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Preface

Glioblastoma (GBM), the grade IV astrocytoma, is the most common primary adult 
brain tumor. GBM is a fast-growing and most aggressive type of central nervous 
system tumor. During the last decade, the scientific community is witnessing an 
incredible amount of progress and successes in cancer research including glioblas-
toma biology, especially with the use of various high- throughput studies like 
genomics, proteomics, and next-generation sequencing. While the median survival 
remains low despite advances on many aspects, we have begun to understand this 
extremely complex disease primarily because of the coordinated effort between sur-
geons, pathologists, oncologists, radiologists, and basic research scientists. Many 
gene signatures for risk stratification and targets for developing novel therapies have 
been identified. In this aspect, the efforts made by The Cancer Genome Atlas, USA, 
are highly commendable.

Unlike many books, this book focuses on various aspects of GBM biology. The 
chapters are written by experts in their field. The first chapter by Dr. Sujit S Prabhu 
and his colleagues describes the various adjuncts in the maximal safe surgical resec-
tion, which remains the first and most important line of therapy for GBM. The sec-
ond chapter by Dr. Vani Santosh and her colleagues discusses the recent WHO 2016 
classification of glioblastoma, which uses molecular parameters in addition to his-
tology. The next five chapters deal with advances and current understanding of 
GBM therapy. Drs. Puduvalli and Giglio and their colleagues provide an outline of 
current treatments and also examine many promising newer approaches. While 
Chap. 4 by Dr. Kesari and his colleagues describes the current status of various 
targeted therapies in GBM, Dr. Sanchez-Gomez and her colleagues discuss in their 
chapter the biology and the current understanding of EGFR targeting in GBM. Dr. 
Arvind Rao and his colleagues in Chap. 6 present a case for a complementing role 
for radiogenomics and histomics (computational histology) in the practice of GBM 
personalized medicine. In the next two chapters contributed from my laboratory, 
there is an emphasis on the importance of next-generation sequencing in GBM- 
targeted therapy and a summary of the origin and biology glioma stem-like cells as 
tumor-initiating cells, their role in therapy resistance and potential methods to target 
them. Dr. M. Squatrito and his colleagues examine in Chapter 9 the various animal 
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models to study the biology of GBM and for developing therapeutic strategies. In 
the last chapter (Chap. 10), Dr. Chitra Sarkar and her colleagues give an update 
about the pediatric glioma, which is the most common solid tumors of childhood.

The chapters presented in this book deals with various aspects of GBM including 
biology, pathology, improved surgical resection, and various therapeutic options. 
There is also an emphasis on the translational potential of various aspects. I sin-
cerely hope this book would be highly useful to clinicians, basic scientists, and 
more to the students. Further, I would like to acknowledge the contribution of all 
authors and the team of production group of Springer.

Kumaravel Somasundaram
Department of Microbiology and Cell Biology  
Indian Institute of Science
Bangalore, Karnataka, India

Preface
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Chapter 1
Maximal Safe Resection in Glioblastoma:  
Use of Adjuncts

Daria Krivosheya, Marcos Vinicius Calfatt Maldaun, and Sujit S. Prabhu

Abstract Glioblastoma is a malignant primary brain neoplasm for which no cure 
exists due to the infiltrative nature of this tumor. Maximal safe resection is the cor-
nerstone of treatment that was shown to prolong patient survival. To maximize the 
extent of resection while preserving neurological status of the patient, good under-
standing of tumor anatomy as well as location of eloquent cortex and subcortical 
pathways is required. A number of imaging and functional adjuncts can be used 
before and during surgery to achieve both of these goals. This chapter first describes 
the use of preoperative adjuncts such as functional MRI, diffusion tensor imaging, 
navigated transcranial magnetic stimulation, and others, to help with preoperative 
planning. Furthermore, it describes the principles of intraoperative techniques such 
as fluorescence, direct electrical stimulation, and awake craniotomy, that allow 
intraoperative visualization of tumor tissue as well as mapping of functional cortical 
and subcortical areas to safely accomplish maximal tumor resection.

Keywords Glioma • Glioblastoma • Cortical mapping • Awake craniotomy  
• Functional MRI • Diffusion tensor imaging • Navigated transcranial magnetic 
stimulation

1.1  Introduction

Gliomas are primary brain neoplasms that diffusely infiltrate the brain thus making 
it difficult to achieve a cure. Over the last decades much effort was extended to 
determine factors that affect patient survival. While radiation and chemotherapy are 
important to control tumor progression, surgery has the advantage of reducing 
tumor burden acutely. Furthermore, the extent of tumor resection has been shown to 
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correlate with overall and progression-free survival in low- and high-grade gliomas 
(Coburger et al. 2016; Jakola et al. 2012; Lacroix et al. 2001; Li et al. 2016; Sanai 
et al. 2011). On the other hand, a new postoperative neurological deficit negatively 
affects patient outcome resulting in decreased overall survival (McGirt et al. 2009). 
Therefore, glioma surgery is a balance of maximal resection and avoidance of post-
operative neurological deficits, i.e. maximal safe resection. To achieve this goal, 
there are a number of imaging modalities available that help delineate tumor anat-
omy and functional areas of brain in the vicinity of the tumor, but all modalities 
have limitations that will be discussed in this chapter. This information is used for a 
careful preoperative planning added to advanced intraoperative technique to ensure 
maximal amount of tumor is resected in a safe manner. This chapter focuses on first 
describing some of the preoperative adjuncts that can be used to better characterize 
the tumor and the surrounding functional cortical areas. The second part of this 
chapter focuses on describing techniques that can be used intraoperatively to maxi-
mize safe tumor resection.

1.2  Preoperative Investigations

1.2.1  Magnetic Resonance Imaging

Understanding tumor anatomy and its relationship to the surrounding eloquent cor-
tical areas and subcortical structures is paramount for surgical planning. High qual-
ity magnetic resonance study is the foundation of understating of tumor anatomy in 
relation to the surrounding structures. In the case of high-grade gliomas, contrast 
enhanced T1-weighted images are key in delineating the extent of the aggressive 
part of the tumor. These tumors derive their blood supply from abnormally formed 
blood vessels that lack blood-brain barrier and therefore allow for contrast to accu-
mulate in tumor tissue. The surrounding high FLAIR (fluid-attenuated inversion 
recovery) signal is thought to represent surrounding vasogenic edema (Fouke et al. 
2015). Recent evidence shows, however, that it may also represent the infiltrative 
part of the tumor, as resecting greater than 50% of the surrounding T2 signal was 
shown to improve patient survival (Li et al. 2016). Revised Assessment in Neuro- 
Oncology (RANO) criteria also use T1- and T2-weighted MRI images to describe 
the extent of high-grade glioma resection, as well as response to treatment. In con-
trast, lower grade neoplasms have an intact blood brain barrier and do not enhance. 
The area of infiltration is thought to correlate with high T2 or FLAIR signal. Several 
additional advanced MRI sequences can also be used to further characterize tumor 
ultrastructure and help identify hypermetabolic areas that could be targeted for 
biopsy or to be included in resection. These include MR spectroscopy, diffusion and 
perfusion weighted imaging techniques (DWI and PWI), the latter including 
dynamic contrast enhanced and susceptibility contrast MRI studies (DCE and 
DSC). PWI seems to be a great complementary MRI sequence that allows better 
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understanding of biological behavior to differentiate between early progression, 
pseudoprogression, and radionecrosis during follow up.

1.2.2  Functional MRI

Functional MRI (fMRI) has evolved as an important adjunct to preoperative surgi-
cal planning for the purpose of mapping of eloquent language and motor areas. This 
technique relies on the phenomenon of neurovascular coupling that detects increased 
blood flow, i.e. oxygenation of areas of cortical activation as the patient is perform-
ing a particular task. It is widely used for mapping of motor cortex. Functional 
motor cortical areas identified with fMRI were shown to correlate well with the 
results of intraoperative direct cortical stimulation with greater than 95% specificity 
and sensitivity (Kuchcinski et al. 2015; Trinh et al. 2014). This is in contrast to map-
ping of language areas using fMRI that has sensitivities in the 37–91% range and 
specificity of 64–83% when compared to results of intraoperative language map-
ping (Kuchcinski et al. 2015; Trinh et al. 2014). Therefore, fMRI is mainly used for 
determination of hemispheric language dominance (Krings et al. 2002; Trinh et al. 
2014). It can also be used to highlight areas involved in different aspects of speech 
production and comprehension (Fig.  1.1). Awake intraoperative mapping of lan-
guage areas using direct electrical stimulation, however, remains the gold standard 
for language mapping due to poor spatial resolution of fMRI data.

Fig. 1.1 Functional MRI mapping of speech areas. Sagittal view showing overlap of speech para-
digms used for identifying speech areas using fMRI. The sentence completion task highlights both 
Wernicke’s and Broca’s areas of speech (fMRI functional MRI, CAT category naming task, FAS 
word generation task, QIAC sentence completion task)

1 Maximal Safe Resection in Glioblastoma: Use of Adjuncts
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The widespread use of fMRI in preoperative planning is in part due to minimal 
additional equipment requirements for performing the test, as no additional equip-
ment is required. There are a couple of caveats with the use of fMRI in preoperative 
planning, however. First, fMRI highlights all areas that are activated during task 
execution, and cannot make the conclusion as of whether a particular cortical area is 
required for that function. Furthermore, vascularity of the tumor may result in neu-
rovascular uncoupling phenomenon at the margins of the lesion, resulting in false-
negative mapping (Schreiber et al. 2000; Ulmer et al. 2004). Similarly perilesional 
edema may induce false-positive activations. Overall, despite poor spatial resolution 
of this study modality, it is accurate at localizing motor areas, thus helping with 
preoperative planning and minimizing the time of intraoperative mapping.

1.2.3  Magnetoencephalography

As cortical areas are activated during task performance, magnetic fields are pro-
duced as a result of neuronal electrical activity. Magnetoencephalography (MEG) is 
a technique that allows detection of these magnetic fields and thus identification of 
the corresponding areas of cortical activation through cross-referencing with 
patient’s MRI. Currently, MEG can be used for mapping of motor, visual, and audi-
tory cortex, and assist in determination of language dominance. The studies corre-
lating MEG results with intraoperative DCS mapping show high degree of 
correlation (Korvenoja et  al. 2006; Tarapore et  al. 2012). The cost of equipment 
however is the main limitation of widespread use of this technology. Cortical mag-
netic fields are of very low values requiring a magnetically shielded room for testing 
and superconductors for detection, which contributes to high equipment cost 
r esulting in its limited availability.

1.2.4  Navigated Transcranial Magnetic Stimulation

The main limitation of fMRI and MEG functional mapping is that they provide a 
“passive” or observational information with respect to cortical eloquent areas. In 
addition, patient cooperation is required for accurate functional mapping. While 
direct cortical stimulation (DCS) remains the gold standard for motor and language 
mapping, transcranial magnetic stimulation is the equivalent of DCS that can be 
performed outside of the operating room environment (Fig. 1.2a). The TMS coil 
sets up magnetic field that induces electrical current in the underlying cortical area 
during transcranial stimulation. Motor evoked potentials (MEPs) are recorded dur-
ing the stimulation and do not require patient cooperation for testing. During lan-
guage testing, a short train of impulses is administered to create a temporary cortical 
lesion with subsequent speech arrest that is observed while the patient is naming 
objects. Recent advances in imaging technology allow cross-referencing the TMS 
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coil with the patient head position and the preoperative high-definition MRI image 
thus resulting in high precision stimulation. The accuracy of this testing is about 
5 mm, and correlation with DCS has demonstrated good agreement between the two 
modalities in the range of 5–15 mm (Krieg et al. 2012a; Lefaucheur and Picht 2016; 
Tarapore et al. 2012).

Preoperative use of nTMS has been shown to improve outcomes and result in 
longer patient progression-free survival (Frey et al. 2014; Krieg et al. 2014; Picht 
et al. 2016). More importantly, the results of the nTMS stimulation can affect surgi-
cal strategy, help estimate the extent of possible resection, and can be used to 
improve accuracy of subcortical fiber mapping using diffusion tensor imaging (DTI) 
protocols when used as a seed point for subcortical fiber tracking to improve their 
accuracy. In addition, nTMS can be used to follow patients longitudinally to identify 

Fig. 1.2 Using nTMS, DAT, and intraoperative DES for mapping of eloquent motor cortical areas 
in a patient with a left-frontal high-grade glioma. (a) Navigated-TMS demonstrating areas of leg 
(red pegs) and arm (yellow pegs) activation just posterior to enhancing areas of left frontal glioma. 
(b) Deformable anatomic template image displaying projection of descending corticospinal tracts 
that corresponded with good accuracy to the results of pre-operative nTMS and intraoperative 
direct electrical stimulation. (c) Intraoperative photograph displaying the stimulation set-up for 
continuous monitoring of leg function. A 4 × 2 silicone grid is placed over the motor area and 
sutured to dura for the duration of the case. Continuous monitoring of motor evoked potentials dur-
ing tumor resections provides information on corticospinal pathway integrity. (d) En-bloc resection 
of left frontal glioblastoma specimen (nTMS navigated transcranial magnetic stimulation, DAT 
deformable anatomic template, DES direct electrical stimulation, Ref reference electrode)

1 Maximal Safe Resection in Glioblastoma: Use of Adjuncts
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patients in whom eloquent cortical areas may have shifted due to previous surgery 
or tumor involvement as a result of neural plasticity. The ease of use and relatively 
low cost of the equipment contribute to the increased use of this modality in preop-
erative planning across different neurosurgical centers.

1.2.5  Diffusion Tensor Imaging

Mapping of eloquent cortical areas is important to avoid damage to these areas and 
subsequent neurological deficit. However, it is important to appreciate that damag-
ing the subcortical fibers can result in a neurological deficit that may be just as 
severe, and therefore they must be respected. Diffusion tensor imaging (DTI) is the 
only preoperative imaging modality that allows mapping the location of subcortical 
white matter tracts. DTI is a T2-weighted MRI protocol that detects the preferential 
movement of water, or anisotropy, along the axon (Fig. 1.3). Further computational 
processing involving fiber tracking algorithms estimate the location of the cortico-
spinal tracts and major tracts involved in language processing, such as arcuate fas-
ciculus and inferior orbitofrontal fasciculus. The reliability of DTI fiber tracking 
mapping of corticospinal tracts were confirmed using intraoperative direct electrical 
stimulation (DES) (Zhu 2012). Using DTI for surgical planning and during the 
resection reduces the risk of postoperative deficit and results in longer median 
patient survival (Wu et al. 2007).

It is important to be aware of some of the limitations of using DTI for operative 
planning. Diffusion tensor imaging is a computational process and subject to vari-
ability depending on the protocol used. Proximity of neoplastic tissue and peritumoral 

Fig. 1.3 Right frontal low-grade glioma resection. (a) Preoperative DTI tractography results are 
overlaid onto T1-weighted MRI image with contrast enhancement. This demonstrated that 
descending corticospinal tracts (in blue and pink) are displaced rather than infiltrated by tumor. (b) 
A complete surgical resection was achieved preserving patient’s neurological function (DTI diffu-
sion tensor imaging)

D. Krivosheya et al.
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edema can further affect the results of DTI rendering (Pujol et al. 2015). In infiltrative 
tumors it is at times difficult to establish the real relationship between lesion and tracts 
that could be infiltrated, dislocated or disrupted. While technological advances and 
use of higher definition technologies such as diffusion spectrum imaging (DSI) 
(Wedeen et al. 2005) and high angular resolution diffusion imaging (HARDI) (Tuch 
et al. 2002) may overcome some of these limitations at the expense of longer imaging 
acquisition times and more complex computational processing, intraoperative DES of 
subcortical white matter tracts should be used intraoperatively to delineate their exact 
location relative to tumor.

1.2.6  Deformable Anatomic Templates

Many functional areas in the brain are consistently localized to specific gyri and thus 
could be determined by identifying specific anatomical landmarks. Deformable ana-
tomic templates (DAT) are derived from a set of generic MRI images that contain 
information on cortical functional areas and subcortical tracts. These templates can be 
co-registered with the patient’s MRI scan and subjected to three-dimensional defor-
mation to closely match patient’s MRI. The resulting scan provides functional and 
structural information about the areas surrounding the tumor and can be used in pre-
operative planning as well as intraoperatively (Figs. 1.2b and 1.4a) (Kumar et al. 2013; 
Vabulas et al. 2014). Special training and software are required, however, to apply this 
technology as imaging matching is performed manually. Furthermore, at present 
application of this technology is only limited to cases of small tumors with minimal or 
no mass effect that minimally disrupt their environment (Vabulas et al. 2014).

1.3  Intraoperative Adjuncts

1.3.1  Intraoperative Image Guidance Techniques

Several techniques using imaging technology are available to help guide surgical 
tumor resection in the operating room. Frameless stereotaxy was introduced over 
two decades ago and since has become the tool that is used almost ubiquitously in 
neurosurgery, and especially during neurooncology cases. Most commercially 
available systems use infrared technology where a combined infrared emitter and 
camera detects the location of reflective markers in space. Typical setup includes a 
reference array that is rigidly connected to the patient’s head fixation device. Image 
guidance probe containing several reflector markers is then registered relative to the 
frame and tracked in real time. The patient’s head position is registered relative to 
the frame, and a high definition CT or MRI set is used to create a 3D rendering of 
intracranial contents. The imaging probe subsequently can be used to identify 

1 Maximal Safe Resection in Glioblastoma: Use of Adjuncts
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different structures intracranially. Frameless stereotaxy helps optimize the location 
of surgical incision and location of craniotomy to ensure adequate exposure for 
surgical resection (Willems et al. 2006).

Frameless stereotaxy is excellent at identifying surface landmarks and structures 
that are fixed in space. In brain surgery however, with the CSF egress and with 
tumor removal, so call “brain shift” occurs which makes intraoperative navigation 

Fig. 1.4 Resection of right frontal low-grade glioma located in motor area of the face. (a) 
Deformable anatomic template MRI of patient with low-grade glioma (high signal on FLAIR 
MRI) in face motor area. The red areas in the tumor are areas of fMRI activation for tongue. The 
lower end of the DAT overlay (blue, gray and purple areas) overlying the face and tongue area are 
within the tumor (b) Intraoperative MRI FLAIR sequence demonstrating complete resection of the 
lesion. (c) Intraoperative direct cortical stimulation record demonstrating motor evoked potentials 
in face when stimulating in the area of the tumor (fMRI functional MRI, DAT deformable anatomic 
templates)

D. Krivosheya et al.
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inaccurate. To obtain updated information on the progress of resection one can use 
intraoperative ultrasound. Over 80% of low-grade gliomas and nearly all high-grade 
gliomas can easily be identified with ultrasound (Gerganov et al. 2011; Le Roux 
et al. 1992; Serra et al. 2012). Given that the information obtained with ultrasound 
is more difficult to interpret and is user dependent, additional features such as cross- 
referencing ultrasound probe with preoperative MRI scan, or using contrast 
enhanced ultrasound techniques can facilitate ultrasound image interpretation 
(Prada et al. 2014; Rivaz et al. 2015).

To obtain updated high resolution imaging, intraoperative MRI can be used. It is 
excellent at identifying remaining tumor, provides an updated high-resolution scan 
that can be used for subsequent neuronavigation (Fig. 1.4b). The use of iMRI results 
in improved extent of resection and was correlated with improved neurological out-
comes of tumor patients with longer survival times (Knauth et al. 1999; Senft et al. 
2011). The main disadvantage of using iMRI is very high cost of the scanner and 
increased length of procedure due to additional scans acquisition.

1.3.2  5-Aminolevulinic Acid

Another way of visualizing the remaining tumor intraoperatively is to use fluores-
cent compounds, such as 5-aminolevulinic acid (5-ALA). It is administered in liquid 
form that the patient drinks aporoximately one hour before the procedure. The com-
pound is absorbed, traverses the blood brain barrier, and further metabolized inside 
the tumor cells to photoporphyrin IX. The latter is a fluorescent compound that can 
be detected as pink fluorescence under blue light when using intraoperative micro-
scope. At present, it can only be used effectively for high-grade glioma resection, as 
it does not accumulate in low-grade gliomas in concentration that would sufficient 
for its detection under the microscope. The use of 5-ALA has been shown to increase 
the rate of complete tumor resection by 50% (Nabavi et al. 2009; Stummer et al. 
2006). During the resection however the surgeon needs to be aware that tissue over-
hangs or blood may obscure some areas of fluorescence. Furthermore, this tech-
nique provides purely anatomical information, and while eloquent areas may be 
involved and thus fluoresce, clinical judgment is required of whether those areas 
should be excised or spared. Overall, the ease of use of this technology has a poten-
tial to be of benefit in glioma surgery to improve the rates of complete resection.

1.3.3  Functional Cortical and Subcortical Mapping

For gliomas involving eloquent brain, functional mapping of cortical and subcorti-
cal eloquent areas help guide surgical resection and minimize the risk of new post-
operative deficit. Direct electrical stimulation (DES) remains the gold standard for 
functional characterization of eloquent areas (Fig. 1.4c). The original protocol was 

1 Maximal Safe Resection in Glioblastoma: Use of Adjuncts
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established by Penfield and Bodrey in 1930s and involves current delivery to corti-
cal area in question to obtain a behavioral response thus allowing to map cortical 
eloquent regions (Penfield and Boldrey 1937). At present, DES is used to identify 
eloquent motor and language areas. There are several fundamental differences in 
how motor and language areas are mapped out. The fundamentals of stimulation are 
common to both mapping protocols. Therefore, we will first review the basic prin-
ciples of electrical stimulation followed by focused discussion of details relating to 
motor and language mapping.

1.3.4  Principles of Direct Electrical Stimulation

There are three components to electrical stimulation: the generator, the electrical 
stimulus administered during mapping, and the probe that is used to deliver the 
stimulus. There are two types of generators that are available commercially: con-
stant current and constant voltage. Constant current generators are used more com-
monly since it is more reliable as it is not affected by tissue impedance resulting in 
known amount of charge delivered during stimulation.

Stimulation parameters describe the characteristics of the electrical pulse deliv-
ered to the brain tissue. There are two different protocols that are commonly used: 
low- and high-frequency stimulation. In the low-frequency protocol used for corti-
cal mapping, the typical peak current used in brain stimulation ranges from 2.5 to 
8 mA with biphasic or monophasic pulses lasting 0.2 to 0.5 ms delivered at fre-
quency of 50 or 60 Hz. The high-frequency stimulation is used for monopolar corti-
cal and subcortical stimulation and uses train of five pulses of 0.5 ms duration that 
are delivered at a frequency of 250–500 Hz (Taniguchi et al. 1993). Peak current 
values used with this technique ranges from 1 to 20 mA. It is essential to have a 
good understanding of the technique and the timing of stimulation during surgery 
between the surgeon and the neurophysiologist. This interaction plays an important 
role to obtain a better functional result.

Two types of probes that are used for DES of the brain are monopolar and bipo-
lar. In stimulation with a monopolar probe the current is delivered in a radial pattern 
thus allowing for stimulation of larger area of tissue and of targets that are further 
away from the probe. Anodal current is used in cortical stimulation, whereas cath-
odal current is employed in stimulation of subcortical white matter. The bipolar 
probe consists of two electrodes one representing an anode and the other cathode 
separated by 5 mm. This configuration allows for focused current delivery between 
the electrodes, and thus higher precision mapping. This is, however, at the expense 
of higher likelihood of triggering seizures due to higher density of charge delivered 
over a smaller cortical area.

D. Krivosheya et al.
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1.3.5  Motor Mapping and Monitoring

1.3.5.1  Somatosensory Evoked Potentials

There are a number of surface landmarks that help predict the location of the primary 
motor cortex. Presence of the tumor however frequently distorts normal brain anat-
omy making it difficult to reliably identify precentral gyrus. In such situations, mea-
suring somatosensory evoked potentials (SSEPs) may help reliably identify the 
central sulcus thus helping with the intraoperative identification of primary motor 
cortical area. A platinum grid electrode consisting of 4 × 2 or 8 × 1 electrodes is 
placed over the cortical area. The contralateral median nerve is then stimulated and 
SSEPs are recorded. There is a change in dipole direction as the current traverses 
over central sulcus resulting in “phase reversal” observed in SSEP recordings. This 
technique of motor cortex identification is successful in over 90% of patients, and 
can be conducted in patients under general anesthesia (Cedzich et al. 1996). The 
cortical grid can subsequently be used to monitor for after-discharges or seizure 
activity during cortical stimulation, or used throughout the case for continuous motor 
evoked potentials (cMEPs) monitoring of integrity of motor system (Fig. 1.2c).

1.3.5.2  Motor Evoked Potentials

Following identification of the primary motor cortex, motor function can be moni-
tored thought the case by recording MEPs. To accomplish this, a small strip of 
electrodes is placed on the motor cortex and one of the contacts is used as a mono-
polar probe to stimulate motor pathways at regular intervals while the tumor is 
resected (Fig. 1.2c). The latency to MEPs and the amplitude is recorded, while the 
amount of current that is administered to the cortex remaining the same. Potential 
compromise to the motor system is assumed if the amplitude is reduced by 50% or 
there is a need to go up on the current more than 4 mA to obtain MEP response with 
the same amplitude (Kombos et al. 2001; Krieg et al. 2012b; Seidel et al. 2013). In 
situations were these parameters improve later in the surgery, the patient will most 
likely sustain a reversible neurological deficit. If the MEP are permanently decreased 
or lost during surgery, the patient will wake up with a new neurological deficit 
(Krieg et al. 2012b). In 4.5% of cases, the patient will have a new neurological defi-
cit postoperatively despite unchanged cMEP recordings during surgery (Krieg et al. 
2012b). In those cases, the new deficit was secondary to postoperative stroke, hema-
toma, resection of supplementary motor area, or lack of monitoring in that limb. 
Therefore, cMEPs are quite accurate in predicting postoperative neurological out-
come from surgical resection alone with a false negative rate that is essentially zero. 
It has a limited role, however, in alerting the surgeon to the impending neurological 
damage as only 60% of intraoperative changes are reversible (Seidel et al. 2013).
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1.3.5.3  Cortical Stimulation

For higher precision mapping of motor cortex, direct cortical stimulation may be 
employed. Low-frequency parameters using bipolar stimulation are typically used 
in an awake patient, whereas high-frequency train of five technique using monopo-
lar probe can be used in a patient that is awake or asleep, and requires smaller 
amount of charge delivered to neural tissue thus minimizing the risk for seizures. 
Cortical stimulation of motor cortex allows differentiation of primary motor cortex 
from premotor areas by observing resulting movement: clonic and at lower stimula-
tion threshold in stimulation of primary motor areas, and tonic contractions at higher 
thresholds in stimulation of premotor areas. Furthermore, inhibition of movement 
can occur with stimulation of supplementary motor areas, and should be distin-
guished from patient fatigue.

1.3.5.4  Subcortical Stimulation

Recently much more emphasis has been placed on stimulation not only cortical 
areas, but also the descending white matter tracts. Transection of descending corti-
cospinal tracts results in a significant neurological deficit and an accompanying loss 
of cMEPs in the corresponding limb. Preoperative studies that include DTI and 
tractography can predict the location of corticospinal fibers relative to tumor. During 
tumor resection, as brain shift occurs, the fibers can shift 4–15 mm (Nimsky et al. 
2007). The direction of the shift is unpredictable, however, thus making intraopera-
tive subcortical stimulation an important adjunct to prevent new neurological defi-
cit. Low-frequency bipolar stimulation can be used, and the assumption is that 
stimulation of the white matter tracts occurs at a distance of 2–5 mm from the stimu-
lating electrode. High-frequency monopolar stimulation is used more commonly 
now for mapping of descending corticospinal tracts. Furthermore, the distance to 
the descending tracts is proportional to the amount of current that is delivered to 
elicit MEPs. A linear relationship was shown with 1 mA equivalent to 1 mm of 
distance to the descending fibers (Nossek et al. 2011; Ohue et al. 2012; Prabhu et al. 
2011). Tumor resection up to 5  mA of stimulation threshold was shown safe in 
avoiding a new postoperative deficit (Prabhu et al. 2011). Yet other studies demon-
strated that resection of the tumor to the threshold up to 1 mA may be safe with only 
3% of rate of new permanent neurological deficit at 3 months (Raabe et al. 2014). 
Overall, a combination of cortical and subcortical stimulation is encouraged to min-
imize risk of postoperative neurological deficit.

1.3.6  Language Mapping

While motor mapping can be performed in a patient that is awake or asleep, not 
requiring patient cooperation, language mapping can only performed in an awake 
and cooperative patient. Awake craniotomy is performed in many centers as it was 
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shown to result in greater extent of resection while minimizing postoperative defi-
cits. Awake craniotomy is well tolerated by patients with very low failure rates of 
0.5–6.4% (Hervey-Jumper et  al. 2015; Nossek et  al. 2013). Since the patient is 
woken up in the middle of surgery, preoperative preparation of the patient for the 
awake craniotomy should include a detailed explanation of the procedure, of the 
tests performed intraoperatively, as well as introduction of the members of surgical 
and medical teams to ensure successful procedure.

The craniotomy is planned to expose at least 2–4 cm of cortical tissue around the 
tumor to allow for mapping. Low-frequency stimulation protocol using a bipolar 
probe is used most commonly. The stimulation current starting at 1 mA and going 
up on the current in 0.5 mA increments to a maximum of 6–8 mA. The cortex is 
systematically stimulated at 5–10 mm intervals with the duration of stimulation of 
2–4 s. Stimulation for longer periods of time as well as repetitive stimulation of the 
same areas of cortex should be avoided as it predisposes to higher incidence of sei-
zures. Stimulation is performed while the patient is performing language tests that 
may include naming, counting, dual task (simultaneous object-naming and move-
ment task), repetition, or semantic tasks. Areas of mistakes or speech arrest are 
noted and a sterile marker placed to denote observed abnormality. An intraoperative 
photograph may be taken at the end of stimulation for documentation of eloquent 
areas and future reference in cases of repeat resection.

Intraoperative seizure activity is one of the most common complications of 
awake craniotomy occurring in about 3% of cases (Hervey-Jumper et al. 2015). It is 
therefore important that patients who are on antiepileptic medication take their 
medication on the day of surgery. Electrocorticography is commonly used during 
the stimulation to detect after-discharges and non-convulsive seizure activity. Most 
seizures are extinguished by applying ice-cold Ringer’s saline to cortical surface. In 
resistant cases a small bolus of propofol can be administered to end seizures.

Recently, the appreciation of importance of white matter pathways for speech 
production has evolved (Chang et al. 2015). As a consequence, many groups per-
form subcortical mapping of speech pathways in addition to identifying speech cor-
tical areas. Subcortical stimulation is for the most part performed in a manner 
similar to cortical stimulation protocols. The monopolar stimulation with train-of- 
five protocol has also been attempted with good success (Axelson et al. 2009).

1.3.7  Resection Principles

Once functional areas around the tumor have been established, the consideration is 
given to the mode of resection. In general, tumors infiltrating eloquent areas are 
resected in piecemeal fashion. En-block resection is the preferred method of tumor 
resection, however, whenever possible. The latter makes use of naturally present 
planes, such as cortical sulci to define the extent of resection. Each sulcus is followed 
to its depth until white matter is encountered at which point the interface between the 
tumor and white matter is established and followed circumferentially (Fig.  1.2d). 
Subcortical eloquent areas are identified early in such cases using DES and are avoided.
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1.4  Conclusion

In summary, a variety of techniques are available to functionally characterize corti-
cal and subcortical areas of brain in the vicinity of tumor. Preoperative investiga-
tions provide great anatomic detail of the area in question and preliminary functional 
information that may guide the choice of intraoperative adjuncts to be used during 
the resection. Combining adjuncts that enable better tumor visualization with direct 
cortical and subcortical stimulation for functional mapping allows us to maximize 
glioma resection while minimizing the risk of postoperative neurological deficit.
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Chapter 2
Molecular Pathology  
of Glioblastoma- An Update

Vani Santosh, Palavalasa Sravya, and Arimappamagan Arivazhagan

Abstract Glioblastoma, the most common primary brain malignancy, has piqued 
the interest of researchers for decades. As a result, it is one of the most studied brain 
malignancies. Advancement in technology in recent years has had a tremendous 
impact on the understanding of this dreaded disease. Deepening insight into its 
molecular pathology has brought about a paradigm shift in the knowledge of this 
disease. The WHO has made significant changes in the classification of glioblas-
toma with emphasis on the molecular changes, thus advocating a histomolecular 
diagnosis, as opposed to the purely histological diagnosis which was the gold stan-
dard until recently. The molecular diagnostics aid the decision making in the man-
agement of the disease. This chapter discusses the histomorphology of glioblastoma, 
new WHO classification of glioblastoma, recent molecular contributions of various 
research groups leading to changing concepts and also the less explored avenues 
like intra-tumor heterogeneity and tumor recurrence in glioblastoma.

Keywords Glioblastoma • WHO 2016 • Molecular pathology • IDH1 • MGMT  
• Recurrence

2.1  Introduction to Adult Diffuse Gliomas and Glioblastoma 
with Emphasis on Changing Concepts

Gliomas are the most common primary brain tumors in adults and are the focus of 
research in neuro-oncology. Until recently, they have been grouped together accord-
ing to what was believed to be their cell of origin. Hence, they were classified as 
astrocytic, oligodendroglial, oligoastrocytic and ependymal tumors. Initially, the cell 
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of origin was predicted solely based on the morphological similarities of the neo-
plastic cells to the different glial cells. However, with advancing technology, the 
picture of molecular landscape of gliomas has become sharper and the family trees 
have been re-drawn. It is now understood that the various diffusely infiltrating glio-
mas are more nosologically similar to each other than to the circumscribed gliomas 
sharing similar cellular morphology.

Thus, according to the latest WHO 2016 classification, adult diffuse gliomas, 
whether astrocytic or not, now fall under one category and comprise the WHO grade 
II and grade III astrocytoma, grade II and grade III oligodendroglioma, grade II and 
grade III oligoastrocytoma-‘Not Otherwise Specified(NOS)’ and grade IV glioblas-
toma . Previously, pediatric gliomas were grouped along with their adult counter-
parts, despite the known differences in their biological behavior. Increasing insights 
into the molecular aberrations in pediatric gliomas have enabled sharper demarca-
tion in the subtypes. One such group defined in the new classification is the diffuse 
midline glioma, H3 K27 M mutant. Overall, the most notable change in the way 
gliomas are now viewed at is the integration of molecular markers in defining the 
entities.

Diffuse gliomas are potentially malignant or overtly malignant tumors, glioblas-
toma being the most aggressive of all. Its inexorable progression and the inevitabil-
ity of death it brings about within 14–16 months of diagnosis despite the best 
available treatment makes it the nightmare of patients, clinicians and researchers 
alike. Glioblastoma has plagued the minds of researchers ever since the entity came 
to be known. Diagnosis of this tumor is not so much of a challenge, but predicting 
its clinical behavior is. This tumor is so varied in its composition that heterogeneity, 
both inter and intra tumor, is one of the characteristic features of glioblastoma. Prior 
to the advent of technologies to decipher the molecular makeup of glioblastoma, 
histopathology was the only modality available to characterize the tumor and its 
variants.

In glioblastoma, the heterogeneity is such that if each pattern were to be consid-
ered a variant, there would be many variants which are of doubtful prognostic sig-
nificance and which would not, with the present knowledge, aid the prediction of 
clinical and biological behavior. Hence, the WHO has identified only those patterns 
as variants which would throw light on possible clinical course. WHO 2007 classi-
fication had identified Glioblastoma as one codified tumor entity with two variants- 
Gliosarcoma and Giant cell glioblastoma.

With the advent of molecular profiling which picked up speed in the last decade, 
the understanding of the tumor has moved up by several notches and the latest WHO 
2016 classification now identifies two entities of glioblastoma based on mutational 
status of IDH (Isocitrate dehydrogenase) gene-IDH wild type glioblastoma and IDH 
mutant glioblastoma. A new variant of IDH wild type glioblastoma also has been 
penned down, which is epithelioid glioblastoma. Glioblastoma with primitive neu-
ronal component has been described as a pattern.

It is evident that there was an enormous inflow of molecular data which com-
pelled the scientific community to reconsider the approach to gliomas. Discoveries 
of note are 1p and 19q codeletion (oligodendroglioma specific), IDH point muta-
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tions, ATRX mutations, TP 53 mutations, TERT mutations, EGFR amplifications, 
PTEN mutations and others. This flood of molecular findings has brought about a 
revolution in the diagnosis and prediction of clinical behavior of gliomas, including 
glioblastoma. The ISN Haarlem guidelines have played a central role in bringing 
about this change.

2.2  ISN Haarlem Guidelines and Evolution of WHO 2016

The inadequacy of the WHO 2007 guidelines in prognosticating the patient’s 
response to treatment and the inter-observer variability which was prevalent when 
WHO 2007 classification failed to guide the pathologists in arriving at an unequivo-
cal diagnosis, instigated the International Society for Neuropathology to convene at 
Haarlem, Netherlands in order to discuss the need for incorporation of pertinent 
molecular discoveries into the existing diagnostic criteria and classification. This 
crucial meeting, called the “WHO’S NEXT” has set the stage for the new WHO 
classification. However, the WHO authorized an ‘update’ of the WHO 2007 4th edi-
tion but not the release of a 5th edition. This update features predominantly a com-
bination of morphology and genetics resulting in a major restructuring in the 
classification of several brain tumour entities, the gliomas in particular.

The ISN Haarlem guidelines suggested that a “layered diagnosis with histologi-
cal classification, WHO grade and molecular information listed below to derive an 
integrated diagnosis” be made routinely (Louis et al. 2014) (Table 2.1).

With this, the picture became clearer and several unresolved issues have success-
fully attained a greater resolution.

2.3  WHO 2007 Classification Versus 2016 Classification w.r.t 
Glioblastoma (Table 2.2)

Following the suggestions made by ISN Haarlem consensus and taking into account 
the advancement in understanding of molecular pathogenesis, the WHO 2016 has 
made significant changes in the classification of gliomas. One major change is the 
regrouping of the gliomas as ‘diffuse astrocytic and oligodendroglial tumors ’, 

Table 2.1 Multilayered 
reporting format as per ISN 
haarlem consensus (Louis 
et al. 2014)

Layer 1: Integrated diagnosis 
(incorporating all tissue-based 
information)
Layer 2: Histological classification
Layer 3: WHO grade (reflecting 
natural history)
Layer 4: Molecular information
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‘other astrocytic tumors’, ‘ependymal tumors’ and ‘other gliomas’ as opposed to the 
WHO 2007 that includes; ‘astrocytic tumors’, ‘oligodendroglial tumors’, ‘oligoas-
trocytic tumors’, ‘ependymal tumors’ and ‘other neuroepithelial tumors’. Another 
significant change in WHO 2016 is the inclusion of entity defining molecular infor-
mation in the classification. Now, various entities are defined by their molecular 
signatures.

Both these major changes apply to Glioblastoma, too. It is now grouped with 
diffuse gliomas which are now believed to arise from a common bipotential precur-
sor cell/ a neural stem cell which undergoes sequential mutations that directs its 
evolution to the different types of diffuse glioma. A new entity namely “Glioblastoma- 
IDH mutant” is recognized. This change is guided by accumulating evidence that 
IDH mutant glioblastoma confers a significantly better prognosis than IDH wild 
type glioblastoma.

2.4  Glioblastoma: Gross Pathology, Histomorphology 
and the New Definitions

Even though histomolecular approach has now taken over pure histological approach 
for brain tumor diagnosis, it must, however, be re-iterated that histology is the key 
entry point, which is especially true for glioblastoma. The holistic understanding of 
glioblastoma is only complete when one is well versed with its histomorphology. 
Few human malignancies display the heterogeneity which glioblastoma exhibits. 
The cellular composition is varied and as a result, there are numerous histological 
patterns of glioblastoma which have been described in great detail.

Glioblastomas are disproportionately large for the duration of symptoms with 
which the patient presents. The tumor, in no time, completely infiltrates an entire 
lobe. In fact, one of the earliest descriptions (1928) of treatment for glioblastoma 
was that of hemispherectomy by neurosurgeon Walter Dandy, despite which the 
patients succumbed due to contralateral hemisphere involvement (Bahuleyan et al. 
2013). This vignette clearly shows how aggressively the tumor grows.

Table 2.2 Differences between WHO 2007 (Louis et al. 2007) and WHO 2016 (Louis et al. 2016) 
classification w.r.t glioblastoma

WHO 2007 WHO 2016

Astrocytic tumors:
Glioblastoma  ICD code 9440/3
  Giant cell glioblastoma ICD code 9441/3
  GliosarcomaICD code 9442/3

Diffuse gliomas:
Glioblastoma IDH wild typeICD code 9440/3
  Giant cell glioblastoma ICD code 9441/3
  GliosarcomaICD code 9442/3
  Epitheloid glioblastomaICD code 9440/3
Glioblastoma IDH mutantICD code 9445/3
Glioblastoma NOSaICD code 9440/3

eNOS Not otherwise specified
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Fig. 2.1 Gross morphology of glioblastoma. (a) Depicts tumor in the right frontal region showing 
diffuse infiltration of the white matter, overlying grey matter, including cingulate gyrus and spread-
ing across the corpus callosum (black arrows). Another small tumor nodule is noted beyond the 
discernible margin of the main tumor mass indicating spread (white arrow). Tumor shows a varie-
gated appearance with discoloration indicating necrosis and hemorrhage. (b) Shows tumor in the 
right frontal region diffusely infiltrating the parenchyma resulting in compression of right lateral 
ventricle and shift of midline structures with compression of contralateral lateral ventricle (black 
arrows). (c) Depicts a coronal slice of a resected glioblastoma tumor showing tumor located super-
ficially in the white matter (black arrow) with areas of hemorrhage and with spread into the overly-
ing grey matter (white arrow)

While a vast majority of glioblastomas show such aggressive biological and clini-
cal behaviour, a small group of glioblastomas present with long duration of symptoms 
and usually occur in younger adult patients. These tumors are believed to evolve from 
a lower grade astrocytoma to glioblastoma over a long duration. These are referred to 
as “clinico-pathologically defined secondary glioblastomas” whereas the aggressive 
glioblastomas, without evidence of a less malignant precursor lesion, are called “clin-
ico-pathologically defined primary glioblastomas or de novo glioblastomas”. The sec-
ondary glioblastoma is found to have a significantly longer  survival than the primary 
glioblastoma. The discovery of IDH mutations provided the reason for this dramatic 
difference. It was later understood that the clinico- pathologically defined secondary 
glioblastoma corresponds very well to the IDH mutant glioblastoma.

The lesions, though usually unilateral, may present as supratentorial bilateral 
tumor mass due to extension along the myelinated structures, especially the corpus 
callosum and the commissures (Fig. 2.1a, b). Multifocal glioblastoma as visualized 
on radiological imaging is not unusual. Whether the seemingly independent multi-
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ple lesions are truly multifocal is to be determined. Truly multifocal gliomas are 
usually seen in inherited neoplastic syndromes. But outside of this setting, true mul-
tifocal gliomas are relatively rare, with studies reporting about 2.4% glioblastomas 
to be truly multifocal with different foci showing different clonality (Batzdorf and 
Malamud 1963).

Most glioblastomas arise from the white matter of cerebral hemispheres but 
sometimes, they may be largely superficial (Fig. 2.1c). They are diffusely infiltrat-
ing, peripherally greyish with central areas of yellowish necrosis. There may also be 
extensive hemorrhages and macroscopic cysts containing liquefied necrotic tissue.

Microscopically, glioblastoma appears as a highly cellular tumor, composed of a 
wide variety of anaplastic astroglial cells. A heterogeneous cellular composition 
prevails with cell types such as fibrillary, undifferentiated, pleomorphic, gemisto-
cytic, lipidized, multinucleated and granular astrocytic cells, with significant nuclear 
atypia and brisk mitosis (Fig. 2.2a–e). The cells are dispersed over a variably fibril-
lated stroma with occasional microcystic change. At times, the spindle shaped astro-
cytes can be arranged in interlacing fascicles imparting a sarcomatous appearance 
to the tumor (Fig. 2.2f). The cells may also be large with well delineated borders and 
at times resemble an epithelial malignancy or melanoma. This extent of cellular 
variety necessitates that the diagnosis of glioblastoma be based on the tissue pattern 
rather than on the individual cell type. Thus, the essential diagnostic features are the 
presence of pleomorphic anaplastic glial cells with nuclear atypia, brisk mitosis and 
prominent microvascular proliferation (MVP) and/or necrosis. Prominent MVP is a 
histopathological hallmark of glioblastoma. On light microscopy, it typically 
appears as glomeruloid tufts of multilayered endothelial cells which are mitotically 
active along with smooth muscle cells or pericytes (Fig. 2.3a). This is often found 

Fig. 2.2 Heterogeneous cellular composition of glioblastoma showing fibrillary (a), undifferenti-
ated (b), pleomorphic (c) and gemistocytic (d) morphology. Brisk mitotic activity (black arrows) 
is seen (e). The tumor occasionally imparts a sarcomatous appearance on histology (f) (Microscopic 
images a–c and f  – original magnification ×80; d- original magnification ×160 and e- original 
magnification ×320[All H&E])
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Fig. 2.3 Representative photomicrographs of glioblastoma depicting the vascular changes, 
necrotic pattern and the spreading front. Microvascular proliferation often has a glomeruloid 
appearance (a- black arrows). Necrosis can be palisading (b-black arrows) or confluent (c-white 
arrows), the latter accompanied by sclerosed thrombosed blood vessels (c- black arrow). Florid 
neovascularization is seen in most glioblastomas (d). The spreading front of glioblastoma shows 
characteristic peri-neuronal spread (e- black arrows), peri-vascular spread (e- white arrows) and 
subpial spread (e- black arrow) (Images a, d and f – original magnification ×80; b and c – original 
magnification ×32; e- original magnification ×160[ All H&E])

around necrosis and is directionally oriented to it (Haddad et  al. 1992). Tumor 
necrosis is a fundamental feature of glioblastoma and may be of geographic(confluent) 
or palisading (historically called pseudo palisading) type (Fig. 2.3b, c). Necrosis is 
one of the strongest predictors of aggressive behavior among the diffuse gliomas. 
Another striking feature of glioblastoma is the angiogenesis (neovascularization).
Glioblastoma is a highly vascular tumor and sprouting capillaries from pre-existing 
vessels, vessel cooption by migrating tumor cells are commonplace in glioblastoma 
(Fig. 2.3d). The tumor may be studded with fresh and/or old bleeds. Other salient 
features of glioblastoma include sclerosed and thrombosed blood vessels (Fig. 2.3c), 
tumor infiltrating lymphocytes and secondary structures such as satellitosis, which 
is the phenomenon where tumor cells line up in the sub pial/subependymal region/
around neurons and blood vessels (Fig. 2.3e, f). The secondary structures, highly 
suggestive of infiltrating glioma, were earlier referred to as Scherer’s structures, in 
appreciation of the scientist whose visionary description demonstrated the most 
common sites for glioma invasion (Scherer and Structural 1938).

Previously, glioblastoma was called “Glioblastoma multiforme”. Though the ter-
minology is now obsolete, it reflects on the extreme variability of the histopathology 
of the tumor. Some of the histological patterns observed in glioblastoma are:

 1. Small cell glioblastoma (Fig. 2.4): This pattern consists of highly monomorphic 
small cells with round to elongated hyperchromatic nuclei with minimal cyto-
plasm. They tend to mimic lymphocytes and due to their uniformity, micro cal-
cifications and chicken wire like blood vessels, they may be confused with 
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anaplastic oligodendroglioma (Fig. 2.4a). They may show minimal immunoreac-
tivity to GFAP, which is a marker for astrocytes (Fig.  2.4b). However, the 
increased understanding of molecular signatures of gliomas has made this pat-
tern easily discernible. The WHO 2016 has acknowledged that unlike the other 

Fig. 2.4 Small cell glioblastoma (a–d) showing densely packed small undifferentiated cells with 
hyperchromatic nucleus dispersed over a vascularized stroma, mimicking an undifferentiated 
anaplastic oligodendroglioma (a). The tumor cells are minimally positive for GFAP, whilst the 
stromal fibrils are variably positive (b). Uniform and strong membrane/ cytoplasmic EGFR 
expression is seen (c). FISH image (d) showing EFGR amplification (orange signals) in the inter-
phase nuclei. (e) and (f) show glioblastoma with oligodendroglial component. The oligodendrog-
lial component is highlighted in (e) and astrocytic component with microvascular proliferation in 
(f) (Images a–c – original magnification ×160; Images e and f- original magnification ×80; Image 
d – original magnification ×800[Fig. A,E&F are H&E]
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tumors that come up as differential diagnosis, small cell glioblastomas frequently 
have EGFR amplifications/overexpression (Fig. 2.4c, d) and chromosomal arm 
10q losses. Also, 1p and 19q co-deletion which is the defining feature for ana-
plastic oligodendroglioma, is absent in small cell glioblastoma.

