype was associated with the best prognosis while the Group
3 tumors fair the poorest. The SHH and Group 4 tumors correlate with intermediate outcomes in
studies that captured adult and pediatric patients (Northcott et al., 2011b). However it is not
known whether the risk associated with each subtype holds true when the cohort(s) is solely
comprised of pediatric patients.
Extensive insights into the biology of the SHH pathway have spearheaded significant
progress into the development of related targeted therapies, notably to Smoothened (SMO) for
which there are several open clinical trials (Lauth et al., 2007). There are already reports of
acquired resistance due to point mutations in SMO (Yauch et al., 2009), amplification in GLI2
(Dijkgraaf et al., 2011) and signaling through the PI3K pathway (Buonamici et al., 2010). It is
therefore possible that other signal transduction pathways may provide alternative approaches to
the management of MB. The identification of targeted therapies for Group 3 and Group 4 tumors
also remain a challenge. We provide clinical and pre-clinical evidence suggesting that Polo-Like
Kinase 1 (PLK1) is a provocative molecular target for pediatric MB with prognostic importance.
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3.3
3.3.1

Results
Molecular subtype classification of pediatric MB correlates with clinical outcome.
Northcott and (2011b) report MB to be comprised of 4 distinct subgroups that can be

identified by measuring differences in patterns of gene expression. One of our objectives is to
improve methods of prognostication for childhood brain tumors; therefore, we addressed whether
these subtypes can be validated as an informative tool for predicting patient outcome. Archived
FFPE tissues from 72 pediatric MB cases treated at BC Children’s Hospital (Vancouver, BC)
between 1986 and 2012 were obtained. Table 3.1 provides a summary of general clinical
information from these cases denoted the “discovery” cohort. NanoString based gene expression
data was acquired to assign subtype classification to these cases using PAM class predication
statistical method (Table 3.2). Based on these subtype classifications, patients with SHH and
Group 3 tumors had greater chance of relapse (Figure 3.1A) and death (Figure 3.1B). Relative to
SHH and Group 3 cases, children with WNT or Group 3 subtypes experienced fewer cases of
relapse and longer overall survival (Figure 3.1A-B). Patient tumors from which tissue specimens
were collected for primary cell culture are indicated (Figure 3.1C). The subtype dependent
survival trend was also observed in a separate “validation” cohort that comprised of 61 cases of
pediatric MB treated at The Hospital for Sick Children (Toronto, ON) (Figure 3.2A-B). Table 3.3
demonstrates available clinical information for these cases, which were also assessed for
molecular subtype (Table 3.4). In combination with survival data, heatmaps of the discovery and
validation cohort illustrates MB subtype distribution using Northcott and colleagues (2012d)
gene list for molecular classification (Figure 3.1C and Figure 3.2C).
The poor outcome of SHH cases prompted us to address whether novel compounds that
are currently being tested in adult clinical trials might benefit these children. To do this, we
included MB cell lines (ONS76, UW228, UW228, and Daoy) into our NanoString subtyping
analysis to incorporate them as tools for in vitro drug screening. Each of the cell lines clustered
most similarly to the SHH patient subgroup following both hierarchical clustering (Figure 3.1C
and Figure 3.2C) and PCA analysis (Figure 3.3). This cluster similarity was further suggested
using PAM (PAM-SHH=1.0E+00) and subsequently verified again using the validation cohort as
the data training set (data not shown) (Northcott et al., 2012d; Tibshirani et al., 2002). These data
suggest the molecular signature of our cell line models resemble the SHH MB subtype.
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Table 3.1 Summary of the pediatric MB patients included in the discovery cohort
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Table 3.2 PAM class prediction validation for MB subgroup assignment of discovery cohort and cultured
cells.
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Figure 3.1 Molecular subtyping using gene expression dictates patient outcome and classifies
medulloblastoma cell lines.
Patients classified as SHH MB subtype had the (A) highest rates of relapse and (B) worst chance of overall survival.
(C) The patient cohort and four MB cells lines were subtyped into different subtypes based on gene expression and
are represented using a heatmap (red, high expression; green, low expression). Cell lines ONS76, UW228, UW426,
and Daoy were all statistically classified as SHH (PAM= 1.0E+00). The asterisk (*) denotes patients from which the
indicated primary cell cultures were established.
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Table 3.3 Summary of pediatric MB patients included in the validation cohort.
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Table 3.4 PAM class prediction validation for MB subgroup assignment of validation cohort.
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Figure 3.2 MB patient survival in the validation cohort is stratified by molecular subtype.
Subtype affiliation was assessed for (A) progression-free survival (n=54, Breslow P=0.122) and (B) overall survival
(n=57, Breslow P=0.007) in the validation cohort. SHH and Group 3 MB did not statistically vary in outcome. (C)
Patients as well as four MB cell lines were classified in subtypes based on gene expression and represented using a
heatmap (red, high expression; green, low expression). Cell lines (ONS76, UW228, UW426, DAOY) were all
statistically classified as SHH (PAM= 1.0E+00).
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Figure 3.3 Principal component analysis comparison between MB patients and cell line gene expression.
Principal component analysis (PAM) uses dimensionality reduction of the 22 subtyping genes (Northcott et al.,
2012d) to show association of cell lines with the MB subtypes. Circles represent individual patients (WNT, blue;
SHH, red; Group 3, yellow; Group 4, green). The black circles represent cell lines propagated as neurospheres
(Daoy, ONS76, UW228, and UW426).
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3.3.2

PLK1 is a promising drug target and prognostic marker.
There is a dire need to develop better targets of prognostication for high-risk MB patients

that can be linked to individualized treatment options. To begin investigating potential targets the
Daoy cell line was used to screen 129 drugs from a library of compounds that are nearly all
involved in clinical trials. From this library, compounds of interest met a specific set of criteria:
(i) ≥70% proliferation inhibition, (ii) activity at 1nM that is enhanced at 10nM, (iii) potential to
cross the blood-brain barrier, (iv) currently in clinical trials, and (v) novelty. A shortlist of 11
compounds was found to match these requirements, but literature reviews further eliminated
some candidates due to reported clinical trial toxicity or previous studies. Of the most promising
drugs, a selection of three PLK1 inhibitors (BI-2536, BI-6727, and GSK461364) inhibited MB
cell growth ~90%, therefore, we chose to pursue PLK1 as a novel target in MB (Figure 3.4A).
To further investigate its importance, transcript levels of PLK1 were measured in MB
patients using the nCounter system. PLK1 expression was overexpressed in the majority of MB
samples when compared to normal cerebellum (P<0.001; Figure 3.4B-C). Additionally, there
was an equivalent level of PLK1 expression across the four MB subtypes (Figure 3.4D). The
expression of PLK1 was then evaluated in relation to MB survival outcomes for both the
discovery and validation cohort. Elevated transcript expression of PLK1 was associated with
higher rates of relapse and poor overall survival in a Kaplan-Meier univariate analysis (Figure
(Figure 3.5A-B). Of note, cases included in the discovery and validation cohorts had similar
overall survival outcomes and level of PLK1 transcript (Figure 3.5C).
Other clinical factors that could influence disease progression were examined in relation
of PLK1 expression using multivariate survival analysis. Independent variables that significantly
influence the survival of discovery cohort patients include: presence of metastasis (HR, 3.920;
95% CI, 1.083–14.198), having a SHH medulloblastoma (HR, 9.982; 95% CI, 1.587–62.765), a
Group 3 medulloblastoma (HR, 8.874; 95% CI, 1.778–44.283), and expression of PLK1 (HR,
7.286; 95% CI, 1.469–36.142) (Table 3.5). Likewise, having SHH MB, Group 3 MB, or high
expression of PLK1 were also significant indicators of outcome in the validation cohort (Table
3.6). It has been reported that younger patients often do poorly as protocols for children < 3 years
avoid radiotherapy (Fouladi et al., 2005). Therefore, we questioned whether patients not
receiving radiotherapy had even worse outcome. Age and radiotherapy therapy were
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significantly associated with univariate survival analysis, but were not independent prognostic
markers in the multivariate analysis. Finally, clinical characteristics such as sex, extent of
resection, and chemotherapy were not significant variables associated with survival (Table 3.5).
The molecular characterization of MB subtype and PLK1 expression offers a powerful means for
patient outcome stratification.
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Figure 3.4 PLK1 is expressed in pediatric MB and can be targeted with kinase inhibitors.
(A) A library of small molecule inhibitors was screened in a 72 hour Daoy cell growth assay. (B) NanoString
nCounter analysis of 72 patient samples (blue bars) shows PLK1 mRNA is overexpressed in MB relative to normal
cerebellum (red line) and indicates cut off between high and low expressers. (C) The average of all MB patient
samples were significantly higher then the normal cerebellum and found at similar levels between discovery (n=63)
and validation cohorts (n=58) (T-test, P=0.625). (D) The Grubb’s test was used to remove single outliers from both
data sets. PLK1 was invariably expressed across all four MB subgroups in both the discovery cohort (KruskalWallis, P=0.071) and Validation cohort (Kruskal-Wallis, P=0.743).
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Figure 3.5 PLK1 transcript expression correlates with poor patient survival.
Using NanoString nCounter analysis, (A) high PLK1 mRNA expression predicts probability of patient relapse
(n=63, P=0.048) and poor overall survival (n=63, P=0.003), and is (B) validated in a second independent cohort
from Toronto, ON (Progression-free survival, n=55, P=0.004; Overall Survival, n=58, P=0.019).
(C) Progression or relapse free survival (Log rank P=0.135, Breslow P=0.093) and overall survival (Log rank
P=0.281, Breslow P=0.313) between cohorts.
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Table 3.5 Univariate and multivariate analyses of clinical, pathological and biological endpoints of the
Discovery cohort.
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Table 3.6 Validation cohort univariate and multivariate analyses of clinical, pathological and biological
endpoints.
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3.3.3

Abundance of PLK1 transcript dictates efficacy of PLK1 kinase inhibitor treatment

for primary patient isolates.
With the discovery that PLK1 is a marker of patient outcome we next questioned whether
targeting it in primary MB cells is an effective means of treatment. Primary patient-derived MB
cells were extracted from fresh surgical specimens and grown as neurospheres (BTX001, BT014,
BT016, and BT025). To ensure the clinical translatability of our in vitro findings we sought to
verify that the procedure of primary cell culture produced neurospheres reflects the biology of
the original tumor. NanoString gene expression was used to compare RNA extracted from
cultured neurospheres with RNA from matched tumor of origin FFPE sections. This is
exemplified for BTX001, BT016, and BT025 (Figure 3.6). The cultured primary cells retained
subtype and PLK1 expression patterns of the original tumors.
The mRNA expression of PLK1 was 6.35 fold higher in BTX001 compared to normal
cerebellum (CB) and 2.95 fold higher than hNSC PLK1 expression using qRT-PCR (Figure
3.7A) and BI-2536 hindered BTX001 self-renewal upon serial passaging (Figure 3.7B). In
contrast, BT014 and BT025 cells were derived from Group 4 tumors that expressed lower levels
of PLK1 and they were not responsive to BI-2536 (Figure 3.7A-D). In addition, BI-2536 was
screened against hNSCs as an in vitro test for safety that produced negligible growth effects
(Figure 3.7E). Finally, the expression of PLK1 mRNA in other primary MB specimens
(BTX001, BT006, BT007, and BT274) was comparable to Daoy cells, and higher than normal
human astrocytes, which is another predominant type of brain cell (Figure 3.8). PLK1 inhibitors
may offer a safe therapeutic option for cases of MB that overexpression PLK1.
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Figure 3.6 Primary culture MB cells retain gene expression signature of tumor of origin.
(A-B) NanoString analysis of mRNA from primary cells and FFPE tissue from origin patient tumors demonstrates
primary cultured MB cells retain gene expression of the tumor of origin. BTX001 is high PLK1 SHH MB, and
BT016 and BT025 are low PLK1 Group 4 MB.
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Figure 3.7 PLK1 expression is required for MB primary cell sensitivity to BI-2536.
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(A) PLK1 transcript expression in cerebellum tissue (CB), human neural stem cells (hNSC), patient-derived MB
samples BTX001, and BT014. (B) 10nM BI-2536 inhibited self-renewal of BTX001 over 6 days (*, P<0.05; scale
bar, 140µm). BT014 cells were not responsive to 10nM BI-2536 over 6 days (scale bar, 140µm). (C) qRT-PCR
analysis of PLK1 mRNA confirms low expression in BT025 relative to hNSC and Daoy. (D) BT025 were not
responsive to 10nM BI-2536 following 6 day treatment exposure (scale bar, 140μm). (E) hNSCs were treated with
1, 5, and 10nM BI-2536 for 72 hours and stained with Hoechst.

Figure 3.8 PLK1 expression in a panel of primary brain tumor samples
PLK1 mRNA levels measured by qRT-PCR of freshly isolated patient-derived MB samples (BTX001, BT006,
BT007, BT008, BT274) relative to normal human astrocytes (HA).
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3.3.4

PLK1 inhibition reduces growth and causes cell death in vitro.
To decipher why PLK1 is an important target in MB we examined the mechanistic

consequences of its inhibition in vitro. The Daoy cell line was used for this purpose because it
expresses PLK1 at a similar level to that of poor prognosis MB patients (Figure 3.9A). Knocking
down PLK1 with siRNA for 72 hours suppressed Daoy cell growth by approximately 90%
(Figure 3.9B). Downregulation of PLK1 protein expression was confirmed using immunoblot. In
conjunction, there was also an 80% decrease in the phosphorylation of translationally controlled
tumor protein (TCTP), which is a direct substrate of PLK1 and an established marker of PLK1specific kinase activity (Figure 3.9B) (Cucchi et al., 2010; Yarm, 2002). Treatment with BI-2536
also suppressed phosphorylation of TCTP along with an additional PLK1 substrate, CDC25C.
Cell proliferation was reduced with an IC90 of 5nM BI-2536 after a single treatment over 72
hours (Figure 3.9C). Likewise, PLK1 expression was measured in two additional cell lines,
ONS76 and UW426, which were equally sensitive to BI-2536 (Figure 3.9A, D-E). A single 24hour treatment of Daoy cells with BI-2536 caused a G2/M cell cycle arrest. This was
demonstrated using flow cytometry and quantification of the percentage of phosphorylated
histone H3 (Figure 3.10A-B). Similarly, immunofluorescent staining showed compromised cell
division in the BI-2536 treatment group. PLK1 inhibition resulted in irregular centrosome
duplication and separation with many cells appearing polynucleated relative to control treatments
(Figure 3.10C and Figure 3.11). Both siPLK1 and BI-2536 treatment induced apoptosis after 48
hours (Figure 3.9C and 3.10D).
Although our focus has mainly pertained to SHH MB, our clinical PLK1 data suggest it
could be equally as important in other high-risk classifications of MB. The MED8A cell line has
previously been reported to originate from a Group 3 MB (Langdon et al., 2006) that expresses
high levels of PLK1 similar to that of the Daoy cell line (Figure 3.12A). BI-2536 inhibited
MED8A growth in a dose and time dependent manner (Figure 3.12B). As well, doses of 5 and
10nM BI-2536 abolished MED8A neurosphere self-renewal (Figure 3.12C). This effect on selfrenewal was also observed with Daoy cells (Figure 3.12D).
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Figure 3.9 MB cell lines expression PLK1 experience reduced proliferation with PLK1 inhibition.
(A) PLK1 transcript levels were measured in normal cerebellum, MB cell lines, and patient samples corresponding
to culture samples BTX001 and BT014 using NanoString nCounter analysis. (B) Daoy cells treated with 5nM PLK1
siRNA for 72 hours and knockdown was confirmed by immunoblotting (bottom). Cell growth was assessed using
Hoechst staining (top). Immunoblotting for PLK1 substrate P-TCTPSer46, following PLK1 siRNA knockdown.
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Densiometric quantification normalized to actin housekeeper. (C) P-TCTPSer46, PARP cleavage, and PCDC25CSer198 in Daoy cells treated with dimethyl sulfoxide (DMSO), 1, 2.5, 5, or 10nM BI-2536 for 48 hours.
Daoy cells treated with 0.5-100nM BI-2536 for 24, 48 for 72 hours then growth was assessed by Hoechst staining.
(D) UW426 and (E) ONS76 cells were sensitive to BI-2536 as it inhibited growth in a time and dose dependent
manner over 72 hours. Data represents three independent experiments.
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Figure 3.10 PLK1 inhibition causes G2/M arrest and induces apoptosis.
(A) The percent of Daoy cells positive for Ser10 phosphorylated histone H3 was measured using high content
screening over a 72 hour timecourse to examine cell cycle G2/M arrest. (B) Daoy cells treated with 5nM BI-2536
for 24 hours were subjected to flow cytometry with propidium iodide for analysis of cell cycle profile. (C) PLK1
was inhibited in Daoy cells using siPLK1 or 10nM BI-2536 for 24 hours then stained for alpha-tubulin (green),
pericentrin (red), and 4’, 6-diamidino-2-phenylindole (DAPI) nuclear staining (blue). (D) Apoptosis was measured
by PARP cleavage and P-H2AXSer139 immunoblotting, or by Annexin V-PE/7AAD staining in Daoy cells treated
with 5nM BI-2536 for 48 hours.
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Figure 3.11 PLK1 inhibition disrupts normal mitotic replication in MB cells.
Daoy cells were treated with PLK1 siRNA and 10nM BI-2536 for 24 hours then fluorescently stained for alphatubulin (green), pericentrin (red) and 4’, 6-diamidino-2-phenylindole (DAPI) nuclear staining (blue).
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Figure 3.12 MED8A cells express high levels of PLK1 and are sensitive to BI-2536.
(A) Relative PLK1 expression of hNSC, Daoy and MED8A cells measured using qRT-PCR. (B) MED8A cells were
treated with 0.5, 1, 5, 10 and 50nM BI-2536 over a 72 hour timecourse experiment and assessed for cell growth
using Hoescht staining. (C) Neurosphere self-renewal growth of MED8A was tested with 5 and 10nM BI-2536 over
serial passages of 6 days. Microscopy images are representative of P1 serial passage (scale bar, 200µm). (D) Daoy
cells were propagated as neurospheres and treated with 5 and 10nM BI-2536. Ability of cells to self-renew was
inhibited after 6 days exposure. Data represented in (A) is of a single experiment done in triplicate, while (B-D)
represent the combined data of three independent experiments.
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3.3.5