 2. Glioblastoma with Oligodendroglial component (Glioblastoma-O) (Fig. 2.4e, f): 
This pattern had caused quite a debate while laying down the WHO 2007 clas-
sification. It was identified by C.R. Miller et al. through studies involving large 
cohorts of patients with mixed glioma encompassing astrocytic and oligoden-
droglial components and with large areas of necrosis. They found that these 
patients had a worse prognosis than those without necrosis (Miller et al. 2006). 
They had suggested that this pattern be called anaplastic oligoastrocytoma grade 
IV. But the majority of pathologists who convened at the WHO 2007 consensus 
meeting opined that more clinico-pathological data should be available before 
this tumour is considered a new disease entity. Thus it was decided that this pat-
tern be termed as ‘glioblastoma with oligodendroglioma component’. Then 
came the histomolecular coup which has overthrown the diagnosis of oligoastro-
cytoma altogether in the WHO 2016 classification. With this, it is possible to 
classify such tumors as ‘Glioblastoma, IDH wild type’, ‘Glioblastoma, IDH 
mutant’ or ‘Anaplastic oligodendroglioma, IDH mutant and 1p/19q codeleted’.

 3. Granular cell Glioblastoma (Fig.  2.5a): Glioblastoma sometimes consists of 
large cells with a granular eosinophilic cytoplasm which stains with periodic 
acid Schiff (PAS), usually scattered and sometimes as foci within the tumor. 
When granular cells predominate, the histology closely resembles that of other 
granular cell tumors like those arising from the pituitary stalk or other tissues. 
Occasionally, these cells, though more granular and larger, may be mistaken for 
macrophages and the lesion may be misinterpreted as macrophage-rich condi-
tion such as a demyelinating lesion, especially in the context of perivascular 
chronic inflammation. Such cells may be immunoreactive for macrophage mark-
ers like CD68 but not for specific markers such as CD163. GFAP may show 
peripheral positivity in occasional cells. Glioblastoma with this pattern has an 
aggressive behavior. In other diffuse gliomas too, granular cell pattern has been 
reported to confer poorer prognosis (Rao et al. 2017).

 4. Heavily lipidized glioblastoma (Fig. 2.5b, c): Occasional glioblastomas consist 
of cells with foamy cytoplasm. However, rarely such cells predominate but when 
they do, the pattern is called heavily lipidized glioblastoma. The lipidized cells 
may be grossly enlarged and juxtaposed lobules of fully lipidized cells may 
mimic adipose tissue.

 5. Glioblastoma with primitive neuronal component (Fig. 2.5d–f): This newly rec-
ognized pattern in WHO 2016 classification, was earlier referred to as 
‘Glioblastoma with PNET component’ (Song et al. 2011). An otherwise classical 
high grade diffuse glioma with one or more foci of sharply demarcated primitive 
nodules showing neuronal differentiation constitutes this pattern. These foci are 
markedly cellular, even more than the adjacent glioma, display a high nuclear-to- 
cytoplasmic ratio and mitosis- karyorrhexis index and may contain variable fea-
tures like Homer-Wright rosettes, cell wrapping and other features that resemble 
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CNS embryonal neoplasms. Similar to the primitive neuronal cells, these foci 
show immunoreactivity for synaptophysin, loss of GFAP expression and a high 
Ki-67 index. One notable feature is that though the genetic makeup is similar to 
glioblastoma in general, this subtype may be seen in either a de-novo glioblas-
toma or in a clinicopathologically defined secondary glioblastoma. However, it 
must be noted that be it primary or secondary, the glioblastomas with primitive 
neuronal component have similar survival times, with a few studies suggesting 
that this subset has a relatively more favourable outcome (Song et  al. 2011; 
Joseph et al. 2013). The distinctive feature of this pattern is its high rate of cere-
brospinal fluid dissemination and the frequency of MYCN or MYC gene ampli-
fication which is restricted to the primitive neuronal nodules.

Thus, there exists a great cellular pleomorphism in glioblastoma. But every his-
tological pattern does not reflect on clinical and biological behavior of the tumor. 
While histopathology is quintessential for establishing diagnosis of glioblastoma, it 
has failed to predict the clinical behavior of the tumor based on phenotypic patterns. 
One classical example for this is the attempt at understanding the biological behav-
ior of patients with glioblastoma with oligodendroglial component (He et al. 2001; 
Wang et al. 2012). It was previously understood that glioblastoma with oligoden-
droglial component had a better prognosis than classical glioblastoma (He et  al. 

Fig. 2.5 Representative microphotographs of granular cell glioblastoma (a), heavily lipidized 
glioblastoma (b, c) and glioblastoma with primitive neuronal component (d–f). Granular cell glio-
blastoma shows several large cells with abundant granular, eosinophilic cytoplasm (a). Heavily 
lipidized glioblastoma shows tumor cells with abundant, foamy cytoplasm(b). GFAP staining (c) 
reveals that several lipidized tumor cells are negative for GFAP while few others show moderate 
patchy staining (black arrows) and small groups of cells are intensely staining (white arrows). 
Glioblastoma with primitive neuronal component (d–f) showing astrocytic (d*) and primitive neu-
ronal component (d**). The astrocytic component stains positive for GFAP (e*) and negative for 
synaptophysin (f*). The primitive neuronal component is negative for GFAP (e**) and positive for 
synaptophysin (f**) (Images a and c- original magnification ×160. Image b- original magnifica-
tion × 80. Images d–f- original magnification × 32[Fig.A,B&D are H&E])
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2001). Nevertheless, later studies proved that this group was, in fact, a heteroge-
neous one with differing IDH mutational status and some of tumors previously cat-
egorized as glioblastoma-O may have in fact been aggressive anaplastic 
oligodendrogliomas with 1p and 19q codeletion, which is now known to be 
Oligodendroglioma specific (Wang et al. 2012; Homma et al. 2006).

Hence, as explained earlier, the molecular composition, which aids greatly in the 
prediction of the behavior of the tumor, has been included in mainstream diagnos-
tics. Thus, the entities of glioblastoma, as defined by the WHO 2016 are; 
Glioblastoma, IDH-wild type; Glioblastoma, IDH-mutant and Glioblastoma, 
NOS(reserved for cases where complete IDH evaluation was not done).

2.4.1  Glioblastoma, IDH-Wild Type

This is defined as a ‘high grade glioma with predominantly astrocytic differentiation; 
featuring nuclear atypia, cellular pleomorphism (in most cases), mitotic activity, and 
typically a diffuse growth pattern, as well as microvascular proliferation and/or 
necrosis; and which lacks mutations in the IDH genes’(D N Louis et al. 2016).

The microscopic picture is as described above with high cellular pleomorphism, 
MVP and/or necrosis. In addition, the WHO 2016 classification defines this entity 
by the absence of IDH mutations. The immunophenotype of this entity is diverse 
with different variants showing different immunoreactivity. GFAP expression is 
usually the norm in glioblastoma. However, the degree of reactivity is markedly dif-
ferent among variants. Other typically expressed markers in glioblastoma are S-100, 
Nestin and Vimentin. Nestin may be of diagnostic use when attempting to differen-
tiate glioblastoma from other high grade gliomas. When faced with a poorly dif-
ferentiated tumor, the expression of OLIG2 may help identifying astrocytomas and 
oligodendrogliomas as it is not so often expressed in ependymomas and non-glial 
tumors. Classical glioblastoma sometimes also express cytokeratin AE1/AE3 or 
EMA. Apart from these markers, certain subsets of glioblastoma express markers 
specific to their genetic makeup, ex. P53 immunoreactivity in tumors with TP53 
mutation leading to p53 mutant protein expression, EGFR expression in those with 
EGFR gene amplification, EGFR vIII expression as a result of mutation in a rela-
tively smaller subset, H3 K27 M mutant expression, and others. Glioblastoma, IDH 
wild type has three variants, two of which were described in the WHO 2007 clas-
sification with a new addition in the WHO 2016 classification. The three variants 
identified are observed to possess a genetic profile which is more or less character-
istic of the variant.

The variants are as under:

 (i) Giant cell glioblastoma (Fig. 2.6a–d): This is a rare histological variant charac-
terized by large, bizarre multi nucleated giant cells with vesicular nuclei and 
prominent nucleoli and an occasionally abundant reticulin network. The giant 
cells may contain few to >20 nuclei and occasionally contain intra nuclear 
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cytoplasmic inclusions. A commonly found feature of this variant is the forma-
tion of pseudo-rosette like pattern with tumor cells accumulating around the 
blood vessels. Unlike the classical glioblastoma, microvascular proliferation is 
not common in this variant. The immunophenotype of this variant is character-
ized by the consistent but varying level of expression of GFAP and frequent 
positivity for p53 mutant protein expression arising as a result of TP53 muta-
tion (>80%). Genetically, this subset is conspicuous in its lack of EGFR ampli-
fication and homozygous CDKN2A deletion. They also frequently harbor 
TP53 mutations (80%) and PTEN mutations (33%).The clinical outcome of 
giant cell glioblastoma is somewhat better than that of classic glioblastoma.

 (ii) Gliosarcoma (Fig. 2.6e–h): This variant is characterized by a biphasic tissue 
pattern with alternating areas displaying glial and sarcomatous components. 
The glial component shows typical features of glioblastoma whereas the sarco-
matous component consists of bundles of spindle cells surrounded by reticulin 
fibres. Gliosarcoma, though usually occurs in classic glioblastomas, may also 
arise in ependymomas and oligodendrogliomas. A subset of gliosarcomas 
show additional features of mesenchymal differentiation like formation of 
bone, cartilage, muscle and lipomatous features. In some instances, a glioblas-
toma with fibroblastic proliferation due to meningeal invasion or extensive 
vascular sclerosis can be mistaken for a gliosarcoma. However, in gliosarcoma, 
significant nuclear atypia and mitosis are present in both components. GFAP 
stains the glial component only and not the sarcomatous component, though 
isolated spindle cells may be positive. The sarcomatous component variably 
expresses other markers like alpha-1 antitrypsin, actin and EMA. Vimentin, 
which is an immature glial cell marker, shows itself in both the glial as well as 

Fig. 2.6 Representative microphotographs of Giant cell glioblastoma (a–d) and gliosarcoma (e–h).
Giant cell glioblastoma showing several bizarre multinucleated tumor giant cells (a), with some of 
the giant cells containing intra-nuclear cytoplasmic inclusions (b- black arrow). Most of the giant 
cells are positive for GFAP (c) and show strong immunopositivity for p53 (d). Gliosarcoma shows 
a biphasic pattern with intermingled glial (e*) and sarcomatous component (e**). The sarcomatous 
component shows dense pericellular reticulin which is not seen in the glial component (f). The glial 
but not the sarcomatous component shows strong GFAP expression (g) and both components stain 
for Vimentin (h). Inset in (h) shows high MIB-1 labeling in both the components (Images a–d- 
original magnification × 160 and e–h- original magnification × 80[ Fig.A,B&E are H&E])
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sarcomatous component. This variant is largely negative for IDH1 R132H- 
mutant protein. TP53 mutation is infrequent and hence p53 immunoreactivity 
is unusual. When positive for p53, it is identified in both glial and sarcomatous 
components. The occurrence of genetic alterations like TP53 mutations and 
IDH mutations, when present in gliosarcoma, in both glial and sarcomatous 
components suggest that the variant is monoclonal in origin as opposed to the 
earlier belief that it was polyclonal. Genetically, it differs from giant cell glio-
blastoma in that it contains CDKN2A deletions. EGFR amplification is infre-
quent in this variant, too. The clinical course of gliosarcoma differs slightly 
from classical glioblastoma in that it was reported in occasional cases to dis-
seminate systemically and sometimes penetrate the skull. But the studies on 
the difference in outcome of gliosarcoma and glioblastoma have, so far, yielded 
conflicting and inconclusive results.

 (iii) Epithelioid Glioblastoma: This is a newly recognized, relatively rare variant of 
glioblastoma (IDH wild type) is the latest addition to the glioblastoma group, 
added in the WHO 2016 classification. It consists of densely packed epithelioid- 
like cells with eosinophilic cytoplasm and paucity of cytoplasmic processes, 
absence of interspersed neuropil and an eccentric nucleus. Epithelioid glio-
blastoma is an aggressive tumor which occurs mainly in young adults and chil-
dren and is associated with a particularly poor prognosis. Most commonly, it is 
located in the cerebrum or diencephalon (Ellison, Kleinschmidt-DeMasters, 
and Park 2016). BRAF V600E mutation is more common in epithelioid glio-
blastoma compared to other glioblastomas.VE1 antibody which recognizes 
V600E mutant BRAF show positivity in about 50% of these cases 
(Kleinschmidt- DeMasters et  al. 2015). The tumor also displays retention of 
SMARCB1 and SMARCA4 while not expressing markers such as desmin, 
myoglobin, smooth muscle actin or melan A. Also, it shows immunopositivity 
for Vimentin and S100, expresses epithelial markers like EMA and cytokeratin 
and lacks IDH1 and IDH2 mutations. Copy number alterations in genes 
observed in adult IDH wild type glioblastomas, such as EGFR amplification 
and chromosome 10 losses are occasionally present (Ellison, Kleinschmidt- 
DeMasters, and Park 2016; Broniscer et al. 2014). 

2.4.2  Glioblastoma, IDH Mutant (Fig. 2.7)

This entity is defined as a ‘high grade glioma with predominantly astrocytic differen-
tiation; featuring nuclear atypia, cellular pleomorphism (in most cases), mitotic activ-
ity, and typically a diffuse growth pattern, as well as microvascular proliferation and/
or necrosis; with a mutation in either the IDH1 or IDH2 gene’(Ohgaki et al. 2016).
Histologically, the IDH mutant glioblastomas are similar to the IDH-wild type glio-
blastoma, with only two significant differences. Large areas of ischemic and/or palisad-
ing necrosis are less frequent in IDH mutant glioblastoma than the IDH wild types 
glioblastoma (Nobusawa et al. 2009). Another difference is that focal oligodendrogli-
oma component is more frequent in the IDH mutant glioblastoma (Lai et al. 2011).
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The characteristic immunophenotype of this entity is that of IDH1-R132H 
mutant positivity in over 90% of cases. The remaining tumors harbor rare IDH 
mutations. Mutations in ATRX gene (loss of expression) are the norm rather than 
exception in these tumors. Also, TP53 overexpression is frequent and EGFR ampli-
fication is rare in IDH mutant glioblastomas. Another typical feature of this entity is 
the hypermethylator phenotype it shows. All in all, the genetic makeup of this entity 
confers a significantly better prognosis than the wild type glioblastoma (Table 2.3).

2.5  Molecules That Define Glioblastoma in Detail

The earliest molecules which were studied in glioblastoma are TP53 and MGMT. These 
were identified when attempting to understand treatment resistance of glioblastoma. 
Epigenetic silencing of MGMT gene through its promoter methylation resulting in 
better response to Temozolomide was the most advocated prognostic marker in glio-
blastoma for nearly a decade (Hegi et al. 2005).The twenty first century has seen a 
tremendous advancement of technology which opened the flood gates for molecular 
research and inundated the scientific world with overwhelming information on the 
genetic and molecular make up of various malignancies. Glioblastoma was among the 
earliest to be targeted by large scale molecular profiling platforms like comparative 
genomic hybridization (CGH), single nucleotide polymorphism (SNP) arrays and 
others. The Cancer Genome Atlas (TCGA), an initiative by NIH, USA, applied mul-
tiplatform profiling to systematically and comprehensively define the genomic land-
scape of glioblastoma (Cancer Genome Atlas Research Network 2008).

Fig. 2.7 Depicts a case of anaplastic astrocytoma (WHO grade III) (a–c) with malignant progres-
sion over 2 years. The patient succumbed to the illness and autopsy revealed a secondary 
glioblastoma(WHO grade IV) (d–g). Anaplastic astrocytoma showing a cellular astrocytic tumor 
(a), with tumor cells exhibiting diffuse and strong IDH1- R132H positivity (b) and loss of ATRX 
expression (c). Coronal slice of the cerebral hemisphere shows a bifrontal hemorrhagic necrotic 
tumor spreading across the corpus callosum and infiltrating the ventricular walls (d). Histology 
revealed features of glioblastoma with focal necrosis (e). The tumor cells are diffusely positive for 
IDH1- R132H (f) and show loss of ATRX expression (g). Note that in Fig C and G, the endothelial 
cells (white arrows) and a few over-run native glial cells (black arrow) show retained ATRX 
expression, serving as internal controls (Images a–c and g- original magnification × 160; d, e- 
original magnification × 80[Fig. A&E are H&E])
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The rich data has hauled several molecules into focus which hitherto evaded the 
notice of researchers. This has allowed the sub classification of glioblastoma into 
prognostically relevant molecular subgroups. In 2006, Phillips H.S et al. have clas-
sified high grade gliomas into three subgroups- Proneural, Proliferative and mesen-
chymal with the proneural group showing best prognosis. They used Olig2, DLL3, 
BCAN(Proneural), PCNA, TOP2A(proliferative), YKL-40, CD44 and VEGF (mes-
enchymal) as markers to histologically identify these subtypes (Phillips et al. 2006).
In the seminal paper in 2008, Parson D. W.et al. have brought to centre stage, the 
star molecule IDH1 (Isocitrate dehydrogenase 1) whose recurrent mutations in a 
small subset of glioblastoma significantly correlated with better prognosis (Parsons 
et al. 2008). In later years, Verhaak R.G.W et al. have revamped the molecular clas-
sification and identified 4 subgroups namely Proneural, Neural, Classical and 
Mesenchymal. Their study focused on alterations in PDGFRA, IDH1, EGFR, and 
NF1 and further highlighted the importance of IDH1 mutation which was seen in 
the proneural group predominantly (Verhaak et al. 2010). Though both these groups 
of scientists used distinct methodologies and sample sets, the proneural and mesen-
chymal groups were robustly concordant in their molecular profiling (Table 2.4).

In the same year, H.Noushmehr’s group identified the existence of CpG Island 
hypermethylator phenotype in a distinct subset of gliomas (G-CIMP). The high-
lights of this landmark paper are the findings that G-CIMP is tightly associated with 
IDH1 mutation, G-CIMP patients are younger at diagnosis and display improved 
survival, G-CIMP is more prevalent among low- and intermediate-grade gliomas 
and that G-CIMP tumors belong to the proneural subgroup.

All the high throughput studies on glioblastoma yielded an ocean of information 
on molecular alterations which may dictate the tumor progression. Many of these 
alterations were further studied and possible pathway involvement has been 
assessed. The subsequent sections detail each of these molecules that changed the 
face of glioblastoma research.

Table 2.3 Key clinical and molecular characteristics of IDH-wildtype and IDH-mutant 
glioblastomas (Ohgaki et al. 2016) 

IDH wild type IDH-mutant

Corresponds to Clinico-pathologically 
defined primary 
Glioblastoma

Clinico-pathologically defined 
secondary Glioblastoma

Evolution De novo From lower grade astrocytoma
Proportion of glioblastomas ~90% ~10%
Age at diagnosis Usually >60yrs Younger adults
Clinical history Brief Long
Overall survival with Surgery+ 
radiotherapy+ chemotherapy

~15 months ~30 months

CpG methylator phenotype Less frequent More frequent
EGFR amplification More frequent Rare
TP53 overexpression Less frequent More frequent
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2.5.1  IDH Mutations

The discovery of IDH mutations is arguably the most significant contribution to the 
molecular pathobiology of glioblastoma. It has kick-started an era of genetic and 
molecular research and diagnosis. IDH enzyme is of three subtypes- IDH1, IDH2, 
IDH3 (Yan et al. 2009). Five genes encode for these three subtypes. IDH1 is pre-
dominantly cytosolic whereas IDH2 and IDH3 are predominantly found in the 
mitochondrial matrix. IDH3 catalyses the conversion of isocitrate to 
α-ketoglutarate(α-KG) and NAD+ to NADH(Kreb’s cycle).The other two isoforms 
catalyze the same reaction, but outside of the Kreb’s cycle and reduce NADP + to 
nicotinamide adenine dinucleotide phosphate(NADPH).These products are essen-
tial for the generation of ATP required for the cell survival. Also, studies have shown 
that cells with low levels of IDH became more sensitive to oxidative damage. Thus, 
in addition to being a major enzyme in the citric acid cycle, IDH also plays an 
important role in cellular defense against oxidative stress (Marko and Weil 2013).

A multi-institutional study in 2008 by Parson et al., found point mutations in 
IDH 1 gene in a small subset of glioblastoma samples (Parsons et al. 2008). Further 
analysis showed that the IDH mutant glioblastomas corresponded pretty convinc-
ingly to the clinicopathologically defined secondary glioblastomas. This landmark 
finding set off further studies on grade II and grade III tumours which revealed that 
IDH 1 mutation is common in low grade diffuse gliomas and that IDH2 mutation 
also was present occasionally. The patients with IDH1/IDH2 mutated tumour had a 
better survival than those who did not harbour these mutations (Yan et al. 2009).

Later, when Verhaak R.G.W et al. molecularly classified glioblastoma based on 
gene expression, they have defined the proneural subtype as the group possessing 
mutations in the PDGFRA or in IDH1/2. The proneural GBM is further subdivided 
into G-CIMP positive and negative subgroups based on characteristic DNA meth-
ylation patterns that are directly linked to the IDH1/2 mutational status and better 
prognosis (Noushmehr et al. 2010) (Noushmehr H. et al., 2010).

IDH 1 mutations observed in gliomas are most often point mutations at position 
132 (R132H) (Parsons et al. 2008), where wild type Arginine is replaced by Histidine. 
This mutation is also popularly referred to as canonical IDH 1 mutation. The nucleo-
tide change causing this mutation is G395A, i.e., change of nucleotide from G to A 
at the position 395.Other rarer mutations at this position include R132C(Arginine to 
Cysteine), R132S (Serine), R132L (Leucine), R132G (Glycine), R132V (Valine). All 
these mutations are missense and heterozygous mutations (Table 2.5).

Table 2.4 Common findings between molecular classification of Glioblastoma proposed by 
Philips H.S et al (Phillips et al. 2006) and Verhaak R.G.W et al (Verhaak et al. 2010)

Philips Proneural Proliferative Mesenchymal
Verhaak Proneural Neural Classical Mesenchymal
Signature Olig2/DDL3/SOX2 MBP/MAL EGFR/AKT2 YKL40/CD44
Mutated 
genes

TP53, PI3K, PDGFRA Chr.7 gain, 
chr.10 loss, 
PDGFRA

NFkB, NF1
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Table 2.5 Summary of IDH 
mutations and their respective 
nucleotide changes (Yan et al. 
2009)

IDH 1:
Arg132His(R132H) 395G>A
Arg132Cys (R132C) 394C > T
Arg132Ser (R132S) 394C > A
Arg132Gly (R132G) 394 C > G
Arg132Leu (R132L) 395G > T
Arg132Val (R132V) 394_395 CG > GT
IDH2:
Arg172Lys (R172K) 515G > A
Arg172Met 
(R172M)

515G > T

Arg172Trp (R172W) 514A > T
Arg172Ser (R172S) 516G > T
Arg172Gly (R172G) 514A > G

The R132 residue is evolutionarily conserved being located in the active site of 
the enzyme and is essential for isocitrate binding (Xu et al. 2004). The mutation at 
R132 makes the protein incompatible with binding to isocitrate and abolishes its’ 
normal catalytic activity. This results in reduced levels of α-KGand NADPH, which 
is an important cofactor, and essential for the maintenance of normal levels of 
reduced glutathione (GSH) to combat reactive oxygenspecies. R132 mutated IDH1 
has an altered binding site favouring α-KetoGlutarate (α-KG) over isocitrate which 
results in increased production of 2-hydroxyglutarate (2-HG), which is an oncome-
tabolite, in the cells harbouring the mutation (Dang et al. 2010). 2-HG competitively 
inhibits the activity of many α-KG-dependent dioxygenases which are a diverse 
group of enzymes that have control over several important physiological processes 
like hypoxia sensing, chromatin remodeling through demethylation of histone, 
demethylation of hypermethylated DNA, fatty acid metabolism, and collagen modi-
fication, among others (Loenarz and Schofield 2008). Thus, IDH1 mutations lead to 
a series of events like DNA hypermethylation of CpG Islands in the promoters of 
various genes (G-CIMP), histone hypermethylation, etc. Both DNA and histone 
hypermethylation are thought to arrest cellular differentiation by transcriptional 
silencing of a broad spectrum of target genes (Turcan et al. 2012).

IDH2 is the only human protein homolog of IDH1 that uses NADP+ as a proton 
acceptor. What R132 is to IDH1, is what R172 is for IDH2. Five point mutations have 
been identified in IDH2, where arginine at 172(R172) is replaced with glycine (R172G), 
methionine (R172 M), lysine (R172 K), serine (R172S), and tyrosine (R172Y).

Studies focusing on temporal sequence of genetic alterations have found that IDH1 
mutations occur early in the development of IDH-mutant diffuse gliomas. This dis-
covery saw the light of the day when Watanabe et al. performed serial biopsies from 
single patient and IDH 1 mutation was found to occur before the development of 1p 
and 19q co-deletion which lead to oligodendroglioma development and TP53 muta-
tion which later became diffuse astrocytoma (Watanabe et al. 2009). Subsequently, 
ATRX mutation was found to be characteristic of diffuse astrocytomas. However, the 
IDH wild type gliomas, comprising predominantly the glioblastomas, are thought to 
develop through a separate sequence of molecular events (Fig. 2.8).
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IDH mutations, due to the clinical relevance they carry, have found their way into 
routine diagnostics. IDH mutational analysis was previously done by sequencing 
the IDH gene. But eventually, Capper et al. have successfully raised the monoclonal 
antibody to mutant IDH1 R132H protein in mouse (Capper et al. 2009). This anti-
body is now used routinely for immunohistochemistry on formalin fixed paraffin 
embedded tissue. Since R132H is the most common mutation (nearly 90%), this 
modality of testing has gained popularity. At present, IHC for IDH1(R132H) is 
performed routinely to characterize all adult diffuse gliomas (Thota et al. 2012).

Raising the antibody to IDH-1 R132H mutant protein spiked the interest of research-
ers across the world and immunotherapy enthusiasts went ahead and developed a vac-
cine against the mutant IDH1 for immunotherapy for the patients harbouring the 
mutation (Schumacher et al. 2014). But despite the great advancement in technology, 
we are still a far way behind in identifying therapeutic strategies using IDH1 mutations. 
Other genetic alterations that are common in IDH wild type glioblastoma are TERT 
promoter mutation (~80%), homologous deletion of CDKN2A/CDKN2B (~60%), 
loss of chromosome 10 p (~50%) and 10q (~70%), EGFR alterations (mutations/ rear-
rangement, altered splicing and/or amplification, ~55%), PTEN mutation/deletion 
(~40%), TP53 mutations (25–30%), PI3K mutations (~25%) (WHO, 2016).

Glioma CpG Island Methylated Phenotype (G-CIMP), often associated with 
IDH mutations, frequent in the proneural group, confers better prognosis and, shows 
hypermethylation of CpG islands in the promoter regions of various genes. 
Hypermethylation is the most commonly observed epigenetic alteration resulting in 
silencing of the promoter regions of genes, thus altering (decreasing) gene expres-
sion. Promoters of several genes such as cyclin-dependent kinase inhibitor 2A 

Fig. 2.8 Illustrates the sequence of genetic changes occurring in the evolution of primary and 
secondary glioblastoma
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(CDKN2A), RB1, PTEN, TP53, MGMT, etc., have been described, of which 
MGMT gene promoter methylation is by far the most essential in predicting the 
prognosis of glioblastoma (Wick et al. 2014; Hegi et al. 2008).

2.5.2  O6-Methyl Guanine DNA Methyl Transferase (MGMT) 
Gene Promoter Methylation

MGMT has been extensively studied in glioblastoma. Being a DNA repair enzyme, 
it has attracted the attention of scientists in oncology for a very long time. Towards 
the end of the 20th century, study of MGMT expression and its importance in glio-
mas began picking up speed. Starting with protein expression studies which showed 
inconclusive results, the research centered on this gene in gliomas has gone a long 
way due to its association with response to alkylating agents, especially 
Temozolomide in gliomas (Hegi et al. 2005).Epigenetic silencing of MGMT gene 
through promoter methylation has established itself as a significant event in a subset 
of glioblastomas.

MGMT is the gene encoding O6-Methyl Guanine DNA Methyl Transferase 
which is a DNA repair enzyme which removes alkyl groups (such as methyl groups) 
from the O6 position of guanine within the DNA. This phenomenon is of particular 
importance in glioblastoma as the chemotherapeutic agent, Temozolomide, which is 
the current standard treatment for Glioblastoma, acts by causing damage to the 
tumour cell DNA by adding methyl groups to the O6 position of guanine. Such dam-
age is usually repaired by MGMT. Thus, a tumour with high MGMT activity would 
be resistant to the chemotherapy. Methylation of the promoter region of this gene 
will silence the gene and prevent the repair of chemotherapy induced DNA damage, 
thus, possibly making the tumour more responsive to chemotherapy.

Due to its clinical significance, MGMT promoter methylation status has been 
considered in various clinical trials assessing treatment response in glioblastoma 
(Hegi et al. 2008; Malmström et al. 2012; Stupp et al. 2009; Stupp et al. 2014; Hart 
et al. 2011). The earliest clinical trials showed that a combined treatment approach 
(temozolomide with radiotherapy) seemed to have better outcomes with improved 
progression-free and overall survival compared to either treatment modality alone, 
raising the question of the utility of routinely testing for MGMT promoter methyla-
tion status (Hegi et al. 2005), (Stupp et al. 2009). The Nordic trial found that the 
patients aged over 60 years, treated with temozolomide who had tumour MGMT 
promoter methylation had significantly longer survival than those without MGMT 
promoter methylation. Standard-dose TMZ (5 out of 28 days) was found to be supe-
rior to standard radiotherapy in patients older than 70 years with methylated MGMT 
promoter (Malmström et al. 2012). Based on the findings of various clinical trials 
like NOA-8, Nordic trial, Stupp’s study, and others, the EANO suggests that the 
patients who are not thought to be candidates for standard chemo-radiotherapy(based 
on performance status), may be provided either radiation or temozolomide mono-
therapy, depending on their MGMT methylation status (Taylor and Schiff 2015), 
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(Weller et al. 2014).Thus, testing for MGMT promoter methylation is recommended 
for elderly patients with glioblastoma as this could aid in the decision of the course 
of management. However, in younger patients, though a methylated MGMT pro-
moter confers a good prognosis, it does not determine the choice of management, as 
a combined therapy is shown to be associated with better survival than monotherapy 
in these patients.

With increasing awareness of personalized medicine, testing for MGMT pro-
moter methylation status is gaining impetus and is now being performed for all 
patients with the diagnosis of glioblastoma, if not for treatment decision, at least to 
understand the prognosis. MGMT gene promoter methylation testing becomes espe-
cially important in a subset of patients who develop pseudoprogression after the 
onset of treatment with Temozolomide. Pseudoprogression is defined by an increase 
in contrast-enhancement accompanied sometimes with clinical symptomatology, 
but there is subsequent improvement and stabilization. Its underlying mechanism 
could be induced by a local inflammatory reaction, with abnormal vessel permeabil-
ity and edema (Hygino da Cruz et al. 2011). If an MGMT-methylated tumor under 
treatment with temozolomide develops pseudoprogression on imaging, chemother-
apy should not therefore be stopped (Jansen et al. 2010). On the other hand, if clini-
cal and radiological features suggestive of pseudoprogression are present in 
temozolomide-treated non MGMT-methylated glioblastoma, they likely represent 
bonafide tumor progression, and a change in therapy should be considered. More 
often than not, MGMT promoter methylation is seen in the patients presenting with 
pseudoprogression, according to a study by Stupp’s group (Weller et al. 2010) .

Various methods of MGMT promoter methylation testing were assessed for 
accurate estimation. Immunohistochemistry was assessed for its efficiency at detect-
ing MGMT protein expression which did not correlate significantly with promoter 
methylation and with survival (Christmann et al. 2010).Methylation specific PCR 
was made popular by Esteller M et al. which correlated significantly with survival 
(Esteller et  al. 1999). Though various other methods like quantitative MSP 
(Vlassenbroeck et  al. 2008), methylation specific multiplex ligation- dependent 
probe amplification (Kim et al. 2015) (Van den Bent et al.), combined bisulphate 
analysis (Mikeska et al. 2012), pyrosequencing (Christians et al. 2012) (Ronaghi 
et al., Christians et al.), HM27K and HM450k Bead chip (Bady et al. 2012), High 
Resolution melt analysis (Switzeny et al. 2016), etc. are being investigated for their 
efficacy, the methods being widely used clinically are semi quantitative methylation 
specific PCR (MS PCR) (Hegi et al. 2008), quantitative real time MS PCR(qRT- 
PCR) and pyrosequencing.

2.5.3  ATRX Mutation

The latest contribution to molecular diagnosis of gliomas is the discovery of Alpha 
Thalassemia/Mental Retardation Syndrome X-Linked (ATRX) gene (Wiestler et al. 
2013). The gene is so named because germline mutations in ATRX are associated 
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with alpha thalassemia mental retardation X-linked (ATR-X) syndrome (Gibbons 
et al. 1995).ATRX gene is located at Xq21 .1 and is a DNA helicase and chromatin 
remodeling protein. ATRX mutations are loss-of-function mutations. A primary 
function of ATRX is incorporation of histone H3.3 monomers into chromatin in col-
laboration with the histone chaperone protein DAXX (Death-associated protein 6) 
(Goldberg et al. 2010; Lewis et al. 2010). This form of chromatin remodeling is 
essential for maintenance of inactive proportion of the genome in a compact organi-
zation which is refractory to regulatory activity (Brennan et al. 2013). Thus, a muta-
tion in ATRX would result in loss of this compact chromatin organization and 
thereby exposure of the region of genome which should be inactive.

It was in 2012 that ATRX mutations were identified in adult and paediatric glio-
mas (Kannan et al. 2012; Liu et al. 2012; Schwartzentruber et al. 2012). Shortly 
after the discovery, it had quickly gained impetus and redefined the classification of 
adult gliomas, as suggested by a publication from Von Deimling’s group (Wiestler 
et al. 2013). ATRX loss characterizes astrocytoma and is mutually exclusive with 1p 
and 19q codeletion which is seen in oligodendroglioma. Thus, a tumor which would 
have previously been thought of as a glioblastoma-O, can now be characterized 
using 1p and 19q codeletion status and ATRX mutational status. ATRX mutations 
are relatively rare in IDH wild type glioblastoma. Among the IDH mutant gliomas, 
about 60–70% of them show ATRX mutation (Foote et al. 2015).

ATRX loss (mutation) is strongly associated with TP53 mutation which is again, 
a more common feature of IDH mutant gliomas. ATRX has also been found to play 
a role in the regulation of telomere length as shown by studies which found that the 
ALT phenotype (alternative lengthening of telomeres) was significantly correlated 
with ATRX loss (Wiestler et al. 2013). This regulation of telomere length is essential 
for tumor cell immortality.

Molecular testing for ATRX is now routinely done using Immunohistochemistry(IHC). 
Since the mutation predominantly results in a truncated protein or abrogated protein 
expression, the mutant phenotype is evidenced by the loss of expression of the pro-
tein. During IHC interpretation, it is important to note that retention of ATRX expres-
sion is seen in the normal endothelial cells, native and reactive glial cells and overrun 
neurons. This serves as an internal control. Therefore it is important to assess ATRX 
immunoreactivity in the tumor core rather than its’ infiltrating front.

2.5.4  TP53 Mutation

TP53 is the most widely studied gene in cancer research. Popularly known as the 
guardian of the genome, its mutations have been implicated in numerous human 
cancers. TP53 mutation was initially thought to be the earliest mutation leading to 
glioma genesis, as with other cancers. It was only much later that the identification 
of IDH mutations being the earliest changes, even prior to TP53 mutation, surprised 
the world (Watanabe et al. 2009). TP53 mutations, along with IDH and ATRX muta-
tions are now considered molecular hallmark features of diffuse and anaplastic 
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astrocytomas (WHO grades II and III) as well as clinicopathologically defined sec-
ondary glioblastoma (Liu et al. 2012; Gillet et al. 2014). It is also of interest to note 
that giant cell glioblastomas usually possess TP53 mutations (Meyer-Puttlitz et al. 
1997). The cascade of molecular events triggered by the mutation of TP53 gene 
involving the p53/MDM2/p14ARF pathway is one of the key events in 
gliomagenesis.

2.5.5  TERT Promoter Mutation

Maintenance of the telomeres in the tumour cells is an essential step towards cancer 
cell immortality. As mentioned earlier, alternate lengthening of telomere (ALT) 
phenotype is associated with ATRX mutation. Another mechanism by which the 
tumour cells maintain the telomeres is through the telomerase reverse transcriptase 
(TERT) (Horn et  al. 2013). It is a catalytic subunit of the enzyme telomerase. 
Telomerase is an enzyme which essentially maintains the telomere length. This is 
repressed under physiological conditions leading to progressive shortening of telo-
meres. The mutations leading to aberrant expression would maintain telomere 
length, thus imparting immortality to the cell.

TERT gene promoter mutations are point mutations usually affecting positions 
−228 and −250 in the promoter region, substituting a cytosine for a thymine (228 C 
> T, 250C > T). This unmasks a binding site for GA-binding protein (GABP) tran-
scription factor which binds to the mutant promoter, causing aberrant expression of 
TERT (Koelsche et al. 2013; Arita et al. 2013).

These mutations were first discovered in melanoma, and are thought to increase 
the expression of telomerase, thereby maintaining telomere length and enabling 
repeated cell division (Horn et al. 2013).These mutations have later been identified 
in many CNS tumours, including glioblastoma (Killela et al. 2013). TERT muta-
tions are more common in IDH wild type glioblastomas than in the IDH mutant 
form. Within the IDH wild type glioblastoma, TERT promoter mutation is inversely 
related to the TP53 mutations (Brennan et al. 2013; Nonoguchi et al. 2013). The 
IDH mutant glioblastoma preferentially makes use of ATRX mutation induced 
alternate lengthening of telomere pathway. TERT promoter mutations and polymor-
phisms have been reported to be associated with shorter survival in several studies 
(Mosrati et al. 2015; Spiegl-Kreinecker et al. 2015; Yuan et al. 2016).

2.5.6  Cytogenetic Abnormalities

A wide variety of chromosomal alterations are found in glioblastoma, of which, the 
most common alterations are gain of chromosome 7 and loss of chromosomes 9,10 
and 13. The combination of gain of 7p and loss of 10q (7p+/ 10q-) is most fre-
quently encountered in glioblastoma (Homma et al. 2006). Chromosome 7 harbours 
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EGFR gene on its short arm and the key gene affected by loss of 10q is PTEN. Hence, 
EGFR amplification and PTEN deletion are associated with 7p+/10q-. However, 
mutations in these genes are less frequently encountered. Another combination of 
chromosomal alteration found, though less often, in glioblastoma is the combined 
gain of chromosomes 19 and 20.

2.5.7  EGFR Amplification and Mutation

As discussed above, 7p gain is associated with EGFR (Epithelial Growth Factor 
Receptor)gene amplification. It is more common in clinicopathologically defined 
primary glioblastoma and other IDH wild type gliomas and is often found in the 
classical glioblastomasubtype (Verhaak et al. 2010). EGFR, under normal physio-
logical conditions, plays a central role in various normal cellular processes such as 
cell proliferation, differentiation and development.

EGFR is located on the short arm of the chromosome 7 (7p12) which encodes a 
cell surface receptor tyrosine kinase, a member of erb-1 family of receptors 
(Hatanpaa et al. 2010). Binding of growth factor ligand to extracellular domain and 
phosphorylation on the intracellular domain activates EGFR and this initiates signal 
transduction cascades (Ras/MAPK and PI3K /Akt) leading to increased DNA tran-
scription, angiogenesis, anti-apoptosis and cellular proliferation.

In addition to amplification, mutations are also commonplace in glioblastoma. 
Several mutants may be present in one tumor itself, contributing to intra-tumor het-
erogeneity. EGFR mutant (EGFR vIII) is detected in about 50% of tumours with 
EGFR amplification. EGFR vIII is generated from a deletion in exon 2–7 of the 
EGFR gene which results in the frame shift deletion of 267 amino acids in the extra-
cellular domain of EGFR (Hatanpaa et al. 2010).EGFR vIII does not bind to the 
growth factor ligand as the receptor is truncated with a short extracellular domain, 
but is constitutively phosphorylated. This structural abnormality mimics the effect 
of ligand binding and induces conformational change in the receptor, followed by 
increased intracellular signaling and cell proliferation (Nishikawa et  al. 1994). 
Studies have shown that EGFR vIII expressing cells not only drive their own intrin-
sic growth but also increase the proliferation of adjacent wild type EGFR express-
ing cells by paracrine signaling through cytokine receptors (Inda et al. 2010).

Another mutant EGFR vII is also generated by deletion of exon 2–7 of the EGFR 
gene and is present in 9% of focally EGFR amplified cases. Constitutive expression 
of EGFR vII results in the downstream activation of Akt signaling similar to that of 
EGFR vIII.

In the light of molecular studies, it has become clear now that various genetic 
alterations involving EGFR in glioblastoma are distinct from those observed in other 
EGFR altered cancers. In glioma, focal EGFR amplification occurs at extremely high 
level. Vast majority of other mutations are EGFR vIII point and missense mutations 
which are found exclusively in the extracellular domain (Lee et al. 2006), while most 
mutations in other non-glioma cancer are found in the intracellular domain  
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(Jänne et al. 2005). EGFR phosphorylation of EGFRvIII leads to nuclear transport of 
EGFRvIII and enhanced formation of a complex between EGFRvIII and STAT3 in 
the nucleus suggesting that EGFR and EGFRvIII coordinate to drive enhanced and 
prolonged STAT3 activity in the nucleus (Fan et al. 2013).

Though EGFR is clearly an important genetic alteration found in glioblastoma, 
various groups studying its association with survival and its prognostic significance 
have produced disagreeing results. While some groups found that EGFR vIII over-
expression along with EGFR amplification was associated with poor prognosis in 
younger patients (Shinojima et al. 2003), other studies showed that EGFR overex-
pression was associated with poor prognosis in older individuals (Srividya et  al. 
2010). Yet another study showed that EGFR over expression did not carry prognos-
tic significance in the natural history of disease (Heimberger et al. 2005).

Thus identifying the EGFR gene status in glioblastoma may be useful only for 
identifying the subset of patients who may benefit from EGFR targeted therapy.

2.5.8  PTEN Mutation

The chromosomal arm 10q harbours the gene PTEN (phosphatase and tensin homo-
log deleted on chromosome 10), which was originally identified in 1997 as a tumour 
suppressor gene that was mutated in prostate, breast and brain tumours, including 
glioblastoma (Li et al. 1997). PTEN protein catalyses the dephosporylation of the 3` 
phosphate of the inositol ring in PIP3, resulting in the biphosphate product PIP2. 
This dephosphorylation is important because it results in inhibition of the AKT 
signaling pathway. PI3K/AKT pathway is usually dormant in differentiated and qui-
escent cells. When this pathway is activated, cell cycle regulation goes hay-wire and 
oncogenesis ensues. PTEN deletion primarily acts through AKT and PI3K pathway 
by functioning as a lipid phosphatase (Endersby and Baker 2008).Thus, PTEN dele-
tion and loss of 10q (including PTEN) are associated with more aggressive pheno-
type (Srividya et al. 2011).

2.5.9  Platelet Derived Growth Factor Receptor 
Alpha(PDGFRA)

PDGFRA makes its appearance during normal CNS development and regulates nor-
mal glial cell proliferation and oligodendrocyte differentiation (Richardson et al. 
1988). PDGFRA expression has been shown to be increased in various cancers 
including brain tumor (Shih and Holland 2006).

The gene encodes a transmembrane protein belonging to the class III family of 
receptor tyrosine kinases (RTKs). The binding of ligand to this receptor triggers 
downstream signaling pathways like, MAPK, PI3K/AKT and JAK/STAT and plays 
an important role in cell proliferation, cell migration and angiogenesis (Lu et al. 
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2001). Thus, an enhanced expression of PDGFRA would result in excessive prolif-
eration, angiogenesis, etc. which are features of malignancy.

In glioblastoma, amplification of the PDGFRA gene is found in 15% of all 
tumors,

mainly in the proneural subtype of GBM (Verhaak et al. 2010). PDGFRA may 
be altered through various genetic mechanisms such as amplification, mutation and 
truncation (Phillips et al. 2013).PDGFRAΔ8, 9 is the frequent gene rearrangement 
in PDGFRA-amplified GBM, formed by an in-frame deletion of 243 bp in exons 8 
and 9 of the extracellular portion (Kumabe et al. 1992). In addition to this deletion, 
in-frame gene fusion of the extracellular domain of KDR/VEGFR-2 and the intra-
cellular domain of PDGFRA has also been found, and both of these mutant proteins 
were shown to be constitutively active, display transforming ability and could be 
inhibited using inhibitors of PDGFRA (Cancer Genome Atlas Research Network 
2008).A recent study on PDGFRA amplification in a large set of pediatric and adult 
high grade gliomas showed that, PDGFRA amplification had no prognostic signifi-
cance in pediatric high grade glioma patients but is associated with worse overall 
survival in adult IDH1 –R132H mutant, Glioblastoma (Phillips et al. 2013).

2.5.10  Neurofibromatosis Type 1 Gene (NF1)Inactivation

NF1 gene is a potent tumor suppressor gene which codes for neurofibromin, whose 
negative regulation of Ras and mTOR signaling in astrocytes is responsible for anti- 
tumor effect. Hence, an inactivation of this gene can cause tumorigenicity. The 
genetic alterations in NF1 gene in glioblastoma are deletions and inactivating muta-
tions. Mutations of NF1 are predominantly seen in mesenchymal subgroup of glio-
blastoma (Verhaak et al. 2010). NF1 loss results in increased cell proliferation and 
migration that is dependent on Ras mediated hyperactivation of mTOR. Evidence 
from experiments using genetically engineered mouse models shows that NF1 loss 
in glial cells, in combination with a germline p53 mutation, results in fully penetrant 
malignant astrocytomas (Zhu et  al. 2005), which progress to glioblastoma upon 
deletion of PTEN (Kwon et al. 2008).

2.5.11  Signaling Pathways Altered in Glioblastoma:

 – Receptor tyrosine kinase/ PI3K/ PTEN/AKT/mTOR pathway (Altered in 
88% glioblastomas (Cancer Genome Atlas Research Network 2008)) (Fig. 2.9):

 – The PI3K/AKT/mTOR pathway is an intracellular signaling pathway which is 
important in regulating the cell cycle. Under normal physiological conditions, 
this pathway is essential to promote growth and proliferation over differentiation 
of adult stem cells and neural stem cells specifically (Peltier et al. 2007). The first 
intracellular component of this pathway is phosphatidylinositol 3-kinase (PI3K) 
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complex, which, when activated sets into action a series of genes with Akt (also 
called protein kinase B) first, followed by mTOR, which integrates several 
upstream signals into effector actions on multiple downstream targets involved in 
cell growth and division (Mao et al. 2012). The triggering stimulus for the cas-
cade of events is the activation of receptor tyrosine kinase family members, most 
notably, EGFR, ERBB2, PDGFRA, c-MET, etc. Hence, gene activating altera-
tions like gene amplification or activating mutation will lead to the cascade of 
events which enhance cell proliferation. However, genes like PTEN usually put 
a check on cell proliferation by inhibiting PI3K. Thus, an inactivating mutation 
or deletion of this gene will not limit the activation of PI3K, leading to aberrant 
cell proliferation (Cancer Genome Atlas Research Network 2008).

 – P53/MDM2/p14ARF pathway (altered in 87% glioblastomas (Cancer 
Genome Atlas Research Network 2008)) (Fig. 2.9):

 – P53, as described earlier, is a key tumor suppressor gene and also a broad tran-
scription factor which regulates over 2500 genes involved in tumorigenesis and 
tumor invasion. An inactivating mutation in TP53 or negative regulation of TP53 
results in tumorigenesis. MDM2 and MDM4 are essential negative regulators of 
TP53 gene. MDM2 may inactivate p53 through transcriptional inhibition by 
direct binding, and degradation through its E3 ligase activity. MDM4 inactivates 
p53 only through transcriptional inhibition. Thus, gene activating alterations in 
MDM2 and MDM4 such as amplifications inhibit p53 and contribute to onco-
genesis. A gene CDKN2A (p14 ARF), which is further upstream to MDM2, 
inhibits regulation of p53 pathway by directly binding to MDM2 and subse-
quently inhibiting its E3 ubiquitin ligase activity (Toledo and Wahl 2007) 
(Kamijo et  al. 1998),. Thus, an inactivating alteration in CDKN2A results in 
uninhibited action of MDM2 which in turn, inhibits p53. This pathway is altered 
in 87% of glioblastomas.

Fig. 2.9 Illustrates the P53 
and the RB pathways.  
Indicates gene activating 
alterations like 
amplification and  
indicates gene inactivating 
alterations like deletion. 
The more commonly 
altered genes are 
highlighted in purple. 
Inhibition is indicated 
by – and activation is 
indicated by +
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 – CDKN2A/CDK4/retinoblastoma protein pathway (altered in 78% glioblas-
tomas (Cancer Genome Atlas Research Network 2008)) (Fig. 2.10):

The RB gene codes for a tumor suppressor protein retinoblastoma (pRB) which 
plays a crucial role in inhibiting cell cycle progression by binding to and inhibiting 
transcription factors of the E2F family. Hence, an inactivating alteration of RB gene 
leads to uninhibited cell division. The RB gene is negatively regulated by the com-
plex of cyclin-dependent kinases (CDKs), notably, CDK4, CCND2, CDK6. Thus, an 
activating alteration in these kinases accentuates the inhibition of RB gene, leading 
to excessive cell proliferation. These Cyclin Dependent kinases are normally inhib-
ited by CDK inhibitors, CDKN2A, CDKN2B and CDKN2C. When these inhibitors 
suffer inactivating alterations, it would result in unchecked cyclin- dependent kinase 
activity and thus, exaggerated RB inhibition, thus leading to aberrant cell prolifera-
tion (Cancer Genome Atlas Research Network 2008; Mao et al. 2012).

2.6  Molecular Biology of Recurrence in Glioblastoma 
Tumors

Glioblastoma is notorious for its inevitable recurrence after maximal safe resection 
despite concomitant radiation and chemotherapy following surgery. The recurrent 
tumor tends to come back with a vengeance and is more resistant to therapy. Currently, 
there is no accepted standard therapy for recurrent glioblastoma. A select  

Fig. 2.10 Illustrates the RTK/PI3K pathway.  Indicates gene activating alterations like amplifi-
cation and  indicates gene inactivating alterations like deletion. The more commonly altered 
genes are highlighted in purple. Inhibition is indicated by – and activation is indicated by +
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few patients derive benefit from a re-surgery with majority being left out in the pro-
verbial cold due to lack of approved therapy with promising results. Strikingly, not 
many studies focus on recurrent glioblastoma. One major reason for this is that not 
all recurrent tumors are operable, limiting the access to the recurrent tumor tissue. 
Thus, paired tumor sample scarcity precludes any molecular studies on recurrent 
glioblastoma. As a result, research on recurrence has been mostly limited to docu-
mentation of clinical characteristics and very few clinical trials using angiogenesis 
inhibitors, etc. Our knowledge on recurrence mainly stems from a handful of studies. 
Recurrences are predominantly local (recurring within 2 cm margin of the original 
tumor) with only a small proportion coming back as distant recurrences(recurring 
distantly in a different lobe or in contralateral hemisphere). The genetic makeup of 
the local and distant recurrences when compared to their primary counterparts still 
remains largely unknown, though some recent studies have attempted to answer this 
question. The genetic landscape of local recurrences was thought be similar to the 
original tumor and the distant recurrences were argued to be possibly second primary 
tumors (Reis et al. 2001; Martinez et al. 2003). However, other researchers identified 
sufficient similarities between the primary and distant recurrent tumors to conclude 
that they were indeed remote recurrences rather than entirely new primary tumors 
(van Nifterik et al. 2006). In a recent study comparing the mutations in the local and 
distant recurrences with their original primary tumors, distant recurrences were 
found to share an average 25% of mutations with their primary tumors while local 
recurrences possessed an average of 70% of shared mutations (Kim et al. 2015).

The few studies which attempted to understand molecular profile of recurrent vs 
primary tumors, had compared only a few candidate genes and had a small sample 
size and none of them considered the intratumor heterogeneity (Campos et  al. 
2016). A summary of the studies is listed in Table 2.6.

Mounting evidence points towards definite alterations in recurrent glioblastoma, 
the nature of which depends on the profile of first tumor. For example, in conjunc-
tion with the above studies, other researchers have found evidence of tumor 
 evolution possibly in response to radio-chemotherapy. For example, primary glio-
blastomas with MGMT promoter methylation were found to lose the methylation 
with higher MGMT expression in recurrent tumors (Christmann et  al. 2010). 
Consequently, a series of clinical trials with dose-intensified treatment with 
Temozolomide came into effect, however, the results were not promising (Gilbert 
et al. 2013). Kim, et al., while analyzing 21 paired samples, found that one recurrent 
glioblastoma had a hypermutated phenotype and that was originally an IDH1 
mutant. The authors suggested that IDH1, commonly associated with a hypermeth-
ylator phenotype may have suppressed MGMT and rendered the tumor more sus-
ceptible to temozolomide induced mutagenesis. Interesting to note is the fact that 
majority of the accumulated mutations were found to affect mismatch repair genes 
like PMS1 and MSH5 (Kim et al. 2015).

Evidence from several studies which assessed the possible effect of treatment 
modality on glioblastoma recurrence suggests that, altogether, glioblastomas 
undergo evolutionary change and selective pressures such as radio-chemotherapy 
and targeted therapies are likely to alter the molecular composition of these tumors 
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Table 2.6 Summary of genetic alterations studied so far in recurrent glioblastoma

Genes studied Findings

MLH1, MSH2, MSH6 Expression lower in recurrence (Stark et al. 2010; 
Shinsato et al. 2013)

TP53 and PTEN mutation, EGFR 
amplification

One study found lower expression at recurrence (Stark 
et al. 2003). Another study identified two distinct 
patterns of accumulation of molecular alterations 
depending on the profile of the original tumor 
(Martinez et al. 2010).

Methylation of promoters of MGMT, 
CASP8, CASP3, CASP9, DCR1, 
DR4, DR5, TMS1, CDH1, CDH13, 
RASSF1A, BLU, CHFR, CASP8

More methylation observed at recurrence (Martinez 
et al. 2007)

miRNA-10b, miRNA-21, miRNA- 
181b, miRNA-181c, miRNA-195, 
miRNA-221, miRNA-222

No change observed at recurrence (Ilhan-Mutlu et al. 
2013)

(Campos et al. 2016). However, the original tumor composition plays a significant 
role, of which, tumor heterogeneity is a major player. As discussed earlier, glioblas-
tomas possess such heterogeneity as not seen in most other malignancies. Intertumor 
heterogeneity is clearly evidenced by histomorphology. But intratumor heterogene-
ity of glioblastoma is unmistakable when molecular profiling is done. For instance, 
Andor et al. have found as many as seven subclones within 100 mg of tumor tissue 
(Andor et al. 2014). This heterogeneity makes it difficult to predict which clonal 
subtype has re-emerged and hence, will respond to which type of agent. Though 
angiogenesis inhibitors like Bevacizumab have seen response in some patients, 
intratumor heterogeneity clearly explains its failure in other patients. The same 
group studied the effect of Temozolomide on the number of subclones in recurrent 
tumors, and showed that three types of changes may occur in this respect. A domi-
nant subclone in primary tumor may shrink and disappear in recurrence or a domi-
nant subclone may resist treatment and remain a dominant subclone or a smaller 
subclone may resist treatment and emerge as the dominant subclone in recurrence. 
Thus, future research focusing on understanding intratumor heterogeneity and pre-
dicting the possible molecular landscape of recurrent glioblastoma will greatly help 
in decision making in the treatment of recurrent glioblastoma.

Another line of research in recurrence has focused on the cancer stem cells pres-
ent within the tumor which are relatively slow-dividing as compared to the fast- 
dividing glioblastoma cells (Lathia et al. 2011; Richichi et al. 2013). It is thought 
that through various cell to cell signaling methods, the therapy resistant, slow- 
growing cells are maintained in a quiescent state by the fast-growing neighboring 
cells. When these inhibitory signals are lost due to resection of the tumor, the 
remaining slow-growing cells regain their proliferative potential to cause recur-
rence. Cancer stem cells are resistant to therapy due to various properties analogous 
to normal stem cells, like overexpression of DNA-damage repair enzymes (Bao 
et al. 2006), metabolic traits which allow for their growth in hypoxic conditions (Li 
et al. 2009), their slow growth helping them escape the routine therapy which is 

2 Molecular Pathology of Glioblastoma- An Update



48

targeted at proliferating cells, etc. Therefore, glioblastoma cancer stem cells play a 
role in recurrence.

Further research attempting to identify molecular patterns of recurrence in glio-
blastoma is direly needed to address the pressing issue of tumor recurrence and 
consequently poor survival in glioblastoma patients.

2.7  Summary

In view of the evolving molecular landscape of glioblastoma and the emphasis on 
arriving at a histomolecular diagnosis, one must bear in mind the following 
essentials:

 (a) Two entities of Glioblastoma are now recognized- IDH wild type and IDH 
mutant.

 (b) Clinicopathologically defined primary (de novo) glioblastoma is usually IDH 
wild type and clinicopathologically defined secondary glioblastoma corre-
sponds to IDH mutant type.

 (c) IDH mutant type has a significantly better prognosis than an IDH wild type 
glioblastoma.

 (d) MGMT promoter methylation confers better prognosis to the patients with glio-
blastoma and is an independent prognostic factor.

 (e) Pseudoprogression is commonly associated with MGMT methylated pheno-
type and resolves with steroids and Temozolomide therapy is continued.

 (f) In MGMT unmethylated cases, pseudoprogression is usually rare and it is more 
likely to be recurrence rather than pseudoprogression. They are less likely to 
respond to Temozolomide therapy and other drugs may be required.

 (g) Molecular sub-classification of glioblastoma may be of prognostic value with 
proneural type showing better prognosis which may, again be due to the fact 
that IDH mutations occur with high frequency in the proneural type.

 (h) Most common molecular alterations conferring poor prognosis in glioblastoma 
are: EGFR amplification with EGFRvIII mutation, PTEN deletion, TERT pro-
moter mutation.

2.8  Clinical Trials

Clinical trials using targeted drug therapies against IDH1, EGFRvIII, Tyrosine 
receptor kinases, etc., have been performed with mixed results. IDH1 R132H vac-
cine has been developed in the hope that they can be of use in IDH mutant glioblas-
tomas (Schumacher et al. 2014). It has, so far, shown promising results in animal 
models (Dimitrov et al. 2015). Two clinical trials are currently in effect using IDH 
1 and 2 mutant inhibitors.
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Another molecular alteration that has successfully reached the clinical trial phase 
is the EGFR vIII mutant amplification (Taylor et al. 2012). Animal experiments have 
shown that tumors with this mutation are found to be sensitive to Cetuximab (Padfield 
et al. 2015). Several small molecule inhibitors, vaccines developed against various 
mutants have failed to show significance in the treatment of glioblastoma, the possi-
ble reason could be the extensive intratumor heterogeneity seen in glioblastoma.

2.9  Need of the Hour

As discussed above, the various exploratory studies carried out in glioblastoma have 
unearthed several mutations, epigenetic modifications, chromosomal aberrations, 
gene copy number changes, etc. But we are still a long way from developing a thera-
peutic strategy which will increase the longevity of the patients with good quality of 
life. The first hurdle towards achieving this is the incomplete understanding of the 
pathobiology of glioblastoma. Though the large scale ‘omic’ studies have made 
significant contribution towards this, there remain various missing links in the path-
ways and the holistic picture is lacking. The key areas of research currently in vogue 
in glioblastoma are aimed at understanding inter and intratumor heterogeneity, glio-
blastoma cancer stem cell biology, angiogenesis, tumor metabolism, resistance to 
therapeutic response, etc. However, a major aspect of glioblastoma, which is its 
invariable recurrence, has been relatively less studied and the treatment of patients 
with recurrence poses a dilemma to the treating clinicians. Limited number of 
hypotheses trying to explain the inevitable recurrence have been put forth, of which, 
the theory in vogue is that since the tumor cannot be completely resected due to its 
diffuse nature, tumor cells which escape resection may also resist radiation and 
chemotherapy and cause recurrence. Further research addressing this question is 
essential to help those patients who may have benefited from the primary treatment 
but presented with recurrence.

The initial excitement generated due to revelation of molecular landscape of 
glioblastoma had kick started the development of several inhibitors, vaccines, etc. 
for targeted therapy. Several of these molecules had passed the test in vitro and in 
animal models but failed to show significant results in the next phases. But the les-
son learnt from this exercise is that the need for personalized treatment is paramount 
in glioblastoma due to its vastly varied features. Inter and intra tumor heterogeneity 
has to be fully understood if the hope for development of therapeutic strategies for 
glioblastoma is to be realized.

Though the data is plentiful and more is being generated this moment, there is 
need for further more fundamental research to understand the biological behavior of 
this tumor, which is the only way to handpick the right molecules which could serve 
as drug targets. The meaningful interpretation of the enormous data, prospective 
studies in the clinical setting and functional studies on the bench, building a bridge 
between the bedside and the bench are the need of the hour. After all, the end point 
to any disease related research is the benefit of the patient.
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Abstract The current standard of care for initial treatment of adults with newly 
diagnosed glioblastoma (GBM) constitutes maximal safe resection followed by 
concurrent chemoradiation therapy and adjuvant chemotherapy with temozolomide; 
recent studies have shown improvement in survival benefit with the addition of 
tumor treatment fields (TTF) to this regimen. For recurrent disease, lomustine and 
bevacizumab yield benefit in progression-free survival but not in overall survival. 
Recent advances in the understanding of the biology of GBM have provided the 
basis for new therapeutic approaches against these tumors. However, the initial 
promise of agents targeted against specific pathways active in GBM failed to yield 
the expected improvement in outcome likely due to intra- and inter-tumoral hetero-
geneity. Current efforts are focused on immunotherapy, biological agents and com-
bination targeted therapies to overcome these challenges. Additionally, ongoing 
research to better understand the basis of tumor heterogeneity is expected to provide 
new insights that can help broadly target GBMs that can translate into improved 
survival and quality of life for these patients. This review provides an outline of cur-
rent treatments and examines the newer approaches that bear promise to provide a 
meaningful improvement in outcome of patients with GBM.

Keywords Glioblastoma • Targeted Agents • Antiangiogenic agents • Biological 
therapies • Immunotherapy

3.1  Introduction

Glioblastoma (GBM) is the most common primary brain tumor in adults and is asso-
ciated with a dismal outcome. Several new therapeutic strategies have been devel-
oped over the past 4 decades that have provided new standards of care which have 
resulted in improvement in overall survival (OS). However, these improvements have 
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been only incremental in nature and no significant shifts in paradigms of care have 
yet emerged to provide the expected dramatic improvements in survival. There is a 
growing realization that new approaches to treatment are needed to address the com-
plexity and heterogeneity of GBM; this in turn has led to exploring exciting new 
avenues of treatment including biological therapies, immunotherapies, nanothera-
pies, and technology-based treatment modalities. Ongoing clinical trials are expected 
to better characterize the relative efficacies of such approaches and identify the ones 
that may potentially provide the anticipated paradigm-shifting therapy that signifi-
cant improves survival with good quality of life. This review provides a comprehen-
sive outline of the rationale for current standards of care for newly diagnosed and 
recurrent GBM and examines the development of promising novel approaches to 
therapy against these tumors.

3.2  Newly Diagnosed Glioblastoma

Current treatment for patients with newly diagnosed GBM includes maximal safe 
resection followed by concurrent chemoradiation therapy and adjuvant chemother-
apy (chemoRT) with temozolomide (TMZ), a monofunctional alkylating agent. 
This multimodal approach leads to a median OS of 15–17  months and notably 
improved 2- and 5-year survival compared to radiation therapy (RT) alone. New 
standards have also been established in elderly patients with GBM who have a good 
functional status. While these standards have provided a modest yet significant 
improvement in outcome for GBM patients, much remains to be achieved in further 
meaningfully improving survival and quality of life for these patients. Novel insights 
into genetic and epigenetic characteristics of GBM gained in recent years aim to 
provide new therapeutic strategies to bring a paradigm shift in treatment in these 
patients (Hegi et al. 2005) (Table 3.1).

Table 3.1 Selected phase III trials for newly diagnosed GBM

Regimen
Median PFS 
(months)

Median OS 
(months)

% OS at 
2 years Reference

TMZ + RT 6.9 14.6 26.5% Stupp et al. (2005)
RT alone 5.0 12.1 10.4%
DD TMZ (21/28 days) 6.7 14.9 33.9% Gilbert et al. (2013)
TMZ 5.5 16.6 34.2%
Bevacizumab + TMZ/RT 10.7 15.7 NR Gilbert et al. (2014)
Placebo + TMZ/RT 7.3 16.1 NR
Bevacizumab + TMZ/RT 10.6 16.8 33.9% Chinot et al. (2014)
Placebo + TMZ/RT 6.2 16.7 30.1%
TTFields + TMZ 7.1 20.5 43% Stupp et al. (2015)
TMZ 4.0 15.6 29%

GBM glioblastoma, TMZ temozolomide, RT radiation therapy, DD dose-dense, TTFields tumor 
treating fields (alternating electric fields), PFS progression free survival, OS overall survival, NR 
not reported
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3.2.1  Surgical Resection

Surgical resection in patients with newly diagnosed GBM is aimed initially at pro-
viding sufficient tissue for histologic and molecular diagnosis, reducing mass 
effect, and relieving symptoms. Whether extent of resection can improve overall 
survival has been less clear due to the absence of level 1 evidence for the same. 
However, cumulative evidence from several studies has strongly supported the 
potential for survival benefit with a greater extent of surgical resection. In the first 
major study assessing the effect of extent of resection in patients with newly diag-
nosed GBM, Lacroix et  al. reported a single center retrospective study of 416 
patients which showed that increasing extent of resection of the enhancing portion 
of the tumor ≥89% provided improved survival for every unit increase in volumet-
ric resection (Lacroix et al. 2001). A subsequent retrospective study of a series of 
500 patients by Sanai et al. again supported this finding with benefit being seen 
even in patients who underwent a partial resection (≥78%) and improving in a 
stepwise manner with greater extent of resection (Sanai et  al. 2011). In a more 
recent large retrospective study expanding on the analysis by Lacroix et al. from 
the same center, Li et  al. not only confirmed improvement in survival resulting 
from maximal resection of the enhancing part of the tumor in 1229 patients with 
newly diagnosed GBM, but also reported that increasing the extent of resection to 
safely remove the non- enhancing hyperintense portion on fluid-attenuated inver-
sion recovery (FLAIR) magnetic resonance imaging (MRI) yielded additional 
improvement in survival (Li et al. 2016). These results suggest that maximal safe 
resection of the enhancing and non-enhancing components of newly diagnosed 
GBM should be attempted in all patients who are surgical candidates. While these 
studies provide a proof-of-principle for maximal safe resection, it should be noted 
that these results may also be strongly influenced by the neurosurgeons’ experi-
ence with brain tumor surgeries and the availability of high quality MRI techniques 
and of advanced neurosurgical instrumentation, which are not always readily avail-
able in the community when the patient initially presents with symptoms. The 
development of intraoperative tools such as fluorescence-guided surgery with 
5-aminolevulinic acid (5-ALA), which allows visualization of residual tumor cells, 
and intraoperative MRI that allows monitoring of residual tumor during surgery 
have helped improve the extent of resection and thus contribute to survival out-
comes (Stummer et al. 2006; Kubben et al. 2011). Further, to preserve neurologic 
function during aggressive surgeries, awake craniotomies can be performed with 
real-time intra-operative neurologic and language assessments with an option for 
local stimulation to detect and avoid functional areas when operating on tumors 
near eloquent areas. However, when gross total resection is not possible due to the 
location or extent of the tumor or the patient’s clinical condition, subtotal resection 
or stereotactic biopsy may serve to relieve mass effect and to establish definitive 
histologic diagnosis.

3 Current Therapies and Future Directions in Treatment of Glioblastoma



60

3.2.2  First Line Therapy for Newly Diagnosed GBM

Given the infiltrative nature of GBM, maximal surgical resection has to be followed 
by adjuvant therapy to maximize tumor control and improve survival. The initial use 
of adjuvant whole brain radiation therapy (WBRT) in the late 1970s (Andersen 
1978; Walker et al. 1978, 1980) was replaced by involved field radiation therapy 
(IFRT) to offer maximal treatment to the tumor while minimizing radiation to nor-
mal brain tissue, given that tumor recurrence following WBRT  usually occurs 
within 2–3 cm of the original lesion (Wallner et al. 1989) and that less than 10% of 
patients develop multifocal recurrence (Choucair et al. 1986). Dose escalation stud-
ies failed to show any survival benefit for total doses above 60 Gy (Chan et al. 2002; 
Nelson et al. 1988). The current standards for radiotherapy consist of IFRT to the 
gross tumor volume with a 2–3 cm margin for the clinical target volume delivered 
with linear accelerators.

Chemoradiation Therapy In a landmark study that established the current standard 
of care, Stupp et al. reported a significant improvement in OS and progression free 
survival (PFS) in adults between the ages of 18 and 70 years of age with newly diag-
nosed GBM who received concurrent chemoRT compared with those who received 
radiation therapy (RT) alone (Stupp et al. 2005). The treatment constituted fraction-
ated involved-field radiation (2 Gy per day, 5 days a week, for a total dose of 60 Gy) 
with concurrent TMZ (75 mg/m2 of body surface area daily for 6 weeks) followed by 
six cycles of TMZ at 150–200 mg/m2 for 5 days during each 28 day cycle. Median OS 
was 14.6 months with RT plus TMZ versus 12.1 months with RT alone (HR 0.63 
[95% CI, 0.52 to 0.75; P < 0.001]). More strikingly, there was improvement in 2-year 
survival from 10.4% on RT alone to 26.5% with chemoRT.

A companion retrospective study by Hegi et  al. demonstrated the relevance of 
promoter methylation of O-6 methyl-guanine DNA methyl-transferase (MGMT), the 
protein product of which is involved in repair of DNA lesions induced by methylat-
ing agents such as temozolomide (Hegi et al. 2005). Of 206 evaluable patients, those 
with methylated MGMT promoter (44.7%) had a significantly better OS compared 
to those with unmethylated promoters, regardless of treatment (18.2 vs. 12.2 months, 
respectively; HR 0.45; 95% CI 0.32–0.61), supporting a prognostic role for this 
marker. Patients with MGMT promoter methylated tumors who received RT plus 
TMZ had an improved median survival (21.7 months [95% CI, 17.4–30.4]) com-
pared to those who received RT alone (15.3 months [95% CI, 13.0–20.9]) (p = 0.007). 
In the promoter methylated cohort, the 2-year survival rate was 46% for the group 
treated with RT plus TMZ compared with 22.7% for those receiving RT only. A five-
year analysis of the patient cohort in this study showed an OS of 27.2% at 2 years and 
9.8% at 5 years for the RT plus TMZ arm compared with 10.9% and 1.9% with RT 
alone (hazard ratio 0.6, 95% CI 0.5–0.7; p < 0.0001) (Stupp et al. 2009). Patients 
with MGMT promoter methylated GBM had the best survival outcomes.

Dose escalation of standard IFRT beyond 60 Gy has not yielded improved out-
come and indeed has resulted in increased radiation toxicity (Chan et  al. 2002; 
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Nelson et al. 1988). Alternative strategies such as brachytherapy, involving intersti-
tial delivery of radioactive isotopes such as 125Iodine (I-125), has been used as a 
local boost in conjunction with IFRT in the setting of newly diagnosed GBM and as 
treatment for recurrent GBM.  However, the paucity of prospective randomized 
studies of brachytherapy and the confounding study designs and mixed results of 
nonrandomized prospective studies have resulted in this modality not being actively 
used against GBM (Barbarite et al. 2016). Similarly, stereotactic radiosurgery 
(SRS), which involves the precise delivery of high dose radiation to a specified 
lesion by either in a single fraction or as fractionated stereotactic radiotherapy 
(FSRT) used in the setting of deep-seated lesions or those abutting eloquent brain 
have not yielded definite survival benefit in GBM patients (Nwokedi et al. 2002; 
Souhami et al. 2004). Radioimmunotherapy, the use of radiolabeled antibodies to 
target cancer cells, has been most notably used to target tenascin, an extracellular 
glycoprotein highly expressed in GBM but not in normal brain tissue. In a phase II 
trial of a I-125- conjugated murine anti-tenascin monoclonal antibody delivered by 
direct injection into the resection cavity during surgery, Reardon et al. reported a 
median survival of 79.4 weeks, which exceeded that of historical controls. Given the 
promising outcomes and tolerable toxicity, a phase III study is currently being 
planned (Reardon et al. 2006; Zalutsky et al. 2008).

BCNU Wafers Interstitial biodegradable bis-chloroethyl-nitrosourea (BCNU, car-
mustine) wafers were developed as a way to initiate chemotherapy immediately 
after tumor resection and avoid the side-effects of systemic administration of 
BCNU. Using a biodegradable polymer containing 3.85% BCNU (Gliadel®, Arbor 
Pharmaceuticals, Atlanta, GA, USA) in a randomized trial of 240 patients with 
newly diagnosed high grade gliomas, Westphal et  al. demonstrated the survival 
advantage of BCNU wafers compared to control (median OS 13.9  months vs. 
11.6 months), which led to the FDA approval of Gliadel wafers for these patients 
(Westphal et al. 2003). Adverse events were similar to placebo although BCNU 
treated patients were more likely to experience cerebrospinal fluid leaks (5.0% vs. 
0.8%) and intracranial hypertension (9.1% vs. 1.7%). The survival advantage 
remained consistent at long-term follow up 3 years following the initial analysis 
(Westphal et al. 2006). Despite these results, the use of BCNU wafers has declined 
in routine surgical practice since the advent of the current chemoRT regimen.

Dose intensification of chemotherapy Patients with MGMT promoter methylated 
GBM experience an improved outcome after treatment with temozolomide (Hegi 
et al. 2005; Esteller et al. 2000), which is believed to be due to their decreased abil-
ity to repair the O6-MG DNA lesion induced by TMZ therapy. These results sug-
gested that MGMT-depletion could potentially sensitize GBMs to alkylating agents. 
Tolcher et  al. found in two phase 1 trials that prolonged exposure to alkylating 
agents depleted intracellular MGMT in peripheral blood monocytes (Tolcher et al. 
2003). Hypothesizing that a similar effect could be induced in tumor cells by dose 
intensification, Gilbert et al. conducted a multinational phase III trial (1173 patients 
registered, 833 randomized) comparing two schedules of adjuvant temozolo-
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mide: standard (5 days) or dose-dense (21 days) of a 28 day cycle, following con-
current chemoRT therapy in adults (≥18 years) with newly diagnosed GBM (Gilbert 
et al. 2013). However, the median survival in the dose-dense arm was not statisti-
cally different from that in the standard arm (16.6 months vs. 14.9 months, HR 1.03, 
p  =  0.63); in addition, toxicity was also higher in the dose-dense schedule. The 
study did prospectively confirm the prognostic significance of MGMT promoter 
methylation in this patient population; MGMT promoter methylation was  associated 
with improved median survival of 21.2 months versus 14 months in the  unmethylated 
tumors (HR, 1.74; p < 0.001).

Alternating Electric Fields (Tumor Treatment Fields) Kirson et al. developed 
technology that hampered cell division through the application of electric fields that 
alternated at a frequency in the range of 150–200 Hz and induced a cytotoxic effect 
on tumor cells in vitro in a dose-dependent manner in relation to the field intensity 
(Kirson et al. 2009a). Exposure to these tumor treatment fields (TTF) resulted in 
mitotic abnormalities, most notably membrane blebbing during entry into anaphase, 
which in turn resulted in aberrant mitotic exit and cell death (Gera et al. 2015). TTF 
were found to be most effective against protein targets that have high dipole 
moments, and its chief targets were the mitotic septin complex and the α/β-tubulin 
monomeric subunit of tubulin (Wong et al. 2015). The effects observed in vitro were 
additionally characterized in animal tumor models and human cancers, including 
colon adenocarcinoma, melanoma, and Lewis lung carcinoma (Kirson et al. 2007, 
2009b). This was commercialized in the form of NovoTTF- 100A (Novocure Ltd., 
Jersey Isle), a device with electrodes that could be applied directly to the scalp and 
generates a 50-V field (>0.7 V/cm at the center of the brain) that alternates at a fre-
quency of 200 Hz and was intended to be worn continuously for at least 18 hours a 
day. In a multinational phase III trial by Stupp et al., adults with newly diagnosed 
GBM were randomized after chemoRT to receive adjuvant temozolomide with 
(n = 210) or without (n = 105) TTF therapy (Stupp et al. 2015). The trial was halted 
after a planned interim analysis demonstrated a significant improvement of PFS (7.1 
vs. 4.0 months, HR 0.62, p = 0.001), which was the primary end-point of the study. 
Based on the results of this study, the US FDA approved the NovoTTF-100A for use 
with adjuvant temozolomide in patients with newly diagnosed GBM. Use of the 
NovoTTF-100A device was not associated with systemic toxic effects or increase in 
seizures, but it was associated with higher incidence of scalp irritation, anxiety, 
confusion, insomnia, and headaches compared to the control arm. The widespread 
use of this modality has been limited due to the slow acceptance of the potential 
utility of TTF, the cosmetic issues associated with the application of electrodes for 
over 18 hours a day, and the weight of the device (>3 kg). A newer version of the 
device has been released incorporating several improvements in design and weigh-
ing ~1 kg. In light of a separate randomized trial that found that TTF performed 
equally as well as physician’s choice chemotherapy in recurrent GBM (Stupp et al. 
2012), the United States Food and Drug Administration (FDA) approved the device 
for use in patients with recurrent GBM.
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Antiangiogenic strategies in initial therapy of GBM Based on encouraging results 
with the use of bevacizumab in the setting of recurrent disease, two large randomized 
phase III studies examined the benefit of adding bevacizumab to standard treatment 
for newly diagnosed GBM both in the chemoRT and adjuvant settings. One study by 
Gilbert et al. reported the results of a multicenter Radiation Therapy Oncology Group 
(RTOG) trial in which 637 patients were randomized to either bevacizumab (10 mg/
kg) or placebo beginning week 4 of chemoRT therapy with temozolomide and treat-
ment was continued for up to 12 cycles along with adjuvant chemotherapy (Gilbert et 
al. 2014). The study also assessed the net clinical benefit of the treatments (including 
neurocognitive assessments, patient reported outcomes (PRO), and health-related 
quality of life [HRQOL] measures). No significant difference in the median OS was 
seen between the bevacizumab group and the placebo groups (15.7  months vs 
16.1 months, HR, 1.13). However, an improvement in PFS was seen in the bevaci-
zumab group (10.7 months vs. 7.3 months; HR, 0.79) but did not reach the protocol 
specified threshold for significance. Despite this improvement in PFS, patients on the 
bevacizumab arm showed a decline in quality of life with increase in symptom burden 
and neurocognitive worsening compared with the placebo arm.

The other study (AVAglio) was a multinational trial which randomized 921 
patients to either bevacizumab (n = 458) or to placebo (n = 463) (Chinot et al. 2014). 
In results that were strikingly similar to the RTOG study, no difference was seen in 
OS in the bevacizumab arm compared with the placebo arm (median OS 16.8 months 
vs 16.7 months, HR, 0.88; 95% CI, 0.76–1.02; p = 0.10), whereas an improvement in 
PFS was associated with bevacizumab treatment, which in this trial reached a pre-
specified threshold for statistical significance (10.6 months vs 6.2 months; HR 0.64; 
95% CI 0.55–0.74; p < 0.001). Both studies confirmed the value of MGMT promoter 
methylation as a prognostic marker associated with therapy in both arms. However, 
the two studies reported significant differences in HRQOL and PRO: results that 
remain to be fully understood. The AVAglio study showed an improvement in the 
quality of life measures associated with bevacizumab whereas the RTOG study 
showed a significant decline in both neurocognitive and PRO measures used in the 
study. A better understanding of the results of the two studies through an independent 
analysis will be critical in defining the significance of these net clinical benefit data.

3.3  Recurrent Glioblastoma

Despite aggressive initial therapy for newly diagnosed GBM, tumor recurrence is 
inevitable (Stupp et al. 2009). Recurrent GBM tend to be less sensitive to subsequent 
therapies due to development of emergent and adaptive resistance partly related to 
tumor heterogeneity. Several retrospective studies have shown that age and perfor-
mance status at the time of recurrence were important independent prognostic factors 
for survival (Michaelsen et al. 2013). A small percentage of patients remain eligible 
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for additional surgical resection (Weller et al. 2013). But for most patients, systemic 
therapies with agents such as bevacizumab, dose dense temozolomide, nitrosoureas 
or occasionally local therapies such as re-irradiation are required. This section pro-
vides a review of modalities used in patients with recurrent GBM.

Resection of Recurrent Glioma Surgical resection of recurrent tumor is often 
required for individual patients to relieve symptomatic mass effect, recover  function, 
or prevent neurological deterioration. However, there is a paucity of evidence to sup-
port a consistent role for re-resection in patients with recurrent GBM. While some 
prospective studies reported better OS with gross total resection (Suchorska et al. 
2016; Yong et al. 2014), others have reported improvement in neither PFS nor 
 post-recurrence OS with reoperation. A major role for repeat surgery is to provide 
histologic confirmation of recurrence, to differentiate the true progression from radi-
ation necrosis and to identify biomarkers that may be useful in tailoring chemothera-
peutic regimens. However, stereotactic biopsy can be a viable option to realize these 
goals even for the majority of patients who are not candidates for resection (Weller 
et al. 2013). Additional prospective and adequately powered trials are needed to eval-
uate whether re-resection provides a survival benefit in patients with recurrent GBM; 
however, such trials may be challenging due to the influence of other treatments 
being given to the patient subsequent to surgery as well as the issues related to patient 
selection for such resections.

Bevacizumab Vascular proliferation and neoangiogenesis are hallmarks of GBM 
that are driven by its production of several angiogenesis promoting factors, espe-
cially vascular endothelial growth factor (VEGF). Bevacizumab, a monoclonal anti-
body that binds VEGF to inhibit angiogenesis, was first reported to show unexpected 
activity in terms of radiological responses in a small series of patients with high 
grade gliomas (Stark-Vance 2005). This led to a more systematic evaluation of bev-
acizumab both as a single agent and in combination with irinotecan in a phase II 
open- label trial focused on patients with recurrent GBM. Of the 167 patients ran-
domized to receive bevacizumab alone (10 mg/kg, n = 85) or bevacizumab plus iri-
notecan (n = 82) every 2 weeks, the PFS-6 rates (primary end point) were 42.6% 
and 50.3%, respectively with ORR of 28.2% and 37.8%, respectively. Median OS 
was 9.2  months with bevacizumab alone and 8.7  months with the combination. 
Treatment on these two arms were associated with significant toxicity with ≥grade 
3 toxicities of 46.4% for the bevacizumab alone arm and 65.8% in the combination 
arm. Intracranial hemorrhage was seen in 2.4% of the patient in the bevacizumab-
alone arm and in 3.8% in the combination arm, addressing the concerns about intra-
cranial bleeding from such antiangiogenic therapies.

A second study examined the use of single agent bevacizumab in 48 patients 
with recurrent GBM and added irinotecan to bevacizumab when patients progressed 
on single agent bevacizumab therapy (Kreisl et al. 2009). The study showed a PFS6 
of 29%, ORR of 35% (by Macdonald criteria), median PFS of 16 weeks, median OS 
of 31 weeks and OS6 rate of 57%. In this study, a higher rate of treatment related 
complication was reported, with 6 of the patients being removed from the trial due 
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to thromboembolic events or intestinal perforation. Other adverse events included 
hypertension (12.5%), hypophosphatemia (6%), and thrombocytopenia (6%). 
Patients who progressed on bevacizumab had no objective responses when irinote-
can was added at progression; median PFS was 30 days. The results of these two 
studies provided reasonable evidence that bevacizumab had activity in patients with 
recurrent GBM without significant toxicities and led to accelerated approval of bev-
acizumab by the US FDA as a single agent for treatment of this patient population. 
Of note, the approval was based on objective response rates that were also found to 
be durable; partial responses were observed in 25.9% and 19.6% respectively in 
these two studies with median response duration of 4.2  months and 3.9  months 
respectively. Bevacizumab is now considered the standard of care for patients with 
recurrent GBM without contraindications for this agent.

Progression after Bevacizumab Treatment Patients developing progression after 
treatment with bevacizumab were clinically seen to have a possibly worse outcome 
and a lack of response to subsequent treatments, an issue which was addressed by 
several retrospective studies. Iwamoto et al. reported a median OS of 4.5 months for 
patients with GBM progressing after bevacizumab therapy; the subset of patients 
who received salvage chemotherapy after bevacizumab failure had a median PFS of 
2 months, median OS of 5.2 months, and a PFS6 rate of 0% (Iwamoto et al. 2009). 
Similarly, in a similar population of patients, Lu-Emerson et al. reported a median 
PFS of 28 days, median OS of 78 days, and a PFS6 rate of 0%. These studies showed 
that outcome was dismal for patients who had progression after bevacizumab ther-
apy and that salvage therapy in this setting was largely ineffective. In the absence of 
toxicity or progression, bevacizumab is often continued indefinitely, even after pro-
gression and often in combination with other agents due to concerns regarding 
tumor rebound seen in some patients with GBM and reported in patients with meta-
static colorectal cancer (Bennouna et al. 2013). Quant et al. examined outcomes of 
patients who were continued on a bevacizumab containing regimen after progres-
sion on single agent bevacizumab therapy and reported a median PFS on the first 
regimen of 124 days and PFS6 rate of 33% and a median PFS on the second regi-
men of 37.5 days with a PFS6 of 2% (Quant et al. 2009). In another randomized 
phase II trial comparing bevacizumab with and without carboplatin, patient who 
progressed were randomized again to continue or cease bevacizumab; in this subset, 
there was no difference in median PFS (1.8 months vs 2.0 months) or median OS 
(3.4 months vs. 3.0 months) for those did or did not continue bevacizumab. There 
was also not definite evidence for a rebound effect (Hovey et al. 2015). Hence, the 
options for patients with bevacizumab failure remain limited prompting clinicians 
to postpone the use of this agent to the later stages of the disease.

Nitrosoureas Nitrosoureas such as BCNU (carmustine), CCNU (lomustine), 
nimustine, and fotemustine, as well as another alkylating agent, procarbazine, were 
used frequently for first line therapy for newly diagnosed GBM precluding its use in 
the recurrent setting. However, following the approval of temozolomide for newly 
diagnosed glioblastoma, nitrosoureas were once again utilized more frequently to 
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treat recurrence. Two phase II trials evaluating the efficacy of BCNU monotherapy in 
recurrent GBM showed PFS6 rates of 17.5% and 24%, though the second trial 
grouped patients who received temozolomide and BCNU together (Brandes et al. 
2004; van den Bent et al. 2009). The response to BCNU in both studies was similar 
to historical reports, but patients were much more likely to experience hematologic, 
hepatic, and/or pulmonary toxicity. Serious toxicities such as irreversible pneumonitis 
or pulmonary fibrosis, prolonged myelosuppression, myelodysplasia and delayed 
secondary malignancies can occur in a minority of patients, which limit the cumula-
tive dose of these agents. Locoregional therapy with placement of BCNU wafers at 
the time of reoperation for recurrent GBM was developed to reduce such systemic 
toxicity and was associated with a significantly longer OS in a randomized phase III 
trial compared to placebo (31 vs. 23 weeks, HR = 0.67, p = 0.006), without increased 
CNS toxicity (Brem et al. 1995), leading to its regulatory approval in the US.

Concurrent CCNU and bevacizumab showed improved PFS and OS in patients 
with recurrent GBM compared with those treated with CCNU (n = 46) or bevaci-
zumab (n = 50) alone in initial results of the randomized phase II BELOB trial (Taal 
et al. 2014). However, results from a recently completed phase III trial comparing 
bevacizumab plus CCNU to CCNU alone showed no improvement in OS in the 
combination therapy arm (HR 0.95 CI 0.74, 1.21, p = 0.650), whereas PFS was 
longer with the addition of bevacizumab to CCNU (HR 0.49 (CI 0.39, 0.61). Median 
efficacy outcomes were: OS 9.1 (8.1, 10.1) versus 8.6 (7.6, 10.4) months and PFS 
4.2 (3.7, 4.3) versus 1.5 (1.5, 2.5) months in the combination arm versus the CCNU 
arm, respectively. Toxicity was in the expected range with more events in the com-
bination arm being also longer on treatment. These data suggest clinically relevant 
activity of CCNU as a single agent and in combination with bevacizumab. However, 
treatment with CCNU resulted in frequent hematologic toxicity (up to 50% of 
patients affected), particularly in combination with bevacizumab, leading to a dose 
reduction for CCNU with bevacizumab. Further phase III trials are needed to expand 
on this body of data.

Fotemustine is used mainly in Italy and France, and several studies found similar 
survival outcomes compared to CCNU (Brandes et al. 2009a; Fabrini et al. 2009). 
Hematologic toxicity was also not insignificant with fotemustine. Despite their toxic-
ity profiles, nitrosoureas will likely continue to be utilized in the clinic and in trials.

Re-irradiation Re-irradiation for recurrent GBM is most commonly considered in 
the setting of rapidly progressive symptomatic disease when there are few other 
treatment options available, but this decision has to be tempered by the potential 
risk of neurotoxicity from overlap of treatment fields with areas previously radiated. 
Since most recurrences occur within the target volume treated with IFRT, treatment 
planning needs to be adequately tailored to treat recurrence safely. Retrospective 
studies have suggested a potential benefit from re-irradiation with SRS or FSRT 
(typical doses 30–36 Gy) (Torok et al. 2011). Nevertheless, there is a lack of con-
cordance in the literature regarding the time interval necessary from initial irradia-
tion and a paucity of prospective and randomized trials to define properly the role of 
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re-irradiation as monotherapy in the treatment of recurrent GBM (Seystahl et al. 
2016). Combination therapy strategies have shown early promise; preliminary data 
regarding the use of SRS or FSRT with concurrent bevacizumab in recurrent GBM 
showed positive responses with minimal neurotoxicity (Gutin et al. 2009; Cabrera 
et al. 2013). The potential effects of this combination are hypothesized to be due to 
vascular normalization induced by bevacizumab that results in improved oxygen-
ation of the tumor tissue and consequent increased radiation effect.

Laser-induced thermal therapy If maximal resection is not feasible, newer 
modalities of tumor ablation have been developed as alternatives. Laser induced (or 
interstitial) thermal therapy (LITT) is one such procedure which utilizes minimally 
invasive percutaneous insertion of an optical fiber into the tumor under  intraoperative 
MR guidance and generates ablative heat, which induces targeted  thermocoagulative 
necrosis of tumor cells, which may be particularly suitable for deep-seated brain 
lesions or lesions located in eloquent areas. A recent phase 1 trial of a commercial 
LITT device, NeuroBlate (Monteris Medical, Inc., Plymouth, MN, USA) in 
 recurrent GBM demonstrated that LITT is a viable, safe option for treatment of 
GBM (Sloan et al. 2013). Additional trials are warranted to characterize fully the 
safety and efficacy profile of LITT systems in treatment of newly diagnosed 
GBM. Local thermal injury during intracranial use of LITT can result in serious 
neurologic morbidities or cerebrovascular complications. Further, the technique 
does not adequately address the extensive infiltrative disease usually seen in GBM.

3.4  Glioblastoma in Older Adults

The EORTC/NCIC trial established a new standard of care for adult patients 
between ages 18 and 70  years but did not provide information about patients 
>70 years with GBM (Stupp et al. 2005). Older age and poor performance status 
have been consistently shown to be associated with shorter survival (Buckner 2003). 
The median OS of patients age 65 and older with a new diagnosis of GBM is 
approximately six months (compared to 12–14 months in younger patients) (Paszat 
et al. 2001; Kita et al. 2009). However, this could be explained by differences in 
treatment administered, as older patients are less likely to be considered for more 
aggressive interventions (Paszat et al. 2001), and older adults were found to exhibit 
similar survival outcomes as younger adults when both groups receive the same 
treatments (Kita et al. 2009).

Current literature supports the role of maximal safe resection as an initial step in 
treatment of an older patient with newly diagnosed GBM, if the patient can tolerate 
the surgery. One prospective randomized trial reported significant benefits OS with 
maximal safe resection (n = 10) compared to biopsy alone (n = 13) in OS (171 vs. 
85  days, respectively, p  =  0.035), but no significant difference in PFS (105 vs. 
72 days, respectively, p = 0.057) (Vuorinen et al. 2003). However if surgical resec-
tion is contraindicated, biopsy of the tumor is needed to establish histologic diagnosis 
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and to assess molecular characteristics that can influence subsequent treatment 
(such as MGMT promoter methylation (Reifenberger et al. 2012)).

Two prospective trials demonstrated that postsurgical RT was safe and effective 
in older patients. A randomized phase III trial of 85 elderly patient with GBM by 
Keime-Guibert et  al. reported that RT plus supportive care resulted in improved 
median survival compared with supportive care alone (29.1 weeks vs 16.9 weeks, 
HR 0.47, 95% CI 0.29–0.76, p = 0.002) with no significant differences in QOL 
and cognitive measures between the treatment groups (Keime-Guibert et al. 2007). 
To determine the optimal RT dose for elderly patients, Roa et al. conducted a phase 
III trial randomizing 98 patients ≥60 years of age with newly diagnosed GBM to 
either standard RT (60 Gy in 30 fractions over 6 weeks) or a shorter course of RT 
(40  Gy in 15 fractions over 3  weeks) and reported no significant difference in 
median OS between the two groups (5.1 months versus 5.6 months, log-rank test, 
p = 0.57), suggesting that the hypofractionated RT course may be reasonable for 
older patients with GBM (Roa et al. 2004).

The role of chemotherapy in this patient population was addressed in the Nordic 
study, a large multinational trial in which 291 patients aged ≥60 years were random-
ized to receive TMZ alone (200 mg/m2 days 1–5 of a 28 day cycle for up to six 
cycles, n = 93), hypofractionated RT (34 Gy over 2 weeks, n = 98), or standard RT 
(60 Gy over 6 weeks, n = 100), and an additional 51 were randomized to either TMZ 
alone (n = 26) or hypofractionated RT (n = 25) (Malmstrom et al. 2012). The study 
reported that treatment with TMZ alone yielded a longer median OS compared with 
standard RT (8.3 months vs 6 months, HR 0.70, p = 0.01), but not with hypofraction-
ated RT (7.5 months vs 6 months, HR 0.85, p = 0.24). Overall survival was similar 
for patients who received TMZ (n  =  119) or hypofractionated RT (n  =  123), 
(8.4 months vs 7.4 months; HR 0.82, p = 0.12). However, in the subset of patients 
≥70 years, better survival was noted with TMZ alone (HR 0.35, p < 0.0001) or with 
hypofractionated RT (HR 0.59, p = 0.02) compared with standard RT. In addition, in 
the subgroup receiving TMZ alone, patients with MGMT promoter methylation had 
significantly longer survival compared with those an unmethylated MGMT promoter 
(9.7 months vs 6.8 months; HR 0.56, p = 0.02), an improvement that was not seen in 
patients treated with RT (HR 0.97; p = 0.81). These results suggested that TMZ or 
hypofractionated RT may be considered as standard treatment options in elderly 
patients with GBM with MGMT promoter methylation status as a predictive marker 
for TMZ. This trial did not test the role of concurrent chemoRT in this population.

In an attempt to ascertain if dose intensification of TMZ may provide a greater 
benefit, the NOA-08 study compared the efficacy of RT versus dose dense TMZ in 
elderly patients (≥65 years) with good functional status with GBM or anaplastic 
astrocytoma. Patients were randomized to TMZ (100 mg/m2 daily on a week on 
week off schedule, n = 195) or standard RT (60 Gy in 30 fractions, n = 178) in a 
non-inferiority design. Median OS was 8.6  months in the TMZ group versus 
9.6 months in the RT group (HR 1.09, pnon-inferiority = 0.033). The majority of patients 
had GBM (n = 331) and the rest anaplastic astrocytoma (n = 40) but there were no 
significant difference in survival based on histology (HR 0.69, p = 0.20). MGMT 
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promoter methylation was associated with longer OS than was unmethylated status 
(11.9 months vs 8.2 months, HR 0.62, p = 0.014). Dose intensive temozolomide was 
found to be non-inferior to radiotherapy alone in elderly patients with malignant 
astrocytoma but was associated with increased toxicity.