PLK1 inhibitors are as effective as standard chemotherapy as in vivo.
Current drug treatment protocols for pediatric MB include a cocktail of chemotherapeutic

agents that have associated sequelae (Korah et al., 2010; Pasquali et al., 2012; Sands et al., 2011;
Vieira et al., 2014). To this point we next aimed to determine how BI-2536 treatment compared
to standard-of care chemotherapeutics. Daoy, ONS76 and UW426 MB cell lines were found to
respond to treatment of common chemotherapeutic agents (vincristine, cisplatin, and etoposide)
in vitro (Figure 3.13). Next we expanded our study to compare the efficacy of BI-2536 with
conventional chemotherapy using an animal model. The BI-2536 treatment group showed
delayed MB tumor growth and this was similar to the group treated with a standard-of care
chemotherapy protocol (Figure 3.14A).
With hopes of extrapolating our in vivo experiment to suggest possible benefit for
patients treated with PLK1 inhibitors, we proceeded to characterize our xenograft tissues. The
histomorphology of the Daoy NOD-CB17-SCID xenografts was similar to large cell anaplastic
(LCA) MB (Figure 3.14B). This observation is consistent with another group that similarly
injected Daoy cells intracranially into Rag2 immunodeficient mice (Shu et al., 2006). LCA
histology is an indication of poor survival in both SHH and Group 3 MB (Northcott et al., 2011b;
Taylor et al., 2011). Finally, the gene expression profile of the Daoy xenograft was compared
with a MB patient cohort and was found to cluster most similarly with the SHH patient subtype
(Figure 3.14C). There was also consistent expression of the stem cell gene, SOX2, and the
transcription factor, GLI2, which are both involved in SHH signaling (Ahlfeld et al., 2013).
Taken together, BI-2536 is a promising chemotherapy alternative that may greatly benefit the
treatment of the most aggressive type of MB.
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Figure 3.13 Growth effect of different anti-cancer drugs on MB cell lines.
(A) Daoy, (B) ONS76, and (C) UW426 cells treated with vincristine, cisplatin or etoposide in a 72 hour growth
assay with Hoechst staining quantification. Cells were quantified using Hoechst staining and repeated in triplicate
experiments.
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Figure 3.14 PLK1 inhibition delayed disease progression using xenograft model.
(A) Daoy cells were intracranially transplanted into NOD/SCID mice that were then treated with BI-2536 (n=6) or
standard-of care chemotherapy (n=6) and compared to controls (n=6). BI-2536 (log rank, P= 0.0142) and
chemotherapy (log rank, P=0.0336) treated mice lived longer than controls. No significant difference in survival was
observed between BI-2536 and chemotherapy treated mice (log rank, P=0.4205). (B) The Daoy xenografts had large
cellular morphology, cell wrapping, high mitotic activity, invasion into cerebellum and leptomeningies. (C) Daoy
xenograft tumors resemble SHH patients from validation cohort in gene expression heatmap (green, low expression;
red, high expression).
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3.4

Discussion
In the present study we suggest a powerful role for PLK1 as a prognostic marker and

anti-cancer drug target. We adopted the use of molecular subtyping to validate current diagnostic
stratification methods. Further, we used this NanoString nCounter technology to measure PLK1
in two independent patient cohorts, which demonstrated significant correlation to patient
outcome. As a result, we found that primary patient-derived cells that express high levels of
PLK1 could be reduced in growth and self-renewal with PLK1 inhibitors. These studies provide
significant insight into the gene expression pattern of PLK1 in both primary and cell line models
of MB, and demonstrate the efficacy of targeting PLK1 with small molecule inhibitors.
Previously published studies report the MB SHH subtype to have an intermediate
prognosis (Kool et al., 2012; Northcott et al., 2011a, 2011b) and Group 3 MB to generally be the
most aggressive subtype. While this held true for Group 3 in the cases we examined, it was
interesting to note that the outcomes of the SHH subtype presented as high risk instead of
intermediate. We suspect this could be attributed to age-associated treatment differences; for
example, radiation is generally avoided in younger patients. The age of patients in the SHH
subtype has a bimodal distribution of adult and infant cases that are associated with different
survival outcomes. Our study only included pediatric MB whereas other reports include mixed
cohorts of both pediatric and adult cases (Northcott et al., 2011b).
One of the limitations of our study was the availability of fresh primary MB tissues from
different subtypes. Only primary SHH and Group 4 tumors were available to culture in the
duration of this study. Nonetheless, PLK1 overexpression was an independent prognostic marker
across all MB molecular subtypes in our assessment using FFPE. To this regard, we tested the
MED8A cell line, which is reported to be Group 3 MB, and found it to be highly sensitive to BI2536. It is interesting to note that our standard cell line models Daoy, ONS76, UW228 and
UW426 were all associated with the SHH subtype, and this sparks curiosity to whether the nature
of SHH MB is more ideally adapted to artificial culture conditions relative to other subtypes. As
we continue culturing incoming patient cells we will extend our study to examine a greater
variety of MB.
PLK1 is an oncogenic kinase with a central role in mitosis that confers a growth and
survival advantage in cancer cells (Elez et al., 2000). Overexpression of PLK1 occurs in cancer
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cells but not normal cell counterparts (Holtrich et al., 1994; Tokumitsu et al., 1999) and its
inhibition specifically eliminates malignant cells while leaving non-malignant cells unharmed
(Ahlfeld et al., 2013; Degenhardt and Lampkin, 2010; X. Liu et al., 2006). These attributes are
highly sought after in the search for molecular targets for cancer therapeutics. We demonstrate
that reducing the level of PLK1 in cells with siRNA can significantly reduce the proliferation of
MB cells and initiate cell death. As well, the chemotherapeutics vincristine, cisplatin and
etoposide, also had effects as monotherapies at relatively high concentrations. Although we did
not test the in vitro effect of combining PLK1 inhibitors with these compounds, other groups
report targeting PLK1 may enhance the efficacy of common chemotherapeutics. In breast cancer,
siRNA knock down of PLK1 improves the sensitivity of cells towards Herceptin and paclitaxel
in a synergistic manner (Spänkuch et al., 2007). Conversely, another in vitro study in colon
cancer found that inhibiting PLK1 activity in combination with cisplatin only resulted in an
additive effect (To et al., 2013). Modern treatment regimes for many forms of cancer now
depend on the use of drug cocktails. Further work to establish the most beneficial combination of
PLK1 inhibitors with standard-of care chemotherapeutics is necessary for clinical use.
Our present study also tested the PLK1 small molecule inhibitor, BI-2536, which as been
evaluated in cancer patients (Frost et al., 2012; Steegmaier et al., 2007). However, there are
various other small molecule PLK1 inhibitors that have been evaluated in phase I/II clinical trials
including: BI-2536, BI-6727, Rigosertib and GSK461364 (Ma et al., 2012; Medema et al., 2011;
Mross et al., 2008; Olmos et al., 2011; Rudolph et al., 2009). At this point, none of these trials
have been designed to evaluate whether PLK1 inhibitors may be beneficial for brain tumor
treatment. Our group has previously demonstrated that PLK1 inhibitors could be used to target
glioblastoma (Lee et al., 2012b; Triscott et al., 2012) and other groups have published data
agreeing with our findings in MB (Harris et al., 2012; Spaniol et al., 2011). We propose that
PLK1 is a promising drug target for MB because 1) it is highly expressed in patient tumors
relative to normal brain tissue and 2) small molecule inhibitors suppress primary MB cells and
cell lines in vitro and in vivo.
In summary, MB patients that have tumors expressing very high levels of PLK1 are
considered to be at elevated risk for relapse and death. Since there are multiple PLK1 inhibitors
in clinical trials for adult malignancies, we propose that these drugs may also provide benefit for
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selected pediatric patients. Moving forward, it is feasible to predict that treatment of MB will be
personalized by identifying PLK1 high patients using technologies, like NanoString nCounter,
that can also accurately assign subgroup affiliation in the rapid timeframe that meets the
demands of clinical diagnosis (Northcott et al., 2012d). We also anticipate that PLK1 inhibitors
may have fewer detrimental side effects, as it is not expressed at high levels in normal brain
tissue. Therefore, incorporating PLK1 inhibition into treatment protocols could greatly improve
the efficacy of current chemotherapies that can often cause long-term adverse effects (Dhall et
al., 2008). These pre-clinical studies build the necessary foundation to develop PLK1 as a target
for high-risk MB.

3.5

Experimental procedures

Medulloblastoma patient cohorts
Primary MBs were obtained from BC Children’s Hospital (Vancouver, BC, Canada;
discovery) and The Hospital for Sick Children (Toronto, ON, Canada; validation). In the
discovery cohort we obtained 75 FFPE tumor blocks from patients diagnosed with MB between
1986 and 2012. Samples included both primary and relapse specimens, however only primary
samples were assessed in this study. Medical charts were reviewed and pertinent
clinicopathologic data was recorded (R. Rassekh, K. O’Halloran and C. Foster). Patient ages
ranged from 3 months to 16.8 years; a review of this cohort is shown in Tables 3.1 and 3.2.
Twelve of 75 patients excluded from survival analysis for the purpose of homogeneity of
treatment. Three patient samples were retrospectively found not to be MB tumor tissue, and 9
other patients received treatment regimes conflicting with the standard-of-care. Dr. Michael D.
Taylor from The Hospital for Sick Children generously provided the validation cohort of 61 MB
patient RNA samples (Table 3.3 and 3.4). Four of 61 of these patients excluded from survival
analysis for the purpose of homogeneity of treatment. All tumors were subtyped and the data
analyzed according to Northcott and colleagues (Northcott et al., 2012d).
NanoString nCounter gene expression profiling
RNA was extracted from three 20µm scrolls of FFPE tissue using Qiagen RNeasy FFPE
kit (Valencia, CA, USA). Exactly 250ng of RNA was run for each patient sample and RNA
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quality was assessed using Nanodrop spectrometry. A 2100 Bioanalyzer (Agilent Technologies,
Mississauga, ON, Canada) was used to spot-check RNA quality in random samples. MB cell
lines were grown as tumorspheres, and subsequent mRNA analysis was performed in a similar
manner to the FFPE tissues. Analysis using nCounter Gene Expression system was conducted at
the Centre for Translational and Applied Genomics (CTAG) (BC Cancer Agency, Vancouver,
BC). A custom codeset synthesized by NanoString Technologies (Seattle, WA, USA) was
designed which included 22 MB specific subtyping gene probes (Northcott et al., 2012d) plus
other genes of interest that specifically included PLK1 (NM_005030.3). The recommendations
outlined by NanoString Technologies were all followed regarding sample preparation,
hybridization, detection, scanning, and data normalization.
Gene expression and subtype assignment analysis
NanoString gene expression data was analyzed as previously described (Northcott et al.,
2012d; Tibshirani et al., 2002). Cell lines (grown as neurospheres) and xenograft tumor tissue
was assigned subgroup classification using the 72 patient cohort as a training set. Cutoffs for
PLK1 expression were assigned based on z score deviation from the mean expression of the
cohort. PLK1 transcript counts below 400 (per 250ng patient RNA) were considered low in
expression. Heatmaps were generated using unsupervised hierarchical clustering with average
linkage using Cluster version 3.0 and Treeview version 1.60. RNA for qRT-PCR gene
expression analysis was isolated using Qiagen RNeasy Mini Kit (Cat. #74106). Transcript
expression was determined using qRT-PCR with PLK1 Assay on Demand (Applied Biosystems,
cat. #4331182).
Immunofluorescence
Immunofluorescence staining was performed on Daoy cells according to the procedure
we previously described (Fotovati et al., 2011). Primary antibodies include: alpha-tubulin
(Abcam, ab18251), Pericentrin (Abcam, ab28144), anti-P-H2AXS139 (Abcam, ab26350), and
PARP (Cell Signaling Technology). Images were taken using an Olympus FV10i confocal
microscope on X60 magnification.
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Drug library screen
The small-molecule targeted therapeutic agents were synthesized, purity checked and
purchased from ChemieTek (Minneapolis, MN, USA). The Daoy cell line was seeded (3,000
cells/well) overnight then treated with 1µM and 10µM for 72 hours. Cells were fixed in 2%
paraformaldehyde and stained with Hoechst 33342 (1µg/mL) (Sigma-Aldrich, Oakville, ON,
Canada). Analysis was done with the ArrayScan high-content screening system (HCS; Thermo
Fisher Scientific, Pittsburgh, PA, USA).
Cell culture and tumorsphere growth
Daoy cells were obtained from the American Tissue Culture Collection (ATCC,
Manassas, VA, USA). MED8A cells were supplied from the lab of Dr. Michael D. Taylor
(Toronto, ON). Primary brain tumor cells were isolated from BTX001 (SHH), BT006 (SHH),
BT007 (SHH), BT008 (PNET), BT014 (Group 4), BT274, and BT025 (Group 4) and were
grown as neurospheres as previously described (Lenkiewicz et al., 2009) using Neurocult media
(Stem Cell technologies, Vancouver, BC, Canada)(Lee et al., 2012b). All primary cells were
obtained through informed consent in abidance with the respective research ethics board
guidelines at British Columbia Children’s Hospital and The Hospital for Sick Children. A singlecell suspension of Daoy, MED8A, and patient-derived primary MB cells (BTX001, BT274,
BT014, and BT025) were plated in tumorsphere assays as previously described (Lee et al.,
2012b). Tumorspheres, plated in triplicate >50µm were quantified and photomicrographs were
taken after 6 days of culture.
Transfection and western blotting
Small interfering RNA transfections were performed using scramble oligo controls and
Lipofectamine RNAiMAX (Invitrogen, Burlington, ON, Canada) as previously described (Hu et
al., 2009). Immunoblotting was conducted using anti-PLK1 (Sigma-Aldrich), anti-PCDC25CSer198, anti-P-TCTPSer46, and anti-pan-actin (Cell Signaling Technology, Massachusetts,
USA). Band densitometry was measured using ImageJ, v1.46r and normalized to Actin.
Cell cycle analysis
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Cell cycle analysis was done following 24 hour siRNA or BI-2536 treatment using flow
cytometry as described by Lee and colleagues (2012). Histone H3 phosphorylation was tested as
previously described using P-histone H3Ser10 (Cell Signaling Technology) (Stratford et al., 2012).
Annexin V staining and quantification of cell proliferation by hoechst staining
Daoy cells were treated with 2.5nM BI-2536 for 48 hours and stained with Annexin V
(Promega, Wisconsin, USA) as previously described (Lee et al., 2008). To evaluate the effect of
PLK1 inhibition on cell growth, Daoy or human neural stem cells (hNSC; H9, hESC-derived,
GIBCO, Burlington, ON, Canada) were plated (3,000 cell/well) in 96-well plates also following
previously outlined methods (Hu et al., 2009; Lee et al., 2008).
In vivo evaluation of BI-2536 compared to chemotherapy
Xenografts from Daoy cell line were injected into the right frontal lobe of 10 week old
NOD-CB17-SCID mouse brains according to Research Ethics Board-approved protocols (n=18).
Mice were injected with biological replicates consisting of 106 single-cell suspensions and
randomly divided into three treatment groups (n=6) following engraftment of orthotopic tumors:
control (0.1N HCl), chemotherapy (vincristine, cisplatin, cyclophosphamide), and treatment (BI2536). Intraperitoneal injections were performed for delivery of all study group agents. Control
group consisted of one weekly injection of 0.1N HCl for four weeks. Chemotherapy group
consisted of one weekly injection of vincristine (1.05µg/kg) and cisplatin (2.5mg/kg) on day 1
followed by cyclophosphamide (0.0352mg/kg) on day 2 for three weeks. Treatment group
consisted of one weekly injection of BI-2536 (62.5mg/kg, diluted in 0.1N HCl) for 4 weeks. The
mice were observed until they displayed obvious signs of neurological deficits and appeared
unwell. Tumors were removed at the end of the study, formalin-fixed, paraffin embedded
(FFPE), stained with hematoxylin and eosin. The histopathology of the tumors was evaluated by
a pediatric neuropathologist (C. Dunham).
Statistical analysis
All quantitative data presented were analyzed as mean value ± SE. Principal component
analysis (PCA) was conducted for 2D modeling of dimensionality reduction of the 22 subtyping
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genes (Northcott et al., 2012d, 2011b) using Partek Genomics Suite (Partek, St Louis, MO). For
the clinical survival analysis and animal studies, log-rank analysis was performed on the KaplanMeier curve to determine statistical significance of the results. Multivariate survival analysis was
conducted using Cox regression proportional hazards and a 95% confidence interval (CI). All
survival analysis and Spearman’s Rank correlation test were done using SPSS version 20.0
statistical software (IBM, Chicago, IL, USA). The number of samples used and the respective Pvalues are listed in the Figure legends. The level of significance for the in vitro cell growth/death
data was determined by Student’s two-tailed T-test and difference in PLK1 expression between
subtypes was assessed using a Kruskal-Wallis test (*, P value<0.05; **, P value<0.01).
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CHAPTER 4: THE ROLE OF PLK1 KINASE SUBSTRATE TCTP IN
MEDULLOBLASTOMA

4.1

Overview
A common strategy of cancer cells is to up-regulate the expression and activity of mitotic

kinases that drive proliferation. Polo-Like kinase 1 (PLK1) is one such kinase that is not only
overexpressed, but is an indicator of poor outcome for the malignant brain tumor,
medulloblastoma (MB). Fortunately, a great deal of promise lies in the therapeutic development
of PLK1 specific inhibitors, such as BI-2536 and BI-6727; however, a knowledge gap remains in
the explanation of why PLK1-high tumors are especially aggressive. In this study, we sought to
characterize the oncogenic role of translationally controlled tumor protein (TCTP), a direct
substrate of PLK1 kinase activity. Performing a detailed evaluation of TCTP in MB was
especially attractive as transcript expression of TCTP positively correlated with p53
immunopositivity, which is an established indicator of p53 dysregulation in patient tissues. We
discovered TCTP expression was enriched in the SHH subtype of MB and displayed a significant
correlation with patient overall survival. Inhibition of TCTP using siRNA revealed an antiproliferative effect in SHH MB cells. Further, siTCTP treatment triggered cell cycle shifts, as
detected using flow cytometry, and blocked anchorage-independent colony formation. The
preliminary data outlined here allude to a role for TCTP in cell cycle checkpoint activation.
Finally, we generated a GFP-tagged system that overexpressed wild-type TCTP along with
Ser46 mutants to simulate constitutively active and repressed phosphorylation by PLK1. This
model was intended to investigate PLK1-TCTP signaling as a keystone regulator of PLK1-high
MB treatment resistance, but unfortunately more extensive studies are required to optimize a
fully functional system. By pinpointing critical factors that manipulate the molecular dynamics
of poor prognosis MB, like TCTP, there can be a better understanding of the molecular
consequences of inhibiting PLK1 for the treatment of cancer.
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4.2

Introduction
MB is the most commonly occurring malignant pediatric brain tumor. This embryonic

tumor occurs most frequently in young children and is thought to develop from oncogenic
hijacking of developmental pathways of the cerebellum (Hallahan et al., 2004; Merve et al.,
2014; Natarajan et al., 2013; Pei et al., 2012a). Although aggressive chemotherapy and radiation
treatment protocols have significantly increased patient survival, this improvement comes at a
price, and patients are frequently left with long-term negative side effects. Clinical trials
considering the de-escalation of chemotherapy and radiation have revealed: (1) some patients do
not require aggressive therapy, (2) others will not survive without it, and (3) many are resistant to
currently available therapeutics regardless of dose or intensity (Grabenbauer et al., 1996; Jakacki
et al., 2012). The present challenge is developing robust methods for patient stratification and
prognostication that will ensure adequate treatment while preventing unwanted sequelae. As
well, identify molecular pathways that can be used to better target the most resilient variations of
MB.
MB is comprised of at least four distinct molecular subgroups based on gene expression
profiling: WNT, SHH, Group 3, and Group 4. WNT cases are associated with having a good
prognosis while Group 3 MB is frequently metastatic and associated with MYC amplification.
Group 4 MB is generally considered to have an intermediate prognosis. However, this group
remains the least understood. The SHH subgroup has a high frequency of infant cases, which are
exceptionally difficult to treat and require radiation-sparing protocols due to negative
consequences that radiation has on infant brain development (Northcott et al., 2011b; Taylor et
al., 2011). We previously reported that the SHH subtype is associated with inferior survival
much like Group 3 patients (Triscott et al., 2013). The aggressive nature of the SHH subtype is
also reported by others (Kool et al., 2012).
Preclinical and clinical testing of SMO inhibitors that specifically target the SHH
pathway have been less than promising and MB eventually develop drug resistance (Kim et al.,
2013; Kool et al., 2014). This raises the question of what underlying factors are promoting
tumorigenicity and how can they be targeted? Collaborative work involving patient cohorts from
multiple institutions found that TP53 mutation are enriched in SHH MB and is one of the most
important risk factors for this subtype using multivariate analysis (Zhukova et al., 2013). Mutant
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p53 can promote tumor development due to dysfunctional cell cycle control and DNA damage
response signals, and a failure to induce cell cycle arrest, or apoptosis (Forbes et al., 2011;
Vogelstein et al., 2000).
Recently our group and others have discovered that the mitotic kinase, PLK1, is useful as
a prognostic marker and is a potential drug target for pediatric MB (Harris et al., 2012; Triscott
et al., 2013). PLK1 is an essential serine/threonine kinase that is up-regulated during mitosis and
phosphorylates various targets in the execution of mitotic entry, centrosome maturation, spindle
assembly, chromosome segregation, and cytokinesis. (Elia et al., 2003b; Haren et al., 2009;
Mardin et al., 2011; Petronczki et al., 2008). Similarly, PLK1 is an important factor in the DNA
damage response pathway, as its inhibition in normal cells causes a pause in mitotic progression
upon detection of single and double strand DNA breaks (Ando et al., 2004; Yata et al., 2012).
Presently there are small molecule inhibitors (i.e., BI-2536 and BI-6727) that block PLK1
activity and are being tested in clinical trials for other cancer types (Ellis et al., 2013; Lin et al.,
2014). The inhibition of PLK1 in cancer cells results in a G2/M arrest and the induction of cell
death, but the overexpression of PLK1 promotes oncogenic transformation (Smith et al., 1997).
MB expressing high levels of PLK1 is associated with tumor recurrence and poor overall
survival (Triscott et al., 2013); however, the exact mechanism driving treatment resistance in
PLK1-high cases is presently unknown.
Translationally controlled tumor protein (TCTP/TPT1) is a highly conserved and
multifunctional protein that has been implicated in the regulation of cellular stress, proliferation,
DNA damage repair, immune response, development, and tumor reversion (Chen et al., 2007;
Cucchi et al., 2010; Gnanasekar et al., 2009; Schroeder et al., 1997; Tuynder et al., 2004; Xu et
al., 1999; Yarm, 2002). Overexpression of TCTP protein relative to normal tissues has been
reported in leukemia, lymphoma, hepatocellular carcinoma, colon, breast, and prostate cancer
(Gnanasekar et al., 2009; Gu et al., 2013; Qiang et al., 2010; Tuynder et al., 2002; Zhu et al.,
2008). Localization of TCTP occurs both in the nucleus and the cytoplasm, as well, it is tightly
associated with components of the mitotic spindle. TCTP is suggested to function as a molecular
chaperone that is capable of binding numerous different signaling proteins to either enhance, or
inhibit, their function. We initially became interested in TCTP because (1) PLK1
phosphorylation of TCTPSer46 is a key modification in the metaphase-anaphase transition, and (2)
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P-TCTPSer46 is used as marker for PLK1 kinase activity (Cucchi et al., 2010; Yarm, 2002). In
addition, TCTP is strongly linked to the obstruction of apoptotic cell death through multiple
pathways, for example via interactions with Mcl-1, Bcl-xL, Bax, ATM, and p53 (Amson et al.,
2011; Hong and Choi, 2013; Susini et al., 2008; Yang et al., 2005; Zhang et al., 2002). A
reciprocal signaling loop with TCTP is suggested to regulate expression of p53. This may be the
pivotal switch that dictates whether cells activate proper cell cycle checkpoints in the presence of
chemotherapy and radiation, or proceed with improper duplication of error-prone oncogenomes
(Amson et al., 2011).
The objective of the present study is to consider why PLK1 is associated with aggressive
disease by asking whether its substrate TCTP drives proliferation and drug resistance. Herein we
report that TCTP is a marker of MB outcome that strongly associates with the SHH subtype. We
examine the association between TCTP and p53 immunopositivity, and question whether
targeting TCTP can reduce proliferation and trigger cell cycle checkpoints in MB cell models.

4.3
4.3.1

Results
TCTP is expressed in MB and correlates with survival.
Elevated levels of TCTP expression in cancer is associated with more aggressive disease

and is thought to influence treatment resistance (Gu et al., 2013; Kloc et al., 2012; Qiang et al.,
2010). Gene expression using mRNA extracted from two independent pediatric MB patient
cohorts was measured using the NanoString nCounter system. MB molecular subtype (WNT,
SHH, Group 3 or Group 4) was assessed for the validation cohort (Table 4.1), and the subtypes
for the discovery cohort have been previously described in chapter 3 (Triscott et al., 2013). High
levels of TCTP transcript were detected in patients. Some MB patients overexpressed TCTP
mRNA relative to normal cerebellum (37/134), however most patient samples (97/134) had
lower levels (Figure 4.1A-B). A cut-off for high and low TCTP expressing cases was determined
relative to the transcript expression of normal cerebellum (Figure 4.1A-B). SHH classified
tumors had significantly elevated expression of TCTP compared to the other three subtypes in
both the discovery (n=73; T-test, P=4.51E-09), and the validation cohorts (n=52; T-test,
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P=3.51E-07) (Figure 4.2A-B). Protein expression was not assessed due to lack of specificity of
immunohistochemical reagents and limited supply of archived tissue.
High levels of TCTP mRNA expression were associated with worse overall survival
using a Kaplan-Meier univariate analysis for the discovery cohort (Figure 4.2C). In a
multivariate cox regression analysis TCTP expression (HR, 4.893; 95% CI, 1.186-20.187), and
presence of metastasis (HR, 5.305; 95% CI, 1.488-18.907), were determined to be independent
factors affecting patient outcome. Although not significant in univariate analysis (see Chapter 3),
treatment with radiation had a positive impact on survival in multivariate analysis (HR, 0.246;
95% CI, 0.066-0.913) (Table 4.2).
Immunopositive staining for p53 in patient tumor sections is an indication of p53
dysregulation and a marker of MB poor outcome (Tabori et al., 2010). Pediatric MB FFPE
samples from the discovery cohort were assessed for p53 staining and quantified for signal
intensity (Figure 4.3A). High p53 immunopositivity was significantly correlated with high levels
of TCTP transcript expression, which was measured by NanoString (Figure 4.3B). In addition,
high levels of PLK1 transcript expression were also associated with p53 immunopositivity
(Figure 4.3C). Finally, cases that were ranked high in both PLK1 and TCTP expression did
worse than cases only high in TCTP. PLK-low cases that were also low in TCTP demonstrated
~85% survival rate (Figure 4.3D). Together these findings allude to a PLK-TCTP-p53
relationship that might potentially be responsible for driving tumorigenicity.
Previously we have shown PLK1 to be an important prognostic marker in pediatric MB
and TCTP is a direct substrate of PLK1 (Triscott et al., 2013; Yarm, 2002). Transcript expression
of TCTP failed to correlate with PLK1 expression in both the discovery and validation cohorts
using NanoString nCounter analysis (Figure 4.4). Both PLK1 and TCTP are significantly
expressed in poor outcome MB, however the lack of transcript correlation emphasizes the posttranslational relationship of these factors.
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Table 4.1 PAM class prediction validation for MB subgroup assignment of the CHEO validation cohort.
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Figure 4.1 Distribution of TCTP transcript expression in discovery and validation cohorts.
NanoString nCounter analysis of patient samples (bars) shows TCTP mRNA is expressed in MB relative to normal
cerebellum (red line) in (A) the discovery cohort (n=82), and (B) the validation cohort (n=52).
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Figure 4.2 TCTP transcript expression associates with SHH MB and overall survival.
(A) TCTP expression is elevated in SHH MB in both the discovery cohort (n= 73; T-test, P=4.51E-09) and (B)
validation cohort (n= 52; T-test, P=3.51E-07). (C) High TCTP mRNA expression predicts probability of poor
overall survival (n=61, P=0.001).
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Table 4.2 Multivariate analyses of TCTP in relation to clinical, pathological and biological endpoints of the
discovery cohort.
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Figure 4.3 TCTP and PLK1 expression correlate with p53 immunopositivity
(A) Protein expression of p53 was measured in discovery patient cohort through construction and staining of a tissue
microarray. Immunopositivity was assessed on a scale using 0, 1, 2, and 3 at 20X magnification. (B) TCTP
expression was associated with samples with high p53 IHC intensity (n=69; Kruskal-Wallis, P<0.001). (C) PLK1
mRNA expressing MB was also elevated in p53 immunopositive MB (n=69; Kruskal-Wallis, P=0.0216). (D)
Elevation of PLK1 and TCTP predicts poor overall survival compared to cases elevated in one or neither transcripts
(n=61, Log Rank, P=0.001).