Building on earlier studies of chemoRT using temozolomide, which suggested that 
this treatment was well tolerated in elderly patients with good functional status 
(Combs et al. 2008; Brandes et al. 2009b; Minniti et al. 2015), and to address whether 
the addition of TMZ to RT improves survival in elderly patients, a recent phase III trial 
enrolled 562 patients over 65 years old with newly diagnosed GBM and good func-
tional status (ECOG 0-2) and randomized them to receive RT alone (40 Gy in 15 
fractions, n=281) or RT (40 Gy in 15 fractions) with 3 weeks of concomitant TMZ 
plus monthly adjuvant TMZ (n=281) until progression or 12 cycles (Perry et al. 2016). 
RT combined with TMZ significantly improved OS over RT alone (median 9.3 months 
vs 7.6 months, HR 0.67, 95%CI 0.56-0.80, p<0.0001), a benefit that was seen in both 
MGMT methylated (OS 13.5 months and 7.7 months, respectively, HR: 0.53, 
p=0.0001) and MGMT unmethylated patients (OS 10.0 months vs 7.9 months, respec-
tively, HR 0.75, p=0.055). The treatment was noted to be well tolerated, and patients 
with MGMT methylated tumors benefited the most from chemoRT with near dou-
bling of median OS. This regimen is hence now considered the standard of care for 
elderly patients with a good functional status.

At the time of submission, no data exist specific to treatment of older patients 
with GBM recurrence. There are several ongoing trials investigating bevacizumab 
in this patient population.

In summary, although age remains a significant prognostic factor, age alone need 
not be the basis of exclusion for standard therapies in treatment of GBM in elderly 
patients with good functional status. However in some cases dose reduction may 
decrease toxicity while providing similar clinical benefits, particularly in combina-
tion chemoRT and in hypofractionated radiotherapy.

3.5  Gliomatosis Cerebrii

Gliomatosis cerebri (GC) is an uncommon, highly infiltrative presentation of glio-
mas first described in 1938 (Nevin 1938). Diagnosis requires histology demonstrat-
ing a glial-origin neoplasm and radiological evidence of involvement of more than 
two lobes of the brain on T2-weighted/FLAIR MRI. There is considerable variation 
in published literature regarding the prognostic factors and course of disease with 
varied reports of poor prognosis in some studies and promising outcomes compared 
to GBM. Given that GC is defined radiologically, the histology can vary from low 
grade infiltrative gliomas to GBM. These differences in reported interpretation and 
managements of patients with GC have made treatment decisions challenging in 
clinical practice. Given the diffuse nature of the disease, surgical resection is not 
indicated even in the presence of enhancing foci; instead, histological diagnosis is 
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made by stereotactic or open biopsy often focusing on regions of enhancement if 
present to obtain the most accurate diagnosis. Radiation therapy is often the first line 
treatment with IFRT being used in cases where the cancer is more localized, and a 
focal boost given to contrast-enhancing lesion if present (e.g. total dose 50.4  Gy 
without a focal lesion, 45 Gy plus a 14.4 Gy boost in case of a focal lesion) although 
there is no standardized schedule. However, in many instances, the extent of the 
lesion may warrant the use of WBRT despite the risks of neurologic sequelae (Cozad 
et al. 1996). Although median survival ranges from 11 to 24 months following radio-
therapy, a retrospective study found no difference in survival between patients receiv-
ing or not receiving radiotherapy (Herrlinger 2012). In contrast, the use of 
chemotherapy was a highly significant prognostic factor in an analysis of 296 patients 
with GC (Taillibert et al. 2006). The PCV regimen is most commonly used for these 
patients comprising of lomustine (110 mg/m2 on day 1), procarbazine (60 mg/m2 
daily for days 8–21 of a 42-day schedule), and vincristine (1.4 mg/m2 on days 8 and 
29). Since vincristine does not penetrate the blood-brain barrier, it is only used in 
patients with a focal contrast-enhancing lesion. Given the higher risks of toxicity 
associated with PCV, temozolomide has often been used as a substitute and has 
yielded similar survival. Overall, the scarcity of data regarding the natural  progression 
of this disease and its response to multimodal therapy has resulted treatment being 
often directed to the histological nature of the tumor and has limited the ability to 
develop evidence-based treatment guidelines or prospective clinical trials for patients 
with GC.

3.6  Targeted Agents in Treatment of GBM

Insights into the specific signaling pathways in glioblastoma growth, invasion and 
angiogenesis, coupled with the development of technology platforms allowing for 
testing of the genetic mutations and proteins associated with these pathways has 
created enormous opportunity for the development of new therapeutics in this dis-
ease. The best studied of these targets are the Epidermal Growth Factor Receptor 
(EGFR) and its ligand (EGF), the angiogenic pathway best exemplified by the activ-
ity of the Vascular Endothelial Growth Factor (VEGF) and its receptor (VEGFR), 
and the phosphoinositide 3-kinase (PI3K)/mammalian target of rapamycin (mTOR) 
signaling pathway.

3.6.1  EGFR Inhibitors

The majority of glioblastomas have a mutation, amplification, or deletion in at least 
one receptor tyrosine kinase, with mutations in epidermal growth factor receptor 
(EGFR) accounting for over half of these (Brennan et al. 2013). Roughly half of the 
patients who have EGFR amplification also have a specific deletion of the 
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extracellular domain (exons 2–7): a genotype variant referred to as EGFRvIII 
(Pelloski et al. 2007; Del Vecchio et al. 2013). Numerous attempts have been made 
to capitalize on the deregulated expression and activity of EGFR in glioblastoma 
using small molecule inhibitors of EGFR (e.g. erlotinib and gefitinib) and monoclo-
nal antibodies (e.g. cetuximab and nimotuzumab), though none have been particu-
larly successful.

A phase II multi-center trial in newly diagnosed GBM by the North Central 
Cancer Treatment Group reported in 2008 that treatment of 97 patients with erlo-
tinib 1 week prior to and concurrent with the standard Stupp protocol resulted in 
mean OS that was similar to TMZ era controls (median survival 15.3  months) 
(Brown et al. 2008). None of the tested genetic/molecular alterations were associ-
ated with survival, including EGFR amplification, combination EGFR and PTEN, 
and EGFRvIII (p > 0.05). In recurrent glioblastoma, a multi-center phase II trial 
randomized 110 patients to receive either erlotinib in the experimental arm or single 
agent temozolomide or BCNU if previously treated with TMZ as the control arm 
(van den Bent et al. 2009). The PFS at six months was 11.4% in the erlotinib arm 
and 24% in the control arm. EGFR expression, amplification, mutation in exons 18, 
19, and 21, and EGFRvIII were not significant predictors of survival, though low 
levels of p-Akt was a borderline predictor of improved survival (p = 0.048).

Nimotuzumab, a monoclonal antibody against EGFR, was tested for newly diag-
nosed glioblastoma in a multi-center open label phase III trial that randomized 149 
patients to receive either standard of care (Stupp regimen) or nimotuzumab in addi-
tion to the Stupp protocol (Westphal et al. 2015). The study found that 12 month 
PFS was 25.6% in the experimental arm, compared to 20.3% in the control arm 
(p = 0.53, Fisher’s exact test), with median OS at 22.3 and 19.6 months (p = 0.49, 
log-rank test), respectively. EGFR amplification was not associated with outcome 
(p = 0.88). Multiple phase II trials have failed to find significant benefit of cetux-
imab (monoclonal antibody to EGFR) in newly diagnosed and recurrent GBM.

3.6.2  PI3K and mTOR Inhibitors

The phosphoinositide 3-kinase (PI3K)/mammalian target of rapamycin (mTOR) 
signaling pathway plays a central role in cellular processes including cell growth, 
survival, and motility (Engelman 2009). Derangements in the PI3K/mTOR pathway 
are common in glioblastoma and can promote oncogenic activity (Choe et al. 2003). 
Such dysregulations can occur upstream (e.g. EGFR amplification or EGFRvIII 
leading to constitutive activation of PI3K), within PI3K (e.g. mutation or amplifica-
tion of PI3K components), or in inhibitory regulatory processes (e.g. loss of phos-
phatase and tensin homolog [PTEN], a tumor suppressor) (Pitz et al. 2015; Wen 
et al. 2015). mTOR is a potential target for anti-cancer therapies, given its deregula-
tion and role in cell growth in cancers.

In the only multi-center randomized controlled trial studying inhibition of the 
PI3K/mTOR pathway in glioblastoma, Wick and colleagues compared temozolo-
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mide to temsirolimus (an mTOR inhibitor) in newly diagnosed GBM (Wick et al. 
2016). The investigators randomized 111 MGMT promoter unmethylated patients 
to receive either standard of care (Stupp regimen) or radiotherapy with weekly tem-
sirolimus. Median PFS in the temsirolimus arm was 5.4 months versus 6.0 months 
in the control group. Median OS in patients treated with temsirolimus was 
14.8 months, compared to 16.0 months in the control arm.

Two phase II single-arm trials investigating single-agent temsirolimus in recur-
rent glioblastoma reported did not find a survival benefit (Galanis et al. 2005; Chang 
et al. 2005). Galanis and colleagues found that in 65 patients treated with 250 mg of 
temsirolimus intravenously, PFS at 6  months was 7.8%. Chang and colleagues 
found that in 43 patients treated with 250 mg of temsirolimus (or 170 mg for those 
not on EIAED), PFS at 6 months was 2.4%.

Other phase II single-arm trials examining temsirolimus and everolimus (another 
mTOR inhibitor) in combination with chemotherapy and radiation sorafenib, and 
bevacizumab failed to find significant survival benefit of these mTOR inhibitors in 
both newly diagnosed and recurrent glioblastoma.

3.6.3  VEGF and VEGFR Inhibitors

Bevacizumab, a monoclonal antibody against VEGF, is FDA approved for 
 single- agent treatment of recurrent glioblastoma patients.

To examine the strategy of pan-VEGFR inhibition to inhibit angiogenesis, the 
‘Recentin in GBM alone and with lomustine’ (REGAL) trial studied the efficacy of 
cediranib, a potent orally bioavailable VEGFR inhibitor given singly or in combina-
tion with lomustine with a lomustine alone arm as control in a randomized phase III, 
placebo-controlled, trial in adults with recurrent glioblastoma who had failed radia-
tion and temozolomide (Batchelor et al. 2013). The study randomized 325 patients 
to one of three arms: cediranib alone, cediranib plus lomustine or lomustine plus 
placebo in a 2:2:1 ratio. The final results of the study showed that there was no dif-
ference in PFS, the primary endpoint, for cediranib alone (median PFS 92 days, HR 
1.05, p  =  0.90) or cediranib plus lomustine (median PFS 125  days, HR 0.76, 
p = 0.16) compared with lomustine plus placebo (median PFS 82 days). Similarly, 
no improvement in median OS, the secondary endpoint, was seen for cediranib 
alone (8 months, HR 1.43, p = 0.10) or cediranib plus lomustine (9.4 months, HR 
1.15 p = 0.50) compared with lomustine (9.8 months). The PFS6 was also not sig-
nificantly different in the cediranib alone (16%) or cediranib plus lomustine (35%) 
arms compared with the lomustine arm (25%). Correlative studies showed that 
treatment on either of the cediranib arms showed sustained decreases in median 
serum soluble VEGFR2 (sVEGFR2) levels whereas treatment with lomustine alone 
was not associated with significant change in median sVEGFR2 levels; these results 
suggest that cediranib was able to hit its target at least in serum (although inhibition 
of tumor VEGFR remains unknown) but still lacked activity against recurrent GBM.

J.L. Wang et al.
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A multicenter open label phase III trial examined the efficacy of enzastaurin, an 
oral serine/threonine kinase inhibitor, which targets both protein kinase Cβ that medi-
ates VEGF driven angiogenesis, and the PI3K/AKT pathways which drives prolifera-
tion in glioblastoma (Wick et  al. 2010). The trial was designed to randomize 397 
patients to enzastaurin or lomustine in a 2:1 ratio; however, the accrual was halted 
early after enrolling 266 patients (enzastaurin, n = 174; lomustine, n = 92) based on a 
planned interim futility analysis which showed no significant differences in median 
PFS (1.5 vs. 1.6 months; HR 1.28), median OS (6.6 vs. 7.1 months; HR 1.20), or PFS6 
rate (11.1% vs. 19.0% p = 0.13) between the enzastaurin and lomustine arms.

3.7  Biological Agents in Clinical Trials Against Glioblastoma

3.7.1  Virus-Based Therapies

Viruses have been employed in clinical research for malignant glioma therapy for 
quite a few years with two main virus modifications made as follows: a) replication- 
deficient viral vectors which are used to deliver genes with therapeutic activity to 
the tumor environment and b) replication competent oncolytic viruses which 
 function by infecting and replicating within a tumor cell, eventually causing 
tumor cell death and infecting other tumor cells. Broadly speaking, there are two 
main strategies underlying virus-based therapies in gliomas: The first is delivery 
of specific genes to modify the biology of the tumor and exert their antitumor 
effects; replication- deficient viruses such as the herpes simplex virus type I thy-
midine kinase (HSV-TK) construct are typically employed for therapy delivery. 
The second strategy is by replication of the virus within the glioma cell resulting 
in destruction of glioma cells after infection (oncolysis); this is achieved by use of 
oncolytic viruses which are replication (Table 3.2). Additionally, both virus 

Table 3.2 Virus types and therapeutic strategies in the management of malignant gliomas

Virus type Strategy Specific example

Replication-deficient viral 
vectors: deliver genes with 
therapeutic activity to the 
tumor environment

Suicide gene transfer: 
genes for enzymes with 
ability to convert 
prodrugs to cytotoxic 
agents
Immune response to 
tumor

Herpes simplex virus type I 
thymidine kinase (HSV-TK) 
construct: activates ganciclovir 
(GCV) into its toxic nucleotide 
metabolites which incorporate into 
DNA (Yang et al. 1998)

Replication-competent 
oncolytic viruses (OVs): 
infect cancer cells, destroy 
them and disseminate in the 
tumor

Oncolysis
Immune response to 
tumor
Virally encoded 
therapeutic genes

DNX-2401 oncolytic adenovirus;
Recombinant herpes simplex viruses 
with deletions of the ICP34.5 gene 
(McKie et al. 1996)
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categories of have the added benefit of immune activation, resulting in glioma cell 
destruction through secondary immune effects. Tables 3.2 and 3.3 highlight some 
of the completed and ongoing virus trials in high grade gliomas. Research in virus 
based therapies have yielded several valuable insights into this novel therapeutic 
approach

• Virus therapies studied have so far been shown to be safe but not conclusively 
effective.

• The most commonly studied gene therapy approach in gliomas has been that of 
suicide gene transfer; basically transfer of a gene encoding for enzymes with 
therapeutic activity. Thus, the herpes simplex type I – thymidine kinase construct 
(HSV-TK) allows for (systemically administered) ganciclovir to be converted to 
nucleotides that are incorporated into and are toxic to glioma cell DNA. Table 3.3 
illustrates trials employing this strategy that have been completed.

• Viruses must be engineered to be safe through genetic modifications that prevent 
normal cell infection. An example of such modification is the recombinant herpes 
simplex virus with deletions of both viral copies of the ICP34.5 gene. This modi-
fication removes virulence but allows the virus to destroy infected glioma cells.

• Viruses can be genetically engineered and maintain replication competence. The 
ideal virus is one that is not virulent to normal cells, specifically infects gliomas 
cells and replicates within them, ultimately causing cell death (oncolysis), release 
of daughter virus particles and infection of neighboring glioma cells. The release 
of tumor and virus antigens stimulates an immune response causing further 
tumor cell destruction. DNX-2401, a replication competent oncolytic adenovirus 
engineered to exploit the interaction between the virus and the retinoblastoma 
(Rb) protein pathway has shown early promise in phase I and II trials in patients 
with recurrent GBM with long term control of disease in some patients; this virus 
replicates in cells with an impaired Rb pathway (seen in >80% of GBM cells) but 
not in those with an intact Rb pathway (normal brain cells). Oncolysis by this 
virus can trigger an immune response which is being now exploited by immune 
stimulants such as interferon-γ or pembrolizumab, a PD1 inhibitor.

• Viruses can also be engineered to have a gene payload with therapeutic potential. 
An example of a virus construct that combines these qualities is Toca 511, a 
genetically engineered retrovirus that is replication competent and carries the 
gene for yeast cytosine deaminase (Ostertag et al. 2012). This enzyme converts 
5-flucytosine (administered to patients orally) to 5-flurouracil, a chemotherapeu-
tic agent that thus gets produced within the infected tumor cells where it exerts a 
chemotherapeutic effect and also diffuses to surrounding tumor cells. This is 
therefore another example of suicide gene therapy but has the potential added 
benefit of more efficient dissemination within the tumor due to virus replication 
and chemotherapy diffusion currently being tested in several trials (NCT01470794, 
NCT01156584).

• Table 3.4 illustrates other examples of ongoing and completed clinical trials that 
employ replication competent viruses for the treatment of malignant gliomas.

J.L. Wang et al.
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3.7.2  Immunotherapies

Given the immune system’s role in human protection from infections and 
 malignancy, the development of cancer could be viewed as a failure of this system. 
Additionally, once cancer develops it is associated with further immune suppression 
through effects of the tumor on immune system components. The strategy of 
immune therapy in central nervous system tumors was late in gaining acceptance 
compared to other cancers, mainly because of a perceived “immune privilege” of 
the central nervous system compared to other organ systems. However, clinical 
observations have shown that the immune system is activated specifically in 
response to central nervous system infections (meningitis and meningoencephalitis) 
and is in fact pivotal to the development and perpetuation of central nervous system 
pathologies (e.g. demyelinating disease). It is now known that intracranial malig-
nancies do stimulate a T-cell response and that brain tumors, like systemic malig-
nancies, do suppress the immune system in a variety of ways (Vauleon et al. 2010; 
Wilson et al. 2010). The following provides a brief overview of the most commonly 
employed strategies in currently ongoing clinical research in malignant gliomas.

Vaccine therapy The most traditional way to stimulate an immune response is 
through the use of vaccines which may include cell-based or non-cell based 
approaches.

 (a) Cell-based vaccines:

Dendritic-cell vaccines: Dendritic cells are immune cells with very efficient 
antigen-presenting properties. In glioblastoma trials these cells are obtained 
from the patient and exposed to the tumor tissue obtained at surgery. 
DCVax- L® is an example of a dendritic-cell-based vaccine. The vaccine is a 
lysate consisting of peripheral blood mononuclear cells (PBMC) from the 
patient mixed with tumor tissue. The PBMC mature to dendritic cells a pro-
cess that is encouraged by exposure to granulocyte-macrophage colony-
stimulating factor (GM-CSF) and IL-4. A Phase I trial showed this treatment 
to be safe and showed a promising overall survival of almost 32  months 
(Prins et al. 2011), leading to Phase III trial (NCT00045968). This study is 
ongoing although not currently recruiting patients.

Autologous vaccine: The strategy of autologous vaccination employs modifica-
tion of the tumor cells or of immune cells (usually T-lymphocytes) and intro-
duction of the altered cells into the patient to induce immune responses. An 
example of this strategy is the use of autologous formalin-fixed tumor vac-
cines in which T-cells are sensitized to the tumor. A recent study by Muragaki 
et al. employed this vaccine in newly diagnosed glioblastoma patients during 
radiation therapy (Muragaki et al. 2011). The median duration of overall sur-
vival was 19.8 months and the actuarial 2-year survival rate was 40%. The 
median duration of progression-free survival was 7.6  months leading the 
investigators to conclude that further clinical testing was warranted.
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 (b) Non-cell based vaccines:

Peptide vaccines: EGFRvIII is a constitutively active mutant form of the 
 epidermal growth factor receptor. It is present in about a third of glioblas-
toma specimens (Wong et al. 1992). A peptide-based vaccine was developed 
to induce a response to EGFR-VIII positive glioblastoma. A phase II trial 
examined the progression-free survival (PFS), and overall survival (OS) in 
patients with newly diagnosed glioblastoma who received the vaccine after 
ascertaining EGFR-VIII expression in the tumor specimen (Sampson et al. 
2010). There were a total of eighteen patients enrolled and the median PFS 
and OS were 14.2 and 26 months for those receiving the vaccine. This com-
pared very favorably with a PFS of 6.3 months and an OS of 15 months for 
the unvaccinated controls. However, a phase III trial to confirm these results 
did not show any difference in survival between treated patients and the pla-
cebo group, leading the independent Data Safety and Monitoring Board 
(DSMB) to recommend study discontinuation (Celldex 2016).

Heat-shock protein vaccines: Heat-shock proteins are considered to be crucial 
to the survival of cancers such as glioblastoma due to their key roles in sta-
bilizing proteins, facilitating protein conformational change, protein traf-
ficking and breakdown as well as control of apoptosis (Powers et al. 2010). 
They are activated by the “stress” environment found in tumor beds and 
consisting mainly of hypoxia and inflammation (Young et  al. 2004). It is 
therefore not surprising that they would be considered targets in an immune 
strategy for treatment of glioblastoma. A Phase I study of 12 patients with 
recurrent glioblastoma was designed to test the hypothesis that since heat 
shock protein peptide complexes (HSPPCs) carry tumor-specific antigenic 
proteins and facilitate immune responses, peptides bound to a 96 kD chaper-
one protein (HSP-96) from brain tissue containing glioblastoma can be used 
to immunize patients with recurrent disease (Crane et al. 2013) The study 
showed that this could be done safely; testing of peripheral blood leukocytes 
before and after vaccination showing a significant peripheral immune 
response specific for the peptides bound to HSP-96, in almost all (11 of the 
12) patients treated. The study also included correlative brain biopsies of 
immune responders after vaccination showing focal CD4, CD8, and CD56 
IFNγ positive cell infiltrates, consistent with tumor site specific immune 
responses. The immune responders had a median survival of 47 weeks after 
surgery and vaccination, compared with 16 weeks for one patient who did 
not show a response. The following Phase II trial was also promising with 
patients having a total resection of recurrent glioblastoma and then receiving 
vaccine with HSPPC-96 (Bloch et al. 2014). The median PFS of this cohort 
was 19.1 weeks with a median OS of 42.6 weeks. There is an ongoing ran-
domized Phase II study examining this vaccine strategy with bevacizumab 
and comparing it bevacizumab alone [NCT01814813].

3 Current Therapies and Future Directions in Treatment of Glioblastoma
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3.7.2.1  Immune Checkpoint Inhibitors

The immune system employs a system of checks and balances that include 
 “checkpoints’, essentially proteins that down regulate the immune response to 
prevent damage to self. CTLA-4 controls T-cell activity and is a protein found on 
cytotoxic T-cells (CD8+) and subsets of helper (CD4+) T cells (Schwartz 1992; 
Rudd et  al. 2009). Activation of the protein through ligand binding causes a 
reduction in IL-2 production, reduced IL-2 receptor expression, lymphocyte cell 
division (Alegre et  al. 2001) and enhancement of T suppressor cell function 
(Wing et al. 2008; Peggs et al. 2009). The development of an antibody to CTLA-
4, ipilimumab holds promise for inhibition of this checkpoint and has been 
approved for melanoma. Similarly, PD-1 is a protein expressed by T-cells, includ-
ing regulatory T-cells (Tregs) (Francisco et al. 2009), B-cells and NK cells (Velu 
et al. 2009). Its expression serves as a “brake” on the immune response and it 
binds to PD-L1, a ligand that seems to be associated with derangements in the 
PI3K–Akt signaling pathway (Parsa et al. 2007) Nivolumab is a PD-1 antibody. 
There is an ongoing phase III trial (NCT02017717) comparing the efficacy of 
nivolumab with bevacizumab in patients with recurrent glioblastoma. There is 
also a phase I trial comparing ipilimumab, nivolumab, and the combination in 
patients with newly diagnosed glioblastoma (NCT02311920) and a randomized 
phase III open label study of nivolumab versus bevacizumab and multiple phase 
I safety cohorts of nivolumab or nivolumab in combination with ipilimumab 
(NCT02017717).

3.7.2.2  Genetically Engineered T-cells

The development of chimeric antigen receptor (CAR) technology has opened yet 
another door to the immune therapy possibilities in cancer. T-cells are engineered to 
recognize antigens on tumors by fusing an extracellular binding domain to the intra- 
cellular signaling domain of the T cell receptor (Eshhar et al. 1993). The extracel-
lular domain is derived from an antibody to a tumor-associated antigen. CARs have 
been developed for HER2, IL-13Rα2, and EGFRvIII. The preclinical activity dem-
onstrated by these cells led to clinical trial testing and these efforts have been com-
prehensively reviewed in recent publications (Thaci et al. 2014). CAR technology 
offers important advantages when compared to other immune therapies, including 
cytotoxicity that is independent of MHC class I expression. Given the variability of 
this expression in glioblastoma this may represent a significant therapeutic advan-
tage. Additionally, CARs may have better penetration into blood vessel walls and 
tumor than other non-genetically engineered components of the immune system 
(Miao et al. 2014).
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3.8  Conclusions

In contrast to the several decades of therapeutic strategies against GBMs during 
which only incremental advances in our knowledge of glioblastoma had been 
achieved, the past few years have seen an veritable explosion of knowledge of the 
basic biology of glioma and generated a high degree of enthusiasm and optimism in 
the field that we are closer to effective treatments that will dramatically improve 
outcomes of patients with GBM. In addition, the wealth of knowledge gained in 
modulation of the human immune system and the harnessing of biological therapies 
that are active regardless of tumor heterogeneity promise to transform therapeutic 
strategies against these aggressive tumors. These factors combined with the 
advances in technology and basic research are set to potentially shift the paradigm 
in therapeutic approaches for patients with GBM.
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Abstract Glioblastoma (GBM) is the most common primary brain tumors in adults. 
Despite aggressive multimodality therapies, GBM unfortunately remains among the 
most resistant cancers to treatment. In the past, traditional chemotherapy which 
works by impeding DNA synthesis or cell metabolism has been used to try and slow 
the progression of GBM with little success. Recently, research has become more 
focused into the development of targeted therapies in which drugs (small molecules 
or antibodies) effect specific molecular and genetic alterations in GBM attempting to 
inhibit and deregulate cell signaling pathways. The Cancer Genome Atlas (TCGA) 
GBM project has provided an in depth description of the distinct molecular and 
genetic alterations in GBM stimulating interest in the development of targeted 
molecular therapies. While the results of targeted therapy studies to date have failed 
to improve the overall survival of GBM patients, there continues to be enthusiasm in 
this approach with numerous clinical trials currently underway. Hopefully, knowl-
edge from the previous failed trials will help provide further insight and assist future 
clinicians in designing new novel targeted treatments to overcome these barriers.
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4.1  Recent Advances for Targeted Therapies in Glioblastoma

Gliobastoma multiforme (GBM) is the most common malignant primary brain 
tumor in adults (Davis et al. 2001; Cloughesy et al. 2014). Currently, 10,000 new 
cases of GBM are diagnosed each year in the United States, and approximately 
100,000 new cases are diagnosed yearly worldwide (Davis et al. 2001; Cloughesy 
et al. 2014; Porter et al. 2010; Ohgaki and Kleihues 2005). Patients often initially 
undergo surgical resection to provide symptomatic relief and confirm a pathologic 
diagnosis. However, surgery is not curative as the tumor cells invade surrounding 
normal brain tissue rendering a complete resection of the tumor impossible 
(Cloughesy et al. 2014). Following a maximal safe resection, the standard of care 
treatment for newly diagnosed GBM consists of cytotoxic chemotherapy with daily 
temozolomide and concurrent radiation therapy for 6 weeks, followed by 6–12 cycles 
of adjuvant temozolomide (Masui et al. 2012; Stupp et al. 2005). Despite aggressive 
multimodality therapies, GBM unfortunately remains among the most resistant can-
cers to treatment leading to a median survival of around 16 months (Stupp et al. 
2005). Several potential reasons have been proposed to explain GBMs resistance to 
treatment including the genetic heterogeneity of the tumor, elaborate signaling path-
ways, and difficulties with designing drugs capable of crossing the blood brain bar-
rier (Tanaka et  al. 2013). In the past, traditional chemotherapy which works by 
impeding DNA synthesis or cell metabolism has been most often used to try and 
slow the progression of GBM with little success. Recently, research has become 
more focused into the development of targeted therapies in which drugs (small mol-
ecules or antibodies) effect specific molecular and genetic alterations in GBM 
attempting to inhibit and deregulate cell signaling pathways. This chapter will 
explore current targeted therapies and how they relate to the aberrant signaling path-
ways in GBM.

4.2  The Cancer Genome Atlas

GBM was one of the first cancers studied by The Cancer Genome Atlas (TCGA) 
Research Network, a collaboration between the National Cancer Institute (NCI) and 
National Human Genome Research Institute (NHGRI). The TCGAs key aims were 
to identify changes in each cancer’s genome and understand how these changes 
interact to drive the disease, thereby laying the foundation for improved cancer 
prevention, early detection, and treatment (Cancer Genome Atlas Research Network 
2008; Bredel et al. 2011; Parsons et al. 2008; Verhaak et al. 2010). The TCGA GBM 
project was conducted in two phases and developed a genome wide map of the 
genetic, epigenetic, and transcriptomic changes, as well as proteomic changes in 
over 500 GBM samples (Cancer Genome Atlas Research Network 2008; Brennan 
et al. 2013). Based on molecular typing and gene expression profiles, four distinct 
subtypes of GBM were found which are the classical, mesenchymal, neural, and 
proneural aubtypes (Freije et al. 2004; Gravendeel et al. 2009; Li et al. 2009; Nigro 
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et al. 2005; Vitucci et al. 2011; Jue and McDonald 2016). The Classical subtype is 
associated with Endothelial growth factor receptor (EGFR) amplification, concomi-
tant chromosome 7 amplification and chromosome 10 loss, and focal deletions of 9p 
encompassing cyclin-dependent kinase Inhibitor 2A (CDKN2A) . Tumor protein 
p53 (TP53) mutations, while common in GBM, are not seen in the classical subtype 
(Jue and McDonald 2016). The Mesenchymal subtype is characterized by deletions 
and mutations in Neurofibromin 1 (NF1) and Phosphatase and tensin homolog 
(PTEN) genes (Jue and McDonald 2016). The Neural subtype exhibits expression 
of neuronal markers and displays various mutations and copy number alterations 
including amplification of EGFR and deletion of PTEN (Jue and McDonald 2016). 
The Proneural subtype exhibits an oliogodendrocytic expression signature and fea-
tures mutations of the isocitrate dehydrogenase 1(IDH 1) gene (Jue and McDonald 
2016). The proneural subtype is associated with younger age and prolonged survival 
time, given the IDH1 mutation, as IDH1 mutations are frequently seen in lower 
grade gliomas and secondary gliomas (Verhaak et  al. 2010; Jue and McDonald 
2016). The TCGA analysis further identified three key molecular pathways for 
tumorigenesis: the p53 tumor suppressor and Retinoblastoma (RB) pathways, and 
the receptor tyrosine kinases (RTKs) signaling pathway (Fig. 4.1).

4.3  Tumor Protein P53 Signaling Pathway

Tumor protein p53 is a well-known tumor suppressor gene and transcription factor 
involved in the coordination of cell responses that are involved in processes such as 
apoptosis, DNA repair, neovascularization, and metabolism (Bogler et  al. 1995; 
Matlashewski et  al. 1984; May and May 1999). p53 has been found mutated in 
37.5% and 58% of untreated and treated GBM samples, according to the TCGA 
(Cancer Genome Atlas Research Network 2008). Disruptions in the p53 pathway 
are achieved by disruptions in genes that regulate its function, including Mouse 
double minute homolog (MDM) 2/4 and the tumor suppressor protein alternate 
reading frame (ARF) in 70% of GBM samples (Cancer Genome Atlas Research 
Network 2008). A complex that can suppress p53 function is the MDM2-MDM4 
heterocomplex through the exertion of degradative control. MDM2-MDM4 protein 
amplification may represent a possible mechanism that gliomas escape p53 restricted 
growth (Herman et al. 2011; Reifenberger et al. 1993; Riemenschneider et al. 1999). 
Inactivation of CDKN2a can also dysregulate the p53 signaling pathway. CDKN2a 
encodes two proteins (p16INK4a and p14ARF) which are tumor suppressors and 
are negative regulators of the cell cycle (Ruas and Peters 1998). p16INK4a and 
p14ARF are deleted in approximately 55% of GBMs (Cancer Genome Atlas 
Research Network 2008; Schmidt et al. 1994). An encoded protein product, p14ARF, 
was found to promote degradation of the p53 repressor and lead to stabilization and 
accumulation of p53. Loss of p14ARF results in suppression of p53 and provides a 
mechanism for tumorigenesis (Kamijo et  al. 1997, 1998; Zhang et  al. 1998). 
CDKN2a also encodes for p16INK4a which is a protein that inhibits CDK4/6 
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association with cyclin D. When associated, this forms a complex that promotes 
G1/S transition through activation of downstream mediators. This process is 
involved in phosphorylating retinoblastoma protein and facilitating the release of 
bound E2F, a G1/S transcription factor. If p16INK4a is lost, then CDK4/6 and 
cyclin D can associate and the G1/S transition occurs freely. In patients with wild- 
type pRB, CDK4/6 is a target for inhibition (Bastien et al. 2015).
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Fig. 4.1 Critical signaling pathways altered in malignant gliomas. Primary sequence alterations 
and significant copy number changes for components of the (a) RTK/RAS/PI3K, (b) p53 and (c) 
Rb signalling pathways are shown. Red indicates activating genetic alterations. Conversely, blue 
indicates inactivating alterations. For each altered component of a particular pathway, the nature of 
the alteration and the percentage of tumours affected are indicated. Boxes contain the final percent-
ages of glioblastomas with alterations in at least one known component gene of the designated 
pathway. Abbreviation: RTK receptor tyrosine kinase (Permission obtained from Nature Publishing 
Group © The Cancer Genome Atlas Research Network (2008))
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4.4  Retinoblastoma (Rb) Pathway

The Rb protein is encoded by the Rb gene located on chromosome 13q14.1-q14.2. 
The function of the protein is to prevent unwanted cell growth by inhibiting cell 
cycle progression until the cell is to undergo mitosis, and at that point the Rb protein 
becomes phosphorylated by Cyclin D, CDK4, and CDK6, which inactivates it and 
allows for cell cycle progression (Murphree and Benedict 1984). Typically what 
occurs is a homozygous deletion of CDKN2A which produces a loss of p16INK4a, 
a suppressor of CDK4. This leads to a dysregulation of Rb signaling (Murphree and 
Benedict 1984; Ohgaki and Kleihues 2009; Lin et al. 2013).

4.5  Receptor Tyrosine Kinases Pathway

Recurring molecular alterations have recently been identified in GBM, leading to a 
better understanding of the pathways that become disrupted in this disease. 
Frequently seen are gene amplifications and deletions, with deletions most often in 
chromosomes 1, 9, and 10 and amplifications in chromosomes 7 and 12 (Bello et al. 
1994; James et al. 1991; Reifenberger et al. 1995; Rey et al. 1987). Amplifications 
of a gene can cause an upregulation of various oncogenes while deletions can target 
tumor suppressors (Purow and Schiff 2009). These are mediated by receptor tyro-
sine kinases (RTKs), which are also key targets for deregulation in cancers (Zwick 
et al. 2001). Examples of RTKs in GBM include vascular endothelial growth factor 
(VEGFR), EGFR, Platelet-derived growth factor receptor (PDGFR), and hepato-
cyte growth factor receptor (MET) (Blume-Jensen and Hunter 2001). Mutations in 
these receptors act to relieve auto-inhibitory constraints to prevent degradation 
(Blume-Jensen and Hunter 2001). Growth factors and RTKs are typically strong 
candidates for therapeutic targets because mutations here are driver mutations criti-
cal for oncogenesis and because kinase receptors are targets for inhibitors that block 
kinase activation. Moreover, there has been success in other solid tumors (such as 
erlotinib in lung cancer) and in utilizing RTKs as a target.

4.5.1  VEGFR

A feature of high grade gliomas is angiogenesis, which may be attributed to high 
levels of VEGF-A in and around the tumor. Bevacizumab is a humanized monoclo-
nal antibody which functions to bind VEGF-A ligand and alter binding to endothe-
lial cells (Ferrara et al. 2005). Studies of bevacizumab have shown high radiographic 
response rate, prolonged progression-free survival (PFS), and reduced glucocorti-
coid requirements, all of which led to approval by the Food and Drug administration 
for patients with GBM (Gilbert et al. 2014). However, several phase III studies have 
indicated that despite the improved radiographic response, as well as PFS, there is 
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no significant overall survival benefit (Gilbert et al. 2014; Chinot et al. 2014). Both 
of these studies showed a prolonged PFS with bevacizumab, however the Avaglio 
trial indicated that health-related quality of life was stable prior to progression while 
the RTOG-0825 indicated overall quality of life based on symptom burden was 
significantly worse in some domains with bevacizumab (Gilbert et al. 2014; Chinot 
et al. 2014). A post-hoc subgroup analysis of the Avaglio study identified a 4.3 month 
potential increase in median survival with the addition of bevacizumab for IDH1 
wild-type GBM in the proneural subgroup (Sandmann et al. 2015). Phase III studies 
have not demonstrated a survival benefit in recurrent GBM for bevacizumab. The 
phase II BELOB trial initially suggested a benefit with combined bevacizumab and 
lomustine, however the phase III trial EORTC 26101 recently underwent an interim 
analysis and found no overall survival benefit with the addition of bevacizumab to 
lomustine compared to lomustine alone for recurrent GBM (Taal et  al. 2014). 
Cediranib, another anti-angiogenic agent whose mechanism of action is as a VEGF 
receptor tyrosine kinase inhibitor, has been tested in phase III trials with GBM and 
were found to be ineffective in altering overall outcome (Swartz et  al. 2014). 
Additionally, other VEGF inhibitors such as Pazopanib, Sorafenib, Nintedanib, 
Sunitib, Vandetanib, Aflibercept, Vatalanib, and Cabozantinib have also failed to 
improve survival in glioblastoma patients (Table 4.1).

4.5.2  EGFR

In GBM there is evidence EGFR plays an important role in oncogenesis and tumor 
biology (Swartz et al. 2014). EGFR is amplified in approximately 50% of GBM 
samples and is associated with an active, mutant form of the EGFRvIIIL receptor, 
which when overexpressed enhances GBM cell growth and contributes to GBM 
pathogenesis (Jaros et  al. 1992; Nishikawa et  al. 1994; Schlegel et  al. 1994). 
EGFRvIII, has been identified in 30% of newly diagnosed GBM and is character-
ized by deletion of exons 2–7 (Gan et al. 2009). The receptor is rendered active and 
thereby enhances the tumorigenicity by promoting tumor cell migration, conferring 
protection from radiation and temozolomide, and secreting EGFRvIII-bound onco-
somes onto plasma membranes of neighboring cells (Prados et al. 2015).

Furthermore, EGFR can stimulate increased signaling through the RAS, RAF, 
MEK, MAP, and mTOR pathways, as well as downregulating cell cycle inhibitor 
proteins (Mao et  al. 2012; Nishikawa et  al. 2004). A set of studies found that 
increased levels of EGFR and EGFRvIII co-activates the RTK MET which leads 
to ligand-independent activation of the EGFR receptor (Huang et  al. 2007; Jo 
et al. 2000; Stommel et al. 2007). This suggests that a mechanism for tumor cells 
to reduce dependence on either RTK for downstream signaling exists due to the 
interaction between the c-MET and EGFR/EGFRvIII signaling pathways. 
Studies have suggested that RTK MET overexpression may correlate with a 
shorter median survival time (Kong et  al. 2009; Koochekpour et  al. 1997; 
Lamszus et al. 1999).
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EGFR remains an elusive target for therapy in GBM as initial studies have sug-
gested activity of some EGFR inhibitors in molecular subsets of GBM but larger 
studies failed to replicate these results (Haas-Kogan et al. 2005; Mellinghoff et al. 
2005; Reardon et al. 2014).

Rindopepimut is a tumor vaccine which is a conjugate of peptides that span 
the EGFRvIII mutation site with an immunogenic carrier protein keyhole limpet 
hemocyanin. Phase I and II trials in newly diagnosed GBM patients treated with 
rindopepimut along with temozolomide indicated a PFS of 10–15 months and 
overall survival of 22–26 months, which was improved compared to historical 
controls of 6 and 15 months respectively (Swartz et al. 2014). Another multi-
center trial with rindopepimut in newly diagnosed GBM, the ACTIVATE trial, 
demonstrated an immune response after vaccination. In ACTIVATE, 43% of 
those treated had a positive humoral response, and the majority of patients with 
relapse had lost all of the EGFRvIII expression, a phenomenon known as anti-
gen escape which suggested that the immune system successfully targeted 
EGFRvIII-expressing cells (Swartz et al. 2014). Furthermore a similar response 
in recurrent disease was noted in the ReACT trial, where rindopepimut report-
edly caused an immune response and significantly prolonged survival when 
administered with bevacizumab (Phillips et al. 2016). However, in the phase III 
study ACT IV, rindopepimut combined with temozolomide did not increase 
overall survival in newly diagnosed EGFRvIII-positive GBM (Reardon et  al. 
2015; Inman 2016).

Therapy remains ongoing to identify new targets and mechanisms, such as 
ABT- 414, which is a conjugate of a potent microtubule inhibitor and a monoclo-
nal antibody against a tumor-selective EGFR epitope found in EGFR wild-type-
overexpressing tumors and EGFRvIII mutant-expressing tumors. Preclinical 
studies have indicated that ABT-414 is selective and a phase I study, as well as a 
phase III study are ongoing (Gan et al. 2015; Phillips et al. 2016). Unfortunately, 
other EGFR inhibitors such as Gefitinib, Erlotinib, Cetuximab, Nimotuzumab, 
and Lapatinib, have similarly failed to improve survival in glioblastoma patients 
(Table 4.1).

4.5.3  PDGFR

Platelet derived growth factor receptors (PDGFR) are cell surface receptors for 
members of the platelet derived growth factor family and signal through the alpha 
and beta platelet derived growth factor receptor tyrosine kinases (Matsui et  al. 
1989). Chromosome 7p22 contains the PDGFR alpha gene which is amplified in 
approximately 13% of GBM samples (Cancer Genome Atlas Research Network 
2008; Stenman et  al. 1992). Multiple aberrations in expression of PDGFR have 
been observed, including overexpression, amplification, mutations, and truncations, 
however point mutations are exclusively seen in GBM (Alentorn et al. 2012).
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An inhibitor of PDGFR is Imatinib mesylate, which also functions to inhibit bcr- 
abl and c-kit tyrosine kinases and is beneficial in the treatment of CML and in GI 
stromal tumors (Buchdunger et al. 2000; Druker et al. 2001; Demetri et al. 2002). 
Imatinib however has shown minimal activity in recurrent gliomas as well as newly 
diagnosed GBM (Wen et al. 2006; Razis et al. 2009). Others studies have been per-
formed looking at the addition of hydroxyurea to imatinib in recurrent malignant 
gliomas and found that it failed to show any meaningful anti-tumor activity (Reardon 
et al. 2005, 2009a; Dresemann et al. 2010; Desjardins et al. 2007).

Another drug that has been studied is dastinib, which is an inhibitor of PDGFR, 
SRC, bcr-abl, c-Kit, and EphA2 receptors. The study was conducted in patients with 
recurrent GBM and found that dastinib was ineffective with no radiographic 
responses (Lassman et al. 2015). Another phase 1 trial of dastinib in combination 
with CCNU found hematological toxicities, which limited the amount of exposure 
available for both therapeutic agents, in contrast to a trial with dastinib and erlotinib 
which was much better tolerated (Reardon et al. 2012; Franceschi et al. 2012).

4.5.4  PI3K/AKT/PTEN/mTOR

Stimulation of the PI3K/AKT/PTEN/mTOR pathway enhances growth via activa-
tion of receptor tyrosine kinases. This occurs via the regulation of cell division, pro-
liferation, differentiation, metabolism, and survival (Carnero et al. 2008; Morgensztern 
and McLeod 2005). Several genomic alterations in GBM activate this pathway, most 
often of which is the amplification of EGFR (Peraud et al. 1997; Watanabe et al. 
1996; Wong et  al. 1992). Other alterations leading to activation of this pathway 
include lesions in PIK3R1/PIK3CA and mutations or deletions of AKT, which occur 
in 84% of GBM cell lines and/or PTEN mutations, which occur in 30–44% of high-
grade gliomas (Wang et al. 1997, 2004; Tohma et al. 1998; Teng et al. 1997; Koul 
2008). PTEN typically inhibits the AKT pathway, therefore deletion of PTEN leads 
to activation of this pathway (Liu et al. 1997; Li et al. 1997; Stambolic et al. 1998). 
PTEN also facilitates the degradation of EGFR, which leads to termination of EGFR 
signaling, leading to an explanation for why PTEN confers resistance to epidermal 
growth factor inhibitors in vitro (Vivanco et al. 2010; Bianco et al. 2003).

mTOR is a master nutrient and energy sensor which regulates processes including 
transcription, protein synthesis, as well as other cellular functions including prolif-
eration, cell motility survival, and anabolism (Hay and Sonenberg 2004; Kim et al. 
2002; Sarbassov et  al. 2004, 2005; Facchinetti et  al. 2008; Ikenoue et  al. 2008). 
mTOR is made of two different complexes—mammalian target of rapamycin com-
plex 1 mTORC1 and mTORC2—and acts as a regulator of PI3K upstream and as its 
effector downstream (Akhavan et al. 2010). Inhibitors of mTOR have been devel-
oped, including Sirolimus, a mTORC1 inhibitor, which leads to reduced expression 
of neural stem cell progenitor markers and neurosphere formation in GBM (Sami 
and Karsy 2013; Sunayama et  al. 2010). Another mTOR inhibitor, Dactolisib, a 
potent dual PI3K-mTOR inhibitor has shown potential benefit as a radiosensitizer for 
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GBMs in preclinical studies (Fan et al. 2010; Mukherjee et al. 2012). Regrettably, 
mTOR inhibitors examined to date including Sirolimus, Everolimus and Temsirolimus 
have not prolonged overall survival in glioblastoma patients (Table 4.1).

4.5.5  RAS/RAF/MEK/MAP (ERK) Kinase

The RAS/RAF/MEK/MAP kinase pathway mediates cellular responses via growth, 
migration, apoptosis, proliferation, differentiation, and cell survival. This pathway 
can be activated by EGFR and PDGFR via signal transmission through indirect 
associations with cytosolic mediator proteins growth factor receptor-bound protein 
2 (GRB2) and son of sevenless (SOS) to RAS. RAS then stimulates RAF, which 
activates MAPK and MEK (Moodie et al. 1993; Thomas et al. 1992).

RAS has been found to be upregulated in GBM samples, and activation is typi-
cally through loss of the NF-1 gene, which encodes a tumor suppressor protein and 
is a negative regulator of RAS and mTOR signaling in astrocytes (Banerjee et al. 
2011; Nissan et al. 2014; Dasgupta et al. 2005). NF-1 mutation has been implicated 
in prior studies in glioma tumorigenesis, specifically noting that the homozygous 
loss of NF-1 in glial cells has been shown to develop fully malignant astrocytomas 
with a p53-null background (Alcantara Llaguno et al. 2009; Zhu et al. 2005; Kwon 
et al. 2008). Hyper activation of protein kinase C also causes increased degradation 
of NF-1, which also puts patients at an increased risk of developing gliomas 
(McGillicuddy et al. 2009). NF-1 mutations are a defining feature of the mesenchy-
mal GBM subtype, and therefore this subgroup may potentially be good candidates 
for agents that target NF-1 driven pathways (Cancer Genome Atlas Research 
Network 2008; Phillips et al. 2006). Loss of NF-1 function leads to enhanced RAS 
activity, which will lead to increased RAS/RAF/MEK/MAPK pathway activation, 
leading to the hypothesis that MEK inhibitors were good therapeutic targets. Two 
MEK inhibitors, PD0325901 and AZD6244, both appeared effective against NF-1 
deficient GBM cells dependent on RAF/MEK signaling in preclinical studies (See 
et al. 2012). Furthermore, this study showed that MEK inhibitor-resistant NF-1 defi-
cient cells could be re-sensitized to MEK inhibitors with the co-application of dual 
PI3K-mOTR inhibitor PI-103, also suggesting that NF-1 deficient GBM patients 
may respond to a MEK inhibitor based chemotherapy (See et al. 2012). Drugs that 
have been tested that target RAS specifically (Tipifarnib, Lonafarnib) have not 
shown any improvement in overall survival for GBM patients (Table 4.1).