129

Figure 4.4 TCTP transcript correlation to PLK1 in discovery and validation cohorts.
NanoString nCounter measurement of patient mRNA shows TCTP does not correlate with PLK1 transcript
expression in patient samples of the (A) discovery cohort (n=82, R=0.315), or (B) validation cohort (n=52, R=0.036).
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4.3.2

TCTP supports the growth and survival of SHH tumor cells.
Given that TCTP was associated with the SHH patient subtype and it correlated with

more aggressive disease in survival analyses we asked the following questions. First, is TCTP a
driver of tumor cell growth in SHH MB? Secondly, does it relate to poor outcomes in patients
because it causes drug resistance? TCTP targeted siRNA was optimized to reduce transcript
expression >95% (Figure 4.5A). As expected, silencing TCTP reduced both total and PTCTPSer46 following 48 hour treatment (Figure 4.5B, D). Loss of TCTP had no effect on PLK1
levels (Figure 4.5C-D). Interestingly, TCTP inhibition induced apoptosis in Daoy and ONS76
cells (Figure 4.5E-F). Inhibiting TCTP for 72 hours reduced the proliferation of Daoy SHH cells
by 65.3% (T-test, P=2.03E-08) (Figure 4.6A). Similarly, ONS76 cell proliferation was inhibited
by 61.7% (T-test, P=1.09E-06) with 96 hour siTCTP knockdown (Figure 4.6B). ONS76 cells are
molecularly characterized as being of the SHH subtype as well (Triscott et al., 2013). Targeting
TCTP in Daoy and ONS76 cells significantly inhibited SHH MB cell growth.
More importantly, siTCTP knockdown inhibited Daoy soft agar colony formation by
greater than 80% (T-test, P=8.87E-39) (Figure 4.6C). TCTP expression is necessary for Daoy
anchorage-independent growth. Unlike the Daoy cell line, ONS76 cells do not form colonies in
soft agar assays. Therefore, we could not use this functional assay to assess the role of TCTP.
Independent of its relationship with PLK1, TCTP has been characterized in the regulation
of DNA damage and cell survival pathways (Amson et al., 2011; Rho et al., 2011; Susini et al.,
2008). Interestingly, siTCTP knockdown in Daoy cells resulted in a G2/M shift in the cell cycle
using propidium iodide (PI) based flow cytometry (Figure 4.7A). This was further confirmed
using fluorescent microscopy. Compared to control cells, there was a higher proportion of
siTCTP treated Daoy cells frozen in metaphase (Figure 4.7B). Daoy cells have mutant p53. We
also addressed the influence TCTP has on cell cycle when p53 is not mutated using ONS76 cells.
In contrast, siTCTP knockdown caused a G1/S shift in the cell cycle of ONS76 at 48 and 72
hours (Figure 4.8A). Interestingly, fluorescent microscopy of ONS76 cells showed significant
morphological changes as a result of TCTP inhibition. Cells lacking TCTP appeared extended
with prolonged cytoskeletal appendages, and this was consistent independent of cell density
(Figure 4.8B). These findings suggest inhibition of TCTP may affect the ability of ONS76 cells
to undergo cell division by interfering with the G1/S checkpoint. As described above, p53 is
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frequently mutated in SHH cells. Further, we show that blocking TCTP prevents Daoy cells from
moving through G2/M. But how does it do this?
Daoy cells are reported to have mutant p53, and p53 dysregulation results in high protein
detection (Tabori et al., 2010; Xu et al., 2015). Knockdown of TCTP in Daoy cells causes no
change in p53 levels (Figure 4.9A). Conversely, ONS76 cells have wild-type p53 (Xu et al.,
2015), which may contribute to its inability to form colonies in soft agar. Wild-type p53 has a
short half-life and is normally undetectable by immunoblot in ONS76. Interestingly, 72-hour
inhibition of TCTP caused a slight increase of detectable p53 in ONS76 cells (Figure 4.9B).
These data suggest TCTP may have multiple cellular functions that affect cell cycle progression
in a p53 dependent manner.
This prompted us to question whether the inhibition of TCTP could influence the efficacy
of standard chemotherapy drugs against SHH MB. A 72 hour treatment of siTCTP Daoy cells
with vincristine showed a significant additive effect with 37.8% (T-test, P=0.04) less growth in
combination treated cells when compared to vincristine alone. As well, the combination of
siTCTP with vincristine also reduced growth by 37.0% (T-test, P= 0.02) compared to siTCTP
alone (Figure 4.10A). In contrast, ONS76 cells were also tested with the combination of siTCTP
and vincristine and no additive cytotoxic effects were observed (Figure 4.10B). The sensitization
to chemotherapy was restricted to vincristine on Daoy cells because siTCTP did not further
enhance the response to etoposide either (data not shown).
Next, we tried temozolomide (TMZ), which is given as a second-line therapy when
patients fail to respond to chemotherapies such as vincristine and etoposide. Daoy cells were
resistant to TMZ at 5 and 10µM concentrations, but siTCTP significantly reduced their growth.
There was no additional cytotoxicity from the combination with TMZ (Figure 4.10C). Thus,
TCTP inhibitors could be used as a second-line therapy in place of TMZ.
From the studies described above, we concluded that TCTP is essential for controlling the
growth of SHH MB cells. In this case, the entire protein was inhibited. However, we wondered if
the well described post-translational modification of TCTP was specifically involved in carrying
out the growth-promoting role of TCTP. Specifically, TCTP is phosphorylated at Ser46 by
PLK1. TCTPSer46 is exclusively phosphorylated by PLK1 at the metaphase-anaphase transition of
mitosis and is used as a functional marker of PLK1 kinase activity (Cucchi et al., 2010; Jaglarz et
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al., 2012; Yarm, 2002). Therefore, we investigated TCTP phosphorylation further to address the
role of phosphorylated TCTPSer46 (P-TCTPSer46) on tumor cell growth.
Previously, Daoy, ONS76 and UW228 cells were shown to express high levels of PLK1
transcript (Triscott et al., 2013). In the present study, high PLK1 protein expression correlates
with the detection of P-TCTPSer46 for Daoy, ONS76, and UW228. BT027, which has low PLK1
transcript expression by NanoString and protein by immunoblotting, has no detectable PTCTPSer46 suggesting the PLK1-TCTP pathway is active in PLK1-high cells but not low (Figure
4.11A). Next, we went on to demonstrate the interdependency between PLK1 and TCTP
phosphorylation. Inhibition of PLK1 expression with siRNA causes the downregulation of PTCTPSer46 in the Daoy MB cell line (Figure 4.11B). PLK1 high Daoy, ONS76, and UW228 cells
undergo decreased growth proliferation and cell death when treated with PLK1 inhibitor BI-2536
(Triscott et al., 2013). Similarly, Daoy cells are extremely sensitive to BI-6727, which is the
newer generation PLK1 kinase inhibitor. Treatment with 5nM BI-6727 for 72 hours significantly
prevents MB cell growth and induces apoptosis (Figure 4.11C-D). Targeting the expression of
TCTP has an impact on the growth of PLK1-high MB cell lines, but more work is required to
establish the mechanism that drives the PLK1-TCTP pathway.
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Figure 4.5 Small interfering RNA knockdown of TCTP reduces TCTP, and P-TCTPSer46, and induces death
in MB cell lines.
TCTP siRNA knockdown was optimized following 48 hour treatment of Daoy cells. (A) qRT-PCR confirms
downregulation of TCTP mRNA relative to scramble control (**, P<0.001), and (B) immunoblotting demonstrates
knockdown conditions also reduce P-TCTPSer46 protein expression. (C) Relative expression of PLK1 transcript in
Daoy cells treated with siTCTP for 48 hours measured by qRT-PCR. As well, (D) immunoblotting shows PLK1
protein expression following 72 hour TCTP knockdown in Daoy cells. Cell death is demonstrated following 72 hour
siTCTP treatment in (E) Daoy cells by immunoblot detection of PARP cleavage, and (F) flow cytometry in ONS76
cells. Relative mRNA expression was assessed using PPIA as an endogenous control.
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Figure 4.6 Daoy and ONS76 cell lines are sensitive to TCTP inhibition.
Cell proliferation was assessed using Hoechst staining following 10nM siTCTP treatment for (A) 24, 48, and 72
hours in Daoy, and (B) 72 and 96 hour treatment of ONS76 cells. (C) Daoy cells were treated with siTCTP for 48
hours in monolayer culture then plated into a 21-day soft agar colony formation assay testing anchorage independent
growth. TCTP knockdown was assessed by qRT-PCR following 48 hour knockdown. (A-C) Data is representative
of three independent experiments, scale bar= 400µm (**, P<0.001).
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Figure 4.7 TCTP knockdown in Daoy cells causes G2/M arrest.
(A) Daoy cells treated with 10nM siTCTP for 48 and 72 hours were subjected to flow cytometry with propidium
iodide for analysis of cell cycle profile. (B) Fluorescent microscopy of Daoy cells treated with siTCTP for 72 hours
and stained for alpha-tubulin (green), pericentrin (red) and Hoechst nuclear staining (blue).
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Figure 4.8 TCTP knockdown in ONS76 cells causes G1/S cell cycle shift and morphological changes.
(A) ONS76 cells treated with 10nM siTCTP for 48 and 72 hours were subjected to flow cytometry with propidium
iodide for analysis of cell cycle profile. Immunoblotting confirmed knockdown of TCTP and P-TCTPS46 protein
expression. Data is representative of three independent experiments. (B) Fluorescent microscopy of ONS76 cells
treated with siTCTP for 96 hours and stained for alpha-tubulin (green), and Hoechst nuclear staining (blue).
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Figure 4.9 p53 expression following TCTP knockdown.
p53 protein was detected using immunoblotting following (A) 72 and 96 hour siTCTP knockdown in Daoy cells,
and (B) 48 and 72 hour siTCTP treatment of ONS76 cells. Actin and vinculin were used for loading controls.
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Figure 4.10 Proliferation assays testing the combination of siTCTP treated MB cells with chemotherapy.
(A) TCTP was inhibited for 24 hours in Daoy cells and then treated for another 72 hours with 2nM vincristine. (B)
ONS76 cells were treated with siTCTP for 24 hours then tested for growth in the presence of 0.5, 1, 2, and 4nM
vincristine for another 72 hours. (C) TCTP was inhibited for 24 hours in Daoy cells and then treated for 72 hours

140

with 5 and 10µM TMZ. The data from (B) and (C) are representative of single experiments, while (A) is the
cumulative data of two independent experiments. Growth and percent apoptosis was assessed using Hoechst staining
and TCTP knockdown was confirmed with qRT-PCR or immunoblotting (*, P<0.05; **, P<0.001).

Figure 4.11 MB cells expressing high levels of PLK1 and P-TCTPSer46 are sensitive to BI-6727.
(A) Protein expression of PLK1, P-TCTPser46, TCTP and vinculin loading control in a panel of MB cell lines. Daoy,
ONS76, UW228 are PLK1-high SHH cells, and BT027 is derived from a PLK1-low Group 4 patient. (B) Daoy cells
were treated with 5nM PLK1 siRNA for 24 hours. PLK1 knockdown and level of P-TCTPSer46 was measured by
immunoblotting. (C-D) Daoy cells were treated with 0.5-100nM BI-6727 for 72 hours then growth and apoptosis
was assessed by Hoechst staining. Data is representative of three independent experiments (*, P<0.05; **, P<0.001).
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4.3.3

Ectopic overexpression of mutant GFP-TCTPSer46 alone is not sufficient to

modulate Daoy proliferation, or sensitivity to BI-6727 and vincristine.
Yarm and colleagues (2002) report that overexpression of wild-type and mutant TCTP in
cancer cells causes mitotic defects and cell death that is similar to the effect of inhibiting PLK1.
We assessed the importance of TCTPSer46 phosphorylation by PLK1 and asked whether
modification of this residue can rescue drug-induced cell death. Site-directed mutagenesis of a
GFP-tagged TCTP construct produced a serine to alanine phospho-null mutant (GFPTCTPS46A), and a serine to aspartic acid phospho-mimic mutant (GFP-TCTPS46D) (Figure
4.12A). DNA sequencing of TCTP confirmed the correct base-pair modification for GFPTCTPwt, GFP-TCTPS46A, and GFP-TCTPS46D (data not shown). Transient transfection of
TCTP constructs - along with a control empty vector construct (GFP-EV) - was performed in the
Daoy cells. GFP detection was used to confirm expression of the mutants and fluorescently
activated cell sorting (FACS) was used to select for cell populations expressing the TCTP
constructs (Figure 4.12B-C). siTCTP treatment of cells significantly down-regulated GFP signal
in GFP-TCTPwt, GFP-TCTPS46A, and GFP-TCTPS46D cells while not affecting GFP-EV
intensity in either the cytoplasm or the nucleus. This shows that GFP intensity is correlated to
ectopic TCTP expression, as well, demonstrates the GFP-tagged constructs are not restricted in
localization and capable of entering the nucleus, as would endogenous TCTP (Figure 4.12D).
Further, immunoblotting showed GFP-TCTPwt can be phosphorylated at Ser46, and the band
associated with the construct disappears with siTCTP treatment (Figure 4.13A). The addition of
the constructs did not affect endogenous levels of TCTP or PLK1 (Figure 4.13A-B).
The established TCTP overexpression models were tested in functional assays. Compared
to control Daoy cells, there was no effect on proliferation over 72 hours (Figure 4.14A).
Overexpression of wild-type TCTP in Daoy cells also did not rescue the anti-proliferative effect
of BI-6727 treatment. As well, expression of the phospho-null (S46A) or phospho-mimic (S46D)
constructs also failed to modulate the response to BI-6727 (Figure 4.14B). This was also true for
72 hour BI-2536 treatment of construct expressing cells that all showed similar levels of
apoptosis compared to control cells, as demonstrated by PARP cleavage (Figure 4.14C).
Knocking down TCTP in Daoy cells had an additive effect to vincristine cytotoxicity
(Figure 4.10); therefore, we tested if Daoy cell death could be rescued using the TCTP
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overexpression constructs. There was no significant difference in proliferative inhibition at 1, 2,
and 4nM vincristine between GFP-EV, GFP-TCTPwt, GFP-TCTPS46A, and GFP-TCTPS46D
cells (Figure 4.14D). The level of apoptosis assessed using PARP cleavage was also not different
between the various construct expressing cells (Figure 4.14E, 4.13C).
The GFP-TCTP constructs did not significantly affect proliferation or rescue drug
response in Daoy cells, therefore, we questioned if the mutation of S46 was affecting TCTP
function. Phosphorylation of Ser46 has previously been reported to reduce the affinity of TCTP
for cytoskeletal filaments, α-tubulin, and f-actin, and have a direct role in microtubule
stabilization (Bazile et al., 2009). Confocal microscopy with fluorescent α-tubulin and Hoechst
staining showed the GFP-TCTPwt construct strongly associated with the Daoy cytoskeletal
structure. However, both GFP-TCTPS46A and GFP-TCTPS46D also had near identical
fluorescent signal overlap with α-tubulin (Figure 4.15). As well, GFP-TCTPS46D continued to
associate with mitotic structures during cell division regardless of S46 mutation (Figure 4.16).
Based on these observations modification of TCTPS46 alone may not be sufficient to model
PLK1-TCTP signaling in MB.
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Figure 4.12 GFP-TCTPwt, GFP-TCTPS46A, and GFP-TCTPS46D expression and localization in Daoy cells
using fluorescence.
(A) A GFP-tagged human TCTP plasmid, pCMV6-AC-GFP-TCTP (GFP-TCTP) was used to perform site-directed
mutagenesis and expressed in Daoy cells. (B) FACS sorting for enrichment of GFP-EV, GFP-TCTPwt, GFPTCTPS46A, and GFP-TCTPS46D expressing Daoy cells, (C) which are quantified using fluorescent microscopy.
(D) Nuclear and cytoplasmic detection of GFP is reduced following 72 hour TCTP knockdown using high-content
screening methods for quantification. GFP intensity was normalized to Daoy negative control cell background levels
(**, P<0.001).
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Figure 4.13 GFP-TCTPwt, GFP-TCTPS46A, and GFP-TCTPS46D expression in Daoy cells using
immunoblotting.
(A) Daoy expression of the GFP-TCTPwt is detected as a 50kDa band using immunoblotting that can be probed
with TCTP and P-TCTPSer46 antibodies. 72 hour TCTP siRNA treatment causes a reduction of endogenous TCTP
and GFP-TCTPwt protein expression. Expression of GFP-TCTPwt does not affect endogenous levels of PLK1 and
(B) neither does expression of GFP-EV, GFP-TCTPS46A, or GFP-TCTPS46D constructs. Endogenous TCTP
protein expression is also not altered by the presence of ectopic overexpression vectors. (C) Daoy cells expressing
either control GFP-EV or GFP-TCTPwt TCTP overexpression vector were treated with 1, 2, or 4nM vincristine for
72 hours. Apoptosis was assessed using immunoblot detection of PARP cleavage. Presence of the GFP-TCTPwt
construct shown through detection of 50kDa band using a TCTP specific antibody.

146

Figure 4.14 Overexpression of GFP-TCTPSer46 mutant constructs does not influence Daoy cell growth and
drug sensitivity.
Daoy cells expressing GFP-TCTPwt, GFP-TCTPS46A, GFP-TCTPS46D, and GFP-EV were grown in G418
selective medium and (A) tested for differences in proliferation over a 24, 48, and 72 hours using Hoechst staining
compared to untransfected Daoy negative cells. As well, (B) GFP-TCTP mutant overexpressing cells were treated
with 5 and 10nM BI-6727 over 72 hours and assessed for growth relative to untreated and DMSO solvent control.
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(C) Immunoblotting was used to detect endogenous and GFP-tagged TCTP, as well, show P-TCTPSer46
downregulation, and PARP cleavage with PLK1 inhibition following 72 hour treatment. (D) GFP-EV, GFPTCTPwt, GFP-TCTPS46A, and GFP-S46D overexpressing Daoy cells were treated with 1, 2, and 4nM vincristine
for 72 hours and examined for growth using Hoechst staining and (E) immunoblotting was used to detect apoptosis
using detection of PARP cleavage. A, B, and D Figures are representative of three independent experiments.
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Figure 4.15 GFP-tagged mutant TCTPSer46 constructs co-localize with Daoy cell cytoskeleton.
Daoy cells expressing GFP-TCTPwt, GFP-TCTPS46A, and GFP-TCTPS46D (green) were grown in selective G418
medium and fluorescently stained for alpha-tubulin (red), and Hoechst nuclear staining (blue).
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Figure 4.16 GFP-TCTPS46D associates with alpha tubulin during cell division.
Daoy expressing GFP-TCTPS46D (green) were grown in selective G418 medium and fluorescently stained for
alpha-tubulin (red), and Hoechst nuclear staining (blue).
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4.4

Discussion
The objective of this study was to evaluate the PLK1 substrate, TCTP, and assess what

factors are involved in driving MB therapy resistance and relapse. TCTP transcript expression
was enriched in SHH patients that demonstrated especially dismal survival outcomes. Although
PLK1 and TCTP transcript expression was not associated, both TCTP and PLK1-high cases
correlated with high p53 immunopositivity and poor overall survival. Therefore, we question
whether a key regulatory pathway exists between PLK1 and TCTP that influences the
aggressiveness of MB. To do this, the functionality of TCTP needs to be better understood.
High TCTP expression has also been found to correlate with worse patient survival in
other types of cancer (Amson et al., 2011; Gu et al., 2013). We found that targeting TCTP had a
significant impact on MB cell proliferation and anchorage-independent growth. The knockdown
of TCTP using siRNA reduces proliferation in multiple cancer cell lines including melanoma,
non-Hodgkins lymphoma, osteosarcoma, glioma, and prostate cancer (Bae et al., 2015;
Gnanasekar et al., 2009; Gu et al., 2013; He et al., 2015; Shen et al., 2014). Shen and colleagues
also observed a dramatic reduction in colony formation in anchorage-independent growth
conditions similar to our findings in Daoy cells (Shen et al., 2014).
TCTP has been reported to have multiple cellular functions involving cell cycle, stress
response, apoptosis, and tumor reversion (Baylot et al., 2012; Susini et al., 2008; Tuynder et al.,
2004; Yarm, 2002; J. Zhang et al., 2012). Therefore, we questioned whether inhibiting TCTP
could enhance the efficacy of chemotherapy. Although these early experiments did not show an
additive effect with TMZ or etoposide, a modest decrease was observed following the treatment
of Daoy siTCTP cells with vincristine. This may be due to the microtubule-targeted mode of
action of vincristine that may overlap with TCTP’s involvement in the regulation of the
cytoskeleton. Other groups have reported that inhibition of TCTP increases sensitivity to γradiation and suggest an anti-apoptotic relationship between TCTP and DNA damage repair
signaling (Amson et al., 2011; Hong and Choi, 2013; J. Zhang et al., 2012). This suggests that
modulating TCTP in cancer could potentially increase the efficacy of radiation therapy.
Expansion of our preliminary work to consider the role of TCTP in γ-radiation sensitization
could help minimize the negative impact of radiation treatment of pediatric brain tumor patients.

151

The inhibition of PLK1 in MB results in a G2/M cell cycle arrest (Triscott et al., 2013)
and we were interested to find that TCTP knockdown in Daoy cells also resulted in a G2/M shift.
Conversely, siTCTP treatment of ONS76 cells caused a G1/S cell cycle shift, which was also
observed in a study using siTCTP knockdown in osteosarcoma cell lines (Shen et al., 2014).
Other groups suggest this effect may result from the inactivation of the anti-apoptotic
enhancement of TCTP on proteins like Mcl-1 and Bcl-2 (He et al., 2015; Liu et al., 2005). Of
note, developmental work on TCTP in Drosophila melanogaster found that aberrant TCTP could
manipulate the G2/M checkpoint in response to γ-irradiation. Further, the same study
demonstrated mutant TCTP in a different cell compartment could also activate G1/S cell cycle
arrest upon radiation exposure (Hong and Choi, 2013). This is especially interesting because we
observed different checkpoint activation in Daoy and ONS76 cells following TCTP knockdown.
Zhang and colleagues also observed both a G1/S and G2/M delay following irradiation of human
fibroblast cells treated with siTCTP. They suggest that the loss of checkpoint control from TCTP
depletion disrupts DNA repair programs and is an early step in carcinogenesis (J. Zhang et al.,
2012). While we speculate that the TP53 mutation status of our MB cell lines might indicate
which checkpoint is activated, more work needs to be done to better characterize TCTP within
specific cell types. Together, this information suggests that TCTP may play a role in facilitating
cell cycle checkpoint progression and may be crucial for maintenance of genomic stability.
TCTP depletion in ONS76 cells also resulted in a dramatic morphological shape change.
Other groups have also observed this following modification of TCTP expression (Bazile et al.,
2009; Gachet et al., 1999). Similar to our study, cells became elongated and formed protrusions
while proliferation slowed with siTCTP treatment, and long cables of microtubules formed in the
cytoplasm (Bazile et al., 2009). TCTP is involved in facilitating microtubule stability and
suppression of its expression may dramatically affect microtubule dynamics of the cytoskeleton.
In both normal and cancer cells, TCTP is localized to the cytoskeleton in the cytoplasm
and nucleus (Kloc et al., 2013). Quantification using GFP demonstrated expression of GFPTCTPwt, GFP-TCTPS46A, and GFP-TCTPS46D in both cellular compartments. We observed
an association with our GFP-tagged TCTP constructs similar to microtubule localization patterns
established by other groups (Gachet et al., 1999; Jaglarz et al., 2012). We were surprised to see
that overexpression of GFP-TCTPwt did not affect the rate of Daoy cell proliferation or enhance
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anti-apoptotic function in drug combination studies. He and colleagues also used a GFP-tagged
TCTP construct and observed a significant difference in cell viability (He et al., 2015). Also,
overexpression of TCTP by another group increased in vitro and in vivo growth of glioma cells
(Gu et al., 2013). The non-effect observed in our study could also be attributed to a number of
technical factors. Although we demonstrated that our GFP-TCTP construct was able to localize
in the nucleus and be phosphorylated at the TCTPSer46 site, it remains possible that the GFP-tag
obstructed TCTP functions; for example protein-protein interactions. Another strong possibility
is that we incorporated our overexpression system in the Daoy cell model that already had high
endogenous levels of TCTP. We speculate that the cells may have already been saturated with
TCTP, and moving forward will consider testing TCTP overexpression paired with a conditional
knockout system.
PLK1 phosphorylation of TCTP reduces its association with microtubules (Yarm, 2002).
We hypothesized that site-directed mutagenesis of the residue targeted by PLK1 would either
enhance or reduce the GFP-TCTP construct association with Daoy cell cytoskeleton. This was
not the case however, and the phospho- null (GFP-TCTPS46A) and phospho- mimic (GFPTCTPS46D) mutants did not appear to differ in microtubule co-localization from the GFPTCTPwt construct using fluorescent microscopy. A possible explanation for these results is that
phosphorylation of TCTPS46A alone is not sufficient to alter the function of TCTP. PLK1 has
been shown to phosphorylate a second residue on TCTP. Phosphorylation of the second residue
is dependent on the initial phosphorylation of Ser46 by PLK1. Initially, Ser64 was reported to be
the second PLK1 target site (Yarm, 2002), however, more recently Thr65 has been suggested as
the secondary phosphorylation site (Cucchi et al., 2010). TCTPSer46 is more consistently reported
as the main target site for PLK1, which is why we choose to focus on its role in MB, but
manipulation of the second PLK1 phosphosite might be necessary to modify TCTP functionality.
In future studies, we will test the effect of a TCTP double mutant.
In conclusion, this work highlights a previously undiscovered relationship between the
anti-apoptotic protein TCTP and aggressive malignant brain tumors. Further exploration of
TCTP as a target in MB may provide valuable insight into the mechanisms that drive treatment
resistance.
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4.5

Experimental procedures

Medulloblastoma patient cohorts
Primary MBs were obtained from BC Children’s Hospital (BCCH) (Vancouver, BC,
Canada; discovery) and Children's Hospital of Eastern Ontario (CHEO) (Ottawa, ON, Canada;
validation). Molecular subtyping and clinical attributes of the BCCH discovery cohort have
previously been published (Triscott et al., 2013). Drs. Jean Michaud and Donna Johnston from
CHEO generously provided the validation cohort of 53 primary MB patient FFPE samples. Two
of 53 of these samples failed to produce enough high quality RNA and clinical outcomes data
was not available at this time. All tumors were subtyped and the data analyzed according to
Northcott and colleagues (Table 4.1) (Northcott et al., 2012d).
NanoString nCounter sample preparation and codeset
RNA was extracted from three 20µm scrolls of FFPE tissue, exactly 250ng of RNA was
run for each patient sample, and RNA quality was assessed using Nanodrop spectrometry as
previously described (Triscott et al., 2013). Analysis using the NanoString nCounter Gene
Expression system was conducted at the Centre for Translational and Applied Genomics
(CTAG) (BC Cancer Agency, Vancouver, BC). A custom codeset synthesized by NanoString
Technologies (Seattle, WA, USA) was designed which included 22 MB specific subtyping gene
probes (Northcott et al., 2012d) plus other genes of interest that specifically included PLK1
(NM_005030.3), and TCTP (NM_003295.2). The recommendations outlined by NanoString
Technologies were all followed regarding sample preparation, hybridization, detection, scanning,
and data normalization.
Immunohistochemical staining
A tissue microarray (TMA) was subsequently constructed from the original FFPE blocks;
triplicate 1mm cores extracted from every tumor resection performed on the patients. TMA
slides were incubated with CitriSolvTM for de-paraffinization. The slides were dehydrated in
100% ethanol and rehydrated using an ethanol gradient then steam-heated in 0.1 mol/L citrate
buffer for 20 minutes for antigen retrieval. Endogenous peroxidase activity was quenched by
incubating with 3% v/v H2O2, at room temperature. The slides were rinsed by 3 × 5-minute
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washes in PBS containing 0.2% (v/v) Triton X-100. The sections were treated with DAKO
protein block for 10 minutes and incubated overnight with anti- mouse anti-p53 (Bp53-11)
primary antibody, Ventana (cat. 760-2542), diluted (1:200) in PBS containing 0.3% (v/v) Triton
X-100 and 0.1% (w/v) bovine serum albumin. All slides were counterstained with hematoxylin
for 40 seconds and rinsed with tap water. Images were acquired using a Nikon Eclipse 50i light
microscope and a Digital-Sight DS-Fi1 camera (Nikon, Japan). P53 was scored semiquantitatively using a 4 point scale (0-3) that took into consideration the intensity and the
diffusivity of the staining.
NanoString gene expression and qRT-PCR analysis
NanoString gene expression data was analyzed as previously described (Triscott et al.,
2013). Heatmaps were generated using unsupervised hierarchical clustering with average linkage
using Cluster version 3.0 and Treeview version 1.60. RNA for qRT-PCR gene expression
analysis was isolated using Qiagen RNeasy Mini Kit (Cat. #74106). Transcript expression was
determined using qRT-PCR with PLK1 and TCTP (TPT1) Assay on Demand (Applied
Biosystems, cat. #4331182; Hs00153444_m1 and Hs02621289_g1).
Cell culture
Daoy cells were obtained from the American Tissue Culture Collection (ATCC,
Manassas, VA, USA) while ONS76, and UW228 were kindly provided by Dr. Sheila K. Singh
(McMaster University, Hamilton, ON). Primary brain tumor cells were isolated from BT027
(Group 4) and were grown as neurospheres as previously described (Lenkiewicz et al., 2009)
using Neurocult media (Stem Cell technologies, Vancouver, BC, Canada) (Lee et al., 2012b).
Samples from BT027 were obtained through informed consent in abidance with the respective
research ethics board guidelines at British Columbia Children’s Hospital.
siRNA transfection and western blotting
TCTP small interfering RNA transfections were performed using Lipofectamine
RNAiMAX (Invitrogen, Burlington, ON, Canada). RNA oligos T1, T2, and T3 were acquired
from Ambion/Life Technologies (#AM16708; 289422, 13153, 12966) and transfected as
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previously reported using 10nM RNA transfection concentrations (Hu et al., 2009).
Immunoblotting was conducted using anti-PLK1 (Sigma-Aldrich), anti-P-TCTPSer46, anti-TCTP,
anti-poly (ADP-ribose) polymerase (PARP) (Cell Signaling Technology), anti-vinculin (Upstate)
and anti-pan-actin (Cell Signaling Technology, Massachusetts, USA). Band quantification was
done using densitometry that was measured using ImageJ, v1.46r and normalized to Actin.
Cell proliferation assays
To evaluate the effect of PLK1 and TCTP inhibition on cell growth, MB cells were plated
(750 cells/well) in 96-well plates, fixed using 2% paraformaldehyde and stained with Hoechst
nuclear dye (1ug/mL). The plates were analyzed and the images were taken on the ArrayScan
VTI Reader (Cellomics, Pittsburgh, USA) using previously outlined methods (Hu et al., 2009;
Triscott et al., 2013). Growth assays involving siRNA or drug treatment were plated overnight
and treated the following day after cells had adhered to culture plates.
GFP-TCTPSer46 plasmid site-directed mutagenesis
A GFP-tagged human TCTP plasmid, pCMV6-AC-GFP-TCTP (GFP-TCTP) (Origene,
RG201664), and control plasmid, pCMV6-AC-GFP (GFP-EV) (Origene, PS100010) was
obtained. Site-directed mutagenesis was performed using the QuikChange II Site-Directed
Mutagenesis Kits (Stratagene) according to instructions outlined by the manufacturer. Table 4.3
includes primer sequences and mutated TCTP target sequence that was confirmed using DNA
sequencing. Daoy cells were transfected with Lipofectamine 2000 (Invitrogen) and then
maintained in selective medium containing G418.
Fluorescence-activated cell sorting (FACs) and cell cycle analysis
Single cell suspensions of Daoy cells expressing GFP-EV, GFP-TCTP, GFP-TCTPwt,
GFP-TCTPS46A, or GFP-TCTPS46D were fixed with ethanol. Cells were sorted for the top
10% GFP expressers and data acquisition was performed on a BD FACS Calibur using Cell
Quest Pro software then analyzed using FlowJo software. No additional staining was necessary
and re-sorting was done every 5-8 passages to attempt to control for changes in GFP construct
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expression over time. Cell cycle analysis was done following 24 to 96 hour siRNA or BI-2536
treatment using flow cytometry as described by Lee and colleagues (2012).
Fluorescent marker screening and microscopy
GFP expression of GFP-EV and TCTP expressing cells quantified using high-content
screening with the ArrayScan VTI Reader (Cellomics, Pittsburgh, USA). Cells were plated in 96well format, fixed with 2% paraformaldehyde and stained with Hoechst (1ug/mL). Both nuclear
and cytoplasmic intensity was measured relative to Daoy negative GFP cells.
Immunofluorescence microscopy was performed on Daoy cells according to the procedure we
previously described (Fotovati et al., 2011; Triscott et al., 2013). Primary antibodies include:
alpha-tubulin (Abcam, ab18251), Pericentrin (Abcam, ab28144), anti-P-H2AXS139 (Abcam,
ab26350), and PARP (Cell Signaling Technology). Images were taken using an Olympus FV10i
confocal microscope on X60 lens magnification.
Anchorage-independent soft agar growth
Daoy cells were treated with scramble control and TCTP siRNA for 48 hours then plated
at a density of 5000 and 10 000 cells/well in a 24- well plate in 0.6% agar cell layer with a 1.2%
agar feeder layer composed of 2X DMEM + FBS medium. Colonies developed over 21 days and
each experiment was performed in replicates of four and repeated thrice. Plate wells were
divided into quadrants and 4 fields were counted per each well then averaged across replicates.
Statistical analysis
For the clinical survival analysis, log-rank analysis was performed on the Kaplan-Meier
curve to determine statistical significance of the results. Multivariate survival analysis was
conducted using Cox regression proportional hazards and a 95% confidence interval (CI). All
survival analysis and Spearman’s Rank correlation test were done using SPSS version 20.0
statistical software (IBM, Chicago, IL, USA). The number of samples used and the respective Pvalues are listed in the Figure legends. The level of significance for the in vitro cell growth/death
data was determined by Student’s two-tailed T-test and difference in TCTP expression between
subtypes was assessed using one-way ANOVA (*, P value<0.05; **, P value<0.01).
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4.6