4.6  IDH1/IDH2 Mutations

The identifications of mutations in the metabolic enzymes IDH 1 and 2 is one of the 
most important discoveries that has led to a remodeling of our understanding of 
gliomas, including GBMS (Parsons et al. 2008). The majority of tumor samples in 
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this study bore this mutation and were classified as secondary GBMs, suggesting 
that IDH 1 and IDH 2 mutations can serve as a genetic marker for this type of 
GBM. When IDH 1 and 2 were mutated, the result was enzymes with a neomorphic 
function, meaning that the mutant enzymes acquired the ability to catalyze the 
NADPH-dependent reduction of alpha-KG to the R-enantiomer of 2- hydroxyglutarate 
(2-HG) (Dang et al. 2010). This study showed that IDH 1 and 2 mutants had high 
levels of 2-HG, which is also found in primary IDH 1 mutant gliomas, and is also 
found in AML patients (Gross et al. 2010; Ward et al. 2010). IDH 1 and 2 mutant 
expression results in inhibition of alpha-KG-dependent dioxygenases by 2-HG. The 
enzymes that are dependent on this regulate physiological processes including 
hypoxia sensing, histone demethylation, and changes in DNA methylation (Loenarz 
and Schofield 2008). The glioma CpG island methylator phenotype (C-CIMP) is a 
distinctive and nearly invariable feature of IDH 1 and 2 mutant gliomas that has 
been studied to indicate that gliomas with this mutant expression are correlated with 
better prognosis (Baysan et al. 2012; Noushmehr et al. 2010). IDH 1 and 2 mutant 
gliomas are detected with the IDH-R132H antibody as well as with DNA sequenc-
ing of antibody-negative cases, which provides more accurate diagnosis and predic-
tion of patient outcomes and prognosis.

IDH 1 and 2 mutational status also provides a prognostic marker in patients with 
lower grade gliomas and GBMs, as well as providing insights about the origin of 
gliomas (Parsons et al. 2008; Hartmann et al. 2009; Sanson et al. 2009; Weller et al. 
2009; Yan et al. 2009). IDH 1 and 2 wild-type GBMs typically exhibit a character-
istic pattern of genetic changes associated with primary GBMs such as a gain of 
chromosome 7, loss of chromosome 10, and amplification of EGFR which are not 
seen in IDH 1 and 2 mutant GBMs.

The importance of IDH mutation is eminent as the new 2016 WHO Classification 
of tumors of the central nervous system now defines glioblastoma based upon IDH 
status (Louis et al. 2016). Currently, several phase I studies examining IDH muta-
tion inhibitors in advanced malignancies including glioblastoma are underway. 
However, as IDH is thought to be an early driver mutation in glioma, it remains 
unknown the potential impact of its inhibition in recurrent glioblastoma (Watanabe 
et al. 2009; Mandel et al. 2016).

4.7  Discussion

The Cancer Genome Atlas analysis revealed multiple molecular pathways and 
potential therapeutic genetic targets ushering in a new era for glioblastoma treat-
ment. Bevacizumab, an anti-VEGF agent, has displayed an increased time to 
progression and improved imaging response but disappointingly has been unsuc-
cessful in increasing patient overall survival. Furthermore, it remains an area of 
debate whether bevacizumab has any anti-tumor benefit (Kruser et  al. 2016). 
Despite our increased knowledge of these tumors, our ability to divide them into 
molecular subgroups, and several promising therapeutic targets, every targeted 
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therapy examined to date unfortunately has failed to demonstrate any benefit in 
overall survival.

Several possible explanations for this lack of success have been proposed includ-
ing lack of tumor dependence on the pathway targeted, inadequate CNS penetration 
of the drug, intratumoral heterogeneity, and clonal evolution.

In regards to lack of pathway dependence, evidence suggests that tumors may be 
able upregulate a different pathway when another pathway is inhibited. This has been 
seen in the use of EGFR inhibitors, where treatment has demonstrated the lack of 
ability to change targets downstream like Akt and can even upregulate the PI3K/Akt 
pathway (Hegi et al. 2011; Chakravarti et al. 2002). Another possible area of concern 
is that many of the mutations targeted are essential for early tumor development and 
may be subsequently superseded by secondary pathways of tumor growth (Lee et al. 
2012). Additionally, mutations present in a tumor on initial presentation may change 
or no longer be expressed on disease recurrence (van den Bent et al. 2015).

Drug penetrance is also major concern as it is frequently difficult to deter-
mine how well therapeutic agents cross the blood brain barrier in brain tumor 
patients. Due to the eloquent location, it is often unfeasible to obtain tissue 
samples at recurrence making it impossible to assess how much of a chemo-
therapeutic agent is being delivered to its intended target. It is also possible that 
a targeted agent may fail, not due to being a poor genetic target, but rather 
because the drug is not reaching that target in adequate quantity to cause the 
desired or intended treatment effect.

Additionally, tumor heterogeneity and clonal evolution is an issue that may affect 
targeted therapies. GBM’s are heterogenous in nature, and it is possible that when 
one cell group is inhibited via a targeted therapy to one pathway, another is left to 
proliferate unabated as their development is uninhibited.

While the results of targeted therapy studies to date in glioblastoma have been 
disappointing, there continues to be enthusiasm in this approach with numerous 
clinical trials currently underway. Hopefully, knowledge from the previous failed 
trials will help provide further insight and assist future clinicians in designing new 
novel targeted treatments to overcome these barriers.
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Chapter 5
Targeting EGFR in Glioblastoma: Molecular 
Biology and Current Understanding

Juan Manuel Sepúlveda, Cristina Zahonero, and Pilar Sánchez Gómez

Abstract Glioblastoma (GBM) is a heterogeneous disease comprising a multitude 
of genetically and epigenetically different cancers, all of them highly resistant to 
conventional chemo and radiotherapy. Greater characterization of GBM at the 
molecular level has improved its initial pathophysiological staging and classifica-
tion. With this knowledge came the hope that more efficacious therapies to combat 
this highly lethal disease were on the horizon. One possibility for intervention was 
represented by the targeting of epidermal growth factor receptor (EGFR), which is 
amplified and/or mutated in more than 50% of patients. However, several tirosin- 
kinase inhibitors and EGFR-directed antibodies have been tested in clinical trials 
and only modest results have been obtained. Here, we provide an overview of the 
structure and expression of EGFR and its mutant forms in GBM, describing the 
canonical and non-canonical downstream pathways activated by the receptor. 
Furthermore, we enumerate some of the most relevant therapeutic strategies that 
have been tested so far to inhibit EGFR, discussing the possible explanations for 
their failure as well as novel alternative approaches.
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5.1  Introduction

In the most recent years, the massive use of the different –omic platforms with large 
cohort of glioma samples (like the one from The Cancer Genome Atlas, TCGA, 
consortium) have allowed the identification of distinct genetic and epigenetic pro-
files in different types of gliomas. The new (2016) World Health Organization 
(WHO) classification of gliomas incorporates these new molecular biomarkers for 
a more accurate classification. In this new scenario, glioblastomas (GBM) (the most 
common and malignant type of glioma) is subdivided into two major entities, 
namely the common isocitrate dehydrogenase 1 and 2 (IDH1/2) wild-type (IDH wt) 
GBM, which accounts for more than 90% of all the tumors, and the less common 
IDH mutant GBM that is found in less than 10% of patients (Masui et al. 2016). The 
majority of IDH wt GBM correspond to primary tumors (those that occur preferen-
tially in older patients with no evidence of a pre-existing, grade 2 or grade 3 tumor). 
In contrast, IDH mutant GBMs are typically seen in young adults and include the 
vast majority of secondary GBM (tumors that develop by progression from a pre- 
existing less malignant astrocytoma) (Ohgaki and Kleihues 2013). Moreover, 
patients with IDH mutant GBMs show a significantly longer overall survival (OS) 
(Weller et al. 2015).

In the IDH wt GBMs, the most common alterations are copy number gains on 
chromosome 7, loss of chromosome 10, mutations in the phosphatase and tensin 
homolog (PTEN), homozygous deletion of the cyclin-dependent kinase inhibitors 
2A and 2B (CDKN2A and CDKN2B), as well as telomerase reverse transcriptase 
(TERT promoter) mutations that leads to increased expression or TERT, which pro-
mote telomere length maintenance. In addition, recurrent mutations in TP53, phos-
phatidylinositol 3-kinase, catalytic, alpha (PIK3CA), Phosphatidylinositol 3-kinase, 
regulatory subunit 1 (PIK3R1), and neurofibromatosis type 1 (NF1) (a negative 
modulator of Ras activation), occur in more than 10% of tumors. Moreover, adult 
GBMs typically carry amplifications of proto-onocogenes, affecting epidermal 
growth factor receptor (EGFR) (altered in more than 40% of IDH wt GBMs), 
platelet- derived growth factor receptor A (PDGFRA) (mostly in young patients), 
cyclin-dependent kinase genes (CDK4 and CDK6) (positive modulators of the reti-
noblastoma, RB, activation), and murine double minute genes (MDM2 and MDM4) 
(negative regulators of the p53 pathway) (Aldape et al. 2015; Masui et al. 2016). 
Among IDH wt GBMs, two main subgroups have been proposed. The first one is 
characterized by the high frequency of NF1 and TP53 mutations and shows a mes-
enchymal transcriptomic profile. The second one is characterized by a high propor-
tion of EGFR amplifications and loss of the CDKN2A locus, and is associated with 
the “classical” subgroup (Brennan et al. 2013; Verhaak et al. 2010).

EGFR activation is associated with increased proliferation and migration of 
GBM cells (Lal et al. 2002; Talasila et al. 2013). Moreover, the extraordinary pres-
ence of EGFR alterations in primary GBMs suggests that this receptor participates 
not only in tumor growth but also during the initial steps of tumor formation. In fact, 
numerous investigations carried out in animal models, including transgenic mice, 
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show that the enhanced expression of EGFRwt, and especially the vIII truncated 
version, in neural progenitors, can cooperate with other genetic alterations to induce 
primary brain cancer initiation and progression (Zahonero and Sanchez-Gomez 
2014; Huse and Holland 2009). In addition, several reports suggest that EGFR par-
ticipates in the well-known resistance to chemotherapy and radiotherapy in GBM 
(Barker et al. 2001; Leuraud et al. 2004; Munoz et al. 2014; Bouras et al. 2015). All 
these findings make the EGFR pathway a very attractive target for therapy. However, 
while EGFR kinase inhibitors have proven to be useful in treating other types of 
tumors, they offer poor outcomes in GBM patients, underlying the special onco-
genic function of this receptor in gliomas. In this chapter we will try to summarize 
the molecular features of EGFR signaling in GBM, reviewing conventional path-
ways as well as other novel functions of EGFR that do not depend on ligand stimu-
lation and/or kinase activity. We will also summarize past, current and future clinical 
trials based on an EGFR-directed rationale, trying to offer a comprehensive expla-
nation for the lack of response of these approaches in GBM patients.

5.2  EGFR Structure and Mutations in Glioblastomas

EGFR is a transmembrane glycoprotein and the first of the 4 ErbB receptor tyrosine 
kinases described, together with ErbB2 (Her2/Neu), ErbB3, and ErbB4. All of them 
share similarities in structure and function. EGFR is classically activated through 
ligand binding by factors such as EGF, transforming growth factor-α (TGF-α), 
amphiregulin (AR), betacellulin, epiregulin, and the Heparin- binding EGF-like 
growth factor (HB-EGF) (Yarden 2001). EGFR consists of a 1, 186-amino acid 
single polypeptide chain with three main regions: an extracellular receptor domain, 
a transmembrane region (TM), and an intracellular domain with a tyrosine kinase 
(TK) and a regulatory domain (RD) (Fig. 5.1). The amino-terminal portion of the 
receptor has, in an alternative disposition, two ligand-binding (LB) domains and 
two cysteine-rich (CR) domains. Within these four segments, there are 12 aspara-
gines that are potential N-linked glycosylation sites, required for proper configura-
tion of the ligand binding site (Bishayee 2000). When the ligand is not around, the 
extracellular domain folds back on itself. In the presence of the ligand, the receptor 
opens up and binds to another copy of the receptor through the CR domains. This 
brings together two copies of the kinase domain that can now phosphorylate each 
other at tyrosine residues at the RD. Of the 20 tyrosines in the carboxy-terminus, a 
subset of seven has been reported to get phosphorylated and serve as docking sites 
for downstream signaling proteins (Endres et al. 2011).

Many GBMs with EGFR amplification also carry mutations in EGFR (Fig. 5.1) 
(Brennan et  al. 2013; Frattini et  al. 2013). The first identified EGFR mutant was 
EGFRvIII, a genomic rearrangement in the extracellular domain (present in 50% of 
EGFR amplified (EGFRamp) GBMs.). EGFR vIII lacks 267 amino acids of the 
extracelullar domain (leaving a small portion of the CR1 domain). With a fully intact 
intracellular domain, downstream signaling is not impeded. Hyperactivation of the 
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receptor is likely due to the spontaneous dimerization of the receptor and induction 
of the kinase domain (Batra et al. 1995; Bishayee 2000). The study of several mouse 
glioma models has demonstrated that the vIII variant is more tumorigenic that the wt 
receptor (Holland et al. 1998; Bachoo et al. 2002). Moreover, there are reports of 
selective and/or constitutive activation of several pathways: Phosphoinositide 
3-kinase (PI3K) pathway, Ras, c-jun N-terminal kinase (JNK), Src family kinases 
(SFK), urokinase-type plasminogen activator receptor (uPAR) and nuclear factor 
kappa-light-chain-enhancer of activated B cells (NF-κB) (Zahonero and Sanchez-
Gomez 2014). Moreover EGFRvIII confers drug resistance to GBM cells through 
the modulation of B-cell lymphoma-extralarge (Bcl-XL) and caspase 3-like prote-
ases (Nagane et al. 1998).

Some other deletions have been described like EGFRvV, a truncation of the 
intracellular region at amino acid 958, which is present in 15% of EGFRamp GBMs. 
This mutant receptor is internalization-deficient and therefore, it has enhanced 
ligand-dependent kinase activity (Pines et  al. 2010). Oncogenic missense point 
mutations in the extracellular domain of the receptor were also recently reported, 
presumably promoting receptor dimerization and enhancing EGFR activity (Lee 
et al. 2006). Mutations of the intracellular portion of EGFR are more common in 
other neoplasms. In fact, the tyrosine mutations in the kinase domain found in lung 
cancer that predict response to specific EGFR inhibition, have not been detected in 
GBMs (Pines et al. 2010). More recently, a genomic study has revealed the presence 
of recurrent in-frame fusions involving EGFR (in 7.6% of GBMs), with the most 
recurrent partners being septin 14 (SEPT14) and phosphoserin phosphatase (PSPH). 
Interestingly, the EGFR-SEPT14 fusions produce mitogen- independent growth and 
they constitutively activate signal transducer and activator of transcription 3 (STAT3) 
signaling, although they are especially sensitive to tyrosin kinase inhibitors (Frattini 
et al. 2013). Notably, 30% of EGFRamp GBMs express two or more aberrant recep-
tor variants. Although multiple mutations can sometimes be seen in the same ampli-
fied EGFR gene (a finding unique to GBM), in most cases they represent different 
subclonal populations (Frederick et al. 2000; Francis et al. 2014).

5.3  Canonical EGFR Signaling

Classically, EGFR signalling has been broadly divided into four basic steps: ligand 
binding, receptor dimerization, transphosphorylation of tyrosine residues on the 
receptor pair, and communication with downstream effectors. There are seven tyro-
sine residues at the carboxy terminus of the receptor (Y992, Y1045, Y1068, Y1086, 
Y1114, Y1148, and Y1173) that become phosphorylated upon EGFR activation and 
serve as docking sites for several signaling molecules containing a Src homology 
domain 2 (SH2) or a phospho-tyrosine binding domain (PTB) (Endres et al. 2011). 
Those proteins, in turn, recruit a plethora of downstream mediators (Fig. 5.2).

5 Targeting EGFR in Glioblastoma…



122

5.3.1  MAP/ERK Pathway

One of the major pathways downstream of EGFR is the mitogen-activated protein 
kinase (MAPK)/extracellular signal-regulated kinase (ERK) route. EGFR recruits 
the upstream components Grb2 and Shc, which bind to SOS. SOS exchanges GDP 
for GTP and activates Ras that then binds to and allosterically activates the Raf 
kinase. Raf is the first member of a cascade of three kinases in the MAPK pathway, 
with Raf activating MEK and MEK activating ERKs. Upon activation, ERK kinases 
translocate to the nucleus and activate several transcription factors (TFs), including 
Elk-1, Elk-1 (ETS domain-containing protein), peroxisome-proliferator-activated 
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receptor γ (PPARγ), STAT1 and STAT3, C-myc and activating protein- 1 (AP-1) 
(Nicholas et  al. 2006; Hatanpaa et  al. 2010). Although gliomas do not normally 
contain Ras mutations, the the GTPase-activating NF1 that inhibits Ras is inacti-
vated in 23% of cases (Brennan et al. 2013) and high levels of active Ras-GTP are 
found in wild-type NF1 tumors, probably due to upstream activation of EGFR or 
other receptors (Guha et al. 1997).

5.3.2  PI3K Pathway

The other main pathway activated by EGFR is the PI3K pathway. When recruited to 
phosphotyrosines in the activated receptor, Class I PI3K phosphorylates phosphati-
dylinositol 4, 5-bisphosphate (PIP2) to generate PI(3, 4, 5)P3 (also referred to as 
PIP3). PIP3 recruits the AKT kinase to the membrane, which phosphorylates sev-
eral substrates that inhibit apoptosis. Those include BAD, caspase-9, the p53 regula-
tor MDM2, and members of the FoxO family of transcription factors. The other 
major role of AKT is to activate mammalian target of rapamycin (mTOR), which 
regulates protein translation and cholesterol biosynthesis, thereby providing protein 
and lipid material to cells upon growth factor stimulation (Hatanpaa et al. 2010; 
Nicholas et al. 2006). Alterations of this pathway are frequent in GBM and include 
activating mutations and/or amplifications of the catalytic and regulatory subunit of 
PI3K and PTEN deletions or inactivating mutations (see above). Moreover, the sta-
tus of AKT phosphorylation has been associated with the response to EGFR kinase 
inhibitors (Haas-Kogan et al. 2005).

5.3.3  PKC-NF-kB Pathway

Phospho-lipase C γ (PLC-γ) is also recruited and phosphorylated by EGFR. At the 
membrane, PLCγ cleaves PIP2 to inositol triphosphate (IP3) and diacylglycerol 
(DAG). Together with DAG, IP3-mediated induction of calcium (Ca2+) can activate 
protein kinase C (PKC), which in turn can phosphorylate the inhibitor of nuclear 
factor kappa B kinase subunit alpha (IKKα). Then, activated IKKα phosphorylates 
inhibitor of κB (IκB), targeting it for ubiquitination and proteosomal degradation, 
and provoking the activation and nuclear translocation of NF-κB (Yang et al. 2012). 
NF-κB can be activated by the AKT pathway as well and it plays and important role 
in inflammation and cancer, inducing pro-survival genes like Bcl-XL or caspase 
inhibitors (Bai et  al. 2009). Aberrant constitutive activation of NF-κB has 
been observed in GBM (Nogueira et al. 2011) and it was recently demonstrated 
that NFκI1A, the gene that codes for the NF-κB inhibitor (IκBα), is often deleted 
in these tumors. Indeed, deletion of IκBα has a similar effect to that of EGFR 
amplification in the pathogenesis of GBM and it is associated with comparatively short 
survival (Bredel et  al. 2011). These results suggest that activation of NF-κB is  
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another fundamental pathway for glioma progression and that it can be achieved 
either by genetic deletion of its inhibitor, or by EGFR amplification.

5.3.4  STATs

Other important downstream targets of EGFR are the STAT proteins, which bind to 
the receptor and become phosphorylated, by EGFR itself or by non-receptor tyro-
sine kinases like Src. Upon phosphorylation, STATs dimerize via reciprocal SH2 
domain/phosphotyrosine interactions, localize to the nucleus and induce transcrip-
tion of their target genes. STAT3 is associated with cell-cycle progression, apopto-
sis, and immunosuppression in GBM, although there are no reports of gain-of-function 
mutations in these tumors (Brantley and Benveniste 2008; See et al. 2012). STAT5 
is also overexpressed in GBM compared to normal tissue or lower-grade gliomas 
and it seems to be preferentially activated by the vIII isoform.

5.4  Non Canonical EGFR Signaling

In the traditional view, EGFR signalling was believed to occur at the plasma mem-
brane, after ligand binding and tyrosine kinase activation. However, a more complex 
picture of multifaceted, spatial, and temporal regulation is emerging. We know now 
that EGFR can be activated by ligand-independent mechanisms as well as by mul-
tiple ligands, often with differing signalling outcomes. Moreover, EGFR-mediated 
signals can continue in diverse subcellular locations and these functions do  not 
always depend on its kinase activity. Figure 5.3 resumes some of these non- canonical 
pathways that we describe herein.

5.4.1  EGFR Turnover

EGFR is regulated by membrane trafficking and there is a continuous movement 
from the cell surface to endosomes via clathrin-mediated endocytosis. In the absence 
of ligand, the rate of internalization is slow, and recycling of the receptor back to the 
membrane is rapid. Ligand binding dramatically increases the rate of receptor inter-
nalization and recycling is slowed, favouring receptor degradation at the lysosomes. 
Therefore, EGFR internalization works as a negative feedback loop and serves to 
signal attenuation. CBL is the primary E3 ubiquitin ligase that is recruited to the 
regulatory domain in the receptor’s tail after ligand stimulation. This protein can 
bind directly to phospho-Y1045, or indirectly via Grb2, and it recruits E2 enzymes 
to its ring-finger domain to promote the ubiquitination and internalization of EGFR 
(Citri and Yarden 2006). There is a growing body of evidence to suggest that 
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perturbations in EGFR trafficking play a role in the initiation and propagation of 
cancer (Mellman and Yarden 2013; Zahonero and Sanchez-Gomez 2014). In GBM, 
molecules like leucine rich repeats and immunoglobulin-like domains-1 (LRIG1) 
(which increases the amount of CBL recruited to EGFR (Gur et al. 2004; Laederich 
et al. 2004)), and mitogen-inducible gene 6 (MIG-6) (which enhances the traffick-
ing of EGFR into late endosomes/lysosomes (Ying et al. 2010)), are downregulated in 
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gliomas compared to normal tissue, especially in EGFRamp tumors. Moreover, the 
19q13 allele that contains the CBL sequence is frequently lost in these tumors 
(Mizoguchi et  al. 2004) and deletions in the 1p36 allele, where MIG-6 gene is 
located, has been recently associated with overexpression of EGFR (Furgason et al. 
2014). All these data reinforce the notion that stabilization of membrane EGFR is 
necessary for GBM growth. In fact, overexpression of LRIG1 and MIG-6 in glioma 
cells reduces EGFR at the cell surface and triggers cell growth inhibition and 
impaired invasion, enhancing apoptosis (Ye et al. 2009; Johansson et al. 2013; Ying 
et al. 2010). Similar results were obtained by inhibition of the dual-specificity tyro-
sine phosphorylation-regulated kinase (DYRK1A) (Pozo et al. 2013), a molecule 
that acts upstream of SPRY2 (Sprouty2), which removes CBL from activated EGFR 
and blocks its ubiquitination (Egan et al. 2002; Rubin et al. 2003).

5.4.2  Mitochondrial EGFR

In addition to these recycling and lysosomal sorting pathways, recent studies have 
also reported ligand-stimulated EGFR trafficking to the mitochondria where it inter-
acts with the cytochrome-c oxidase subunit II (CoxII) and reduces its activity and 
the levels of cellular ATP, modulating cell survival (Yue et al. 2008; Demory et al. 
2009; Boerner et  al. 2004). Moreover, both EGFR and EGFRvIII associate with 
p53-upregulated modulator of apoptosis (PUMA), a pro-apoptotic member of the 
Bcl-2 family of proteins primarily located on the mitochondria (Zhu et al. 2010). 
EGFR-PUMA interaction is independent of EGF stimulation or kinase activity and 
induces PUMA sequestration in the cytoplasm, where it cannot initiate apoptosis. 
Interestingly, the amount of mitochondrial EGFR seems to be fine-tuned by the bal-
ance between autophagy and apoptosis, and inhibition of the former or induction of 
the latter provokes an accumulation of EGFR in this organelle as a pro-survival 
mechanism (Yue et  al. 2008). In adition, mitochondrial translocation can be 
enhanced by rapamycin, an mTOR inhibitor, and gefitinib, an EGFR inhibitor, (Cao 
et al. 2011; Yue et al. 2008) so it could be participating in the known role of EGFR 
in therapy-resistance.

5.4.3  Nuclear Functions of EGFR

EGFR has also been detected in the nuclei of cancer cells, where it is associated 
with increased proliferation and poor clinical outcome (Lin et al. 2001). In glio-
mas, both EGFRwt and EGFRvIII have been detected in the nucleus, where they 
cooperate with STAT3 (de la Iglesia et al. 2008; Lo et al. 2010; Chua et al. 2016). 
Regarding translocation mechanism, a nuclear localization sequence (NLS) at 
amino acids 645–657 has been characterized EGFR, adjacent to the TM domain, 
which allows nuclear translocation of members of this receptor family via binding 
to importin β (Hsu and Hung 2007). Moreover, receptor endocytosis has been 
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proposed as a necessary step to transport the receptor from the cell surface to the 
nucleus (Lo et al. 2006). Once there, EGFR still functions as a tyrosine kinase, 
phosphorylating and stabilizing PCNA, and thus enhancing the proliferative poten-
tial of cancer cells (Wang et al. 2006). This could explain the strong correlation 
between the nuclear localization of EGFR and the highly proliferative status of 
tissues (Lin et al. 2001). Moreover, radiation-induced EGFR has been proposed to 
act as a modulator of DNA repair through interaction with DNA-dependent protein 
kinase (DNA-PK) (Bandyopadhyay et al. 1998; Dittmann et al. 2005). These data 
suggest that EGFR inhibitors may represent an effective strategy to increase radio-
sensitivity of GBM tumors.

Nuclear EGFR has also been defined as a transcriptional co-factor that contains 
a transactivation domain in its C-terminus. As such, it would be able to modulate 
several transcriptional targets, mostly implicated in cell cycle progression (cyclin 
D1, c-Myc) and the nitric oxide pathway (iNOS). Mechanisms of EGFR-mediated 
gene regulation involve direct interaction of EGFR with other transcription factors 
like STAT3, STAT5, E2F1 or Src, in a kinase-independent manner (Han and Lo 
2012).

5.4.4  Ligand-Independent EGFR Signalling

One of the mechanisms that could justify the activation of the EGFR pathway in 
GBM is the high expression of receptor ligands reported in certain samples (Schlegel 
et al. 1990; Ekstrand et al. 1991; Mishima et al. 1998). Moreover, there are evidences 
of TGFα amplification, mainly in recurrent gliomas (Yung et al. 1990). However, 
glioma cells grown in vitro in the presence of its ligand EGF, rapidly lose EGFR 
amplification, and this event leads to the loss of its tumorigenic capacity (Pandita 
et al. 2004; Talasila et al. 2013; Schulte et al. 2012). This emphasizes the relevance 
of EGFR over-expression for the progression of GBM in vivo. In fact, overexpression 
on its own could provoke a local accumulation of the kinase domain that would 
induce its activation in the absence of ligand (Endres et al. 2013). Apparently, this 
constitutive signalling still depends on EGFR kinase activity and it has been associ-
ated with the activation of the transcription factor IRF3. In fact, it seems to be mutu-
ally exclusive with the ligand-dependent signals (Chakraborty et al. 2014).

Weihua and coworkers have found that the receptor prevents autophagic cell 
death by maintaining intracellular glucose levels through interaction and stabiliza-
tion of the sodium/glucose cotransporter 1 (SGLT1) (Weihua et al. 2008). SGLTs 
are capable to take up glucose into the tumor cell even against a high chemical 
gradient and this seems to protect the cells from apoptosis inducers (Ganapathy 
et  al. 2009). In this case, EGFR-SGLT1 interaction does not respond to EGF 
 stimulation or EGFR tyrosine kinase inhibition (Ren et al. 2013). Although there are 
no reports of SGLT1 expression in GBM, this is one of the cancers with the highest 
glucose consumption. Therefore, one would expect glioma cells to express  
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significant amounts of glucose transporters, which could be modulated by the over-
expression of EGFR (independent of its ligand).

Recent advances have shown that several cellular stresses (UV irradiation, aniso-
mycin, cisplatin, TNFα) induce ligand-independent EGFR internalization and 
endosomal arrest mediated by p38MAPK activation (Tomas et al. 2015). Moreover, 
other stimuli like hypoxia, oxidative stress and serum starvation activate Src, which 
potentially stimulates caveolin-mediated internalization of EGFR. The accumula-
tion of this inactive EGFR in non-degradative endosomes has been associated with 
a pro-survival function through the activation of the autophagy-initiating Beclin1 
complex (Tan et al. 2015). In addition, many groups have found that inhibitors of 
EGFR tyrosin kinase activity could induce accumulation of EGFR in endosomes, 
activating a cytoprotective autophagy mechanism in cancer cells as an innate resis-
tance mechanism (Fung et al. 2012; Han et al. 2011; Eimer et al. 2011). Moreover, 
autophagy inhibitors seem to cooperate with EGFR blockade in GBM (Fung et al. 
2012; Han et al. 2011; Eimer et al. 2011).

5.5  Outcomes of Clinical Trials with EGFR Inhibitors 
in Glioblastoma

Several anti-EGFR-based therapeutic strategies have been assessed in pre-clinical 
and clinical trials as monotherapy, or in combination with radiotherapy and conven-
tional chemotherapy (Fig. 5.4). The most advanced EGFR-based therapies currently 
used clinically are the small-molecule tyrosine kinase inhibitors (TKIs). Erlotinib 
and gefitinib are first-generation EGFR inhibitors successfully used in non-small- 
cell lung cancer. Both drugs are reversible TKIs and have been tested in recurrent 
GBMs. The EORTC 26034, a randomized phase II trial of erlotinib Vs chemother-
apy, included 110 patients, 54 treated with erlotinib and 56 with temozolomide or 
carmustine (van den Bent et  al. 2009). The progression-free survival (PFS) at 6 
months was 12% for erlotinib and 24% for the control arm with similar overall sur-
vival (OS) in both arms. A phase II clinical trial with 57 recurrent GBMs treated 
with gefitinib showed similar results: The median PFS was 8 weeks, the PFS at 6 
months was 14% and the median OS was 40 weeks (Rich et al. 2004). Other studies 
with lapatinib (Thiessen et al. 2010) and afatinib (Reardon et al. 2015) have been 
also negative in in recurrent GBMs.

One of the major issues of the trials with EGFR inhibitors is the fact that these 
drugs have been tested without any patient selection according to EGFR status. 
However, the Spanish Group for Research in Neurooncology (GEINO) has evalu-
ated erlotinib after selecting patients by their EGFR status. In this study erlotinib 
was tested in recurrent GBM with expression of EGFRvIII and PTEN by 
 immunohistochemistry. The study showed no significant activity with a 20% PFS 
rate and only one partial response (Gallego et al. 2014). GEINO has carried out a 
second clinical trial assessing the efficacy and safety of dacomitinib, a second-gen-
eration, oral irreversible, pan-HER TKI, in patients with recurrent GBM with EGFR 
amplification. Preclinical data suggested that dacomitinib has an effect on cell 
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viability, self-renewal and proliferation in EGFR-amp GBM cells. Moreover, sys-
tematic administration of this compound strongly impaired the in vivo tumor growth 
rates in EGFRamp xenograft models (Zhu and Shah 2014). The tumour growth 
inhibition was based on the dephosphorylation of the downstream effectors of 
EGFR and it was also evident in the presence of EGFR-mutant isoforms (Zahonero 
et al. 2015). With these preclinical data and, in an attempt to improve the results 
with first- generation, reversible EGFR inhibitors, the GEINO11 phase II clinical 
trial evaluated dacomitinib in recurrent EGFRamp GBM.  However, the 6-month 
progression free survival was 13% for patients without the EGFRvIII mutation 
(Fig. 5.5a) and 6.3% for those with the mutation (Fig. 5.5b). The median OS was 7, 
3 months for the whole series (Fig. 5.5c) (2015 European Cancer Congress (ECC). 
Vienna, September 2015. GEINO-11: A Prospective Multicenter, Open Label, 
Phase II Pilot Clinical Trial To Evaluate Safety And Efficacy Of Dacomitinib, A 
Pan-her Irreversible Inhibitor, In Patients With Recurrent Glioblastoma With EGFR 
Amplification With Or Without EGFRvIII Mutation. Sepúlveda JM, et  al.). 
Therefore, despite the preclinical facts, the observed activity with dacomitinib was 
comparable with that observed for reversible EGFR TKIs in non-molecularly 
selected recurrent GBMs.

Unconjugated antibodies targeting EGFR such as cetuximab and nimotuzumab 
have been tested in GBM despite the fact that these drugs do not cross very effi-
ciently the Blood-Brain-Barrier (BBB) (Fig. 5.4). Cetuximab binds the extracelular 
domain of EGFR and is able to decrease proliferation in subcutaneous and  intracraneal 

EGFR wt

EGFRvIII
Extracellular 

space

Cytosol

Cetuximab

Nimotuzumab mAb 806

Pantitumumab 

125I-MAb 425

Erlotinib

Gefitinib

Lapatinib

Rindopepimut

Afatinib

Dacomitinib

Monoclonal 
antibodies (mAbs)

Isotope labeled 
mAbs

Vaccines

Tyrosine  kinase 
small molecule 
inhibitors (TKIs)-
First generation

TKIs- Second 
generation

Fig. 5.4 Anti EGFR strategies for GBM therapy. The different approaches aimed at inhibiting 
EGFR signaling in GBM can be classified in three main groups: (i) anti-EGFR monoclonal anti-
bodies (mAbs) that bind to the extracellular domain of either the wt receptor or the vIII mutant 
form; (ii) the tyrosine kinase small molecular inhibitors, able to bind the intracellular domain of wt 
EGFR and the mutant receptor and to block the downstream signaling in a reversible (first genera-
tion) or irreversible (second generation) way; (iii) anti-EGFRvIII vaccines designed to develop an 
immune response against the mutant receptor and the consequent destruction of the GBM cells
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Fig. 5.5 Results of the GEINO11 clinical trial. PFS Kaplan Meier curve for patients with EGFR 
amplification without (a) or with (b) EGFRvIII mutation treated with dacomitinib. (c) OS Kaplan 
Meier curve for patients with EGFR amplification, with (Cohort B) or without (Cohort A) 
EGFRvIII mutation, treated with dacomitinib
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mouse xenograts of GBM (Eller et al. 2002). However, a phase II study that tested 
cetuximab in recurrent GBM patients with and without EGFR amplification did not 
show significant activity since the median overall survival was 5 months (Neyns 
et al. 2009).

Nimotuzumab is a humanized IgG1 monoclonal antibody that also binds to the 
extracellular domain of EGFR. It has been approved for brainstem glioma in some 
countries, based on the results of a phase II clinical trial assessing nimotuzumab in 
recurrent progressive diffuse intrinsic pontine glioma in 44 paediatric patients. The 
treatment was well tolerated, with minimal cutaneous toxicity and there were 2 par-
tial responses (PR) and 6 Stable Disease (SD). Median OS was 3, 2 months, confirm-
ing only modest activity in this group of patients (Bode et al. 2012). Nimotuzumab 
has also been assessed in newly diagnosed adult GBM patients in a phase III trial 
conducted in Germany. In this study 149 patients were randomized to receive the 
Stupp regimen with or without nimotuzumab, concurrent with radiotherapy. The OS 
was around 20 months in both arms but in a post-hoc analysis there were a benefit in 
OS for those patients with non-methylated MGMT (O6-methylguanine–DNA meth-
yltransferase) and EGFR-positive GBMs (Westphal et al. 2015).

Despite the lack of effectiveness of anti-EGFR targeting by antibodies or TKIs, 
other strategies based on immune-mediated therapies are being tested in clinical 
trials with strong preclinical data. Rindopepimut is a peptide-based vaccine against 
EGFRvIII that has been assessed in several phase I, II and III clinical trials in 
EGFRvIII-positive glioma patients (Fig. 5.4). The in-frame deletion of EGFRvIII 
generates a novel antigen that could be exploited to generate a strong immune 
response against the tumour cells. However, despite promising results from the 
phase II trials (Gatson et al. 2016), the ACT-IV study, a phase III clinical trial in 
newly diagnosed GBM with EGFRvIII mutation, has not found a survival benefit in 
those patients treated with rindopepimut. The results has not been published yet so 
that it is not possible to discuss if any subgroup of patients has a benefit (http://
www.celldex.com/pipeline/ rindopepimut.php).

Other strategies targeting EGFR using toxins or radioisotopes are under develop-
ment in clinical trials. 125I–MAb 425 is a radiolabelled conjugated antibody that has 
been assessed in a randomized phase II clinical trial in newly-diagnosed GBM with 
a median survival of 20 months for the combination arm (TMZ plus 125I–MAb 425) 
Vs 14, 6 months for those patients treated with 125I–MAb 425 in monotherapy (Li 
et al. 2010).

5.6  Reasons for Therapeutic Failure

TKIs are ATP competitors that have been active in non-small cell lung cancer 
patients carrying EGFR mutations. The high prevalence of EGFR amplification in 
GBM had made this receptor an excellent target so the failure of TKIs in these 
tumors was somehow unexpected. Drug-delivery limitations due to the presence of 
the BBB or to the use of antiepileptic drugs in most GBM clinical trials, could 
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explain the lack of success of these compounds. Moreover, tumour heterogeneity, 
insufficient target inhibition and activation of resistance mechanisms have been 
argued by several authors (Reardon et al. 2014; Hegi et al. 2012; Karpel-Massler 
et al. 2009). On top of that, it has been suggested that the point mutations present in 
lung, but not in brain tumors, could render the first ones more sensitive to TKIs 
(Vivanco et al. 2012; Barkovich et al. 2012).

Based on the non-canonical mechanisms of EGFR function (Fig. 5.3), other pos-
sible explanation for the lack of TKI effectiveness would be the relevance of kinase- 
independent functions of the receptor. In fact, Hegi et al. analysed 22 GBM patients 
operated after treatment failure with gefinib. Resected tumours exhibited high con-
centrations of the drug and showed that EGFR was dephosphorylated. However, no 
effect on the EGFR downstream pathway was found. This study showed that EGFR 
pathway in GBM seems to be dominated by regulatory circuits independent of 
EGFR phosphorylation (Hegi et al. 2011). As we have reviewed here, EGFR can 
promote transcriptional activation of genes associated with cell growth in a kinase- 
independent manner. Moreover, many of the survival and antiapoptotic functions of 
endosomal and mitochondrial EGFR do not require kinase activity. Therefore, tar-
geting EGFR stability could be an attractive alternative to EGFR inhibitors, either 
by direct downregulation with siRNA strategies (Kang et al. 2006; Mazzoleni et al. 
2010; Verreault et al. 2013), or by targeting one of the modulators of EGFR turnover 
(Zahonero and Sanchez-Gomez 2014). Moreover, the constitutive presence of 
EGFR in the nuclei may be beneficial to the tumors that encounter EGFR-targeted 
antibodies and TKIs. In fact, cancer cells that have acquired resistance to cetuximab 
(Li et  al. 2009) or gefitinib (Huang et  al. 2011) accumulate more nuclear 
EGFR. These observations provide a rationale for the combined use of inhibitors of 
this receptor with molecules that could block EGFR nuclear translocation or for the 
use of inhibitors that affect both processes.

Regarding heterogeneity, recent technological innovations have allowed the 
analysis of cancer genetics to be conducted on the single-cell level. In fact, Patel 
et al. profiled 430 cells from 5 GBMs and found that individual cells could be clas-
sified as different types of GBM according to the TCGA classification scheme 
(Patel et al. 2014). Tumor heterogeneity may be the reason of the lack of efficacy 
of targeted therapies in GBM as the treatment would be only active in a group of 
the tumour cells. Additionally, other studies have confirmed the observation of 
heterogeneous amplification EGFR and other receptors with tyrosin kinase activity 
in GBM, hindering the efficacy of these targeted therapies (Snuderl et al. 2011; 
Szerlip et  al. 2012; Chakravarti et  al. 2002). Activation of resistance could be 
derived from the expansion of clones without EGFR amplification but also to a 
redundancy in activation of PI3K/AKT due to the stimulation of tyrosine kinases 
upstream such as MET, PDGFR (Platelet Derived Growth Factor Receptor), or 
IGFR (Insulin Growth Factor Receptor) (Chakravarti et al. 2002; Stommel et al. 
2007). Additionally, the loss of PTEN, with or without the activation of other ErbB 
receptors, could make EGFR signaling dispensable for tumour growth and prolif-
eration (Mellinghoff et al. 2005).
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Although EGFR inhibition for NSCLC has been active, EGFR point mutations 
have been found as drivers of treatment resistance. These mutations are detected in 
relapse tumour tissue and also in circulating DNA (Piotrowska et al. 2015). TKI 
point mutations following EGFR therapy have not been found in GBM patients, but 
it can be theorized that a selective pressure from anti-EGFR drugs may produce the 
growth and expansion of EGFR-resistance clones.

5.7  Future Direction in Clinical Research: Ongoing Clinical 
Trials Targeting EGFR in GBM

Amplification of EGFR and expression of EGFRvIII could be utilized for immuno-
therapies. As it was reviewed above, rindopepimut, an EGFRvIII-specific peptide 
conjugated with immunogenic proteins, has been the first drug with promising 
results in phase II trials. However, it has not been confirmed in phase III studies. 
Another strategy with an immune-mediated therapy is production of chimeric anti-
gen receptor T cells (CART), which are T lymphocytes genetically modified to rec-
ognize and bind cells expressing EGFRvIII. Clinical trials with CART have shown 
positive results in leukemia and lymphoma and they are now being assessed in other 
malignancies, including GBM (Ramos et al. 2016).

Other strategies targeting EGFR include conjugate antibodies that combine an 
anti-EGFR antibody with cytotoxins enabling tumour cell injury. Their objective is 
not to inhibit EGFR signaling, but to use EGFR as a target for toxin release. ABT414 
is an antibody-directed against EGFR combined with a cytotoxic agent (MMAF, 
Monomethyl Auristatin F) with encouraging preclinical results. Nowadays it is 
being investigated in large randomized clinical trials both in newly diagnosed and 
recurrent GBM (Phillips et al. 2016). AMG595 and MR1–1 are other conjugates 
targeting EGFRvIII that are under investigation in early clinical trials.

There are also therapies targeting EGFR under preclinical investigation such as 
gene silencing by RNA interference, drugs conjugates with diphtheria toxin and 
oncolytic viruses that use EGFR as the binding protein on the target malignant cells. 
Very promising is the use of bivalent recombinant immunotoxins such as mAb806 
that combines a high specific antibody against EGFR and EGFRvIII with a diphthe-
ria toxin fragment (Fig. 5.4). The first preclinical studies have shown a significant 
efficacy of the drug in tumour xenografts (Meng et al. 2015).

5.8  Concluding Remarks

The inhibition of EGFR-driven signalling network is a treatment strategy with 
strong rationale in GBM. However, this approach has been ineffective to date and 
tumour heterogeneity has been proposed as the main reason for the failure of EGFR 
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targeted therapies. Resistance to EGFR inhibitors is caused by complex mecha-
nisms that could trigger compensatory pathways such as PDGFR/mTOR/
AKT. Those molecules could be also pharmacologically hindered, although combi-
nation of TKIs has not been properly explored yet in GBM. Moreover, compelling 
evidence links EGFR with the regulation of cell cycle and survival by non-canonical 
signaling at different cellular locations. Therefore, targeting receptor stability and/
or translocation could be more effective than the use of kinase inhibitors. 
Furthermore, EGFR and its mutants could be used not just as targets to be inhibited 
but as markers for activated immune cells or antibodies linked to toxins or viruses. 
Hopefully, these new approaches will reach satisfactory clinical results, at least for 
a subset of patients with this terrible disease.
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Chapter 6
Radiogenomics and Histomics in Glioblastoma: 
The Promise of Linking Image-Derived 
Phenotype with Genomic Information

Michael Lehrer, Reid T. Powell, Souptik Barua, Donnie Kim, Shivali Narang, 
and Arvind Rao

Abstract Intra-tumor heterogeneity is the fundamental challenge in finding a cure 
for late-stage cancers. Physical biopsies do not sufficiently cover the diversity of 
molecular phenotypes within the tumor. Treatments are only effective on a subset of 
vulnerable tumor cells due to the prevalence of tumor stem-like cells. GBM tumors 
exemplify these general properties of late-stage cancers, with heterogeneous molec-
ular profiles, histology, and radiology. Radiomics aims to characterize disease phe-
notypes from radiology scans in order to provide an alternative view of tumor 
heterogeneity, enabling models built from retrospective analysis of radiology scan 
data, and their integration with clinical data and molecular profiles. Computational 
histology (histomics) follows a workflow analogous to that of radiomics, with pre- 
processing, segmentation, feature extraction and analytics. The goal of histomics is 
to compute cellular morphometry and heterogeneity features from histology datas-
ets. Genomic traits can potentially be inferred from histologic features by analysis 
of large, linked pathology-genomic data sets. There is also an active investigation of 
computer vision and machine learning applications to classify gliomas using radiol-
ogy and histology images. The potential of radiomics, radiogenomics and histomics 
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studies is to advance personalized cancer treatment by enabling interpretation of 
biological mechanisms underlying imaging phenotypes. These efforts aim to make 
personalized therapies more accessible. Results from preliminary imaging could 
direct administration of precision assays to guide treatment, measure treatment 
response and identify targetable genetic alterations from image-derived phenotype 
data, across biological scale. Radiomics and histomics promises to revolutionize the 
practice of personalized medicine, by providing an important complement to molec-
ular strategies.

Keywords Radiomics • Radiogenomics • Histomics • Glioma • Glioblastoma • 
Magnetic Resonance Imaging • Computed Tomography • Positron Emission 
Tomography

6.1  Introduction

Intra-tumor heterogeneity is the fundamental challenge in characterizing therapy- 
induced treatment changes and resistance mechanisms. Physical biopsies do not 
provide sufficient coverage of molecular phenotypes within the tumor. Treatments 
for late stage tumors are only effective on a subset of vulnerable tumor cells. Due 
to the prevalence of tumor stem-like cells expressing the stem cell surface protein 
marker CD133, resistant tumor cells survive and continue to proliferate (Liu et al. 
2006; Yuan et  al. 2004). Glioblastoma (GBM) tumors exemplify these general 
properties of late-stage cancers, with varying molecular profiles, histology, and 
radiology (Verhaak et al. 2010). The field of radiomics aims to meet these chal-
lenges through comprehensive analysis of tumor radiology data, as a way to com-
plement the tumor genomic characteristics with image-derived tumor characteristics, 
to provide some insight into the molecular and phenotypic heterogeneity of the 
tumor. Radiomic data obtains hundreds or thousands of measurements describing 
the shape, morphology, and distribution of gray-level pixel intensity values in the 
radiology scans. Through these measurements, radiomics aim to gain additional 
insight from image analysis (Lambin et  al. 2012). Statistical models built from 
retrospective analysis of radiology data with matched clinical and molecular pro-
files integrate these disparate data sets to better predict disease and patient out-
comes. Radiogenomics takes the radiomics approach further to discern the 
correlations between the molecular features of GBM, clinical outcomes and radio-
logical phenotypes.

Through recent efforts by The Cancer Genome Atlas (TCGA) to comprehen-
sively describe brain tumors at the genomic and molecular level, a complex 
picture of GBM molecular and cell biology has emerged. GBM tumors are 
driven by altered p53, Rb, and PI3K signaling, sustaining uncontrolled cellular growth 
and proliferation (Chin et al. 2008). These redundant growth  mechanisms are 
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responsible for the recalcitrance of GBM tumors (Brennan et al. 2013). GBM 
manifests as multiple subtypes: classical, mesenchymal, and proneural, each 
with distinct histological, genomic and gene expression phenotypes (Verhaak 
et al. 2010). For instance,  proneural GBM tumors feature increased activation of 
PI3K signaling compared to mesenchymal tumors (Brennan et al. 2013). Over-
active PI3K signaling is due to the most common mutations, deletions and rear-
rangements residing in the receptor tyrosine kinase (RTK) EGFR (Brennan 
et al. 2013). Other RTKs less often found to be mutated were PDFGRA, FGFR, 
and MET (Brennan et al. 2013). In addition to the deregulated canonical signal-
ing pathways and cell surface receptor molecules, microRNAs including miR-
141, 200c (Guo et al. 2016), and 204 (Song et al. 2016) have been described as 
tumor suppressors in GBM are mutated as well. MicroRNAs (miRs) regulate 
translation of messenger RNA by binding mRNA target sequences, facilitating 
formation of the RISC silencing enzymatic complex, and degrading the targeted 
transcript. There is crosstalk between miRs and regulatory networks in GBM, as 
miR-422a interacts with PI3K signaling through suppression of PIK3CA tran-
script (Liang et al. 2016). These mechanisms and interactions are responsible 
for the aggressiveness of GBM tumors. Radiomics and Radiogenomics provides 
the computational tools to determine how this pathobiology manifests in radio-
logical data. Radiogenomics asks the question: what, if any, effect does a genetic 
mutation (or some such alteration) have on the phenotypes apparent in radio-
logical data?

6.2  Radiomics (Extracting Information from Radiology 
Data)

Radiomics is the process of extracting features from radiological acquisitions. The 
radiomics workflow compasses data acquisition, image pre-processing, feature 
extraction, and data analysis (Fig. 6.1). Magnetic resonance imaging (MRI), com-
puted tomography (CT), and positron emission tomography (PET) provide the core 
data for radiomics analysis. Pre-processing of this data prior to feature computation 
ensures the integrity and reproducibility of the results. Feature extraction is the core 
of the radiomics approach. Finally, radiomics feature statistics are compared with 
matched clinical and genomic data, drawing associations and correlations with sur-
vival, mutational status, and other molecular information. This approach has been 
possible through the large-scale efforts of the TCGA, which has made large data 
sets of matched radiology, genomics, transcript, and expression data publicly avail-
able. Radiomics studies the entire tumor, in contrast to current genetic profiling, in 
which coverage is limited to the number of biopsies taken. This process aims to 
parse out the variation in gray-level intensities with underlying genomic or tran-
scriptomic causes.
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Fig. 6.1 The radiomics analytical pipeline. Radiological scans data acquired by CT, PET, or MR 
are pre-processed and segmented. Features are extracted and analysis performed using clinical data
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6.2.1  Data Acquisition

MRI is the standard technique for GBM diagnostics, as PET scans suffer from com-
paratively lower sensitivity and specificity (la Fougère et al. 2011). MR imaging is 
acquired using multiple modalities, with distinct parameters for phenotype charac-
terization. These include T1-weighted, T2-weighted, diffusion-weighted, perfusion, 
and fluid attenuated inversion recovery (FLAIR). Gadolinium contrast enhanced 
MRI is used to diagnose gliomas and GBM, and FDG-PET has been evaluated as 
well (Nihashi et al. 2013; Pötzi et al. 2007). Contrast agents such as gadolinium 
with MR, or fluoro-deoxyglucose (FDG) or FDOPA with PET, allow metabolic and 
other data to be derived (Karunanithi et al. 2013). FDOPA-PET imaging of lower 
grade gliomas has shown the ability to predict recurrence (Harris et al. 2012). With 
so many imaging modalities and variants, considerable care must be taken to ensure 
consistent acquisition parameters are used so that quantitative downstream analyses 
remain valid. This ensures the reproducibility of radiomics studies.

6.2.2  Image Pre-processing

In radiomics studies, acquired radiological datasets undergo extensive pre- processing 
to ensure accuracy and reproducibility. Registration, inhomogeneity correction, inten-
sity normalization, and voxel re-slicing ensure radiomic feature robustness and make 
the data more interpretable. Image registration ensures consistency in the segmenta-
tion results. Inhomogeneity correction and intensity normalization aim to mitigate 
acquisition-associated artifacts ensuring that quantitative features are computed accu-
rately and with consistency. Voxel re-slicing matches image resolution across multiple 
acquisitions and data collection sites, correcting inconsistent acquisition parameters. 
Segmentation using manual software, semi- automatic software such as 3D Slicer 
(Parmar et al. 2014) or fully-automated software such as BraTumIA (Rios Velazquez 
et al. 2015), delineates the region-of-interest (ROI) defining the tumor. Automated 
segmentation of GBM tumors using BraTumIA software compares favorably with 
manual segmentation by trained radiologists (Porz et al. 2014). Further, radiomic fea-
tures are extracted from the segmented ROI, i.e. the tumor portion. These quantitative 
radiomics features are computed from the morphological characteristics and distribu-
tion of gray-level intensities within and across the radiograph.

6.2.3  Feature Extraction

Radiomics analyses extract either semantic or computational features from radiology 
images. Semantic features, such as the Visually Accessible REMBRANDT Images 
(VASARI) for GBM, are scored manually by the radiologists based on visual 
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appearance of tumor characteristics. The twenty-six VASARI features scored from 
T1-weighted and T2-weighted FLAIR acquisitions predict GBM patient survival and 
are shown to demonstrate associations with genetic alterations (Gutman et al. 2013). 
In computational radiomics analysis, volumetric, habitat and heterogeneity (first or 
second-order texture) features are computed from radiological images.

Texture features include first-order (histogram) statistics, second-order statistics 
(or Haralick features such as energy, entropy, etc.) (Haralick et al. 1973), and spec-
tral features (Kassner and Thornhill 2010). These features describe the arrangement 
and patterns of gray-level intensities within a two-dimensional or three-dimensional 
image. First-order texture features are computed on subsets or “neighborhoods” of 
adjacent pixels, and are mathematically defined as mean gray level (MGL), variance 
of gray levels (VGL), absolute gradient value, mean gradient (MGR) and variance 
gradient (VGR) (Kassner and Thornhill 2010). Second-order texture features are 
computed from gray level co-occurrence matrices (GLCM) or run-length matrices 
(RLM). The GLCM of an image defines the distribution of intensities of adjacent 
pixels over a specified distance (Haralick et al. 1973). The RLM of an image tabu-
lates the number of runs of a given length of a certain gray level intensity within the 
image (Galloway 1975). Spectral features are mathematical transformations applied 
to the images and include Fourier transform (Zhu et al. 2003), wavelet transform 
(Mallat 1989) and Stockwell transform (Kassner and Thornhill 2010).

Imaging habitats are computed from multi-modal MR imaging and represent unique 
combinations of relative high- and low-intensity pixel values across the various MR 
acquisitions (Lee et al. 2015). Pixels in each MR acquisition are dichotomized as either 
high or low intensity by k-means clustering. Each pixel in the tumor volume therefore 
has a binary designation for each modality. For example, a particular imaging habitat 
might be defined as having relatively low pixel intensities in the T1-weighted acquisi-
tion, high intensity pixels in the T1-contrast enhanced images, and low intensity in both 
the FLAIR and T2-weighted acquisitions. There are therefore sixteen possible combi-
nations of pixel intensity designations and sixteen possible habitats.

Segmentation is typically performed prior to feature extraction to delineate the 
tumor region, but the segmentation process itself can define radiomic volumetric 
features. Volumetric features can be defined to describe total tumor volume and 
other tumor dimensions (Coroller et  al. 2015). These volumetrics can include 
edema, tumor enhancing region, non-enhancing region, and necrosis (Gutman et al. 
2015). One study calculated the T2/FLAIR hyperintense volume ratio to contrast 
enhancing volume and necrotic volume in their radiomics feature set (Naeini et al. 
2013). Segmentation can also be used to derive shape features which can predict 
GBM tissue phenotypes (Chaddad et al. 2016).

6.2.4  Data Analysis

A variety of statistical methods are employed in the correlation of extracted 
radiomic features with clinical or molecular parameters. Benjamini-Hochberg cor-
rection (Benjamini and Hochberg 1995) and bootstrap-based correction of 
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p-values (Efron 1979) associated with correlation coefficients describing the 
 relationship between features and other parameters remove spurious correlations 
and minimize false- detection results (Kim et al. 2002). Cox proportional hazards 
regression models are used to screen potential traditional molecular and histologi-
cal biomarkers, and have been used to interrogate radiomic features for their ability 
to predict GBM patient outcomes, such as survival (Wangaryattawanich et  al. 
2015). More recently, machine learning algorithms such as neural networks, sup-
port vector machines, decision trees, k-nearest neighbor, and logistic regression 
have been applied to predict survival of GBM patients based on radiomics features 
(Kim et al. 2002). Regression models, classification models and other statistical 
methods relating radiomics features with molecular and clinical parameters are 
necessarily high-dimensional and could suffer from model overfitting. This can be 
ameliorated by  dimension reduction techniques such as principal components 
analysis (PCA) (Mishra et al. 2011), sparse PCA (sPCA), non-linear PCA (Kramer 
1991), partial least squares regression (PLS) (Wold et al. 1984), and auto-encoders 
(Kumar et al. 2015). Supervised PCA isolated eleven radiomic features which pre-
dicted survival more accurately than existing risk models (Kickingereder et  al. 
2016). Calculation of the area under the receiver operating characteristic curve 
(AUC) analysis is often used to gauge the predictive power of radiomic features. 
This technique was used in a study of volumetric radiomic features and their cor-
relation with mutations in TP53, RB1, NF1, EGFR, and PDGFRA (Gutman et al. 
2015). Cross validation of radiomics findings shows correlations are not spurious 
or artifacts of the analytic pipeline (Kassner and Thornhill 2010).

6.3  Radiogenomics

Radiogenomics (also termed “imaging-genomics”) correlates imaging features with 
genomics data (Lambin et al. 2012; Kumar et al. 2012; Pope et al. 2005; Kuo et al. 
2007; Ellingson 2015) and de novo mutations that exist in the tumor or may emerge 
in response to radiation therapy (Rosenstein et al. 2014; Kerns et al. 2014; Best et al. 
2011; Lambin et  al. 2013). A number of studies have studied radiogenomics in 
GBM.  MRI contrast and mass effect features have been shown to predict EGFR 
mutation status (Diehn et al. 2008). MRI FLAIR features associated with disease 
infiltration were correlated with Periostin expression and survival (Zinn et al. 2011). 
The volume of enhancing tumor in MR imaging was correlated with the proneural 
GBM molecular subtype, with proneural tumors having relatively low levels of 
enhancement (Gutman et  al. 2013). Gene-set enrichment analysis (GSEA) found 
contrast-necrosis ratio to be significantly associated with mutations in genes such as 
KLK3, FOXP1, and PIK3IP1 (Jamshidi et al. 2014). Hierarchical clustering of imag-
ing data from a cohort of 55 GBM patients revealed enhancement features associated 
with survival and molecular sub-type (Gevaert et al. 2014). Analysis of MR texture 
features computed from multiple modalities predicted survival and molecular sub-
types (Yang et  al. 2015). MR enhancement, cerebral blood volume and apparent 
diffusion coefficients were correlated with histopathologic classifications and dif-
ferential RNA expression patterns (Barajas et  al. 2010). MGMT promoter 

6 Radiogenomics and Histomics in Glioblastoma…



150

methylation, an epigenetic trait of tumor associated with survival, was stratified by 
the level of intra-tumoral edema (Carrillo et al. 2012). Contrast enhancing tumor was 
inversely correlated with IDH1 mutations (Carrillo et  al. 2012). This was further 
borne out in another study which showed a strong negative correlation between ring 
enhancement and MGMT promoter methylation, but using texture features to classify 
MGMT status based on T2 images had poor accuracy (Drabycz et al. 2010). Several 
volumetric features including volume of contrast enhancement, volume of central 
necrosis, combined volume of contrast enhancement and central necrosis, and the 
ratio of T2/FLAIR to contrast enhancement and necrosis differentiated mesenchymal 
GBM from the classical, neural and proneural subtypes (Naeini et al. 2013).

These reports highlight the numerous associations between MR features and 
genomic profiles through state-of-the-art of radiogenomics. Current challenges in the 
field of radiogenomics include consistency of radiological data acquisition, sample 
size, feature robustness, and the reproducibility of correlations (through validation). 
An ideal radiogenomics study would ensure identical radiological acquisition param-
eters and a large study population, with access to a validation cohort. However, often 
acquisition parameters vary due to radiologist or institutional preference and prac-
tice. In many cases, the size of the eligible population is limited, and the cohort must 
be constructed from a multi-center study, leading to challenges ensuring consistent 
modalities and acquisitions are used. This challenge is particularly acute in GBM, 
which is one of the rarer tumor types, with relatively fewer eligible study partici-
pants. The multi-institutional TCGA effort has in part ameliorated this difficulty by 
compiling extensive data sets from multiple studies and institutions. Even so, a suit-
able validation cohort may not be available to assess correctness and reproducibility. 
Despite these issues, radiogenomics shows exciting promise to overcome the many 
logistical and computational challenges it faces, obtaining novel insights into tumor 
biology and the nature of phenotype-genomic relationships.

6.4  Radioproteomics

Radioproteomics (or “imaging-proteomics”) correlates protein expression with 
imaging features. This extension of radiogenomics describes the relationship 
between translation products and radiomics features. Expression of many proteins 
is not directly proportional to mRNA transcript levels, and thus modeling correla-
tions between genomic alterations and imaging features may not fully capture the 
entire landscape of molecular-phenotypic interactions within the tumor. The pro-
teomic context can be explored by using protein expression data derived from high- 
throughput proteomics technologies such as reverse-phase protein arrays and mass 
spectrometry which allows the molecular status of the tumor to be comprehensively 
determined. These techniques also assay post-translational modifications, such as 
phosphorylation, indicating signaling pathway activation. Such data provides a 
unique opportunity to discern the correlation between intra/intercellular signaling 
and imaging phenotypes.
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6.5  Computational Pathology and Histomics

At a different scale of biology, i.e. tissue, histological evaluation of tumors has long 
been an important tool in the classification and grading of gliomas. More recently, 
molecular analysis has shown that molecular sub-classes (i.e. mesenchymal, neural, 
proneural, classical) can be defined and have prognostic value (Cancer Genome 
Atlas Research Network et al. 2015; Eckel-Passow et al. 2015). Computational his-
tology (or “histomics”) follows a workflow analogous to that of radiomics, with 
pre-processing, segmentation, feature extraction and analytics. The goal of histo-
mics is to compute morphology and texture features from histology correlated with 
molecular characteristics. Genomic traits can be inferred from histologic features 
(semantic or computational) by high-throughput analysis of large pathology data 
sets. This has led to a revolution in how gliomas are classified which now include 
both histological classifications in addition to molecular features (Louis et al. 2016). 
Despite utilizing a more integrative classification in the diagnosis and prognosis of 
a patient, there is still the recognized variability in histological classifications 
amongst diagnostic centers and pathologists. To help minimize inter-user variability 
and standardize histological classification, multiple quantitative analysis pipelines 
have been proposed. These range from relatively low-complexity approaches which 
quantify morphometric features of nuclei, commonly termed as histomorphometry, 
to much more complex machine learning approaches which learn to discriminate 
morphology-based features between glioma subtypes. Analysis of histological sec-
tions can be applied to many different tissue types including those in cancer using 
both pre-configured software from vendors such as Aperio (Lieca Biosystems) and 
Vectra (PerkinElmer). Other 3rd party software developers provide quantitative ser-
vices and offer development of highly customizable scripts in multiple proprietary 
or open source languages.

In glioma, evaluation of the composition and orientation of nuclei are used to 
infer cellular origin and levels of differentiation are used to classify glioma (Louis 
et al. 2007, 2016). It therefore stands to reason that spatial organization of nuclei in 
addition to the morphometric properties can be used to quantify these changes 
between histological classifications. To this end, pipelines have been developed 
using open source software such as ImageJ (NIH) to segment and extract morpho-
logical features from regions of interest defined by a pathologist (Surowka et al. 
2014; Nafe and Schlote 2004). Collectively, these results showed that morphologi-
cal features of nuclei could be associated with malignancy grade and histological 
classifications. In addition to quantifying morphological features of nuclei, the spa-
tial distributions of nuclei has also been considered as a quantitative feature 
 associated with malignancy status (Nafe and Schlote 2004; Jiao et al. 2011). These 
results show the density of nuclei can distinguish normal from high grade tissue and 
provide evidence that the tumor microenvironment is not spatially random  in its 
organization. Other techniques have been developed to identify higher order tissue 
structures that are associated with malignancy status including pseudo - palisading 
necrosis and microvascular proliferation (MVP) which delineate a high grade gli-
oma from lower grades (Mousavi et al. 2015).
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In addition to methods which provide direct morphological and spatial readouts, 
there is active investigation of computer vision and machine learning applications to 
classify gliomas. Examples of this include single cell classifiers which provide a 
feature rich machine-learned ranking of individual cells. This pipeline method clas-
sifies individual nuclei into oligodendroglioma or astrocytoma-like and stratifies risk 
on the basis of the oligodendroglioma component (Kong et al. 2013). Many of the 
discussed methods heavily rely on the ability to segment individual nuclei, however, 
techniques which do not require segmentation have also been developed. In general, 
many of these techniques partition an image into multiple smaller patches from 
which features are extracted. Identification of discriminant patches which best repre-
sent the conceptual class of the larger tissue can then be identified using multiple 
supervised and unsupervised machine learning techniques. These include but are not 
limited to convolutional neural networks (Ertosun and Rubin 2015; Xu et al. 2015), 
decision tree models (Mousavi et al. 2015), convolutional sparse coding (Zhou et al. 
2014) and restricted Boltzmann machines (Nayak et al. 2013). These techniques are 
also not mutually-exclusive and can be combined. Examples of this include feature 
extraction followed by data reduction (i.e. principal component analysis and/or clus-
tering) and subsequent implementation of a supervised learning technique (Barker 
et al. 2016). An additional example includes utilization of modular supervised learn-
ing where discrimination of higher grade from lower grade gliomas is achieved using 
one model and then further those determined to belong to the lower grade gliomas 
are sub-classified using a different model (Ertosun and Rubin 2015), i.e. through 
classifier cascading. Many of the methods to discriminate GBM from LGG do so 
through the identification of disease associated phenotypes such as necrosis and 
MVP, demonstrating that these techniques are identifying relevant visually interpre-
table phenotypes (Mousavi et al. 2015; Zhou et al. 2014; Vu et al. 2015).

As previously stated, there is an overwhelming trend of classifying gliomas 
using histology and molecular profiling. Likewise, researchers have begun to 
explore how quantitative imaging of histological sections can be combined with 
molecular information, however, there is still much to be explored in this field. At 
this point correlative studies are typically utilized which attempt to understand the 
molecular etiology of visual features (Kong et al. 2013). While these types of stud-
ies can help validate the relevance of machine learned visual features, the ultimate 
goal is to create an integrated molecular and machine learned visual dictionary used 
to interpret gliomas. Towards widespread adoption, some key challenges pertain to 
the use of harmonization and data standardization techniques for the development 
of standard H&E/IHC datasets for image mining.

6.6  The Future of Imaging Genomics

The potential of radiomics, radiogenomics and histomics studies is to advance personal-
ized cancer treatment by enabling interpretation of biological mechanisms jointly with 
imaging-derived phenotypes (Fig.  6.2). Through these efforts, the goal has been  
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to make personalized therapies more economically viable and to facilitate the integrated 
biological interpretation of radiological and histological phenotypes. Personalized treat-
ment has created additional challenges in data management and treatment cost. 
Improvements in the reproducibility, precision and economics of genetics have made 
possible the detailed characterization of the mutational status of individual patients’ 
tumors. As this personalized approach becomes widespread, additional logistics, clinical, 
and informatics challenges such as image characterization, image management, and clin-
ical decision support systems arise (Hsu et al. 2013; Williams et al. 2015). Radiogenomics 
addresses many of these challenges by reducing the need for biopsy in preliminary patient 
screening procedures. Rendering initial genetic testing unnecessary in certain cases, radi-
ogenomics would help prioritize data from next-generation sequencing (Noor et al. 2015; 
O’Driscoll et al. 2013). Results from preliminary imaging, already in widespread use, 
would be able to direct administration of precision assays to guide treatment and identify 
targetable genetic alterations. Phenotype-genomic correlation thus promises to revolu-
tionize personalized medicine and cancer care.
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Abstract The most common and aggressive form of intracranial tumors is glioblastoma 
(GBM). These tumors show significant amount of proliferation, invasion, angiogen-
esis and necrosis. The current treatment modality that includes surgery, radiother-
apy and temozolomide chemotherapy fails to provide great benefit with the median 
survival remaining at a dismal 15–17 months. The response to standard therapy is 
highly variable which is primarily determined by the differences in the genetic 
makeup of the tumor. Hence, it is required that clinicians stratify the patients based 
on prognostic features such that appropriate therapy can be given as per aggressive-
ness of the tumor. However, it has been observed that almost all GBM tumors recur. 
This demands the necessity of alternative therapeutic options for the treatment of 
GBM. In recent times, Next Generation Sequencing (NGS) based techniques help 
us to interrogate the genome of cells in a comprehensive manner. Intensive studies 
have revealed various genetic alterations typical to GBM, e.g., TP53 mutation and 
loss, EGFR amplification and mutation, INK4a/ARF mutation, MDM2/4 amplifica-
tion or overexpression, PTEN mutation and loss of heterozygosity (LOH) in chro-
mosome 10p and 10q. Through the past few decades, many studies have been 
carried out to identify small molecule inhibitors and antibodies against various mol-
ecules deregulated in different cancers such that they can be used for targeted ther-
apy. Moreover, each tumor harbors a spectrum of genetic alterations that are 
different from another tumor. Hence, personalized therapy, tailored to target tumor-
specific alterations is the approach to be developed for improvement of survival of 
GBM patients. For identification of genetic alterations in each tumor, sequencing of 
the tumor DNA has to be carried out. For that purpose, NGS-based targeted sequenc-
ing of all known GBM-specific driver alterations is a lucrative option. In this chap-
ter, we have discussed about how targeted sequencing can be used for identifying all 
driver genetic alterations in each GBM tumor such that those  molecules can be tar-
geted using small molecule inhibitors and antibodies against them.
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Abbreviations

CNA Copy Number Alteration
CNS Central Nervous System
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Indel Insertion/deletion
NGS Next Generation Sequencing
SNV Single Nucleotide Variation
TCGA The Cancer Genome Atlas
WHO World Health Organization

7.1  Introduction

Glial cells, the supporting cells for the neurons, comprise of approximately 50% of 
the nervous system with its percentage varying from 10 to 90% depending on the 
portion of the brain (Herculano-Houzel 2014). Malignancy of glial cells is termed as 
glioma. Gliomas comprise of 30% of all tumors of the central nervous system (CNS) 
and 80% of malignant brain tumors (ABTA 2014). The most common and lethal type 
of intracranial tumors include the astrocytomas which arise from particular type of 
glial cells called astrocytes. It is divided into four groups according to World Health 
organization (WHO) classification based on histopathology (Louis et  al. 2007). 
Grade I or pilocytic astrocytoma is benign in nature. However, the other three grades 
are progressively more malignant, from grade II (diffused astrocytoma) to grade III 
(anaplastic astrocytoma) to grade IV or glioblastoma (GBM). GBM is the most com-
mon, highly aggressive tumor that arises in the brain and accounts for 12–15% of all 
brain tumors and 60–75% of all astrocytic tumors (D. Doyle et al. 2005). GBMs are 
fast growing tumors that are highly infiltrative and treatment refractory. Without 
treatment, a GBM patient survives only ~3 months (Schapira 2007); and even after 
surgical resection, chemotherapy and radiotherapy, the median survival for GBM 
patients is only 15–17 months (Arvold and Reardon 2014; Stupp et al. 2009). It is 
more prevalent among older patients in the age group of 45–70 years although it is 
also observed among children and young adults (Mechtler 2009). GBMs are divided 
into two categories on the basis of their origin - primary GBMs account for 90% of 
GBM cases and manifest de novo without prior evidence of a pre-existing tumor of 
lower grade; while secondary GBMs develop through malignant progression of 
lower grade astrocytomas (Furnari et al. 2007). Primary GBM is more common in 
older patients, >60 years of age, and is more aggressive in nature, while secondary 
GBM is more prevalent in younger adults of ~45  years of age and have a better 
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survival rate possibly due to mutation in Isocitrate Dehydrogenase (IDH) genes. 
Hence, primary GBMs are referred to as IDH wild- type class while secondary GBMs 
are referred to as IDH mutant class as per 2016 classification scheme (Louis et al. 
2016). The cellular make up comprises of poorly differentiated, fusiform, round, or 
pleomorphic cells and hyper chromatic nuclei. The presence of multinucleated giant 
cells is typical but it is associated with a more malignant clinical course. Mitotic 
activity is usually high (denoted by MIB-1 immunohistochemistry), the growth frac-
tion being in the range of 5–25% (Ohgaki and Kleihues 2013). The characteristic of 
GBM which distinguishes it from other astrocytomas is the presence of microvascu-
lar proliferation and necrosis. Necrosis is caused by depletion in blood supply in 
parts of the tumor and this may comprise more than 80% of the total tumor mass. 
Particularly typical to GBM are foci of necrosis surrounded by radially oriented 
pseudopalisading tumor cell nuclei which often show a high degree of proliferative 
activity (Burger 1995).

7.2  Conventional Therapy for the Treatment of GBM

Traditional therapy, often referred to as conventional therapy, comprises of methods 
by which bulk tumor cells are surgically removed to the greatest extent possible fol-
lowed by radiation therapy and chemotherapy. The combination of above three 
methods of treatment and their dosage depends on the type of cancer, location of the 
tumor and how advanced it is (Rizzo and Rhonda 2002). For GBM, this kind of 
therapy has been developed and applied for years. The current conventional treat-
ment method includes maximal surgical resection followed by radiotherapy and 
temozolomide chemotherapy (Sathornsumetee et  al. 2007). Survival of GBM 
patients receiving adjuvant temozolomide along with radiotherapy was found to be 
longer compared to those receiving radiotherapy alone (Stupp et  al. 2005). Both 
radiotherapy and chemotherapy target rapidly dividing cancer cells by invoking 
DNA damage response and apoptosis. This works for cancer cells because the char-
acteristic of enhanced cell division leads to DNA being exposed in open chromatin 
form and thus these cells are more susceptible to damage by agents like radiation 
and DNA alkylating chemicals. However, this also results in the damage and death 
of normal cells which are highly proliferative such as, the epithelium and 
 lymphocytes (Mitchison 2012).

7.3  Personalized Therapy: Patient Stratification 
and Targeted Therapy

The response to conventional treatment is variable between different patients and 
this makes it difficult for oncologists in tailoring the treatment options as per the 
needs of patients. Moreover, treatment options should be explored such that it 
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causes lesser health hazard to the individual patient. For example, for patients 
older than 70 years, less aggressive therapy is the usual course of action and this 
is achieved by using radiation or temozolomide alone (Glantz et al. 2003; Keime- 
Guibert et al. 2007). Apart from age being a reason behind differential therapeutic 
response, the various genetic and epigenetic changes present in tumor cells that 
vary between individuals are major factors in differential responses to conven-
tional therapy. This is referred to as inter-tumoral heterogeneity (Almendro et al. 
2013). Hence, a new approach undertaken for tailor-made or personalized treat-
ment is patient stratification. Stratification of patients basically involves assess-
ment of the clinical outcome of patients including survival and therapeutic 
outcome based on molecular signatures. For instance, if patients by virtue of the 
molecular changes present can be predicted to be better survivors, they need not 
be subjected to aggressive treatment as more aggressive the therapy, the suffering 
and health hazards for the patient is more. Few such molecular markers have been 
identified through the years. For example, patients harboring mutation in IDH 
genes have better survival and show improved outcomes with radiotherapy and 
temozolomide chemotherapy (Vigneswaran et al. 2015). It has been observed that 
O6 -methylguanine DNA methyltransferase (MGMT) promoter methylation in 
GBM tumor leads to better response to temozolomide and improved median sur-
vival (> 3 years); while patients with unmethylated MGMT promoter show resis-
tance to temozolomide and hence may be subjected to alternative therapies 
(Martinez and Esteller 2010; Thon et al. 2013). With advances in the understand-
ing of molecular aspects of GBM pathology, information regarding accurate risk 
stratification of GBM patients through prognostic signatures has been identified 
by various groups e.g., a 9-gene methylation signature developed by our group 
divides GBM patients into high risk and low risk groups with significant differ-
ence in survival (Shukla et al. 2013). There are multiple other signatures which 
can be used for patient stratification, such as, gene expression subtypes (Verhaak 
et al. 2010), G-CIMP classification (Noushmehr et al. 2010), 9 gene mRNA sig-
nature (Colman et al. 2010), 10 miRNA signature (Srinivasan et al. 2011) add 14 
gene mRNA signature (Arimappamagan et al. 2013) etc. A more detailed over-
view of various prognostic markers/signatures identified for the stratification of 
GBM patients have been discussed by Shukla et al. 2014.

Due to the high infiltrative nature and aggressiveness, GBM tumor mass cannot be 
resected completely and they recur (Wen and Kesari 2008); the median time of recur-
rence after conventional/standard therapy is 6.9 months (Stupp et al. 2009). These 
recurrent tumors are resistant to the standard radio- and chemo-therapeutic regimes 
(Nakano and Mangum 2011). Also, a small percentage of GBM tumor cells are less 
differentiated, stem-like and quiescent in nature. They have the capacity of self-
renewal and can differentiate and give rise to bulk tumor cells. The quiescent nature of 
these cells gives them a survival advantage because their DNA is more protected in 
heterochromatin form and do not undergo damage during radiotherapy and chemo-
therapy. Also, by lieu of over-expression of transporters, they can rapidly expel out 
chemotherapeutic drugs. These cells thrive even after therapy and have been shown to 
be responsible for tumor recurrence (Lathia et al. 2015). Further, it has been observed 
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that tumor cells from different sections of the same tumor have different genetic alter-
ations and this phenomenon is known as intra-tumoral heterogeneity (Almendro et al. 
2013). This happens due to the fact that tumor cells being rapidly dividing; they keep 
on accumulating numerous genetic changes. Hence, two different cells of the same 
tumor may acquire different mutations, and the proliferation of these cells to form 
daughter cells creates sub-populations of tumor cells with different genetic make-ups. 
All these factors highlight the importance of the development and application of an 
alternative therapeutic option i.e., targeted therapy (Wang et al. 2015).

Targeted therapy is a new trend in cancer therapeutics in which drugs that target 
particular molecules that are altered in a particular tumor are used to obliterate only 
cancer cells with little or no damage to the normal cells (Baudino 2015). Through 
the last few decades, various targetable molecules altered in different types of can-
cer and targeted therapeutic regimes have been identified and tested of which some 
have been approved by Food and Drug Administration (FDA) for use while some 
are in clinical trials (http://www.cancer.gov/about-cancer/treatment/drugs). Of note, 
Herceptin (Trastuzumab) is a humanized monoclonal antibody against receptor 
tyrosine kinase HER2 which is an approved targeted therapy used in metastatic 
breast carcinoma where this receptor has been found to be frequently over-expressed 
(Balduzzi et al. 2014). Gleevec or Imatinib is another example of a highly popular 
cancer targeted therapy; it is a tyrosine kinase inhibitor which particularly targets 
BCR-ABL fusion protein, a fusion event found in >95% of patients having chronic 
myelogenous leukemia (Goldman and Melo 2003).

Development of targeted therapeutic regime is of utmost importance in GBM as 
conventional therapies fail to eliminate the tumor completely leading to a poor 
median survival in patients and recurrence occurs in almost all cases. Enormous 
efforts have been undertaken through decades to understand the molecular patho-
genesis of GBM and there have been several attempts at developing targeted thera-
pies. For example, GBM is characterized by extensive and sustained angiogenesis 
which is primarily regulated by vascular endothelial growth factor (VEGF). 
Bevacizumab (Avastin), a humanized monoclonal antibody against VEGF had been 
taken forward for clinical trial (Gilbert et al. 2014). Inhibitors of EGFR, erlotinib, 
lapatinib and nimotuzumab have also been put to clinical trial as well as in experi-
mental therapies (Padfield et  al. 2015). From this, we understand that although 
advancement have been made in understanding GBM pathogenesis, ample effort 
has to be put in identification of targetable molecules in each tumor and formulating 
effective therapeutic options for individual GBM patients.

7.4  Identification of Driver Genetic alterations  
for Targeted Therapy

Changes in the DNA sequence is referred to as genetic alteration. A cancer genome 
harbors thousands of genetic alterations of which only a small percentage of changes 
is responsible for attributing a survival advantage to the cancer cells. These changes 
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are also referred to as driver genetic alterations. However, due to the increased cell 
division and failing cell cycle checkpoints caused by these driver changes, the 
genome of a cancer cell acquires a large number of genetic aberrations that are of no 
consequence to the cancer cell’s survival capabilities. These are termed as passen-
ger genetic alterations or hitchhikers (Stratton et al. 2009).

Depending on the location of the alteration in the gene, the phenotype will be 
perceived by the cell. For example, alteration in the amino acid sequence of the 
protein may lead to activation or inactivation of the protein, alteration in the pro-
moter region of the gene may lead to over- or under-expression of the gene product, 
mutation in the 3’UTR region of the gene may lead to differential miRNA binding 
thus leading to alteration in mRNA stability etc. Genetic changes include single 
nucleotide variations (SNVs), insertions/deletions (indels), copy number alterations 
(CNAs) and gene fusions.

SNVs or point mutations are alteration in a single nucleotide/base in the DNA 
sequence which arises due to either error in replication or chemical modification of 
bases by carcinogens. Essentially, SNVs present in the protein coding region of a 
gene can be of various types – 1) silent mutation - does not lead to any change in the 
amino acid of the protein due to degeneracy of codons i.e., different codons can 
code for same amino acid, 2) missense mutation - leads to a change in the amino 
acid sequence of proteins, 3) non-sense mutation  - introduces a premature stop 
codon in the protein, thus giving rise to a truncated protein product and 4) non-stop 
mutation - leads to a loss of stop codon thus creating a longer protein product. An 
indel is an insertion or deletion of 1 or more bases (<1000 bases) in the DNA 
sequence of an organism. Indels present in the protein coding region of the genes 
can be classified into two types – 1) frameshift indel – leads to a change in the read-
ing frame of the protein because they do not occur in multiples of three bases and 
this gives rise to a new protein sequence after the insertion or deletion of bases and 
2) in-frame indel –occurs in multiples of three bases and hence do not change the 
reading frame of the protein. Duplication or deletion of large segments of DNA, 
ranging in size from thousands to millions of DNA bases, is referred to as copy 
number alteration (CNA). Such CNAs can encompass genes leading to dosage 
imbalances. Phenotypic effects of CNAs are brought about by changes in expres-
sion levels. Gene fusion is a genetic aberration where a hybrid gene is created from 
two previously separate genes giving rise to a fused protein product. This happens 
as a result of translocation or interstitial deletion or chromosomal inversion. The 
above four types of genetic alterations can lead to formation of driver oncogenes or 
inactivation of important tumor suppressor genes.

There are various traditional methods that can be employed to identify impor-
tant driver genetic alterations in cancer patients. For example, SNVs and indels can 
be identified either by Sanger sequencing or by single strand conformation 
 polymorphism (SSCP) (Rohlin et al. 2009). Additionally, mutant protein specific 
antibodies can be used to detect the presence of certain mutations, e.g., mutation in 
TP53 leads to accumulation of the protein in the cell which can be detected by 
immunohistochemistry (IHC) (Wang et al. 1995); mutation in IDH1 gene occurs 
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only in a particular nucleotide in the gene sequence and hence can be detected by 
an antibody which can specifically identify the mutant protein (Cai et al. 2016). 
Over expression of oncoproteins and down regulation of tumor suppressor proteins 
in tumor tissues can be detected by IHC. Also, RNA level detection of genes can 
be carried out by semi quantitative PCR or real time qPCR techniques (Logan et al. 
2009). CNAs and gene fusion events can be detected by fluorescent in situ hybrid-
ization techniques (Levsky and Singer 2003).

The traditional methods of identification of genetic alterations are cumbersome, 
time consuming and often expensive. Moreover, each genetic alteration requires to 
be queried individually. As mentioned before, due to intra-tumoral heterogeneity, 
sub-populations of tumor cells will contain different driver gene alterations. Hence, 
targeting one altered molecule will not obliterate those cells which depend on a dif-
ferent altered molecule for their survival. This is one of the reasons why targeted 
therapy against one molecule alone often fails in eradicating aggressive tumors such 
as GBM. Also, the traditional methods for detection of genetic aberrations are not 
sensitive enough to detect alterations in a small percentage of cancer cells. Any 
remaining tumor cells that survive therapy can later give rise to a recurrent tumor. 
Hence, comprehensive identification of the entire in-depth picture of genetic altera-
tions of individual GBM patients will pave the path to formulation of tailor-made 
therapeutic regime for each patient.

Targeted sequencing makes it possible for evaluation of the alteration status of 
multiple genes in one go. This technique is both cost and time effective. It is a next- 
generation sequencing (NGS) based technique where selected driver genes are 
sequenced to determine mutations, indels, CNAs and gene fusions (Meldrum et al. 
2011). Another type of targeted sequencing is deep sequencing where sequencing is 
carried out at a very high depth of coverage (> 500 X) and this allows us to look at 
alterations that are present in a small percentage of cancer cells (Mirebrahim et al. 
2015). Hence, by this method, multiple driver genes can be identified and targeted; 
possibly resulting in decrease in total tumor burden.

There has been an explosion of data on understanding the genetic alteration 
spectrum of GBM and many targeted therapies have been identified and are under 
clinical trials (Bastien et al. 2015). While many companies and scientific groups 
are working towards development of comprehensive gene panels for identifying 
mutations in genes frequently altered in different cancers; very minimal efforts 
have been put towards developing and implementing in clinics an agglomerated 
genetic alteration panel to identify known driver genetic alterations particular to 
GBM. A targeted sequencing panel called GlioSeq has been formulated for all 
central nervous system (CNS) tumors and it consists of 30 genes covering more 
than 1360 CNS tumor-related hotspots (Nikiforova et  al. 2016). However, this 
does not cover many of the driver genes known to be altered in GBM (Brennan 
et al. 2013; Frattini et al. 2013). Hence, to formulate a targeted sequencing panel 
for GBM, a thorough  understanding of the genetic alteration landscape is of 
utmost necessity.
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7.5  Recent Advances in the Understanding of the Genetic 
Alteration Landscape of GBM

The first comprehensive study on GBM samples was carried out by The Cancer 
Genome Atlas (TCGA) in 2008. They carried out investigations on copy number 
alterations (CNA), gene expression and DNA methylation aberrations in 206 GBM 
samples. Additionally, mutation status of ~220 genes was determined in 91 of 206 
GBM samples using Sanger sequencing (Cancer Genome Atlas Research 2008). 
This study revealed three important signaling pathways which are significantly 
altered in GBM by multiple mechanisms – 1) RTK/Ras/PI3K pathway, 2) TP53 
pathway and, 3) Rb pathway. Subsequently in 2013, two groups independently car-
ried out comprehensive genomic characterization of GBM samples from TCGA 
using high throughput sequencing and microarray data, to find out genes undergo-
ing genetic and epigenetic alterations in GBM scenario (Brennan et al. 2013; Frattini 
et al. 2013). The major findings in these two studies include top mutated genes in 
GBM patients such as, PIK3R1, PIK3CA, TP53, EGFR, RB1, NF1 and PTEN; 
frequent CNA alterations like, amplification of EGFR, PDGFRA, MDM2, CDK4, 
CDK6 etc. and deletion of PTEN, CDKN2A/B, TP53, NF1 etc.; and frequent gene 
fusions in EGFR and FGFR genes. Their studies have also validated previous find-
ings that, the three most deregulated signaling pathways in GBM are TP53, RB and 
RTK/Ras/PI3K pathways (Brennan et al. 2013). In the same year, three groups also 
identified the importance of hTERT promoter mutation in GBM pathogenesis and 
found that 55% of GBM patients harbor these changes in their tumor cells (Arita 
et al. 2013; Killela et al. 2013; Nonoguchi et al. 2013).

7.5.1  Pathways Altered in GBM

The genetic alterations in GBM mainly target pathways involved in cell prolifera-
tion, cell survival (apoptosis and necrosis), invasion, and angiogenesis. Molecular 
players of three main pathways are involved in the above biological processes and 
they acquire specific genetic aberrations which primarily lead to gliomagenesis 
(Brennan et al. 2013).

 A. RTK/Ras/PI3K pathway: Mitogenic pathways play a major role in cell prolifera-
tion and survival (Zhang and Liu 2002). Receptor-driven mitogenic pathways 
get activated in GBM by different mechanisms, e.g., genomic amplification, 
and/or mutation of the receptor leading to its constitutive activation, overexpres-
sion of ligands and receptors etc. The epidermal growth factor (EGF) and 
platelet- derived growth factor (PDGF) pathways have important roles in both 
CNS development and gliomagenesis. EGF receptor (EGFR) is altered in >50% 
of GBM patients where mutation and/or amplification in the gene is observed 
and the amplified genes have been found to be frequently rearranged (Brennan 
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et al. 2013). An EGFR variant called EGFRvIII (deletion of exons 2–7) is present 
in 20–30% of patients which is a constitutively active variant of EGFR capable 
of increasing proliferation of GBM cells (Holland et al. 1998). Hence, EGFR 
has been a prime target for targeted therapy using kinase inhibitors and immu-
notherapy. Another RTK, PDGF receptor (PDGFRA) gets frequently altered in 
~10% of GBM patients. PDGFR and its ligands are often over-expressed sug-
gesting an autocrine loop for this pathway (Hermanson et al. 1992).

Phosphatidylinositol-3-kinases (PI3Ks), when stimulated by mitogenic signals, 
catalyze phosphorylation of phosphatidylinositol-4,5-bisphosphate [PtdIns(4,5)
P2] to produce phosphatidylinositol-3-4,5-trisphosphate [PtdIns(3,4,5)P3]. This 
creates docking sites for a various signaling proteins containing domains capable of 
binding to PtdIns(3,4,5)P3 and thus activates downstream pro-proliferative and 
pro-survival pathways (Nieto-Sampedro et al. 2011). PI3Ks comprise of catalytic 
subunits encoded by PIK3CA, PIK3CB and PIK3CD genes and regulatory sub-
units encoded by PIK3R1, PIK3R2 and PIK3R3 genes. Genetic alterations in the 
above genes occur in 25% of GBM patients with changes in PIK3CA gene occur-
ring in ~15% of patients (Knobbe and Reifenberger 2003). The action of PI3Ks is 
antagonized by phosphatase, PTEN, which again undergoes alterations by muta-
tion or deletion in 41% of GBM patients (Choe et al. 2003). Downstream to RTK 
signaling pathway, activation of small GTP-bound protein RAS leads to stimula-
tion of downstream pro-proliferative signals like MAPK or PI3K pathways. 
Although RAS gets altered genetically in only 1% of GBM patients, it remains 
active in the cancer cells by activation of upstream signaling molecules (Guha et al. 
1997). Additionally, a negative regulator of RAS is NF1 gene which gets inacti-
vated by mutation or deletion in 10% of GBM patients (Brennan et  al. 2013). 
Mutations in RTKs like EGFR and PDGFR or downstream molecules RAS, RAF 
and negative regulator of RAS i.e. NF1, results in activation of MAPK signaling 
cascade leading to phosphorylation of effector molecules such as MEK and 
ERK. In fact, it was observed that NF1-deficient GBM cells are sensitive to MEK 
inhibitors (See et al. 2012).

 B. TP53 pathway: TP53 is a tumor suppressor that inhibits cycling of cell with 
unstable genomes. It achieves this function by either halting the cell cycle in the 
G1 phase or prompting programmed cell death. TP53 is a transcription factor, 
and post-translational modifications caused by various genotoxic and cytotoxic 
stress-sensing agents leads to its stabilization (Lavin and Gueven 2006). 
Consequently, it binds and transcriptionally regulates the promoters of >2500 
potential effector genes. The best characterized of these effectors is CDK2 
inhibitor, p21 encoded by CDKN1A gene (Lavin and Gueven 2006). TP53 itself 
gets altered by mutation or deletion in 28% of GBM patients. However, regula-
tors of this pathway undergo genetic aberrations in GBM scenario, rendering 
this pathway to be altered in greater than 80% of GBM patients.TP53 function 
is regulated by a number of proteins of which the ubiquitin ligase, MDM2, and 
its homologue, MDM4, are prominent negative regulators. They bind to TP53 
and ubiquitilate it, ultimately leading to its degradation through the proteasomal 
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pathway. It has been observed that both MDM2 and MDM4 get altered through 
gene duplication and such phenomenon is seen in 7.6% and 7.2% of GBM 
patients respectively (Brennan et al. 2013).

 C. RB pathway: In the hypo-phosphorylated state, RB blocks progression through 
cell cycle by sequestration of the E2F family of transcription factors, which in 
turn prevents the transactivation of genes essential for progression through the 
cell cycle. Mitogenic signal stimulation leads to the induction of cyclin D1 
and its association with the cyclin-dependent kinases, CDK4 and CDK6. 
The activated CDK complexes then phosphorylate RB which leads to separa-
tion of RB from E2F, transactivation of direct transcriptional targets of E2F, 
and entry and progression through cell cycle (Giacinti and Giordano 2006). 
GBM tumor cells circumvent RB-mediated cell cycle inhibition via several 
genetic alterations. The RB1 gene is mutated/deleted in 7.6% of GBM patients. 
Regulators of cell cycle like CDKN2A/CDKN2B/CDKN2C function by nega-
tively regulating MDM2 as well as cyclins/CDKs and hence they regulate both 
TP53 and RB pathways. These molecules have been found to be altered in 
GBM by mutation or deletion in &gt;61% of patients. Positive regulators of 
cell cycle progression like cyclins, CDK4 and CDK6 get activated by muta-
tions and more commonly by amplification in 2%, 14% and 1.6% of GBM 
patients respectively (Brennan et al. 2013).

7.6  Next Generation Sequencing: Principle and Methodology

7.6.1  Next Generation Sequencing Platforms

Development of first generation sequencing methods started in the late 1970s. In 
1977, Maxam and Gilbert published their DNA sequencing method which involved 
nucleotide specific chemical modification followed by cleavage (Maxam and Gilbert 
1977). In the same year, Sanger published the chain termination method of DNA 
sequencing which evolved later on to give rise to the automated capillary sequenc-
ers (Luckey et al. 1990; Sanger et al. 1977). However, it is a colossal task to sequence 
an entire genome using capillary sequencing. The whole process involves shearing 
the genomic DNA into large fragments (100–500 Kb) followed by cloning of each 
fragment into a bacterial artificial chromosome (BAC) cloning system. Subsequently, 
each larger fragment is sheared into smaller fragments and sequenced individually 
by Sanger sequencing method. The shorter fragment sequences are first arranged to 
obtain the larger contigs cloned into the BACs and finally the BAC-cloned larger 
fragments are assembled to get the sequence of the whole genome (Lander et al. 
2001; Osoegawa et  al. 2001; Venter et  al. 2001). Hence, it is evident that these 
 methods are immensely time consuming and requires tremendous man power 
 resulting in increased cost. NGS technique, which is actually a second generation 
sequencing method, involves parallel sequencing of thousands to millions of DNA 
fragments and it represents an effective way of capturing huge amounts of genomic 
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information at a low cost (Tucker et al. 2009). It is used for various applications 
such as genome sequencing, transcriptome or RNA sequencing, sequencing of 
exome, sequencing of immunoprecipitated chromatin-bound DNA/RNA, micro RNA 
sequencing etc. (Morozova and Marra 2008). Since early 1990s, many NGS platforms 
emerged and they differ in engineering configurations and sequencing chemistry. 
Each sequencing platform has different sequencing output capacity, run time, library 
preparation method, library fragment length and principle of sequencing (Table 7.1). 
Polymerase-dependent sequencing approach is referred to as sequencing by synthe-
sis (SBS); while sequencing by ligation technique involves the enzyme DNA ligase 
to identify the nucleotide present at a given position in a DNA sequence (Chen 
2014; Mardis 2008). Most NGS platforms use sequencing by synthesis technique. 
The NGS technique, irrespective of the platform, comprises of three steps – DNA/
cDNA library preparation, sequencing and data analysis (Mardis 2008).

Illumina’s Solexa sequencing deserves a notable mention due to its enormous 
technological advances with nine different sequencers developed through a span 
of 8 years (Goodwin et al. 2016). It utilizes SBS technology using nucleotides 
modified by reversible dye terminators. The library preparation involves fragmen-
tation of the DNA followed by ligation of short stretches of double-stranded DNA 
of known sequence called adapters. During sequencing, primers complementary 
to these adapter sequences are used for extension. Additionally, another feature of 
the adapters is a short stretch (6 bp) of sequence called an index which varies 
between two different adapters and this is used for multiplexing different samples 
in the same sequencing reaction, i.e., adapter sequences containing different indi-
ces can be ligated to different DNA samples and these samples can be pooled 
together in the same sequencing reaction. After sequencing, the sequences from 
the different samples can be differentiated by virtue of the differences in their 
index sequences, a process in data analysis referred to as de-multiplexing. The 
double-stranded DNA library is denatured and put on a flow-cell containing cova-
lently attached lawn of primers complementary to a portion of the adapter 
sequence. These fragments are amplified using a method called bridge amplifica-
tion to produce ~1000 of similar fragments and this is referred to as a cluster 
(cluster generation). Each cluster forms a ‘spot’ on the flow cell. In each cycle of 
sequencing, all four dNTPs conjugated with a fluorophore dye and a reversible 
terminator modification is added. The complementary base in each fragment is 
added in that cycle, the image is captured and then the dye and the terminator are 
removed to move to the next cycle. Images for each cycle are compiled and the 
final sequence for each read is obtained (http://www.illumina.com/documents/
products/techspotlights/techspotlight_sequencing.pdf).