Supplementary data

Mutation
TCTPS46
Serine to
Alaine
TCG to GCG
TCTPS46
Serine to
Aspartic acid
TCG to GAT

Template
Strand
Sense

Primer Sequence
5'-CATTTCCACCAATGAGCGCGTCATCAATGTTACCTTC-3'

Antisense 5'-GAAGGTAACATTGATGACGCGCTCATTGGTGGAAATG-3'
Sense

5'-GACAGAAGGTAACATTGATGACGATCTCATTGGTGGAAATGCCTCCG-3'

Antisense 5'-CGGAGGCATTTCCACCAATGAGATCGTCATCAATGTTACCTTCTGTC-3'

Length
(nt)
37
37
47
47

Table 4.3 Primers used for site-directed mutagenesis of GFP-TCTPSer46.
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CHAPTER 5: CONCLUDING REMARKS

5.1

Summary
There is still an immense need to improve therapeutic development for high-grade brain

tumors. GBM is the most commonly occurring malignant brain tumor in adults and is a diagnosis
that leaves virtually no survivors. MB - the most common malignant brain tumor in children- has
a survival rate that has improved to >70%; however, the negative sequelae associated with
treatment often transforms this childhood cancer into a life-long disability. While there has been
an expansion of surgical technologies that assist the removal of tumor tissue, the delicate and
essential nature of the human brain always results in a subtotal resection. Thus, there is a
requirement for additional modalities of treatment such as radiation and chemotherapy. Recent
work in the field has demonstrated that treatments that target the proliferative tumor bulk are not
sufficient to prevent the relapse of brain tumors (Bao et al., 2006; Burkhardt et al., 2011). The
discovery of brain tumor CSC populations created a fundamental requirement for treatments to
not only prevent cell proliferation, but also have the capacity to eliminate the self-renewal of
CSCs. Unfortunately, the development of novel therapeutics is exceedingly complicated for
brain malignancies due to the tightly regulated BBB that restricts access of most chemicals.
Further, the astronomic investment of resources that is required to translate a therapeutic from
the research bench to clinical bedside results in few experimental options being tested in clinical
trials. The objective of this thesis was to identify, and preclinically evaluate, new drug targets
that have the potential to overcome these challenges.
Our approach has been to target kinases for improving cancer treatment, and these are
among the most plausible drug targets. There have been 26 kinase inhibitors approved for the
treatment of cancer to date; this is more than any other drug class. Preceding this thesis our
group conducted a kinome-wide screen and reported that inhibiting PLK1 with siRNA
suppressed the growth of a wide range of pediatric solid tumors including glioma cells (Hu et al.,
2009). Following this, we examined the potential of targeting PLK1 in GBM cells. We found
PLK1 expression was associated with aggressive disease, and its inhibition prevented CSC selfrenewal (Lee et al., 2012b). These early results encouraged us to explore the feasibility of
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targeting PLK1 in the context of TMZ-resistant GBM, as well as expanding its promise as a
molecular target into MB. The purpose of this project was to evaluate the importance of PLK1
in aggressive brain tumor models, with the goal of establishing the preclinical groundwork
necessary to promote testing of PLK1 inhibitors in patients.
The studies presented in this thesis implicate PLK1 as a cornerstone kinase that
orchestrates the oncogenic program characteristic of poor outcome disease. In chapter 2, we
queried whether off-patent drugs could be repurposed for the treatment of TMZ-resistant GBM.
In doing so, we found that treatment of GBM cells with standard-of-care TMZ failed to eliminate
highly proliferative PLK1 expressing cells. Alternatively, we discovered that DSF, an off-patent
drug clinically approved for substance abuse, could completely abolish the growth and selfrenewal of TMZ-resistant cells. We observed comparable efficacy when we targeted PLK1 with
BI-2536 or siRNA. In stark contrast to TMZ, we were the first to show that DSF treatment
caused a downregulation of PLK1 expression; therefore it might offer a novel approach to
targeting drug-resistant GBM. This in vitro based study demonstrated that the chemical
downregulation of PLK1 - either with DSF or specific kinase inhibitors - could be key in the
prevention of tumor relapse (Triscott et al., 2012).
In chapter 3, we used a bioinformatic approach to stratify pediatric MB patients using
NanoString gene expression technology. Based on our findings in GBM, we assessed the
importance of PLK1 expression and discovered this highly overexpressed oncogene was also
correlated significantly with relapse and overall patient survival. Further testing of primary
patient samples was used to demonstrate that PLK1-high cases responded to BI-2536, whereas
PLK1-low did not. PLK1 inhibition in MB cell lines triggered G2/M arrest and apoptosis at low
concentrations. As well, BI-2536 had comparable efficacy to standard-of-care chemotherapy as it
extended the survival of xenograft bearing mice. The work presented here was one of the first of
its kind to independently validate MB molecular subtyping, as well, introduce a personalized
means to identify and treat poor prognosis patients by targeting PLK1 (Triscott et al., 2013).
Chapters 2 and 3 demonstrated that high-grade brain tumors that have high PLK1- or
belong to the SHH MB subtype- corresponded with treatment resistance. Therefore, in chapter 4,
we sought to identify the molecular pathways responsible for making these tumors especially
resilient. TCTP transcript expression was enriched in SHH MB patient samples and significantly
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correlated with p53 positive immunostaining. Inhibition of TCTP using siRNA activated G1/S
and G2/M cell cycle shifts, eliminated colony formation in soft agar, and dramatically reduced
MB cell line proliferation. The approach of inhibiting TCTP could effectively block growth in
cells that failed to respond to TMZ. Additionally, being a PLK1 phospho- substrate, we
evaluated whether the mutation of the TCTPS46 residue alone was sufficient to rescue the anticancer effects observed in the siTCTP assays. The work presented in this chapter positions TCTP
as a marker of PLK1 kinase activity for inhibitor studies, but more importantly introduces it to
have a impact on brain tumor cell growth that is independent of its relationship with PLK1.
Taken together, the significance of this work lies in the discovery that the mitotic kinase,
PLK1, can be utilized as a marker for treatment-resistant disease that can be safely targeted in
patients. These studies were the first to attempt to characterize the functionality of the PLK1
substrate, TCTP, in a brain tumor model and will have added value in the mechanistic depiction
of SHH MB. Finally, the highly promising new purpose for DSF in cancer treatment is also an
important contribution of this research as this compound is already available for clinical use.