Although improvements in the second generation sequencing techniques continue 
to be impressive, a more recent development in sequencing is a number of third gen-
eration sequencing techniques. Third-generation platforms have several characteris-
tics over its predecessor technologies such as single-molecule templates, lower cost, 
easy sample preparation, faster run times and simplified data analysis. An initial 
DNA amplification step is necessary in second generation sequencers which produce 
multiple copies of the same DNA fragment and this step has been eliminated in the 
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third generation technologies. The sample DNA strands are subjected to sequencing 
directly at the single-molecule level using engineered protein polymerases. By this 
method, PCR amplification bias can be avoided. Additionally, longer DNA strands 
can be sequenced by third generation sequencers which help in easy alignment of 
reads to the reference genome (Schadt et al. 2010). However, it is important to note 
that none of the third generation technologies are currently in mass use for sequenc-
ing purposes. The three significant platforms developed include Pacific Biosciences 
single molecule real time sequencing, Helicos molecule fluorescence sequencing, 
and Oxford’s nanopore sequencing (Table 7.1) (Schadt et al. 2010).

7.6.2  Whole Genome, Whole Exome and Targeted Sequencing

The entire genome of an organism can be sequenced in one go using NGS and this is 
referred to as whole genome sequencing (WGS). This entails sequencing of the entire 
chromosomal DNA and mitochondrial DNA of an organism, and in case of plants it 
includes DNA from the chloroplasts. The isolated DNA from the cells of normal or 
diseased tissue is fragmented and adapter ligated to give rise to DNA library which 
is then subjected to sequencing. The output fragment sequences are then aligned to a 
previously constructed reference genome. Subsequently, the aligned sequences can 
be used to find out SNVs, indels, CNAs, gene fusions etc. (Ng and Kirkness 2010). 
The whole human genome is approximately 3.3  GB in size (Venter et  al. 2001). 
Functionally important short stretches of the human genome that are translated into 
proteins are termed as exons. The human genome comprises of about 180,000 exons 
constituting about 1% of the entire genome and this translates to around 30 mega-
bases in length (Ng et al. 2009). About 85% of disease causing mutations is found in 
these protein coding regions of the human genome (Choi et al. 2009). Whole exome 
sequencing (WES) is carried out to selectively sequence the exonic part of the human 
genome. The advantage of this method over WGS is its cost-effectiveness and the 
possibility of sequencing more number of samples at a time. The principle behind the 
library preparation for WES is basically pull-down of only the exonic regions of the 
genome. For this purpose, a pool of highly optimized probe set that delivers compre-
hensive coverage of exonic regions are used (Warr et al. 2015).

For targeted therapy of any diseased condition including cancer, the first step is to 
identify driver genetic alterations which can be targeted. Instead of sequencing the 
entire genome or exome of an organism, we can sequence particular genes of interest 
and this is referred to as targeted sequencing. Targeted sequencing enables in conserv-
ing resources (increased productivity) and generating a smaller, more easy-to-handle 
data set thus reducing analysis burden (stream-lined workflow) (Meldrum et al. 2011). 
This approach additionally delivers much higher coverage levels (500 – 1000X or 
higher) enabling identification of rare variants with high degree of confidence (accu-
rate results) (Mirebrahim et al. 2015). Two methods can be employed for fishing out 
regions of interest for targeted sequencing  – 1) custom amplicon and 2) custom 
enrichment (Fig. 7.1). In custom amplicon method, the regions of interest are ampli-
fied from the genomic DNA using primers and the amplified fragments are ligated 
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with adapter sequences to generate the targeted sequencing library. On the other hand, 
in custom enrichment method, the genomic DNA is fragmented and adapter ligated 
similar to WES library preparation. However, instead of genome-wide exon-specific 
enrichment probes, custom enrichment probes designed to pull down the regions of 
interest are used. These probes are biotinylated such that the library DNA hybridizing 
with the probes can be pulled down using magnetic beads conjugated with streptavi-
din. Both the libraries are PCR amplified and subjected to next generation sequencing 
(Fig. 7.1). Genomic DNA can be isolated from fresh frozen tumor tissue samples as 
well as formalin fixed paraffin embedded (FFPE) samples, although the DNA isolated 
from FFPE tissue sections are of poorer quality.

7.6.3  NGS Data Analysis

Data analysis is an integral requirement for uncovering genetic alterations from 
NGS data and particular computational skills are necessary which include knowl-
edge of Linux operating system and any programming language such as PERL, 
PYTHON, JAVA, R etc. As an example, the data analysis pipeline for the sequenc-
ing output from Illumina’s Solexa sequencing has been explained (Fig. 7.2). It is 
important to note that the following data analysis workflow is for calling single 
nucleotide variations (SNVs) or insertions/deletions (indels) following Genome 
Analysis Toolkit (GATK) guidelines (McKenna et al. 2010). The raw sequencing 
output comes as base intensities file or ‘.bcl’ file which is not human readable and it 
consists of data from millions of DNA fragments. Additionally, since multiple sam-
ples are pooled in one reaction, de-multiplexing of different samples is essential. 
Hence in the first step, de-multiplexing as well as conversion of .bcl files to human 
readable text file format called FASTQ files is done by bcl2fastq (http://support.
illumina.com/downloads/bcl2fastq_conversion_software_184.html). Each frag-
ment of DNA sequenced is called as “read”. The FASTQ file contains millions of 
reads as obtained from the sequencer. FastQC is a tool which determines the quality 
of sequencing on various parameters, such as average read quality, GC content, 
adapter contamination etc. (http://www.bioinformatics.babraham.ac.uk/projects/
fastqc/). Read quality score is an average base quality score of each nucleotide in a 

Fig. 7.1 Library preparation techniques for targeted sequencing of cancer-specific selected genes 
or genomic regions. In Custom amplicon method (left), the genomic DNA is subjected to PCR to 
amplify specific regions that may carry driver alterations to be sequenced. The single nucleotide 
variations (mutations) to be queried are denoted by colored crosses. Next, adapter sequences are 
added to the amplified fragments through PCR followed by cluster generation and next generation 
sequencing. In Custom enrichment method (right), the genomic DNA is subjected to fragmentation 
using acoustic waves. Adapter sequences are added to the fragments, followed by enrichment of 
regions of interest encompassing mutations using DNA probes complementary to those regions. 
As these probes are biotinylated, the fragments of interest are pulled down using streptavidin-
coated magnetic beads (red and black circles respectively). Finally, the selected library fragments 
are PCR amplified, followed by cluster generation and next generation sequencing
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read. This quality score is called Phred quality score (Q score). Q scores are defined 
as a property that is logarithmically related to the base calling error probabilities 
(Ewing et al. 1998). For example, Q score 30 is equivalent to the probability of an 
incorrect base call being 1  in 1000 times. This means that base call accuracy is 
99.9%. Reads where the peripheral bases have low quality scores are trimmed using 
FastX Trimmer (http://hannonlab.cshl.edu/fastx_toolkit/). Subsequently, the reads 
are mapped to the human reference genome using mapping tools like Burrows 
Wheeler Aligner (BWA) (http://bio-bwa.sourceforge.net/). The latest version of the 
human reference genome is GRCh38 (http://www.ncbi.nlm.nih.gov/projects/
genome/assembly/grc/human/). Post-alignment, we obtain the ‘.sam’ files which 
are very huge for further processing. These ‘.sam’ files are converted to binary for-
mat or ‘.bam’ files using Samtools (Li et al. 2009). Bam files are sorted by read 
name using Picard tool (http://broadinstitute.github.io/picard/). This step is impor-
tant for optimizing further steps like searching or merging. An artifact of sequenc-
ing that is almost always encountered is read duplication or same read being 
sequenced more than once as different clusters. This usually arises during PCR 

BAM file format
(.bam)  

samtools

Sorting (.bam) 

FastQ

Quality checkFastQC

Trim the 
sequences (.fastq) fastx_trimmer

Read Alignment
(.sam)  

BWA

picard

Read filtering
(Remove duplicate)  picard Realignment

around Indels 

Base quality score
recalibration 

Variant calling 

GATK

GATK

Filter Variant

Annotation 

Fig. 7.2 Schematic of data analysis pipeline for targeted sequencing. Each step is represented by 
the blue shapes while the tools required by each step of data analysis are given in peach shapes. 
Base intensities file from the sequencing machine is first converted to human readable FastQ for-
mat. After various quality checking steps, the reads are aligned to the human reference genome. 
Finally, the positions of each base in the chromosome are determined and the files are converted to 
ready-to-use format for subsequent analyses
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amplification steps during library preparation. Duplicate reads are removed using 
Picard as these are non-informative and should not be counted as additional evi-
dence for a variant. Due to presence of insertions and deletions in the genome, the 
algorithms that are used for read mapping give various types of artifacts. GATK is 
used for local realignment (McKenna et al. 2010). It is performed in two steps: first 
GATK’s RealignerTargetCreator tool determines small suspicious intervals which 
are likely in need of realignment; in the second step IndelRealigner realigns reads 
over those intervals. Variant calling depends on the quality score of individual base 
in each read. Sequencing instruments produce per base quality score; this quality 
score is either over or under estimated due to systematic technical error. Base 
Quality Score Recalibration (BQSR) is done by using GATK’s BaseRecalibrator 
tool (McKenna et  al. 2010). This tool gives more accurate base qualities, which 
improves the accuracy of variant calls. The program initially builds a model of 
covariation based on known variants, and then it adjusts the base quality score.

SNVs are most abundant in a genome. Detection of SNVs is simple and reliable, 
whereas other genomic variants like indels are relatively difficult to identify. To iden-
tify SNVs in a sample as compared to reference genome, various tools can be used 
such as MuTect (Cibulskis et al. 2013), VarScan (Koboldt et al. 2012), SNVmix (Goya 
et al. 2010) and SomaticSniper (Larson et al. 2012). For indel identification various 
tools are available of which Pindel is noteworthy due to its accuracy (Ye et al. 2009).

7.6.4  Targeted Sequencing Panels

Targeted gene sequencing panels are useful tools for analyzing specific mutations 
in a given sample and such focused panels containing a select set of genes or gene 
regions having known or suspected associations with cancer have been developed 
through the past decade. There are various pan-cancer panels developed by differ-
ent companies, e.g. FoundationOne™ from Foundation Medicine Inc., Illumina’s 
Truseq-Amplicon Cancer Panel, Illumina’s TruSight Cancer Panel, Personalized 
Cancer Mutation Panel (University of Pittsburgh Medical Centre), Cancer Gene 
Mutation Panel Version 2 (Baylor College of Medicine), AmpliSeq™Cancer 
Hotspot Panel v2 from Life Technologies, Qiagen’s GeneRead DNAseq Targeted 
Panels V2 etc. Of note, FoundationOne™ is one of the most comprehensive tar-
geted sequencing panels developed till date and it aims to find SNVs, indels, CNAs 
and gene arrangements in 315 selected cancer-related genes found to be altered in 
solid tumors (http://foundationone.com/). While Illumina’s Truseq-Amplicon 
Cancer Panel is a custom amplicon based targeted sequencing panel that aims to 
query mutations in 48 cancer related genes (http://www.illumina.com/products/
truseq_amplicon_cancer_panel.html), TruSight Cancer Panel is a custom enrich-
ment based targeted sequencing panel that aims to investigate mutations in 94 
genes associated mainly with breast and colorectal carcinoma (http://www.illu-
mina.com/products/trusight_cancer.html). Although, the various available cancer 
panels are designed for multiple types of cancers, recent pan-cancer studies show 
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that the genetic alteration landscape varies between different types of cancers 
(Kandoth et al. 2013; Tamborero et al. 2013). A targeted sequencing panel called 
GlioSeq has been formulated for all CNS tumors (Nikiforova et al. 2016). However, 
this does not cover many of the driver genes known to be altered in GBM (Brennan 
et al. 2013; Frattini et al. 2013). For example, genes that are highly altered in GBM 
such as PIK3R1, PDGFRA, KIT, VEGFR2, MDM2, CDK4, CDK6, LZTR1, 
MLL3 etc. are absent in the GlioSeq gene panel (Nikiforova et al. 2016). Hence, 
formulation of a targeted sequencing panel of clinical relevance for GBM patients 
is urgently required.

7.7  Current Status of Targeted Therapies for GBM

Enormous efforts have been undertaken through decades to understand molecular 
pathogenesis of GBM and there have been several attempts at developing targeted 
therapies for GBM. Over-expression of DNA repair gene, MGMT, in GBM leads to 
poor response to therapy. O6-Benzylguanine, an inhibitor of MGMT, was tested for 
combinatorial therapy along with temozolomide. However, the compound proved to 
be myelotoxic and hence studies were discontinued (Quinn et al. 2009). An inhibi-
tor of αvβ3/5 integrin, Cilengitide, was considered till phase III trial for use in GBM 
cases after which it was discontinued as it did not improve survival in patients 
(Reardon et al. 2011). Epigenetic modifiers such as histone de-acetylase enzymes 
(HDACs) have been found to be significantly mutated in GBM. HDAC inhibitor, 
Vorinostat, trial has recently entered phase II (Friday et al. 2012).

Two of the most profound examples of GBM targeted therapy are angiogenesis 
inhibitor, Bevacizumab and EGFR inhibitor therapies. GBM is characterized by 
extensive and sustained angiogenesis which is primarily regulated by vascular endo-
thelial growth factor (VEGF) and its receptor (VEGFR) (Mao et  al. 2015). 
Bevacizumab (Avastin), a humanized monoclonal antibody against VEGF, had been 
taken forward for clinical trial, but unfortunately it proved to be ineffective as it 
failed to improve survival in patients (Ferrara et al. 2004). This could be attributed to 
the fact that angiogenesis can be regulated by other molecules secreted by stromal 
cells (like microglial cells), and by transdifferentiated endothelial cells that arise 
from cancer stem cells (Mao et al. 2015; Nijaguna et al. 2015). EGFR is altered in 
>50% of GBM patients through mutations, CNAs and fusions that leads to cell pro-
liferation and survival in cancer cells. Inhibitors of EGFR, erlotinib, lapatinib and 
nimotuzumab have been subjected to clinical trial which again was a failure (Mittal 
et al. 2015). A mutant form of EGFR called EGFRvIII is prevalent among GBM 
patients and it has been shown to reside primarily on small circular extrachromo-
somal fragments of DNA called double-minute chromosomes (Sanborn et al. 2013). 
In 2014, Nathanson et al. revealed that resistance to EGFR inhibitors occur by elimi-
nation of this mutant EGFR extrachromosomal DNA from the cancer cells (Nathanson 
et al. 2014). They additionally proved that, withdrawal of the inhibitors lead to re-
emergence of clonal extrachromosomal EGFR mutants. Hence, it is evident that can-
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cer cells can evade therapies by highly specific, dynamic, and adaptive mechanisms. 
From this, we understand that ample efforts have to be put to elucidate novel and 
effective therapeutic options for GBM patients. Additionally, knowledge about the 
entire clinically relevant driver genetic alteration spectrum can help in formulation of 
a cocktail of therapeutic drugs targeting multiple genes leading to the death of most 
of the cancer cells thus opening up possibilities of combating tumor recurrence.

7.8  Available Targeted Therapies and Other Novel 
Therapeutic Options

According to National Cancer Institute (NCI), USA, there are 473 cancer thera-
peutic drugs available which are being used for treatment of different types of 
cancers (http://www.cancer.gov/about-cancer/treatment/drugs). Although, the tar-
geted therapeutic options available for GBM currently is disappointing, a signifi-
cant number of targeted therapeutic molecules used for other types of cancers 
could be considered for the treatment of GBM. As explained earlier, multitude of 
molecules of the RTK/Ras/PI3K pathway gets altered in GBM by mutation, CNAs 
and gene fusions. These molecules play a vital role in cancer cell survival and 
proliferation and hence are important targets for personalized therapy. In fact, 
there are a number of humanized antibodies and small molecule inhibitors that 
have been approved by FDA and are being currently used for other types of can-
cers (Table 7.2) (Kotliarova and Fine 2012). Additionally, apart from Bevacizumab, 
other anti-angiogenic molecules have also been approved for other cancers which 
could be tested for GBM patients. Further, cell cycle regulatory kinases CDK4 
and CDK6 get amplified in ~20% of GBM patients. Palbociclib is a CDK4/6 
inhibitor which has been approved for breast cancers and can be considered for 
GBM therapy (Table 7.2).

Advancements in human genomics have created ways for gene therapy as novel 
therapeutic approaches to improve cancer regression and find a potential cure for 
the disease. This method comprises of transferring genetic material into a cancer 
cell through viral or non-viral vectors, production of oncolytic viruses to target 
cancer cells, immunomodulation of tumor cells or the host immune system, and 
manipulation of the tumor microenvironment to reduce tumor vasculature (Amer 
2014). It is anticipated that gene therapy will play an important role in future cancer 
therapy as part of a multimodality treatment in combination with other forms of 
cancer therapy. This is due to the fact that these therapies have the potential to harm 
the cancer cells maximally with minimal effects on normal cells.

Oncolytic virotherapy is an emerging targeted therapy which involves generation 
of replication competent viruses that can target and destroy cancer cells with little 
or no harm to the normal cells. The basic principle behind oncolytic virotherapy is 
to genetically modify viruses such that they cannot replicate within normal cells but 
can undergo rapid replication within the cancer cells thus leading to lysis of the cell 
(Amer 2014). There are few oncolytic viruses generated to target GBM cells which 
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Table 7.2 List of targeted sequencing molecules

Sr. 
No. Drug name Active ingredient Targets Cancers

Antibody based
1 Avastin Bevacizumab VEGF Cervical cancer, colorectal cancer, 

glioblastoma, non-small cell lung 
cancer, primary peritoneal cancer, 
renal cell cancer

2 Cyramza Ramucirumab VEGFR2 Adenocarcinoma, clorectal 
cancer, non-small cell lung cancer

3 Erbitux Cetuximab EGFR, VEGFR2 Colorectal cancer, squamous cell 
carcinoma of the head and neck

4 Herceptin Trastuzumab ERRB2 Adenocarcinoma, breast cancer
5 Kadcyla Ado- 

Trastuzumab 
Emtansine

ERRB2 Breast cancer

6 Perjeta Pertuzumab ERRB2 Breast cancer
7 Vectibix Panitumumab EGFR Colorectal cancer
Small molecule inhibitor
1 Bosulif Bosutinib 

Monohydrate
BCR-ABL, SRC Chronic myelogenous leukemia

2 Caprelsa Vandetanib EGFR, VEGFR2 Medullary thyroid cancer
3 Cometriq Cabozantinib-S- 

Malate
MET, VEGFR2 Medullary thyroid cancer, Renal 

cell carcinoma
4 Eylea Aflibercept VEGFR2 Colorectal cancer
5 Farydak Panobinostat 

Lactate
HDAC, HIF-1a, 
VEGF

Multiple myeloma

6 Gleevec Imatinib 
Mesylate

PDGFR, KIT Acute lymphoblastic leukemia, 
chronic eosinophilic leukemia, 
chronic myelogenous leukemia, 
dermatofibrosarcoma protuberans, 
gastrointestinal stromal 
tumor,myeloproliferative 
neoplasms, systemic mastocytosis

7 Ibrance Palbociclib CDK4, CDK6 Breast cancer
8 Inlyta Axitinib VEGFR, PDGFR, 

KIT
Renal cell carcinoma

9 Iressa Gefitinib EGFR, KIT Non-small cell lung cancer
10 Jakafi Ruxolitinib 

Phosphate
JAK1, JAK2 Myelofibrosis, polycythemia vera

11 Lapatinib Lapatinib EGFR, KIT Breast cancer
12 Lenvima Lenvatinib 

Mesylate
FGFR, KIT Renal cell carcinoma, thyroid 

cancer
13 Mekinist Trametinib 

Dimethyl 
Sulfoxide

MEK1 MEK2 Melanoma

14 Sorafenib Sorafenib RAF, MAPK, 
PDGFR

Hepatocellular carcinoma, renal 
cell carcinoma, thyroid cancer

(continued)
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are under clinical trials, for example, CRAdRGDflt-IL24 (Kaliberova et al. 2009) 
and ONYX-105 (Ries and Korn 2002). Another emerging targeted therapeutic 
approach which is gaining importance is the production of genetically modified 
chimeric antigen receptor (CAR) T lymphocytes. CAR T cells are reprogrammed to 
express monoclonal antibody-binding domains that trigger T-cell activation and 
effector function upon tumor antigen binding. Currently, clinical trials of CARs 
targeting EGFRvIII (NCT01454596) and HER2 (NCT01109095) are ongoing for 
GBM patients (Reardon et  al. 2011). Vaccinations sensitize the immune system 
against target antigens and this technique can be utilized to kill cancer cells by 
regulating the host immune system. For example, Rindopepimut (Celldex 
Therapeutics) is a synthetic 14 amino acid peptide (mapping to the EGFRvIII-
specific splice site) conjugated to the immune adjuvant keyhole limpet hemocyanin 
which has been developed as a potential vaccine to evoke the immune responses of 

Table 7.2 (continued)

Sr. 
No. Drug name Active ingredient Targets Cancers

15 Sprycel Dasatinib SRC, KIT, Ephrin 
receptors

Acute lymphoblastic leukemia, 
chronic myelogenous leukemia

16 Sutent Sunitinib Malate PDGFR,VEGFR2 Gastrointestinal stromal tumor, 
pancreatic cancer, renal cell 
carcinoma

17 Tafinlar Dabrafenib 
Mesylate

BRAF Melanoma

18 Tarceva Erlotinib 
Hydrochloride

EGFR, KIT Non-small cell lung cancer, 
pancreatic cancer

19 Tasigna Nilotinib 
Hydrochloride 
Monohydrate

KIT, ephrin 
receptors, DDR1, 
DDR2, PDGFRB, 
BCR_ABL, 
MAPK11

Chronic myelogenous leukemia

20 Torisel Temsirolimus mTOR, VEGFR2 Renal cell carcinoma
21 Velcade Bortezomib NF-κB Multiple myeloma, mantle cell 

lymphoma
22 Votrient Pazopanib 

Hydrochloride
KIT, FGFR, 
PDGFR, VEGFR

Renal cell carcinoma

23 Xalkori Crizotinib MET, ALK fusion Non-small cell lung cancer
24 Zelboraf Vemurafenib BRAF Melanoma
25 Zortress Everolimus mTOR Breast cancer, pancreatic cancer, 

gastrointestinal cancer, lung 
cancer, renal cell carcinoma, 
subependymal giant cell 
astrocytoma

26 Zydelig Idelalisib PIK3CD Chronic lymphocytic leukemia, 
non-Hodgkin lymphoma

http://www.cancer.gov/about-cancer/treatment/drugs
Kotliarova and Fine (2012)
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a patient  harboring EGFRvIII mutation to specifically target the GBM cells. In pre-
clinical studies, EGFRvIII vaccination demonstrated survival benefit as well as 
EGFRvIII-specific humoral and cellular immune responses (Reardon et al. 2011). 
Hence, it is evident that GBM targeted therapy is under constant evolution through 
enormous research and this provides hope for the development of effective therapy 
to improve patient survival drastically and ultimately reach a point when the disease 
can be completely obliterated.

7.9  Conclusions and Future Directions

During the past decade, numerous groups have undertaken tremendous efforts to 
understand the genetics and epigenetics of GBM pathogenesis. Advancement in 
genomics technologies has paved the path for the development of NGS techniques 
which has led researchers to uncover the entire genetic alteration spectrum of GBM. 
Our understanding of GBM has progressed by leaps and bounds but the median 
survival achieved till date is only 15–17 months (Arvold and Reardon 2014; Stupp 
et al. 2009). Hence, it is evident that a change in the treatment strategy for these 
patients is required and personalized therapy is gaining importance in the field of 
cancer. Although patient stratification can help clinicians in determining the aggres-
siveness of the therapy required for individual patients, the new promising approach 
for cancer treatment is targeted therapy which involves inhibition of specific altered 
molecules in the cancer cells through small molecule inhibitors or monoclonal anti-
bodies. However, due to inter-tumoral heterogeneity, tumors from different indi-
viduals show variable response to different targeted therapies. Moreover, 
intra-tumoral heterogeneity causes the tumor cells within a particular tumor to 
respond differently and treatment targeting a single molecule will not eradicate all 
tumor cells, thus leading to tumor recurrence (Almendro et  al. 2013). For these 
reasons, identification of the entire milieu of driver genetic alterations within a 
tumor should be the priority. NGS based targeted sequencing paves the way for 
simultaneous sequencing of cancer-specific selected genes at very high coverage 
(Meldrum et al. 2011). Thus, a cocktail of targeted therapeutic molecules can be 
used as the novel therapeutic regime for eradication of GBM. Targeted sequencing 
is both cost and time effective and hence, can be used for target identification such 
that personalized therapy can be given to each patient. This proves that there is hope 
for better treatment options for GBM patients in the near future. However, much 
advancement in the formulation of effective tailored therapy for GBM is required 
and targeted therapy development has still a long way to go due to the following 
reasons. First, it is still unclear which driver genetic alterations have prominent roles 
to play in tumor development i.e., deregulated molecules on which cancer cells are 
more dependent for survival and proliferation. Moreover, the biology of GBM is 
still not completely understood and extensive research is required to understand 
various aspects such as, tumor-stroma interactions. For example, although GBM 
tumors show extensive angiogenesis, treatment with Bevacizumab, an inhibitor of 
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angiogenic molecule VEGF, was found to be ineffective. This could be due to secre-
tory molecules produced by stromal cells around the tumor and transdifferentiation 
of cancer stem cells to give rise to new blood vessels (Mao et al. 2015; Nijaguna 
et al. 2015). Additionally, understanding of cancer stem cells need much research as 
these cells are treatment refractory and thrive to give rise to recurrence (Nakano and 
Mangum 2011). Further, there is an urgent requirement for development of novel 
therapies for targeting GBM tumor cells. With the discovery of more driver genetic 
alterations, more number of inhibitors against the whole array of genetic alterations 
needs to be developed. Enormous efforts have to be put to promptly develop com-
mercially available kits for identifying GBM specific driver genetic alterations. In 
conclusion, it is evident that personalized therapy is the future of GBM treatment 
and every effort needs to be made to make this available for application by clini-
cians and oncologists.
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Abstract Glioblastoma is detrimental brain tumor with less than 2 years of life 
expectancy. They are refractory to conventional therapy and show high relapse rate. 
GBM tumors exhibit diverse intra-tumoral heterogeneity with multidirectional evo-
lution of clones created by plethora of genetic and epigenetic events. Plasticity 
being an obstacle in targeting the GBM cells, discovery of glioma stem like cells 
(GSCs) a decade ago shed light on the dark side of GBM. The intrinsic escape path-
ways and quiescence encoded within GSCs in combination with niche signals offer 
advantages like resistance to radio/chemotherapy, high invasion and migration 
capabilities, trans-differentiation and enhanced self-renewal to tumor. This chapter 
summarizes the recent advances in the field of GSCs including the distinct molecu-
lar characteristics and importance of GSCs in therapy resistance. Though enormous 
attempts to deduce the puzzle of GSCs were made, the perspective in conjunction 
with whole tumor studies is still at stake which emphasize the requirement of in- 
depth studies.
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8.1  Introduction

Glioblastoma (GBM) is the most aggressive glioma in adults. It is classified as 
grade IV astrocytoma by World Health Organization with characteristics of intra- 
tumoral heterogeneity, high vasculature and infiltrative nature. GBM has a worse 
prognosis with less than 12–14 months of survival after diagnosis. Radiotherapy 
post-surgery has been shown to increase survival significantly from 3–4 months to 
14.4 months in GBM patients and additional adjuvant temozolomide treatment pro-
longs life expectancy up to 18.8 months (Stupp et al. 2009). Glioma stem like cells 
(GSC) which exist in small fraction, exhibit high self-renewal, and therapy resistant 
which leads to high propensity of recurrence.

8.2  Historical Perspective of Cancer Stem Cells (CSCs)

The cancer stem cell (CSC) hypothesis proposes that hierarchy of cells exists within 
a tumor with varying extent of proliferation, differentiation capability and in vivo 
tumorigenecity. A minor clonal population of cells on top of the hierarchy termed as 
“cancer stem cells” is necessary and sufficient for tumor expansion (Shapiro et al. 
1981). The terms stem cell and progenitor are utilized interchangeably despite they 
belong to different states in the hierarchy and progenitors show restricted ability of 
self-renewal and unipotent (Bradshaw et al. 2016). CSCs have the ability to self- 
renew by symmetric divisions to expand pool of stem like cells while it can estab-
lish another malignant stem cell and a progenitor cell by asymmetric cell division. 
The fate decision of CSCs depends on chromosomal aberrations or extra-cellular 
interactions with the niche/ microenvironment (Tang 2012). Tumor cells lacking 
stem cell properties fail to initiate self-propagating tumors regardless of their dif-
ferentiation status or proliferative capacity which makes cancer stem cells as a 
lucrative drug target (Kreso and Dick 2014). Though glioma stem-like cells (GSCs) 
reflect characteristics of normal neural stem cells (NSC), unlike NSC they can give 
rise to glioma-like tumors when xenografted into subventricular striata of immune- 
compromised mice. The plasticity (differentiation and trans-differentiation) of nor-
mal adult stem cells compared to CSC is limited.

Evidence for the cancer stem cell was first shown in human acute myeloid leuke-
mia (AML). CD34+/CD38− cancer initiating cells isolated from AML formed tumors 
in vivo when transplanted into nude mice (Dick et al. 1991). Breast cancer cells with 
profile of CD24+CD44−/low distinguished tumorigenic from non  tumorigenic cells 
(Yan et  al. 2013). Initial identification of GSCs in whole tumor was proven by 
 expansion of neurosphere cell clones under serum free culture conditions identical to 
normal neural stem cells (Ignatova et al. 2002) followed by Kondo et al. showed high 
incident of tumor formation by neurosphere cells sorted according to dye efflux 
capacity (Kondo et al. 2004). Discovery of CD133+ GSC was a milestone in stem cell 
research since as few as 100 CD133+ cells was able to form serially transplantable 
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xenograft to recapitulate the pathology of patient tumor whereas 105 CD133− cells 
failed to initiate tumor (Singh et al. 2004). The tumor cells grown as neurosphere in 
limited numbers (1 cell/well) express stem related markers compared to the differen-
tiated cells under serum condition for 2 weeks. Normal brain derived neurospheres 
failed to regain spheres post differentiation for 2 weeks which reiterates the enhanced 
self-renewal capability of GSC compared to NSC (Yuan et al. 2004). Followed by the 
breakthrough in GSC isolation, several groups have attempted to enrich GSCs as 
neurospheres from whole tumor using different surface markers and examined the 
tumor formation efficiency of this population by establishing intracranial xenografts 
with limited number of cells. Two reports have provided evidence that CD133− cells 
also exhibit stem like characteristics and tumor initiation (Beier et al. 2007; Wang 
et  al. 2008). Later Gunther et  al. has proven the existence of two distinct GSCs 
derived from GBM tumors with variable nature of invasive tumor formation and 
CD133 expression (Gunther et al. 2008).

8.3  Cancer Stem Cell Models

Glioma portraits high extent of heterogeneity and remain unrestrictive for standard 
therapy. Initiation and progression of GSCs are explained by continuous molecular 
evolution and whole tumor is composed of diverse types of GSCs with distinct 
expression signature. Investigating the underlying mechanism is beneficial for 
devising personalized clinical strategy and excludes unnecessary drugs. The propor-
tions of GSC differ in various tumor types and grade. Hence evaluating the stoichi-
ometry of GSCs in tumor serve the purpose of effective therapy as certain drugs are 
restricted to specific cell types. There are two models in current literature to explain 
the property and dynamics of GSCs. Hierarchical model emphasizes that each cell 
has predefined cell fate and GSCs belongs to the apex of hierarchy (Fig. 8.1a). They 
show distinct property of enhanced tumorigenesis and therapy resistance (Dick 
2009; Nguyen et al. 2012). Stochastic model show randomized population of tumor 
cells where any cell can acquire or lose the tumorigenic property and the dynamic 
events rely on intrinsic and extrinsic factors. It portrays tumor as homogenous popu-
lation with clonal expansion and it allows bi-directional transitions among different 
epigenetic/transcriptomic phenotypes due to genomic instability created by irre-
versible genetic aberrations (Fig. 8.1b).

Several experimental and theoretical approaches were employed to solve the 
dilemma on stem cell theory. Studies in hematopoietic system show that despite cells 
belongs to distinct functional profile, any isolated subpopulation will regain the pro-
portions of heterogeneity over time under physiological condition and stem cells 
undergo transition stochastically between progenitor and transit amplifying cell 
states (Gupta et al. 2011). Due to plasticity, GSCs give rise to non GSC by differen-
tiation or asymmetric cell division while non –GSCs can also revert to stem- like cells 
under physiological condition (Fig. 8.1c). To experimentally test the models, GSCs 
and non-GSCs sorted on the basis of cell surface marker (CD133) and were cultured 
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separately in order to track transition dynamics of parent and  sub- clones. Though 
GSCs and non-GSC are organized within restricted  compartment, the inter-conver-
sion of non-GSC to GSC is a stochastic event (Wang et  al. 2014). Mathematical 
modeling and lineage tracking by limited dilution tumorigenesis in vivo in other can-
cers provide additional support to the unified stem theory (Chaffer et al. 2011; Gupta 
et al. 2011; Morel et al. 2008; Quintana et al. 2010; Sottoriva et al. 2013). Chen and 
colleagues have established that regardless of predetermined fate decision or genetic 
background, low probability of spontaneous GSC transition from bulk cells occur 

Hierarchy model

Treatment induced tumor
microenvironment

Tumor
microenvironment 

A

Stochastic modelB

C

Treatment induced
additional mutations

Fig. 8.1 Cancer stem cell models (a) Hierarchy/elite model describes tumor as biologically dis-
tinct clones of cells with varying efficiency of tumorigenicity. A small subset of cells possesses 
high self-renewal capacity and act as a reservoir ( ) for tumor. Different stages of differentiation 
lead to emergence of progenitors ( ) and differentiated cells ( ) with limited self-propagation and 
restricted tumorigenicity. (b) Stochastic model explains a flexible system of cells where every cell 
has the potential to become a GSC and at any point a population of cells can impart GSC-like 
property (  ). (c) The transition of GSC to non-GSC is a pre-dominant event happening all the 
time (black arrow), while the formation of GSC from non-GSC may happen occasionally (grey 
arrow), when the cells are exposed to appropriate tumor niche related cues like hypoxia 
(Skjellegrind et al. 2016) and endothelial cells (Fessler et al. 2015). Treatment (TMZ/radiation) 
also enhances the stochastic switching (Auffinger et al. 2014; Dahan et al. 2014) via the metabo-
lomic reprogramming by alterations in glycolysis (Mao et  al. 2012), Reactive oxygen species 
(Hsieh et al. 2011), Nitric oxide (Altieri et al. 2015) or by intrinsic acquisition of additional muta-
tion. These events result in the transition of non-GSCs to GSCs with a same or varying genetic 
make-up (   )

A. Visvanathan and K. Somasundaram



195

and it relies on epigenetic reprogramming by regulation of histone modifiers (Kozono 
et al. 2015). Normal somatic cells can be reversed to pluripotent state by introducing 
Yamanaka factors SOX2, OCT4, MYC and KLF4. Similarly fate of non GSCs to 
GSC is reconstructed by altered epigenetic barriers encoded in DNA and histones. 
The activation of four factors SOX2, SALL2, OLIG2 and POU3F2 rewire histone 
marks and transcriptome profile of differentiated cells back to GSCs. Induced stem-
like cells from differentiated cells recapitulate the H3K27 acetylation profile of 
GSCs and tumorigenecity (Suva et al. 2014). Differentiated cells were successfully 
reprogrammed to form neurospheres in vitro with comparable spherogenecity as of 
GSC culture and gene expression profile by over expression of four transcription fac-
tors. An independent study by Olmez et al. has obtained induced GSCs by introduc-
ing OCT4, SOX2 and Nanog to differentiated cells and they were able to sustain 
stem property independent of exogenous mitogens (Olmez et  al. 2015). Different 
GSCs possess varying capability of differentiation and permanent cell cycle exit 
when exposed to BMP. Re-exposure to EGF/FGF leads to cell cycle re-entry and 
proliferation regardless of long term non-cycling state. The incomplete differentia-
tion and quiescence of specific clones are due to the partial DNA methylation cou-
pled with abrupt SOX2 occupancy in stem specific promoters is the limitation which 
locks the cells in hyper quiescent stem like cells (Caren et al. 2015).

Therapy resistance of tumor is partially due to GSCs and high order hierarchy 
tumors are refractory to drugs. In contrary to hierarchy model, during standard ther-
apy, dedifferentiation of non-stem cells to stem compartment occur which reiterates 
the existence of stochastic transition model (Wang et al. 2014). Enhanced repro-
gramming of non-GSC to GSC when exposed to radiation (Bao et al. 2006a) and 
temozolomide (enrichment for CD133/Nestin OCT4, SOX2) (Auffinger et al. 2014) 
were additional proof for the operation of stochastic model (Fig. 8.1c).

8.4  Tumor Heterogeneity and Cancer Stem Cells

Recent studies have interrogated the existence of diversity among GSCs within a 
single tumor. Single cell sequencing coupled with CNV analysis enabled molecular 
profiling of individual cells derived from five different tumors demonstrated the 
presence of an intra-tumoral expression gradient (Patel et al. 2014). In addition to 
the variable expression of genes related to oncogenic signaling, proliferation, com-
plement/immune response, and hypoxia, stem cell specific gene signature also 
showed variation within different regions of tumor. Further, it has been shown that 
a single GBM tumor contains heterogeneous clones of GSCs with different mor-
phologies, self-renewal and proliferative capacities (Soeda et al. 2015).

The origin of GSCs remains paradoxical as they can arise either from NSCs or 
differentiated glial cells. Since previous reports suggest intra-tumoral heterogeneity 
exists within stem cell population, it gives hint that multiple stem cell clones would 
have evolved during the tumorigenesis which further expand to establish a complex 
system. Failed DNA aberration surveillance within NSCs may lead to initial seed of 
tumor initiating cell. Multiple mutant clones might evolve within a span of time 
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directly from different NSCs. Due to genomic instability, the previously formed 
tumor initiating cells may also acquire additional genetic alterations thus resulting 
in wide heterogeneity (Fig. 8.2).

Initial studies revealed inactivation of tumor suppressors Nf1, p53, Pten in normal 
neural progenitors is sufficient and indispensible to initiate astrocytoma (Alcantara 
Llaguno et al. 2009). In addition, adenoviral injection of Cre recombinase into sub 
ventricular zone (SVZ), an NSC reservoir of Nf1/p53 floxed mice induced grade III/
IV glioma at post natal and adult ages. Independent report showed deletion of p53 
and Pten in murine neural stem cells forms aggressive GBM and the cells are resis-
tant for differentiation (Zheng et al. 2008). The above work was extended in astro-
cytes/neurons/SVZ NSCs by introducing shNF1-shp53 or H-RasV12-shp53 genetic 
aberrations and proved dedifferentiation of cells in order to initiate and maintain the 
tumor (Friedmann-Morvinski et al. 2012). Additional support for NSC driven tumor-
igenesis was provided by PTEN deletion in normal neural stem cells which creates 
GSCs by derepressing PAX7 transcription (Duan et al. 2015).

As the whole tumor study widen the spectrum of heterogeneity by dividing GBM 
into neural, proneural, mesenchymal and classical tumors on the basis of transcrip-
tome, recent research extended the classification to GSCs. Mesenchymal GSCs with 
(NF1 alteration and WT IDH1) high CD44/low Olig2 expression cause aggressive 
intracranial tumors with resistant phenotype to radiation compared to proneural 
GSC (mutant IDH with GCIMP) (Bhat et al. 2013; Mao et al. 2013). Chandran et al. 
provided support for distinct expression and metabolic profiles exist between pro-
neural and mesenchymal GSCs and they report mesenchymal GSC portray pro-
found radioresistance than other classes with high ALDH1A3 (Aldehyde 
Dehydrogenase 1 Family Member A3) expression (Chandran et al. 2015). Radiation 
induces shift in gene expression towards mesenchymal like profile and inhibition of 
ALDH1A3 attenuates the shift (Mao et al. 2013).

Normal
stem cells 

First cancer
stem cell

Cancer stem cell
heterogeneity

Self renewal  and
differentiation 

Fig. 8.2 Heterogeneity of cancer initiation and progression Exposure to carcinogens ( ) creates a 
rare cancer stem cell ( ) from a normal stem cell ( ) due to genetic aberration. Additional clones 
of new cancer stem cells ( ) are formed either from the first formed cancer stem cell due 
to its genetic instability or directly from another normal stem cell due to another new genetic aber-
ration. Further epigenetic changes results in creation of a large number of differentiated bulk cells 
( ) thus forming a tumor

A. Visvanathan and K. Somasundaram



197

8.5  Cancer Stem Cell Isolation

8.5.1  Neurospheres

Whole tumor and cell line based studies do not portray the molecular mechanisms 
specific to CSCs as they are of small population and the alterations are masked by 
the bulk differentiated cells. Hence it is necessary to explore the effects in such a 
system where stem cells are enriched by selective stem specific growth factors. 
GSCs are able to form clonal structures named as “neurospheres,” in vitro that reca-
pitulate the intra-clonal diversity which exists within tumor. The initial evidence of 
neurosphere culture was provided by maintaining stem like cells with self-renewal 
and multipotent property on methyl-cellulose matrix in presence of EGF (Epidermal 
growth factor) and FGF (fibroblast growth factor) (Ignatova et al. 2002). Serum free 
medium supplemented with growth factors EGF, N2, B27 and FGF with anchorage 
withdrawal condition, cells are allowed to propagate as heterogeneous population of 
cancer stem and progenitor cells. Neurospheres is a mixture of committed progeni-
tors, stem and differentiated cells. Enzymatic/chemical or mechanical disruption 
methods are used to passage neurospheres cells. Approximately after 7–10 days of 
dissociation, the spheroid reaches the size of 100–200 μM with an average of 3000–
5000 cells per sphere. Passaging efficiency and size of the sphere are measures for 
self-renewability and proliferation respectively. Different combination of growth 
factors and dissociation protocols are followed to propagate neurospheres and hence 
it is essential to validate the stem properties during the passages. As with increasing 
passages self-renewal and differentiation capacity were altered and induced chro-
mosomal instability occur in neurospheres culture (Vukicevic et al. 2010).

Limitations of neurosphere culture: neurospheres cells expand more slowly in 
suspension culture in vitro than their in vivo counterparts. It is difficult to identify 
the precise cellular targets and real-time monitoring of cellular responses due to the 
presence of restricted progenitors and differentiated cell types along with neural 
stem cells (Pastrana et al. 2011). The diffusion of growth factors is limited in sphere 
condition and it might disrupt the uniformity of GSC phenotype. Disrupted 
 neurosphere derived single cells were captured by time lapse microscope and they 
form adventitious clumps or fused multi-clones as they were motile. Since the com-
position of neurosphere was assumed as clonal cells arise from a founder cell it is 
crucial to complement the assay by limited number of cells (1–10 cell per well) 
(Ladiwala et al. 2012). Cell density, medium volume and surface area of the culture 
dish are limiting factors in determining clonal proliferation and intercellular fusion. 
In addition presence of EGF and FGF in neurosphere culture condition renders 
selective pressure for progenitor pool with high EGFR/FGFR and it fails to recreate 
the heterogeneity and histological features in xenograft as of GSCs isolated fresh 
from tumor (Lathia et al. 2015). To overcome the uneven distribution of growth fac-
tors adherent stem culture on laminin coated culture ware was developed and stud-
ies on stem like characteristics show the cells portray positivity for stem specific 
markers and they selectively enrich for proliferative neural progenitors with high 
Nestin (Sun et al. 2009).
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8.5.2  De Novo Isolation of GSCs Using Markers

GSCs can be identified on the basis of their expression of cell surface markers. The 
markers which define the cancer stem cell population remain controversial. CD133 
membrane glycoprotein is a marker for glial neuronal progenitors and stem cells. 
CD133+cells represent a subpopulation of cells in brain tumors with a frequency of 
as low as 1% or less in low-grade tumors and high as 30% in highly aggressive 
glioblastomas (Dirks 2006; Hemmati et  al. 2003). Selection for CD133+ cells 
enriched the populations of cells with stem-like properties, though evidences sug-
gest the existence of CD133− glioma stem cells and both CD133+ and CD133− cells 
isolated from the same tumor specimen can be cultured as neurospheres (Sun et al. 
2009). Both populations of cells are able to self-renew and initiate tumors upon 
xenotransplantation (Beier and Beier 2011). The discrepancy is explained by 
Brescia et al. that due to CD133 localization changes from cell surface to cytoplasm 
the physiological importance of cellular compartment specific CD133 is underesti-
mated. Further glycosylated membrane localized AC133 antigen instead of mRNA 
of CD133 is reliable in identifying the stem phenotype (Lathia et al. 2015). In addi-
tion by exploiting the enhanced expression of detoxifying molecules like ALDH1A 
(aldefluor) and ABCG2 (side population and dye retention) in stem cells they can be 
purified from a heterogeneous population. Exploiting the high efflux capability of 
stem cells, a side population (SP) which shows low DNA binding fluorescent dye 
content can be purified. 0.2–0.8% of neurosphere cells of mouse forebrain falls in to 
SP and they disappear with ABC transporter inhibition by verapamil (Kim and 
Morshead 2003). SSEA1 (CD15) (Son et al. 2009), ABCG2 (Jin et al. 2009), CD44 
(Liu et al. 2006) and L1CAM (Bao et al. 2008), Nanog (Ben-Porath et al. 2008; 
Suva et  al. 2014) and A2B5 (Tchoghandjian et  al. 2010) are few other markers 
which define the identity of GSCs. Regardless of the methods used the resultant will 
be a mixture of progenitors and primitive stem cells with varying level of  tumorigenic 
potential. To get a stringent separation a set of markers combined with functional 
assays in vivo (tumor formation with limited number of GSCs and the serial trans-
plantation) is reliable. Independent of mutation background of GSCs, the markers 
CD133, CD15, L1CAM are widely expressed and it reveals that GSC signature 
profile is recreated via different mutations. The selection of markers for whole 
tumor studies should be selected with care as cytosolic SOX2, Nestin, and CD133 
are expressed in NSCs and aberrant expression should be scored for CSCs.

8.6  Characterization of GSCs

(1) Multipotency- In the presence of serum and adherent support GSCs can dif-
ferentiate in to glial, neural, oligodendrocytic lineages accompanied by increased 
expression of lineage restrictive genes (MAP2, Tubulin beta III, O4, Tuj1, GFAP) 
confirms the multipotent nature of GSCs. (2) Limited dilution assay (LDA)-Small 
number (1–50) of cells is plated in multiple wells in order to test the clonogenecity 

A. Visvanathan and K. Somasundaram



199

and to ensure the sphere formation is not due to aggregation. In addition to neurso-
phere assay, LDA examines the incidents of wells with no sphere formation at 
higher dilutions of cells. Particular size limit is usually defined to consider a clump 
as neurosphere to eliminate the cell clones with limiting self-renewal (Rahman  
et al. 2015). (3) In vivo serial transplantation- Formation of aggressive GBM like 
tumor with the characteristics such as high necrotic regions vasculature nuclear 
atypia pseudopalisading cells with limited number of GSCs. It supports the fact that 
GSCs are capable to initiate and repopulate a whole tumor which reflects the histol-
ogy of GBM patient tumors (deCarvalho et al. 2010).

8.7  Role of GSCs in Therapy Resistance

8.7.1  Perspective on GSC Treatment Response

GSCs were reported to exhibit high drug resistance with migratory potential and the 
enriched proportion of GSCs aggravates the tumor. Parada group, using ΔTK- IRES- 
GFP (Nes-ΔTK-GFP) mouse model showed that Nestin positive cells were remnant 
post temozolomide (TMZ) treatment and could reinitiate tumor (Chen et al. 2012). 
Post TMZ treatment, the residual tumor mass showed endogenous high Nestin and 
characteristics of GSCs. CD133+ GSCs promptly activate DNA double strand break 
repair pathways via ATM/ATR and ChK1 phosphorylation post TMZ treatment 
which results in the efficient killing of CD133− cells compared to CD133+ cells. 
Further, cytotoxicity of TMZ was high in differentiated cells maintained in serum 
containing media compared to the matched GSCs (Ghods et al. 2007). Long term 
TMZ treatment as 2  weeks increased the percentage of side population which is 
characteristic of GSCs and in vivo tumorigenecity (Chua et al. 2008). An indepen-
dent report suggests that hypoxic core derived CD133+ cells are intrinsically resis-
tance to TMZ compared to peripheral cells (Pistollato et al. 2010). Studies on clinical 
efficacy of TMZ in targeting GSCs show selective dose-dependent decrease in pro-
liferation of CD133+ cells with minor cell death (Clement et al. 2007). As shown in 
differentiated glioma cells, the promoter methylation and transcript/protein levels of 
MGMT partially determine the TMZ sensitivity in GSCs (Blough et al. 2010).