5.2

Discussion and future directions

DSF is a promising off-patent drug for the treatment of GBM
Following publication of the work included in chapter 2, other groups have also reported
the potential of DSF against GBM CSCs using cell lines (P. Liu et al., 2012) and a high content
screening approach (Hothi et al., 2012). Our findings are especially valuable in that we were the
first to test the efficacy of DSF against fresh primary GBM samples in the context of TMZ
resistance. The significance of this has direct clinical application as we demonstrate that DSF
may be a powerful inhibitor for both MGMT methylated and unmethylated tumors.
The value of DSF has also been explored in other studies. In T98G GBM cells that are
TMZ-resistant, Paranipe et al. recently reported that DSF down-regulates MGMT in xenografts
implanted subcutaneously (Paranjpe et al., 2014). They suggest that DSF could, therefore, be
used to treat gliomas because it crosses the BBB, but they did not perform intracranial injections
of T98G cells. However, Choi et al. recently published a study in atypical teratoid rhabdoid
tumors (AT/RT) that demonstrated DSF crosses the BBB in mice and can reduce AT/RT CSCs
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(Choi et al., 2014a). AT/RT are a rare yet deadly type of pediatric brain tumor where improved
therapies are most certainly needed. Of note, they reported that DSF reduced ALDH in vitro by
~75% and in tumors. It also inhibited EdU incorporation and tumor cell proliferation based on
Ki67 staining. AT/RT CSCs were more sensitive to DSF than clinically used drugs such as
ifosfamide. Likewise, ifosfamide had no survival benefit in mice whereas DSF did prolong
survival. There were no adverse effects of DSF reported in the mice. Thus, DSF is promising for
the treatment of brain tumors because it crosses the BBB and suppresses the growth of brain
tumors yet additional studies are needed to understand how widespread the effect will be.
Interestingly, treatment of primary GBM cells with DSF in vitro reduced the expression
of kinases such as PLK1 protein and mRNA (chapter 2). The exact mechanism driving DSF
induced PLK1 down-regulation still requires further investigation. However, these findings
suggest DSF to be capable of targeting aggressive PLK1-high cell populations, which may be
responsible for driving tumor relapse.
There are additional anticancer properties of DSF. For example, it also suppresses the
proteasome and NFkB pathways (Chen et al., 2006; Liu et al., 2014; P. Liu et al., 2012; Yip et
al., 2011; Zha et al., 2014). In the body, the DSF molecule is converted into a smaller metabolite
called diethyldithiocarbamate. This metabolite has been shown to chelate into complexes when
in combination with copper or zinc ions. These complexes are suggested to inhibit proteasome
activity, and elevate reactive oxygen species (Yip et al., 2011). Under this premise, many cancer
studies use DSF in combination with copper (Cen et al., 2002; Liu et al., 2013; Yip et al., 2011).
DSF has also been shown to impinge on epigenetic pathways. In prostate cancer, DSF
can act as a DNA demethylating agent through inhibition of DNA methyltransferase 1 (DNMT1)
(Lin et al., 2011). More recently studies on the fusion protein NUP98-PHF23 shows DSF
treatment can reduce its chromatin modifying potential and induce cell death in acute myeloid
leukemia. Interestingly, transcriptional availability of CSC signature genes, such as Hoxa, Hoxb
and Meis1, is blocked by DSF (Gough et al., 2014). These observations further exemplify the
potential anti-cancer activity of DSF.
Although incredibly promising, there is a collection of limitations in our assessment of
DSF in GBM that can be addressed in future studies. First, the availability of primary tumor
tissue that had finite growth capacity when passaged using in vitro culture. We were fortunate to
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acquire BT74, GBM4, BT241, aBT001 and aBT003 but were limited in the size and number of
experiments that could be conducted. A second consideration is that the availability of pediatric
GBM samples is exceedingly limited. While we were able to examine the effects of PLK1
inhibition on the established pediatric cell line, SF188, at that point in the study there were no
primary pediatric samples available. In future work, we wish to address whether DSF could
specifically benefit childhood gliomas. In this regard, DSF has demonstrated decades of clinical
safety and low side effects that may be better tolerated by children compared to highly toxic and
minimally effective chemotherapies. Thirdly, previous work by our group provided an elegant
study showing the efficacy of BI-2536 at extending the survival of a GBM xenograft model (Lee
et al., 2012b). Although we report that DSF is effective at eliminating GBM cells using tissue
culture, we have not yet tested DSF in vivo. However, it can be argued that extensive animal
testing might not be essential because DSF is already an established clinical compound.
A final technical limitation from chapter 2, that is also relevant to all subsequent data
chapters, is the accuracy of the ArrayScan HCS system (Thermo Fisher Scientific) at measuring
cell proliferation. This high-content screening technology was used to quantify the number of
cells remaining in cell culture plates after drug or siRNA treatment of various cell lines using the
detection of a Hoechst 33342 nuclear stain. Issues may arise when comparing cells with different
rates of proliferation. As well, whether a cell is counted depends on its ability to adhere to the
culture plate following fixation with paraformaldehyde, and PBS washes. This system was also
used to estimate the number of apoptotic cells remaining on the plate using thresholds for dye
intensity and nuclear morphology, but the presence of confounding factors- like binucleated
cells- may complicate the automated interpretation of the plate reader (Haney et al., 2006). More
extensive proliferation screens that test multiple timepoints and a larger range of drug
concentrations may be necessary to overcome these technical limitations. As well, pairing the
results collected from high-content screening with western blot or flow cytometry markers of cell
cycle progression could provide additional evidence of proliferative affects.
PLK1 is a molecular target for treatment and prognostication of MB.
We discovered that the measurement of PLK1 using the NanoString nCounter system
could be an informative prognostic tool that may be used in the selection of personalized
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treatments. There are other studies that have examined the efficacy of inhibiting PLK1 in MB.
One in vitro study tested the early generation PLK1 inhibitor, GW843682X, against a panel of
18 pediatric tumor cells lines. Similar to the findings of our study, this work showed that PLK1
inhibition could be used to block the proliferation of cell lines that are highly resistant to
common cancer drugs (Spaniol et al., 2011). Specifically in MB, Harris and colleagues (2012)
show that PLK1 is highly overexpressed compared to normal tissue and is uniformly distributed
across molecular subtypes. The data reported in the aforementioned study further compliments
the findings from our work. They also show that targeted PLK1 knockdown significantly
reduced Daoy and ONS76 proliferation (Harris et al., 2012). This was correlated with enhanced
apoptosis and inhibition of colony formation. Using a 72 hour Daoy cell growth assay, this group
found the IC50 of BI-2536 to be between 5 and 10nM concentrations, which is near identical to
the findings from chapter 3 of this thesis (Harris et al., 2012). In addition, Markant and
colleagues (2013) published a notable study showing the benefit of PLK1 inhibition specifically
in a SHH MB. They found that BI-2536 treatment also caused an elevation of P-histone H3 in
cells isolated from a mutant PTCH mouse model. Using concentrations of 100nM BI-2536, they
also observed a dramatic G2/M cell cycle shift in this GEM cells in vitro. Similar to our findings,
targeting PLK1 inhibited the proliferation of patient-derived MB cells, and also reduced tumor
volume of the mutant PTCH mouse model compared to saline controls. Interestingly, a 10nM
dose of BI-2536 had an additive effect that significantly decreased the IC50 vincristine for an
anti-proliferative effect on SHH MB cells (Markant et al., 2013). Both groups show the PLK1
inhibitor BI-2536 can target MB CSC populations through the measurement of SOX2, or the
assessment of CD15+ populations (Harris et al., 2012; Markant et al., 2013).
The work conducted by our group is unique because it (1) provides evidence suggesting
that PLK1-high MB patients have poor clinical outcome, (2) recommends PLK1 inhibition as a
targetable therapy based on the results of bioinformatic classification, (3) demonstrates the
retention of subtype-specific characteristics of primary cultured cells, and (4) directly compares
in vivo efficacy of BI-2536 relative to a chemotherapy cocktail that models current clinical
protocols. The importance of these findings can be further exemplified by other brain tumor and
cancer models that provide additional support to the premise of this work.
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Cancer cells almost always demonstrate an oncogenic addiction to PLK1 as a cornerstone
of mitotic regulation. Relative to normal tissues, PLK1 is overexpressed in GBM,
medulloblastoma, breast, ovarian, prostate, colorectal, non-small-cell lung, and other cancer
types (Harris et al., 2012; Lee et al., 2012b; Liu et al., 2011; Takahashi et al., 2003; Takai et al.,
2005; Wolf et al., 1997). Interestingly, PLK1 protein detection increases with severity of
histopathological grade of astrocytoma (Dietzmann et al., 2001). In an analysis of 343 glioma
cases high levels of PLK1 transcript were significantly associated with worse overall survival, as
well, there is an enrichment of expression within the especially aggressive proliferative category
of GBM (Lee et al., 2012a, 2012b; Phillips et al., 2006). Another gene expression analysis using
The TCGA identified PLK1 as the only overexpressed gene that significantly correlated with
TP53 mutation in GBM. This suggests a synthetic lethal interaction between Plk1 and p53, one
of the most deregulated oncogenes in cancer (Degenhardt et al., 2010; Masica and Karchin,
2011).
In a screen of siRNAs representing the human kinome, PLK1 inhibition reduced cell
proliferation, disrupted cell cycle, and induced mitotic arrest (Pezuk et al., 2013; Tandle et al.,
2013). Reducing PLK1 activity with both siRNA or kinase inhibitors increased sensitivity to
GBM to radiotherapy but without affecting normal cells (Tandle et al., 2013). Primary neural
stem cells and normal human astrocytes express less PLK1 then glioma cells. The PLK1 small
molecule BI-2536 similarly inhibited the growth of glioma cells and PLK1 inhibition had the
added benefit of suppressing self-renewal and the expression of the CSC marker SOX2 (Lee et
al., 2012b). BI-2536 also did not inhibit the growth of primary hematopoietic stem cells at
concentrations that killed cancer stem cells. Multiple preclinical studies also reported that PLK1
inhibitors suppress the growth of glioma CSCs and primary cell growth in both adult and
pediatric brain tumors (Danovi et al., 2013; Lee et al., 2012b; Pezuk et al., 2013). The reliance of
many cancer cells on PLK1 is unquestionable and, as a result, several small molecule inhibitors
have been developed against this important drug target. Targeting PLK1 in cancer has been used
to overcome resistance to chemotherapy and has potential to improve the efficacy of current
therapies (Gleixner et al., 2010).
As previously discussed in chapter 3, we were limited in the number and variety of
primary MB surgical samples. Whether our model of BI-2536 sensitivity being dictated by high
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PLK1 expression can be generalized to all four MB subgroups has yet to be determined. We only
had access to primary SHH and Group 4 cells (Triscott et al., 2013), but the evaluation of the
commonly metastatic Group 3 subgroup could have valuable implications for patient treatment.
Further investigation of the characteristics of PLK1-low cells could also be explored. While our
group and others have extensively tested the effects of inhibiting PLK1 in MB, an important
proof-of-concept experiment would be to overexpress PLK1 in PLK1-low cells. Constitutive
overexpression of PLK1 has been shown to cause neoplasm formation, which could suggest this
may amplify tumorigenesis as well (Smith et al., 1997). This approach will further validate the
therapeutic potential of PLK1 inhibitors, and provide clues into the accompanying signaling
pathways that make PLK1-high brain tumors especially aggressive.
TCTP supports the growth and survival of SHH MB.
This is the first study to assess the importance of TCTP in MB. To our knowledge, this is
also the first report of an association of TCTP expression and the SHH pathway in cancer. Like
most of the pathways implicated in MB tumorigenesis, TCTP has distinct roles in developmental
regulation. In mice, E9.5 TCTP knockout embryos have significantly reduced Shh at the
posterior end, and are embryonic lethal (Chen et al., 2007). TCTP may have implications in
signaling of other MB subtypes as it has also been reported to enhance WNT and β-catenin
signaling (Bae et al., 2015; Gu et al., 2013). We are particularly interested in the association with
the SHH subtype because patients from this group have poor survival outcomes with standard of
care (Triscott et al., 2013).
It is important to note that the MB patient samples assessed in chapter 4 were exclusively
pediatric patients. Outside of the confines of this study, we also had access to a very limited
cohort of young adult MB cases. These cases were molecularly subtyped (data not shown) and,
as expected from the literature (Northcott et al., 2011b), a majority was classified as SHH MB.
Although low in number, the overall survival of adult SHH MB was dramatically better than the
pediatric cases (Appendix A). The available clinical data showed a 79% and 25% 5-year survival
rate for adult and pediatric SHH MB, respectively (n=29; Log Rank=0.029). It has previously
been shown that pediatric and adult MBs are characteristically distinct (Northcott et al., 2011a),
and may potentially originate from different cells of origin (Palma et al., 2005). An interesting
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study would be to examine whether TCTP is also important in adult MB, and consider which
oncogenic traits of the SHH subgroup it is responsible for driving.
An estimated 21% of SHH MB have TP53 mutations (Zhukova et al., 2013); this includes
both sporadic and familial Li-Fraumeni patients. Adding to this, p53 deactivation has previously
been shown to activate SHH signaling in MB (Po et al., 2010). Our group and others suggest that
targeting TCTP may promote the activation of cell cycle checkpoints, of which regulatory
control is lost during carcinogenesis. The ability to re-activate apoptotic control checkpoints in
cancer cells with dysfunctional DNA damage responses could help facilitate successful deescalation of aggressive treatment regimes. More work needs to be done to test how targeting
TCTP could improve the efficacy of radiation protocols and further determine whether TCTP
functionality is linked directly to PLK1 kinase activity. The PLK1-TCTP pathway might offer an
explanation to (1) why PLK1-high cases have a considerably worse outcome, (2) to better
understand the molecular genesis of SHH subgroup of MB, and (3) further depict the relevance
of PLK1 upregulation in p53 mutant cancers. A better understanding of TCTP signaling could
offer an approach to overcome p53 suppression and promote the cell death of aggressive SHH
MB.
In chapter 4 we present a promising preliminary assessment of TCTP in MB, but we were
restricted by a number of limitations. We were privileged to have access to two independent
patient cohorts, but, unfortunately, the accompanying clinical data were not available for the
validation cases. A more robust analysis of the significance of TCTP in MB prognostication is
needed and this will be addressed in continuing work. Additionally, we observed an interesting
association between TCTP expression and p53 immunopositivity in patients. Although elevated
levels of p53 in tissue is an established marker of its dysregulation (Tabori et al., 2010), it is
unclear whether the cases in our study harbor mutations in TP53. If considered feasible, and
based on the availability of tumor tissue, this can be evaluated by DNA sequencing or with one
of many mutation-specific p53 IHC antibodies. Finally, chapter 4 uses the Daoy and ONS76 cell
lines as models of p53 mutant and wild-type MB. Expansion of our work to multiple cell lines
and primary patient-derived cells could have added value to support the findings of our study.
Regardless, the evidence presented in this thesis proposes a crucial role for TCTP in the
promotion of SHH MB.
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Future work
Within this body of work, we associated PLK1 with poor prognosis and treatmentresistant disease. Moving forward, one goal would be to directly test whether targeting the PLK1
pathway can prevent tumor growth in a model of MB relapse. One future research model could
involve the pretreatment of tumor-bearing mice with the chemotherapy cocktail used in chapter
3. Previous use of a Daoy cell orthotopic xenograft demonstrates that tumors will initially
respond to chemotherapy but then fatally relapse (Triscott et al. 2013). We would want to
examine how standard-of-care treatment influences changes in the expression of PLK1 and it’s
substrate P-TCTPSer46. Further, we need to collect further evidence showing that the new
generation PLK1 inhibitor, BI-6727, can be used to overcome chemotherapy-resistant MB.
In order to conduct this research, we need to develop a robust animal model of MB that
accurately reflects clinical disease, and is capable of accurate monitoring of tumor growth.
Therefore, we were the first group in our institute to optimize an intracranial xenograft model
that incorporates both luciferase and fluorescent labeling of Daoy MB cells. Appendix B outlines
a technical report summarizing the work to date that has contributed the establishment of (1) a
Luc2=tdT Daoy labeled system, (2) a surgical protocol, and (3) optimization of tumor
monitoring. This animal model could be used to extend our current drug screening methods and
provide a preclinical assessment of desirable dose and treatment scheduling for promising
therapeutics like BI-6727 and DSF.

5.3

Clinical implications
The presented work has been conducted with the intent for direct clinical relevance to

patient treatment. We were not only one of the first groups to independently validate the use of
NanoString nCounter MB subtyping, but we were able to expand the original protocols with
improved methods for FFPE RNA extraction (Northcott et al., 2012d, 2011b). Northcott and
colleagues (2012d) had previously reported that RNA extracted from FFPE older than eight
years could not be accurately subtyped; however, our group successfully classified cases using
material older than 26 years. Accordingly, reproducibility is of the upmost importance in the
development of diagnostic tests. Our initial subgroup classification (WNT, SHH, Group 3, and
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Group 4) of retrospective cases was so effective that we were able to adapt our methods to allow
subtyping of incoming MB patient tumors at BCCH.
The benefit of molecular subtyping has already been observed in other cancer types.
Another group has successfully established the use of the NanoString nCounter system for the
Prosigna™ breast cancer prognostic assay. This assay has recently been approved for clinical use
in the United States and uses a 50 gene PAM50 signature to assign one of four possible
molecular subtypes (Dowsett et al., 2013; Nielsen et al., 2010). Although not yet incorporated
into standard decision-making for brain tumors, molecular subtyping will soon refine traditional
techniques used by pathologists. This is imperative in the context of pediatric brain tumors. For
example, a child with the diagnosis of a WNT MB could be spared from intensive radiation
protocols, while a case classified as Group 3 could quickly be identified as a candidate for
intensive therapy and/or Group 3 specific treatment being examined in clinical trials.
One of the goals of subclassification of brain tumors is to identify critical oncogenic
pathways so that treatments can be personalized for specific subtypes. Although some tumor
subtypes may favor the upregulation of a specific pathway (i.e., WNT or SHH), a major caveat
of this approach is that no cellular pathway operates autonomously from other signals. This
concept is exemplified with SMO inhibitors for the treatment of SHH MB (Low and De
Sauvage, 2010). While targeting the signaling pathway that initially drove tumorigenesis
provides a preliminary response, secondary pathways such as PI3K/AKT signaling have been
reported to bypass this effect and activate GLI transcript activity even in the presence of SMO
agonists (Buonamici et al., 2010; Dijkgraaf et al., 2011; Kool et al., 2014). Similarly, EGFR is
commonly mutated in Classic and Neural subgroups of GBM; therefore, it is logical to assume
EGFR specific inhibitors would benefit patients with these classifications (Libermann et al.,
1984; Wong et al., 1992). Surprisingly, cancer is not this transparent and the survival benefit
reported in trials that test the EGFR inhibitors, erlotinib, and gefitinib, for GBM also remains
marginal (Brown et al., 2008; Franceschi et al., 2007; Prados et al., 2009; Rich et al., 2004).
This leads to the second point of this study’s clinical importance. There remains a need
for markers of prognosis that could be effectively targeted even in molecular subgroups that lack
a “low hanging” signaling pathway. In chapter 3 we discovered that level PLK1 transcript
expression associated with poor outcome MB indiscriminate to subtype, and could be assessed
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concurrently with the 22 gene minimal marker system used for molecular subtyping (Northcott et
al., 2012d; Triscott et al., 2013). Also, in chapter 2 we showed that PLK1 was overexpressed in
TMZ-resistant GBM cells (Triscott et al., 2012). Herein we propose incorporating PLK1
expression for the purpose of patient risk stratification. We provide evidence of the value of
PLK1 as both a prognostic marker, and molecular target, by demonstrating the efficacy of PLK1
specific inhibitors.
There have been several clinical trials testing PLK1 inhibitors in cancer, most in the
refractory setting where patients have failed all else (Table 5.1). To date, Phase I/II clinical trials
using BI-2536 have mostly been tested in advanced metastatic tumors (Hofheinz et al.; Mross et
al., 2008), followed by small cell carcinoma (Ellis et al., 2013), prostate cancer (Vose et al.,
2013), leukemia (Müller-Tidow et al., 2013), lymphoma and non-small-cell lung carcinoma
(NSCLC) (Gandhi et al., 2009). Phase I dose-establishing trials found 200mg treatments could
produce high tissue distribution and total clearance with a promising pharmacokinetic profile
(Mross et al., 2008; Vose et al., 2013). However, Phase II study results with BI-2536 as a
monotherapy were not as promising and had a number of dose-limiting side effects such as
neutropenia, nausea and anemia (Müller-Tidow et al., 2013; Sebastian et al., 2010). Further
studies have therefore tested the efficacy of combinatorial treatments of BI-2536 with other
chemotherapeutics. For example, one phase I clinical trial combined BI-2536 with pemetrexed in
the treatment of non-small cell lung cancer patients (Ellis et al., 2013). Of the 41 patients
involved in the trial, 54% had stable disease after the second cycle of pemetrexed (500mg/m2)
and BI-2536 once a week for three weeks. Two of these patients were reported to have
confirmed partial responses to this combination (Ellis et al., 2013). While BI-2536 demonstrated
some anti-tumoral promise in clinical tests, the suggested benefits were overshadowed by doselimiting toxicities. As a result, this lead to the development of a second-generation PLK1
inhibitor, BI-6727.
BI-6727 is a small molecule with structural similarities to BI-2536. Interestingly,
preclinical studies demonstrated multidrug resistance enhanced by CSC drivers such as ABC
transport proteins might be overridden with the use of BI-6727. Drug screens of colon cancer in
vitro suggest BI-6727 to be moderately synergistic with mitroxantrone and highly synergistic
with paclitaxel (To et al., 2013). Similarly, work in prostate cancer suggests in vitro synergism
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between BI-6727 and HDAC inhibitors; a relationship that warrants further clinical exploration
(Wissing et al., 2010). A recent Phase I study established maximum tolerated dose using
intravenous injection of BI-6727 in advanced solid malignancies. The inhibitor was generally
well tolerated with partial responses evident in patients (Lin et al., 2014). Another Phase II
clinical trial with BI-6727 as a single agent in metastatic urothelial cancer seemed less promising
and suggests the inhibitor is best suited as a second-line treatment (Stadler et al., 2014). While
there was no reported cumulative toxicity from the drug in either BI-6727 study, the greatest
challenge is dose-limiting toxicities evident by thrombocytopenia and neutropenia (Lin et al.,
2014; Sapkota et al., 2007; Stadler et al., 2014). Yet, this has not prevented the approval of PLK1
inhibitors by the Food and Drug Administration. In a press release last year, Volasertib was
approved by the FDA and notably it was granted a Breakthrough Therapy designation
(Aggarwal, 2014).
A single Phase I clinical trial has been conducted using GSK461364 as a monotherapy in
order to characterize its pharmacodynamic and safety profile (Olmos et al., 2011). This PLK1
inhibitor has been recommended for advancement in further clinical testing. As well, a final
ATP-competitive inhibitor has completed a Phase I clinical trail for NSM-1286937. TKM080301 was then implemented in Phase I clinical trials that showed a promising toxicity profile
and confirmed RNAi effect in patients with liver cancer (Ramanathan et al., 2013). Although
Phase II trials are presently being conducted for neuroendocrine and liver malignancies, this
option has not been examined for brain tumors (Table 5.1).
A third clinical implication of this study was an unanticipated result from the mechanistic
characterization of the PLK1 substrate, TCTP. The phosphorylation of TCTP is a useful marker
of PLK1 kinase activity (Cucchi et al., 2010), and we are the first group to validate P-TCTPSer46
for this purpose in MB. In future clinical trials, P-TCTPSer46 levels could be used to gauge the
efficacy of PLK1 inhibitor activity in patient tissues. Perhaps more importantly, the studies in
chapter 4 introduce TCTP as a significant marker of overall survival for pediatric MB that
correlates with possible p53 dysregulation and is enriched in the SHH subtype. Although
preliminary, our work suggests that the inhibition of TCTP may re-enable cell cycle checkpoint
activation in both TP53 mutant and wild-type tumor models. This could have wide-spread
implications as TP53 is the most commonly mutated genes across a multitude of cancer types
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(Forbes et al., 2011; Vogelstein et al., 2000). Manipulation of p53 via TCTP may be a future
approach to enhancing the efficacy of standard treatment (Amson et al., 2011; Hong and Choi,
2013; J. Zhang et al., 2012) and even trigger apoptosis in PLK1-high cancer cells. More work
needs to be done to examine further the functional role (1) of the PLK1-TCTP pathway in regard
to p53 signaling, and (2) of TCTP in response to γ-radiation in MB.
A final, and perhaps most translatable, clinical implication resulting from this thesis is the
proposed repurposing the anti-alcoholism drug, DSF, for the treatment of brain tumors. While
PLK1 inhibitors are attractive for many reasons, their downside is dose-limiting toxicities. The
main side effect is neutropenia. DSF on the other hand is not commonly associated with
neutropenia suggesting that its mode of action, while reported to reduce PLK1 expression levels
by ~50% (Triscott et al., 2012), has a better safety profile. In fact, the safety profile of DSF has
been put to practice for decades. Researchers are now attempting to establish which DSF dosing
schedule and chemotherapeutic combination will deliver the greatest inhibitory response from
tumor cells. In vitro studies suggest that there is an additive effect that results from the
combination of DSF with buthionine sulfoximine, a gamma-glutamyl-cysteine synthase inhibitor
(Cen et al., 2002). As well, combining DSF with copper can act synergistically with cisplatin to
prevent lung cancer proliferation (Duan et al., 2014). Recently it was shown that the survival of
patients with stage IV non-small cell lung cancer could be prolonged by combining DSF with
current cisplatin and vinorelbrine protocols (Nechushtan et al., 2015). Our preclinical studies that
combined DSF with TMZ did not demonstrate an additive or synergistic effect, but DSF
treatment alone was sufficient to almost completely eliminate GBM cell proliferation. The only
adverse side effect reported is hepatotoxicity when DSF is prescribed at high doses. An added
benefit is that the cost to treat a patient for a year with DSF is estimated to be approximately
$550 (Cvek, 2011), which is less than 1% the estimated cost of treating the average cancer
patient with current protocols (Fojo and Grady, 2009; Wasserfallen et al., 2005). Following the
publication of the content in chapter 2 (Triscott et al., 2012), two ongoing clinical trials have
been initiated which test DSF in GBM (ClinicalTrials.gov Identifiers NCT01907165 and
NCT01777919) (Table 5.2). Both of these trials will test the combination of DSF with TMZ
compared to patients treated with only the standard TMZ protocols.
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Concluding remarks
Malignancies of the brain are not only life-threatening, but the manner in which patients
are treated has implications that are unlike any other cancer type. The brain is “the seat of an
individual’s literal sense of identity”, the manifestation of behavior, and cognizance of one’s
existence (Lipsman et al., 2007). The tragedy of high-grade brain tumors has recently been
exemplified in a highly publicized case of GBM whereby the patient chose to end her own life as
an alternative to enduring the disease and its anticipated treatment protocols (Printz, 2015).
Adding to this, the efficacy of successful therapies for pediatric MB charges a high cost to
quality of life and cognitive function. Therefore, the goal of this work has been to identify key
molecular factors that can refine prognostication and be targeted with preexisting compounds
already tested in clinical trials.
The present findings outlined in this thesis prompt the development of PLK1 directed
therapeutics for the treatment of GBM and MB. We show that PLK1 is up-regulated in poor
prognosis disease, and its expression persists following standard chemotherapy treatments, such
as TMZ. The measurement of PLK1 provides a marker of prognostication that could be used to
dictate the de-escalation of high-intensity therapy for pediatric patients. Similarly, we discovered
that PLK1-high cases could be targeted with specific inhibitors that are capable of crossing the
BBB. Adding to this, we characterized the PLK1 substrate, TCTP and provide preliminary
findings that implicate TCTP in the tumorigenesis of SHH MB. Taken together, this work adds
to the growing body of knowledge on targetable molecules that can contribute to the
personalization of cancer treatment.
Here we provide preclinical evidence that supports the use of PLK1 inhibitors for clinical
trials in high-grade brain tumors. But, perhaps most importantly, we discovered that the offpatent drug DSF eliminates PLK1-high tumor cells and has the potential to be immediately
translated into clinical use. In summary, our work encourages the investigation of PLK1 in highgrade brain tumors and emphasizes the practice of fighting cancer with repurposed drugs in order
to pave the way for future targeted options.
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Identifiers in reference to www.clinicaltrials.gov online database, accessed April 2014
Table 5.1 Clinical trials of PLK1 inhibitors in cancer.
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Clinical Trial
Identifier*

Disease
Study Phase
Sponsor
Enrollment
Status
Advanced Solid malignancy
University of
NCT00742911
Phase I
21
Completed
with liver metastasis
Utah
University of
NCT00571116
Metastatic Melanoma
Phase I
California,
15
Terminated**
Irvine
University of
NCT00256230
Metastatic Melanoma
Phase I/II
California,
7
Completed
Irvine
Olympion
NCT01777919
Glioblastoma
Phase II
Medical
TBD
Not active yet
Center
Hadassah
NCT00312819
NSCLC
Phase II/III
Medical
60
Completed
Organization
Johns Hopkins
NCT01118741
Prostate Cancer
Phase I/II
19
Completed
University
Washington
University
NCT01907165
Glioblastoma
Phase II
TBD
Active
School of
Medicine
*Identifiers in reference to www.clinicaltrials.gov online database, accessed September 2014
** Lack of study funding and slow accrual
Adapted from (Triscott et al., 2015)
TBD: to be determined

Start/Completion
Dates
July 2008-March
2013
September 2006August 2012
January 2002August 2007
September 2015Septembr 2018
March 2006December 2009
May 2010-June
2012
October 2013December 2017

Table 5.2 Clinical trials involving DSF in cancer.
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APPENDICES
Appendix A Young adult MB
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Appendix B Technical Report: Development of a brain tumor xenograft model through
using bioluminescent and fluorescent markers for monitoring progression.
It is essential that researchers develop tumor models that reflect native growth conditions
of human disease. A flaw of many in vitro drug screens is that they do not model how well a
drug penetrates tumor tissue, or how cancer cells associate within their microenvironment. This
is especially the case for brain tumors, where drug delivery is often obstructed by the BBB
Xenograft surgeries, such as a flank injection, are easy to perform, monitor, and have a low
impact on animal well-being. In contrast, intracranial xenografts are associated with additional
challenges. These include: the sensitive nature of brain tissue, smaller tumor volume, and
monitoring tumor growth in live animals. Therefore, our objective is to (1) optimize a surgical
technique for intracranial implantation of tumor cells, and (2) establish a non-invasive method to
monitor tumor growth in live animals.
B.1

Labeling Daoy cells with Luc2=tdT expression vector.
Daoy MB cells were transfected with pcDNA3.1(+)/Luc2=tdT plasmid for dual label

expression of luciferase and tandem tomato (tdT) markers. Cells were transfected using
Lipofectamine 2000 (Invitrogen) and then maintained in G418 selective medium containing
(Figure B.1i). Daoy Luc2=tdT cells were sorted for high and medium expressers based on tdT
fluorescent expression. Cut-offs were determined using the highest 10-20% tdT expressers and
compared to negative control cells (Figure B.1ii). Once cells are implanted into mice, the activity
of the luciferase enzyme is needed to measure tumor burden. To assess if cells high in the tdT
marker also expressed luciferase Daoy Luc2=tdT cells that were previously sorted were plated in
serial cell dilutions and treated with the luciferin substrate. Luminescence was measured using
the SPECTRAL Ami & Ami X (Spectral Instruments Imaging, LLC) in vivo imager and
AMIView Version 1.6.0 software. The intensity of luciferase bioluminescence correlated with
cell concentration and enriched in populations sorted for high tdT. Daoy Luc2=tdT cells could be
detected with great sensitivity (Figure B.1iii). Prior to implantation, Daoy Luc2=tdT cells were
resorted for high tdT expressers. These cells retained the luciferase and tdT markers even after
weeks of passaging in vitro, which suggest retention once used in vivo (Figure B.1iv). The
Luc2=tdT markers offer a robust method for detection of tumor cells in animal models.
233

Figure B.1 Expression of Luc2=tdT in Daoy MB cells.
(i) Daoy cells were transfected with pcDNA3.1(+)/Luc2=tdT. (ii) Using expression of the tandem tomato fluorescent
marker, Daoy Luc2=tdT cells were sorted using FACS. (iii) Cells sorted for high tomato fluorescence correlated
were assessed for luciferase enzyme activity in a 96 well format with serial diluted concentration of cells. (iv) Daoy
Luc=tdT cells retained marker expression following passaging in cell culture and are sorted prior to surgical
implantation into mice.
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B.2

Intracranial implantation of labeled Daoy cells into NOD/SCID mice.
The surgical procedure for injection of Daoy Luc2=tdT cells into mice is depicted in

Figure B.2. NOD/SCID immunocompromised mice aged 6-8 weeks were allowed 5-7 days
between arriving to the facility before surgery to adjust and reduce stress.
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Figure B.2 Graphic of surgical workflow used for intracranial injection of NOD/SCID mice.
Daoy Luc2=tdT cells were expanded and prepared prior to surgery. (i) NOD/SCID mice were pretreated with the
analgesic, buprenorphine (0.05mg/kg dose), using subcutaneous injection. After 30 to 60 minutes mice were induced
using 2% isoflurane using an induction chamber. Mice were transferred to a nose cone and assessed for anesthetic
depth using toe pinch. (ii) Mice were provided with supportive care and injected with subcutaneous saline. Body
temperature and respiration rate was monitored and necessary adjustment to isoflurane or heat sources was made
accordingly. Fur clippers were used to remove hair from the surgical site. Three round of soap and 70% ethanol
were used to clean the shaven site. Marcaine was injected subcutaneously along the surgical site to provide local
anesthetic. A 1cm incision was made using sterile scissors and sterile cotton tips were used to expose the skull. *To
find the correct coordinates for injection, bregma and lambda were located. A site of 2mm back from bregma and
3mm right of the midline (sagittal suture) was selected. A small hole in the skull was made at these coordinates
using a drill without penetrating the brain tissue. (iii) A 10ul volume containing 1X10E6 Daoy Luc2=tdT cells was
prepared in a Hamilton syringe. The needle of the syringe was slowly lowered through the burred hole to a depth of
3mm into the brain from the skull. Cells were injected at a rate of 2ul/min. Before removing the syringe, the needle
was left for 2-5 minutes to allow dissipation of the injected cell solution. Simple interrupted sutures were used to
repair the cut from the incision site and mice were recovered on a heat pad. (iv) Another subcutaneous injection of
buprenorphine was provided 6 hours following surgery, and again the following day depending on perceived need
for pain relief. Mice were monitored daily for well-being and neurological signs of tumor burden. Changes in weight
were also recorded.
*(coordinate image from (ii) was adapted from Paxinos, George, et al. "Bregma, lambda and the interaural midpoint
in stereotaxic surgery with rats of different sex, strain and weight." Journal of neuroscience methods 13.2 (1985):
139-143.)
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B.3

Optimization of tumor monitoring using Luc2=tdT detection.
The in vivo detection of luciferase labeled cells is done by injecting mice with the

luciferase substrate, luciferin. Signal intensity depends on a couple factors: (1) presence of
luciferase enzyme, (2) tissue distribution of active luciferin substrate, and (3) time post injection
(Klerk et al., 2007). We questioned whether the blood-brain barrier might hamper detection of
Daoy Luc2=tdT cells in the brain. Therefore, we sought to optimize our imaging protocol. Mice
bearing Daoy Luc2=tdT cells were induced with 2% isoflurane and injected with 100ul luciferin.
A timer recorded the time elapsed following luciferin injection, and multiple images were
recorded using the SPECTRAL Ami & Ami X. (Figure B.3i-ii). The imaging timecourse showed
that luciferase detection required an incubation period to allow substrate distribution into the
brain. Very little bioluminescence was measured less than 10 minutes following luciferin
injection. However, a peak of maximal detection occurred between 15-17.5 minutes (Figure
B.3iii). Images acquired 20 minutes or later demonstrated diminished signal, which suggests
exhaustion of the luciferase substrate in the tumor tissue. Average bioluminescence was
calculated in a timecourse experiment with 6 individual mice and 1 negative imaging control
mouse that was measured in duplicate (Figure B.3iv). For subsequent monitoring of Daoy
Luc2=tdT NOD/SCID xenograft mice, a time of 17.5 minutes post-injection was selected for
optimal and consistent tumor imaging.
Mice were imaged using luciferase bioluminescence once a week and weighed 1-2 times
a week. Bioluminescent signal differences of an order of log10 magnitude were considered a
significant change in tumor growth (i.e., 10E6 to 10E7). Increases of luciferase bioluminescence
over time correlated with a decline in animal well-being, as indicated by body weight (Figure
B.4i). Although no neurological signs were evident, this suggests mice might still be
experiencing clinical symptoms of a brain tumor (i.e., headache). Mice were sacked, and tissues
were fixed using formalin. Although luciferase detection requires tissue viability, the tdT marker
can be used to visualize labeled tumor cells in fixed tissues (tdT; excitation: 554nm, emission:
581nm). This is a valuable tool in mapping the location of tumors in order to process brain
tissues that are especially small and delicate (Figure B.4ii-iv).
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Figure B.3 Optimization of luciferase based tumor detection.
(i) Luciferin substrate is injected intraperitoneally to activate the light producing luciferase reaction. The time
between luciferin injection and image acquisition was recorded in order to examine the timeframe required for
detection in the brain. (iii) Representative images of a single Daoy Luc2=tdT NOD/SCID mouse injected with
luciferin for 2- 20 minutes. Bioluminescence was used to measure luciferase detection (blue, low; red, high). (iii)
Luminescence was quantified using imaging software for 6 mice previously injected with Daoy Luc2=tdT cells and
compared to a single imagining control mouse.
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Figure B.4 Development of brain tumor xenograft and use of tdT marker in fixed tissues.
(i) Changes in mouse 1M1 body weight (black) and bioluminescent tumor detection (blue) over 10 weeks following
Daoy Luc2=tdt injection. Data displayed is representative of a single mouse for which the greatest number of time
points was collected. (ii-iv) Tumor detection using the tdT fluorescent label is used to map the affected neurological
regions following sacrifice and tissue fixation. Signal is exclusive to the brain and not epidermal tissue suggesting
cell proliferation occurred in the desired location.
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B.4

Histological characteristics of xenografts reflect human disease.
Histological processing was used to confirm the tissue morphology of tumor cells.

Tumors were removed, fixed using formalin, prepared on slides, and stained with hematoxylin
and eosin (H&E). There were clear observable regions of tumor growth along ventricular areas
with some intraparenchymal spread (Figure B.5).

Figure B.5 Histology of Daoy xenograft tumor formation.
Histological profiling of tumor tissue from mouse 1M1 using hematoxylin and eosin (H&E) staining (T, tumor; CP,
choroid plexus; DG, dentate gyrus). Scale bars represent 500µm.
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