In contrast to previous reports, Beier and colleagues have concluded that 
CD133+clonal cells are selectively depleted by TMZ compared to CD133− cells and 
the lethality relies on MGMT levels. The dosage given to patients is sufficient to 
eliminate MGMT negative GSCs and not MGMT positive GSCs which are similar as 
CD133− cells. Authors explained the discordance to previous studies by limitation of 
using short term metabolic viability assays over prolong observation of cytotoxicity. 
CD133 being an ambiguous stem marker, the physiological effects needs further scru-
tiny. Pharmacokinetics of TMZ shows a maximum concentration of 5 μM in the cere-
brospinal fluid of GBM patients post treatment which is far below the concentration 
required to kill GSCs, hence maintaining 50 μM within tumor cells is required to 
eliminate GSCs (Beier et al. 2008). Several attempts on synergizing the cytotoxicity 
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by using specific pathway inhibitors with TMZ were taken to overcome the dosage 
limitation. Drugs targeting IGF1/Shh pathway (Hsieh et al. 2011), STAT3 (Villalva 
et al. 2011) and NOTCH (Gilbert et al. 2010) were proved to make GSCs susceptible 
to sub optimal TMZ concentrations.

Post high dose gamma irradiation, the percentage of CD133+ cells were found to 
be high compared to surgically resected tumors before treatment (Tamura et  al. 
2010). Clonogenic assay showed high CD133+ cells were resistant to radiation com-
pared to the CD133− cells. In addition, the minimal number of cells required to 
establish a xenograft is less when the cells were exposed to irradiation as irradiation 
selectively enriches CD133+ cells (Bao et al. 2006a). Similar physiopathology was 
showed in vivo when a mixed population of independently labeled CD133+/CD133− 
cells implanted and the ratio of CD133+:CD133− increased post irradiation. Efforts 
were taken to radiosensitize GSCs by inhibition of specific set of genes (De Bacco 
et al. 2011; Kim et al. 2015; Lomonaco et al. 2009; Wang et al. 2010).

8.7.2  Mechanisms Behind GSC Therapy Resistance

Several other mechanisms in GSCs apart from MGMT expression operate to safe-
guard from standard therapy. (1) Successful efflux of drugs: High expression of 
ABC transporters (ABCB1, ABCG) (Schaich et al. 2009) which pump out the drugs 
across membrane in ATP dependent manner help GSCs to escape from chemother-
apy. The failure in clinical trial of Erlotinib (EGFR inhibitor) and Vincristine (mitotic 
toxin) are due to high expression of multidrug resistant ABC transporter p-GP and 
BCRP (de Vries et al. 2012). (2) DNA repair: TMZ cytotoxicity relies on active 
mismatch repair pathway and mutation in MSH6 leads to TMZ resistance in recur-
rent GBM (Yip et al. 2009). Active G2-M checkpoint during DNA damage lends 
sufficient time for tumor cells to overcome genotoxicity and intrinsic levels of active 
DNA repair protein forms of p-Chk1, p-Chk2 and RAD17 are maintained high in 
CD133+ GSC compared to CD133− cells. Multiple DNA repair pathways show 
cumulative effect on GSC radio sensitivity with enhanced cell cycle checkpoint acti-
vation (Ahmed et al. 2015). Chk1 inhibitor debromohymenialdisine was proven to 
sensitize GSCs to radiation (Huang et  al. 2010). In addition, inhibition of ATM 
showed pronounced radio sensitization in GSCs than independent blockade of Chk1, 
ATR or PARP (Ahmed et al. 2015). Lim et al., showed that homologous recombina-
tion was augmented in GSCs compared to differentiated cells (Lim et  al. 2012). 
Further, the inhibition of PARP1, which is required for single strand base repair and 
GSC growth, leads to radiosensitization (Venere et al. 2014). Contradictory reports 
suggest that CD133+ cells are sensitive than differentiated cells due to a defective S- 
check point despite intact G2-M check point in CD133+ cells (McCord et al. 2009). 
Slow cell cycle progression with less efficient base excision and single strand base 
repair was observed in CD133+ cells (Ropolo et al. 2009). The controversy is attrib-
uted to the heterogeneous genetic and epigenetic background of GSCs and the speci-
ficity of stem cell specific marker CD133. (3) Anti apoptotic pathway: Anti 
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apoptotic genes BCL2L1a, BCL-2 and MCL1 are abundant in chemo resistant GSCs 
compared to the differentiated counterpart which help in evading cell death (Yamada 
et al. 2011). Hedgehog pathway, a master regulator in GSCs, switch on the transcrip-
tion of these genes (Hsieh et  al. 2011). Intrinsic family of inhibitor of apoptosis 
(IAP), cIAP2 and XIAP are maintained high in GSCs and antagonizer for XIAP 
sensitizes GSCs to radiation (Vellanki et al. 2009). In addition over expression of 
miRNAs which target proapoptotic genes was observed in GSCs. miRNA 582-5p 
and 363 directly degrade Caspase 3, Caspase 9 and Bim proteins and escape self-
destruction during therapy (Floyd et al. 2014) (4) Hypoxia and high redox poten-
tial: The cells embedded far from vasculature show hypoxic nature and are resistant 
to TMZ. Hypoxic niche is enriched for GSCs and it induces the expression of p-GP 
transporters due to high anaerobic glycolysis combined with low reactive oxygen 
species (ROS) (Wartenberg et al. 2003). A free radical generator tirapazamine which 
causes DNA single strand breaks showed promising results in TMZ treatment in 
hypoxic niche in vitro (Del Rowe et al. 2000). (5) Vascular nich: Tumor microenvi-
ronment includes stroma, matrix and blood vessels which influences GSC adaptation 
in response to hypoxia, radiation, drugs and metabolic scarcity. Autocrine and para-
crine immune circuits induce and recruit/guide GSCs towards perivascular and 
hypoxic niche. The chemo-attractant SDF1α expressed in vascular and hypoxic 
regions of brain recruit CD133+ GSCs with high CXCR4 (Cheng et al. 2013). (SCF)/
c-Kit (Sun et al. 2004), VEGF/VEGFR (Schmidt et al. 2005) are other few receptor 
ligand interactions which enhance niche formation. Rich and colleagues showed that 
GSCs preferentially localize near vasculature by using tagged CD133+ GSCs and 
CD133− in three dimensional architecture of tumor within mouse brain (Lathia et al. 
2011). GSCs produce high levels of VEGF and SDF1 (stromal-derived factor-1) 
which involve in angiogenesis and therapy resistance (Bao et al. 2009; Folkins et al. 
2009). Tumors established using C6 GSCs show intense micro-vessels and enhanced 
migration of bone marrow derived endothelial progenitor cells (EPCs) compared to 
tumors formed by adherent C6 cell (Folkins et al. 2009). CD133+ cells xenografts 
show distinct profile of angiogenic factors including high VEGF with enhanced 
angiogenesis and hemorrhage compared to CD133−cells. CD133+ GSC conditioned 
medium supports endothelial cell migration and tube formation in vitro and inhibi-
tion of VEGF by Bevacizumab inhibits GSC derived tumor significantly than non-
GSC tumors (Bao et al. 2006b). Diminishing angiogenesis using VEGF inhibitors 
create a vicious loop of events including new hypoxic regions with high HIF1ɑ 
expression which further aggravates the tumor (Mancuso et al. 2006). Re-establishment 
of vasculature by pericyte recruitment followed by VEGF inhibition creates an 
opportunity window for better drug delivery (Jain 2003). Anti VEGF therapy com-
bined with radiation in  vivo showed significant tumor load reduction within a 
restricted time window by redistributing oxygen to radio resistant core and increas-
ing DNA damage (Winkler et al. 2004). In addition to aggressive related phenotype, 
a subpopulation of GSCs is known to carry EMT related markers with high migra-
tory ability and can cause secondary tumors. By using fluorescent dye tracking 
Myung Lee group showed infiltrating front of tumor cells into normal tissue and few 
cells migrated far from tumor mass (Jeon et al. 2008b). In addition, they provided 
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evidence that human normal neural stem cells were shown to migrate towards C6 
tumor and within 7 days they entered in to tumor core. (6) Metabolic circuit- GSCs 
portray heterogeneity in metabolic program depend on genetic background and the 
microenvironment they reside in. Contrary to existing literature on Warburg effect, 
GSCs consume less glucose and depend on oxidative phosphorylation (OXPHOS) 
than glycolysis compared to differentiated glioma cells. Production of lactate was 
minimal while ATP levels were maintained high in GSCs. Further inhibition of gly-
colysis or OXPHOS independently showed less extent of alterations on energy pro-
duction of GSCs (Vlashi et  al. 2011). High mitochondrial oxidative potential 
correlates with resistant phenotype of GSCs compared to differentiated cells. Radio 
resistant GSCs display low glucose uptake, inactive Akt pathway and high lipid 
catabolism. Fatty acid oxidation and ROS production was enhanced in resistant 
clones combined with high SIRT1-PGCɑ expression (Ye et al. 2013). (7) Quiescence 
and GSCs- Majority of standard therapy includes anti proliferative/mitotic drugs 
and they are incapable in successful removal of quiescent population GSCs. Releasing 
the brake on cell cycle is considered as a strategy to sensitize GSCs. As long term 
self-renewal correlates to quiescence or slow cycling kinetics, GSCs were character-
ized for Nanog and HIF1-alpha positivity which are markers for quiescence in hema-
topoietic SC in different grades of glioma. GBM, but not lower grades have enriched 
segments enriched for quiescent cells between necrotic regions and blood vessels 
with moderate hypoxic condition. Above observation was reflected in different 
regions of neurospheres established from GBM tissue (Ishii et al. 2016). GSCs might 
portray altered quiescence phenotype than NSCs and differentiated glioma cells. In 
adult mouse NSCs, p21 deletion leads to aberrant activation of quiescent cells to 
proliferative phase in vivo and reduce longevity of NSCs (Kippin et al. 2005). Pten 
deletion which is prevalent in GBM tumorigenesis, recapitulate the active prolifera-
tion phenotype by increased number of neurospheres formation with larger size and 
shows high extent of BrdU incorporation (Groszer et al. 2001). The collective signals 
of extracellular matrix and secreted factors within the niche determine the quies-
cence state of GSCs (Glaser et al. 2007). Study on mitotic spindle formation of GSCs 
show compared to differentiated cells they exhibit monopolar or multipolar abnor-
malities and high incidence of matured centrosomes with polyploidy (Mannino et al. 
2014). Deleyrolle et al. showed the dye retaining cells (slow cycling) isolated from 
primary GBM exhibit high tumorigenesis in limited dilution transplantation and 
enhanced expression of CD133, CD15 and ABCG2 compared to bulk cells 
(Deleyrolle et al. 2011). Additional insight into quiescence against proliferative sub-
set of GSCs and their differential properties is required which may have important 
clinical inferences on therapy response.

GBMs recur at a high rate and GSCs are one of the causes of relapse as they have 
high potential of resisting treatment and migration into non-tumor sites. GSCs iso-
lated from recurrent tumor show enhanced stem like property (High CD133) and 
aggressive in vivo xenograft formation compared to matched primary tumor (Huang 
et al. 2008). Tumors enriched in high self-renewal GSC clones might lead to high risk 
of recurrence with shorter period to reinitiate the tumor (Fig. 8.3). The quiescence 
nature in subset of GSCs implicates the resistance of cells for routine therapy and they 
remain untreatable to reinitiate the tumor.
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8.8  Targeting GSCs as a Therapy Modality

The intra- and inter-tumoral heterogeneity has paved the way for identifying cancer- 
specific driver alteration(s) so that an individual specific targeted therapy in combi-
nation with standard therapy could be considered. With the help of transcriptome 
and exome sequencing of large clinical cohort of glioma tumors, the probable can-
didates of drug designing have been selected further for trials. In combination with 
routine therapy, personalized drugs can enhance the efficacy of tumor removal and 
reduce side effects. Since GSCs display therapy resistance and they are responsible 
for expansion of tumor, it is a necessity to eradicate them for improved survival of 
patients. Several trials were undertaken aiming to eliminate GSCs using the preva-
lent mutations or gene expression signature of GSCs.

Iron oxide nanoparticles conjugated with EGFRvIII antibody treatment success-
fully induced apoptosis in neurospheres with EGFRvIII amplification. Further, it 
showed promising results in mouse implanted xenograft carrying EGFRvIII with 
high penetration into tumor and infiltrating zones (Hadjipanayis et  al. 2010). 
miRNA145, a tumor suppressor which targets GSC specific genes OCT4 and SOX2 
was delivered using cationic polyethylenimine (PU-PEI) to tumor sites in vivo and 
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Fig. 8.3 Intra tumor GSC heterogeneity in therapy resistance and recurrence Self-renewing 
capacity of GSCs determines the recurrence rate. Tumor consists of several GSCs with different 
genetic alterations which determine their self-renewal capacity. GSCs with high self-renewal 
capacity grows back fast with the resultant faster recurrence. While GBM #1 tumor has three kinds 
of GSCs with high self-renewal capacity and hence recur in a short time, GBM#3 tumor has four 
kinds of GSCs with low self-renewal capacity and hence takes long time for recurrence. GBM# 2 
tumor has one GSC with high self-renewal capacity and hence takes intermediate time to recur
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it leads to sensitization of GSCs to radio and chemotherapy in vitro (Yang et al. 
2012). The CXCL12-CXCR4 interaction active in CD133+ GSCs enhances migra-
tion and infiltrative potential and hence blocking CXCR4 surface receptor signifi-
cantly inhibited in vivo xenograft by attenuating angiogenesis (Ping et al. 2011).

NSCs are currently speculated as better drug vehicle as they selectively migrate to 
tumor sites with high dispersal rate. Carboxyl esterase expressing NSCs in combina-
tion with a pro-drug Irinitecan (CPT-11) migrate specifically to tumor sites and induce 
high concentration of antineoplastic effects with minimal side effects (Metz et  al. 
2013). Genetically modified oncolytic viral therapy selectively allows successful repli-
cation of virus in tumor site and not in normal brain cells. In order to achieve this, gene 
which is common for tumor maintenance and adenoviral life cycle is deleted in the 
recombinant adenovirus which makes it specific weapon for tumor cells. It leads to 
oncolysis which occur due to virus replication-mediated cell lysis (Sonabend et  al. 
2006). In GSCs, a modified recombinant adenovirus, Ad-Delo3- RGD which contains 
E1A and E1B deletion and a RGD-modified fiber showed efficient cytotoxicity against 
tumor cell with high YB-1(Y-Box protein) expression (Mantwill et al. 2013). As rem-
nant GSCs impart radio-chemoresistance and cause recurrence, phase II trial termed as 
Stem cell radiotherapy (ScRT) is underway where radiation is given to GSC niche post-
surgery in addition to surgical areas (https://clinicaltrials.gov/ct2/show/NCT02039778).

The application of immunotherapy for glioma is extended to selectively kill 
GSCs. Adoptive T cell therapy to eliminate GSCs is an emerging sector and research-
ers have engineered stem-like memory T cells to recognize specific  chimeric antigen 
receptor (CAR) present on GSCs in order to get long term cytotoxicity effects. 
Treatment with IL13-zetakine, a CAR which detects GSCs and differentiated cells 
with high IL13Rɑ2, leads to cytolysis and in vivo xenograft reduction (Brown et al. 
2012). GSC specific antigen induced T-cell response eliminates GSCs in tumor. 
Activation of HER2-targeting T-cells by HER2-positive GBM cells induce secretion 
of INF-γ and interleukin-2 which leads to depletion of CD133+ cells besides CD133− 
cells (Ahmed et al. 2010). Phase I trial is initiated for vaccination with dendritic cells 
derived post exposure to lysate derived from an allogenic GSC line (Xu et al. 2012). 
In addition, BMP4 treatment was shown to reduce tumorigenecity of CD133+ by 
enhancing differentiation of GSCs (Piccirillo and Vescovi 2007). Intradermal -infu-
sion of dendritic cells activated by peptides of CD133 antigen is currently tested on 
GBM patients (https://clinicaltrials.gov/ct2/show/NCT02049489).

8.9  Pathways Crucial for GSC Maintenance

Targeting GSCs enhances the efficacy of standard therapy as they impart high drug 
resistance and invasive potential. Regardless of chemo-radio therapy, the incidents of 
GBM recurrence are of 90% and it is due to incomplete removal of GSCs post treat-
ment. Antagonizing agents for essential GSC related pathway genes can be combined 
with routine therapy. Plethora of molecular pathways have been identified for GSCs 
including NOTCH, HEDGEHOG, NFkB, WNT and several attempts are being tried 
to disrupt GSC maintenance by using specific chemical inhibitors. Table 8.1 provides 
an overview of reports about various altered signaling pathways in GSCs.
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Table 8.1 Overview of pathways essential for GSCs

Pathway Member Reference

Wnt SFRP1, SFRP4 and FZD7 Kierulf-Vieira et al. (2016)
LEF1 Gao et al. (2014)
sFRP4 Bhuvanalakshmi et al. (2015)
GSK-3β Rathod et al. (2014), Sandberg et al. (2013)
sFRP4 Warrier et al. (2013)
Wnt3a Riganti et al. (2013)
Axin Xia et al. (2013)
ASCL1 Rheinbay et al. (2013)
β-catenin Chen et al. (2014), Gong and Huang (2012), Kim 

et al. (2013), Nakata et al. (2013), Shi et al. (2015)
Hedgehog Gli 1, Gli2 Fareh et al. (2012), Xu et al. (2008), Zbinden et al. (2010)

Shh Clement et al. (2007), Gopinath et al. (2013)
NFκB P-IKB/P-IKKA/B Kim et al. (2016)

NFκB Dixit et al. (2013), Gupta et al. (2013), Hu et al. 
(2013), Kaufhold et al. (2016), Nogueira et al. (2011)

RelB Ohtsu et al. (2016)
p50 Zhang et al. (2014)
p52 Tchoghandjian et al. (2014)
p65/p50 Annabi et al. (2009), Garner et al. (2013), Kaus et al. 

(2010)
Notch NOTCH1 Cenciarelli et al. (2014), Mukherjee et al. (2016), 

Shen et al. (2015), Wang et al. (2012, 2016)
NOTCH1, HES1 Saito et al. (2015)
γ-secretase Dai et al. (2011), Hovinga et al. (2010), Hu et al. 

(2011), Kristoffersen et al. (2014), Natsumeda et al. 
(2015); Tanaka et al. 2015; Yahyanejad et al. (2016)

HES1 Charles et al. (2010), Ding et al. (2014), Yin et al. (2014)
NOTCH NOTCH Wang et al. (2014), Wu et al. (2013)

Notch1, JAG1, HEY2 
Survivin

Liu et al. (2014)

NOTCH1, HEY1/2 Guichet et al. (2015)
NICD Hu et al. (2014), Qiang et al. (2012)
NOTCH1, NOTCH3, HES1, 
MAML1, DLL-3, JAG2

Saito et al. (2014)

γ-secretase, NOTCH1 Kristoffersen et al. (2013), Ulasov et al. (2011)
DLL3 Turchi et al. (2013)
CBF1 Floyd et al. (2012)
Numb4d7 Jiang et al. (2012)
Jagged-Notch Jeon et al. (2008a), Jin et al. (2012)
Notch-2 Yoon et al. (2012)
DLL1/4, JAG1 Zhu et al. (2011)
HES/HEY Ying et al. (2011)
Mastermind-like protein 3 Seidel et al. (2010)
Notch1 and Hes1 Zhen et al. (2010)
Notch1, Notch2 Wang et al. (2010)
γ-secretase, NOTCH2 Fan et al. (2010)
NOTCH1/2/3/4, JAG1/2, 
DLL1, HES1/5

Zhang et al. (2008)

NOTCH1/2/3, HES1/2/4 Shiras et al. (2007)
γ-secretase, HES1 Fan et al. (2006)
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8.10  Applying GSC Findings to Whole Tumor Studies

The debate on stem cell markers and prognosis remain unresolved. Several clinical 
investigations were attempted to dissect the prognostic value of many stem markers. 
Since they act as reservoir of tumor and refractory to therapy modalities, they are 
expected to behave as poor prognostic markers. CD133 positivity showed signifi-
cant poor overall survival in multivariate survival analysis involving grade, age and 
resection (Pallini et al. 2008; Zeppernick et al. 2008). In support to the above notion, 
neurosphere formation from patient tumor samples in vitro acts as yardstick regard-
less of p53 or MGMT status for predicting survival in patients. Independent reports 
prove that high Nestin with CD133 correlates with poor survival (Strojnik et  al. 
2007; Zhang et al. 2008). In contrast, the study conducted on 153 glioma patients 
show no significant dependency of overall survival or progression free survival on 
Nestin expression (Chinnaiyan et  al. 2008). Musashi-1, an RNA binding protein 
enriched in GSCs was shown to positively correlate with tumor grade though it fails 
to stand as prognostic marker (Strojnik et al. 2007). Several independent IHC based 
studies of major stem specific genes (BMI,SOX2, OCT4, Id1) in different cohorts 
of grade IV tumor demonstrate neither prognostic value nor correlation to grades of 
tumor (Dahlrot et al. 2013). In order to decipher the prognostic value of GSC spe-
cific markers, we carried out a comprehensive analysis wherein we attempted an 
univariate cox regression analysis of stem cell markers, SOX2, SALL2, POU3F2, 
OLIG2, MYC, BMP4, BMI1, NESTIN, SSEA1, CD133, CD44, OCT4, Musashi 1, 
Nanog, IL6 and L1CAM using TCGA transcriptome data. As GSCs cause therapy 
resistance, we have examined the prognostic value in patient cohorts divided on the 
basis of various therapy methods, radiation only, radiation +TMZ, radiation + any 
chemotherapy). While patient age predicted poor prognosis in all three cohorts, 
majority of the stem cell markers failed to show prognostic value in whole tumor 
data (data not shown). CD44, SSEA1 and IL6 predicted poor prognosis in one or 
more cohorts. In contrast, SOX2, Nanog and MYC expression was found associated 
with better prognosis in one or more cohorts. While we do not have any explanation 
why most stem cell markers failed to predict prognosis, we believe that as GSCs 
belong to a small subset, the whole tumor RNA data might not reflect the true pro-
portion of GSCs and their contribution to therapy resistance. Further studies are 
required to get a deeper insight into these aspects.

8.11  Conclusions and Future Directions

Promiscuous nature and heterogeneity of GSCs are major challenges in understand-
ing the characteristics of these cells. In addition, obtaining specific targeting strate-
gies of GSCs, improved isolation and expansion methodologies should be developed 
as they restrict the characterization of GSCs. The markers which define GSCs 
remain controversial for past decade and the existing literature supports the fact that 
heterogeneity exists within GSCs derived from a tumor. Current discoveries on 
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GSC specific pathways have paved a way to clinical drug trials to eliminate GSCs 
in combination with standard therapy. Recent reports have provided support that the 
neurosphere formation in vitro from resected tumor sample is a predictive marker of 
poor prognosis. As the GSCs and their microenvironment being key players in 
deciding the drug efficacy 3D scaffold glioma cultures are near future system of 
study for screening the drugs or target genes. Introducing suicidal genes which 
destabilize GSC maintenance by viral/nano particle delivery into tumor site is an 
emerging field of clinical application. Another avenue open for therapeutic scope of 
GSC is to induce differentiation and make it susceptible for standard therapy. 
Identification of four reprogramming factors in proneural GSCs instigated the novel 
identification of gene therapy targets. Generalization of GSC behavior or molecular 
profile from restricted cohort of GSCs is misleading since the emerging data sug-
gests high plasticity and adaptability of GSCs. Personalized therapy tailored for 
patient specific GSC signature can be a better option in future. Further molecular 
profiling studies assisted by mathematical modeling are required to predict func-
tions and target GSCs.
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Chapter 9
Animal Models in Glioblastoma:  
Use in Biology and Developing  
Therapeutic Strategies

A.J. Schuhmacher and M. Squatrito

Abstract The gliomas are a large group of brain tumors and Glioblastoma 
Multiforme (GBM) is the most common and lethal primary central nervous system 
tumor in adults. Despite the recent advances in treatment modalities, GBM patients 
generally respond poorly to all therapeutic approaches and prognosis remain dis-
mal. Gaining insights into the pathways that determine this poor treatment response 
and the generation of more relevant animal models that recapitulate a patient’s 
tumor will be instrumental for the elaboration of new therapeutic modalities.

Here we will focus on the available animal models for adult GBM and their use 
in preclinical drug development. We will be examining the recent advances in 
genetically engineered mouse models and discuss how such models may offer spe-
cific advantages over cell culture and xenograft systems for validating drug targets 
and prioritizing candidates for clinical trials. Lastly we will briefly examine the 
clinical relevance in glioma research of other animal models such as fruit fly, zebrafish 
and canine.

Keywords Glioma • Glioblastoma • GBM • Animal models • GEMM

9.1  Introduction

The gliomas are a large group of brain tumors and within gliomas the Glioblastoma 
Multiforme (GBM) is the most frequent form of the disease and overall the most 
common and lethal primary central nervous system (CNS) tumor in adults.
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GBMs are divided in two subtypes on the basis of clinical history: “primary 
GBMs” that arise de novo, with no evidences of precursor lesions, and “secondary 
GBMs”, evolving from a lower grade tumor over time (Ohgaki and Kleihues 2013). 
Irrespectively of their primary or secondary origin, histologically GBMs are charac-
terized by tumor cells invading adjacent normal brain parenchyma, by vascular pro-
liferation and by the presence of area of necrosis and haemorrhage. Necrotic regions 
are typically surrounded by dense cellular zones known to be highly hypoxic, com-
monly referred as pseudopalisades.

On a molecular basis, a decade of studies, including the most recent large-scale 
genomic analysis (Verhaak et al. 2010; Noushmehr et al. 2010; Parsons et al. 2008; 
Ceccarelli et al. 2016; TCGA Network 2008; Brennan et al. 2013) has underlined the 
complexity of the genetic events that characterize the glioblastoma genome. However, 
the functional significance of the vast majority of these alterations remains elusive.

The initial publication by The Cancer Genome Atlas (TCGA) described biologi-
cally significant alterations in three core signaling cascades: (1) the TP53 pathway, 
(2) the G1/S cell cycle checkpoint coordinated by the Rb family, and (3) the recep-
tor tyrosine kinases (RTKs) and their RAS-mitogen activated protein kinase 
(MAPK) and phosphoinositide 3-kinase (PI3K) downstream effector pathways 
(TCGA Network 2008). Moreover, genome-wide mutational analysis of GBMs 
uncovered somatic mutations of the isocitrate dehydrogenase 1 gene (IDH1) in a 
fraction of tumors, most commonly secondary glioblastomas (Parsons et al. 2008; 
Yan et  al. 2009). Various molecular characterization studies have subsequently 
linked such genetic alterations, gene expression, and DNA methylation signatures 
with prognosis (Noushmehr et al. 2010; Verhaak et al. 2010; Ceccarelli et al. 2016). 
In particular, mutations in the IDH1 and IDH2 genes have been shown to depict a 
separate subset of GBM with a hypermethylation phenotype (G-CIMP) and a more 
favorable prognosis (Noushmehr et al. 2010; Yan et al. 2009). On the contrary, the 
lack of IDH mutations in low-grade gliomas characterizes a clinically distinct IDH- 
wild- type subclass with poor, GBM-like outcome (Ceccarelli et  al. 2016; Eckel- 
Passow et al. 2015; TCGA Network 2015).

Over the past century, the classification of brain tumors has been centered 
mostly on the notion that tumors can be classified according to their microscopic 
resemblances with distinctive putative cells of origin and their supposed levels of 
differentiation (Louis et al. 2016a; Ramaswamy and Taylor 2016). It has become 
apparent that such morphologically centered classification lacks accuracy and is 
accompanied by remarkable inter-observer variability (van den Bent 2010). 
Moreover, histologically indistinguishable tumors assigned to equal “pathological 
entity” can show extremely diverse responses to therapy and have very different 
outcomes (Ramaswamy and Taylor 2016). Consequently, a recent update of the 
World Health Organization (WHO) classification of brain tumors (2016 CNS 
WHO) drops the century-old standard of diagnosis based exclusively on micros-
copy and integrates molecular factors into the classification of CNS tumor entities 
(Louis et al. 2016b).

According to the 2016 CNS WHO, GBMs are now grouped into (1) GBM IDH- wild- 
type (approximately 90% of cases), which mainly affects patients over 55 years of age 
and coincides commonly with the clinically defined primary or de novo glioblastoma; (2) 
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GBM IDH-mutant (approximately 10% of cases), which conversely occurs in younger 
patients and coincides with secondary glioblastoma with clinical or histologic evidence 
of a less malignant precursor lesion; and (3) GBM NOS (not otherwise specified), a diag-
nosis that is used for those tumors for which full IDH evaluation cannot be assessed 
(Louis et al. 2016b).

Standard therapy for GBMs includes resection of the tumor mass, followed by 
concurrent radiotherapy and chemotherapy. Although the last decade highlighted 
enormous advances in treating other solid cancers, such as lung and breast, the 
median survival for GBM stayed nearly the same over the last 50 years, averaging 
15 months (Stupp et  al. 2005; Stupp et  al. 2009; Theeler and Gilbert 2015). 
Regardless of the improvements in surgical and imaging techniques, we still face 
multiple problems when treating brain tumors, some because of extensive infiltra-
tion of tumors cells, their invasion into normal brain parenchyma or other sites, and 
resistance to standard radiation and chemotherapy. Nevertheless, the therapeutic 
strategy for gliomas has remained essentially unchanged for decades due to a lim-
ited understanding of the biology of the disease. Radiation and chemo-resistance 
are characteristic of various cancers, however it is not clear if this therapy resistance 
is a consequence of tumor progression or it is intrinsically associated with the 
genetic events that lead to the tumor formation in the first place (Squatrito and 
Holland 2011). Gaining insights into the pathways that determine this poor treat-
ment response and developing more relevant animal models that recapitulate a 
patient’s GBM tumor will be instrumental for the development of new therapeutic 
modalities (Jue and McDonald 2016).

Here will focus on the currently available animal models for adult GBM and 
their use in preclinical drug development. We will be discussing the recent advances 
in genetically engineered mouse models (GEMMs) and how such models may offer 
specific advantages over cell culture and xenograft systems for validating drug tar-
gets and prioritizing candidates for clinical trials. We will also briefly examine the 
clinical relevance in glioma research of other animal models such as fruit fly, zebraf-
ish and canine.

9.2  Mouse Models

9.2.1 Implantation Models

In vivo models fall into two main categories: those that implant tumor cells or biop-
sies into host animals and those that develop de novo by genetic manipulation. 
Among the implantation models we can discriminate between allografts where 
tumor cells are derived and implanted into the same species, and xenografts when 
they are different and the recipient is immunosuppressed. These models can be 
either orthotopic when they are implanted in the native site or heterotypic if they are 
implanted in a non-original site.

Implantation models have been informative but display several limitations. In these 
models “initiation” occurs by injection of a large number of cells, therefore differing from 
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endogenous spontaneous tumor development where presumably a cell is transformed and 
evolves in situ. Moreover, the tumor implantation location can impact the response to 
therapies such as radiation (Camphausen et al. 2005b).

The traditional allograft models consist of glioma cell lines generated by chemi-
cal carcinogenesis that have been maintained in culture for long time periods. When 
implanted into a syngeneic host these tumors do not resemble the histology of 
human gliomas. These models lack the microvascular abnormalities and, despite 
they display some invasion, are deficient of single cell infiltration characteristic of 
GBM (Huszthy et al. 2012). While these models might have a value to study and 
target the tumor-stroma interactions, allograft models have a limited value in pre-
dicting Phase II clinical trial performance (Voskoglou-Nomikos et al. 2003).

Xenograft models require that the host animals lack an intact immune system to 
allow implantation. This is a major concern as these tumors are missing the pressure 
to evade immune destruction, a hallmark of cancer. In these models the tumor 
microenvironment (TME) belongs to a different species and frequently implanted 
cells fail to excite a normal stromal response due in part to the heterotypic human- 
mouse exchange of growth factors and receptors. Another drawback to consider 
when using immunocompromised mouse strains is that many of them carry DNA 
repair defects limiting their use to test novel treatments including radiation 
(Biedermann et al. 1991).

Subcutaneous xenografts of glioblastoma cell lines remain a popular method of 
assessing tumorigenesis and drug efficacy because they are highly penetrant, easy to 
implant and to monitor growth kinetics. However, these models have several caveats 
including the lack a blood brain barrier (BBB) and a native TME that influence the 
tumor and drug response. Moreover, molecular profiles of subcutaneous and ortho-
topic tumors are different (Camphausen et al. 2005a, b). When culturing established 
lines for a long time in presence of serum a clonal selection and culture adaptation is 
primed. Cell lines adapt to this non-physiological condition with abundant nutrients in 
a Petri dish by increasing proliferation and metabolism and decreasing cell adhesion. 
When intracranially injected these tumors are well defined and rarely infiltrate.

In the past years xenografts models have evolved with the development of the 
cancer stem cell (CSC) field. CSCs have been proposed to be capable of tumor 
maintenance, neurosphere (NS) formation, hierarchical differentiation, therapeutic 
resistance and tumor recurrence. Tumor cells derived from freshly isolated GBM 
can be cultured with new cell culture tools optimized for propagating CSCs under 
serum-free neurobasal growth media, supplemented with growth factors. Renewable 
NS formation in culture is a defining characteristic of certain brain tumor initiating 
cells and a predictor of increased hazard of patient death and more rapid tumor 
progression in malignant glioma (Laks et al. 2009).

Molecular profiles of glioma derived NS are stable over time and more closely 
mirror the phenotype and genotype of the original patient (Lee et al. 2006; Günther 
et al. 2008). When orthotopically implanted they show extensive infiltrative lesions. 
This is a major improvement in xenograft modeling, however, these models do not 
exhibit the microvascular proliferation and pseudopalisading necrosis observed in 
GBM (Hambardzumyan et al. 2011; Huszthy et al. 2012).
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Generation and preservation of glioma derived NS lines can be a challenge for 
many laboratories. Recently a Human Glioblastoma Cell Culture (HGCC) open 
resource for in vitro and in vivo modeling of a large part GBM diversity has been 
generated (Xie et al. 2015). HGCC consists of a bio bank of 48 GBM cell lines and 
an associated database containing high-resolution molecular data. These lines have 
been derived from surgical samples of GBM patients, harbor genomic lesions char-
acteristic of GBMs, represent all four transcriptional subtypes and have been main-
tained under conditions to preserve their glioma stem cell characteristics. HGCC 
represents a valuable resource for in vitro and in vivo modeling of GBM variety to 
both basic and translational GBM research.

Patient derived xenograft (PDX) models also known as “avatar” models are very 
popular for many cancer types. To generate them, fresh tumor fragments are injected 
orthotopically or serially passaged subcutaneaously in immunodeficient mice. 
These models show biological consistency with the tumor of origin. They are phe-
notypically stable at the histological, transcriptomic, proteomic and genomic level 
for several rounds of transplantation (Aparicio et al. 2015). Of important consider-
ation to study drug response is that polyclonality is mirrowed even if the original 
clonality differs. These tumors are derived from human gliomas and could serve to 
predict therapeutic responses for individual patients as they recapitulate drug sensi-
tivity patterns seen in patients for other cancer types (Zhang et al. 2013).

As all xenografts, PDX models lack complete native antitumor immune response. 
While PDX excite a stromal reaction, there is a replacement of stromal elements by 
murine. Incompatibilities of cytokines and integrins between species impede to 
fully mimic the natural TME of human tumors. These models show polyclonality, 
however, PDX models show changes in the clonal composition of the tumor. 
Engraftment of tumor cells into a foreign host exerts a selection pressure for the less 
differentiated cells to grow (Aparicio et al. 2015).

Intracranial implantation of a fresh GBM fragment is technically challenging. 
Tiny fragments of surgical tumors can be implanted into the mice brain by surgical 
implantation via craniotomy (Antunes et al. 2000; Taillandier et al. 2003) or with a 
trocar system (Fei et al. 2010). These models maintain several clones as well as 
other TME components. These derived tumors resemble the growth and invasion of 
GBM and develop other characteristics of human GBM, such as pseudopalisading 
necrosis, dilated vessels and angiogenesis. These features are maintained upon pas-
saging in immunocompromised animals.

An alternative method is the dissociation of GBM as spheroids or cell suspen-
sion. In the biopsy spheroid model a GBM biopsy is minced and transferred to 
agar- coated plates containing standard serum supplemented cell culture media. 
Cellular aggregates (spheroids) are formed under these conditions (Bjerkvig et al. 
1990). The spheroids contained preserved vessels, connective tissue, and macro-
phages, revealing a close resemblance to the conditions in the original tumor. 
When intracranially implanted biopsy spheroids display diffuse invasion. Trough 
repeated transplantation cycles to favor adaptation to the rodent brain an increased 
proliferation, angiogenesis necrotic areas and microvascular proliferation appear 
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(Wang et al. 2009; Sakariassen et al. 2006). A cell suspension from a given patient 
biopsy can be generated and stereotactically injected them into the mouse brains 
(Joo et al. 2013). Invasiveness, microvessel density, and proliferation index of the 
patient GBM and corresponding orthotopic xenograft correlate. In vivo tumor for-
mation and invasion capacities of dissociated GBM cells correlate with worse 
clinical outcome.

Tumor implantation provides several advantages over cell suspension: when a 
similar volume is transplanted solid tumor cells contain more cells than cell suspen-
sion; more importantly tumor cells and stroma are implanted, maintaining the origi-
nal microenvironment structure thus favoring cell growth and maintenance of tumor 
biology (Fei et  al. 2010). However, success rates of tumor engraftment are low 
(16%–24%) but can be increased with indirect transplantation growing the tumors 
subcutaneously prior orthotopic implatation (Antunes et  al. 2000). Extracranial 
expansion and scalp soft tissue infiltration is often observed upon tumor implanta-
tion by craniotomy. These inconveniences can be partially overcame with tumor 
implantation with a trocar system (Fei et al. 2010).

In the precision medicine era implantation biopsy models can be informative as 
human cancer surrogates for therapeutic purposes, some of them have been able to 
predict differential results of clinical treatment of the parental tumors (Joo et  al. 
2013). Intratumoral heterogeneity to therapeutic modalities can be modeled with 
some limitations that include the lack a proper immune response. Future analysis of 
genetic differences between responding and non-responding xenograft tumors can 
help to identify predictive-response biomarkers to stratify patients.

Different strains, with a range of alterations of adaptive and innate immunity for 
implantation models have been generated as hosts for implantation models (Shultz 
et al. 2007). An important advance for cancer immunotherapy would be the estab-
lishment of a functional human immune system in these mice that generates robust 
primary and secondary immune responses. Attempts to achieve this goal rely on: (1) 
the transgenic expression of human molecules such as human MHC, (2) adoptive 
transfer of such molecules or different immune cell types and (3) patient bone mar-
row/ human haematopoietic stem cells transplantation (Morgan 2012). 

9.2.2 Genetically Engineered Models

Recent developments in the GEM modelling have contributed to the understanding 
of the molecular pathways responsible for tumor initiation and progression, to elu-
cidate the role of various components of the TME and to provide a platform for 
testing new therapeutic strategies. The ideal conditions for a mouse model to mimic 
the natural history of a tumor are: (1) to carry the same mutations found in human 
tumors; (2) these mutations have to be introduced in their endogenous loci; (3) 
mutant genes must be silent during embryonic and early postnatal development 
(except for models of inherited or pediatric tumors); (4) mutant genes must be 
expressed in specific target tissues or in selected cell types and (5) mutations must 
take place in a limited number of cells.
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Sophisticated models can be biologically informative but challenging to effec-
tively implement in therapeutic trials. From a drug development point of view, in 
addition to faithfully recapitulate the tumor genetics, further characteristics are 
desirable such as: short tumor latency, high penetrance, to be easy to use and simple 
to generate and to incorporate a built-in mechanism such as a non invasive in vivo 
imaging reporter to monitor tumor burden and to measure therapeutic efficacy. 
Unfortunately fulfilling some of these characteristics might go against others. For 
example, a rapid tumor formation can impact the acquisition of additional stochastic 
events and a proper evolution of the TME (Huse and Holland 2009).

A number of excellent reviews related to GEM modelling have been recently 
published (Candolfi et al. 2007; Chen et al. 2012; de Vries et al. 2009; Fomchenko 
and Holland 2006; Huse and Holland 2009; Schmid et al. 2012; Huszthy et al. 2012; 
McNeill et  al. 2015; Hambardzumyan et  al. 2011). In this book chapter we will 
highlight the major improvements of these models.

Several models with considerable promise for preclinical testing have been gen-
erated in the past two decades by altering key signalling pathways known to be 
disrupted in human GBM including PDGFR, EGFR, RB, TP53, RAS and AKT 
(Holland et al. 2000; Guha 1998; Ueki et al. 1996; Henson et al. 1994). An overview 
of GEMMs for gliomas is depicted in Table 9.1. The type of model can determine 
the experimental outcome in certain situations. From a genetically point of view we 
can distinguish within germ line/prenatal, somatic/postnatal and gene transfer 
mouse models (Frese and Tuveson 2007; Cook et al. 2012). Independently of the 
technical approach, GEM can be classified as either transgenic or endogenous.

Classical transgenic mice for cancer are generated by pronuclear injection of 
cDNA constructs expressing oncogenes or dominant-negative tumor-suppressor 
genes in a non-physiological manner. The construct contains promoter elements 
designed to restrict tissue tropism such an ectopic promoter and enhancer elements. 
These models present several caveats: transgenes often integrate randomly in the 
genome as large concatamers, leading to overexpression (non-physiological levels 
of mutated genes), and their chromosomal positional effects can result in mosaicism 
and incomplete penetrance producing potentially confounding phenotypes 
(Robertson et al. 1995). The first GEMMs for brain tumors were models that over-
expressed oncogenes (Brinster et al. 1984). Transgenic models have been upgraded 
taking advantage of genetic tools that allow to reversibly control target transgene 
expression with exogenous ligands, such as doxycycline (Schönig et  al. 2002), 
interferon (Kühn et al. 1995) or 4-hydroxitamoxifen (Frese and Tuveson 2007).

With the appearance of gene targeting by means of homologous recombination 
into embryonic stem cells, strategies to develop mouse models of gain and loss of 
function for specific genes revolutionized the field. Endogenous GEMMs represent 
mutant mice that lose the expression of tumor suppressor genes or express onco-
genes or dominant-negative tumor suppressor genes from their native promoters. 
First models generated by gene targeting consisted in the replacement of endoge-
nous locus by a targeting vector that disrupts this allele. Such models are termed as 
‘knockout’. The first astrocytic glioma model initiated by loss of tumor suppressors, 
rather than overexpression of transgenic oncogenes, was established combining Nf1 
and Trp53 deficient mutants (Reilly et al. 2000).

9 Animal Models in Glioblastoma…
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In germ line models gene alteration occurs in all cells and not in a restricted 
population mimicking human hereditable cancer and predisposition syndromes. 
Moreover, embryonic lethality precludes study of genes critical for development in 
knockout models (Chen et al. 2012). To overcome this limitation conditional strate-
gies have been designed to control in a spatial and time specific-manner such as the 
use of site-specific recombinases like Cre (Lakso et al. 1992; Talmadge et al. 2007; 
Macleod and Jacks 1999). The most popular Cre transgenic strains in GBM models 
express Cre recombinase under the glial fibrillary acidic protein (GFAP) to target 
astrocytes and glial precursors or nestin promoters to target neural stem cells and 
intermediate neural progenitor cells. Several strains have been generated and can be 
found at virtual “Cre Zoo” repositories (Chandras et al. 2012; Smedley et al. 2011; 
Birling et al. 2009). In addition several somatic gene transfer methods have been 
generated using retroviral, lentiviral and adenoviral vectors to deliver Cre recombi-
nase for gene expression or inactivation of conditional alleles (Gierut et al. 2014; 
Ahmed et al. 2004). A temporal control of modified alleles can be achieved using 
ligand-inducible site-specific recombinases such as CreERT (Feil et al. 1996) which 
requires exposure to 4-hydroxytamoxifen.

Many of the GEMMs described in this chapter achieve their effects largely 
through the expression of an oncogenic mutation or tumor suppressor loss in an 
extensive area. The presence of a tumor initiating mutation in a large number of 
cells might reduce heterogeneity (Weiss and Shannon 2003). While these strategies 
generate molecularly and histologically relevant gliomas, these models frequently 
develop multifocal lesions or even fulminant widespread pathology (Ding et  al. 
2001; Xiao et al. 2005). Recent work demonstrated that histologically and molecu-
larly distinct GBMs can arise from a set of progressively more restricted neural 
progenitors using identical genetic drivers (Alcantara Llaguno et  al. 2015). 
Understanding the requirements and vulnerabilities of different progenitor cell 
types in the brain that are susceptible to malignant transformation might offer thera-
peutic opportunities.

The use of viruses for more localized gene delivery has emerged as an alternative 
mechanism for the production of brain tumors in GEMMs. Viral systems allow for the 
simultaneous delivery of multiple genes, in a variety of combinations and in a rapid 
way in opposing to germ line mutagenesis that requires the generation and breeding of 
multiple and different transgenic or gene targeted lines. The weaknesses of viral sys-
tems reside in the procedure to deliver the viruses (typically by intracranial injection), 
the limited DNA length that can be effectively packaged that impede the study of some 
genes and a reduced tumor incidence in some models (Huse and Holland 2009).

One of the first feasible somatic gene transfer models consisted in a murine ret-
rovirus (MoMuLV) to deliver the PDGF-B into the forebrains of newborn mouse 
pups (Uhrbom et al. 1998). More evolved viral systems induce GBM in adult immu-
nocompetent mice by injecting Cre-controlled lentiviral vectors expressing onco-
genes in a region and cell type-specific manner in adult mice (Marumoto et  al. 
2009). These models show variable histology and incidence when transduced in 
different areas highlighting the importance and the need of selection of the cell type 
to be infected.
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A series of GEMMs have been generated based on the somatic introduction of 
multiple genes into genetically engineering mouse strains that express a receptor 
(tv-a) for subgroup-A avian sarcoma leukosis viruses (ASLVs) (Federspiel et  al. 
1994). These mice strains express tv-a under the GFAP or nestin promoters (Gtv-a 
and Ntv-a, respectively) (Holland and Varmus 1998; Holland et  al. 1998). 
Replication-Competent Avian leukosis virus Splice acceptor (RCAS) vectors are 
derived from ASLVs. RCAS vectors have been genetically engineered to accept 
insertion of DNA fragments of interest (Greenhouse et al. 1988). This system repre-
sents an advantage over other viral systems as it allows control not only the geo-
graphic area and timing of delivery but also allows the selection of the cell type to 
be infected, limiting it to astrocytes (Gtv-a) and glioneural progenitors (Ntv-a). This 
model allows the somatic gene transfer of oncogenes, shRNAs to knock down 
tumor suppressor genes as well as Cre recombinase and other genetic tools.

Ntv-a or Gtv-a mice injected with RCAS-PDGF-B form oligodendroglial or 
mixed oligoastrocytic gliomas at high incidence at 3 months depending on gene 
dosage (Shih et al. 2004). The combination of constitutive active variants of K-RAS 
and AKT yields to astrocytic tumors in the Ntv-a background in 3 months with 25% 
incidence (Holland et al. 2000). As in other models, loss of tumor suppressors such 
as Pten or Ink4a/Arf increase the appearance of high-grade glioma features and 
reduce latency (Dai et al. 2001; Uhrbom et al. 2002).

The RCAS/tv-a model is efficient, feasible, quick, flexible and safe. It has been 
informative to test new therapies such as mTOR inhibitors (Hu et al. 2005), to opti-
mize of radiation dosing schedules for proneural glioblastoma (Leder et al. 2014) or 
to assess metabolic nutrient uptake in gliomas in vivo that may serve as a valuable 
tool in the clinical management of patients suffering from gliomas (Venneti et al. 
2015). This model has been very useful to address the role of several components of 
the TME and to uncover new therapeutic strategies for targeting cells in the glioma 
microenvironment such as the tumor associated macrophages and microglia 
(Pyonteck et al. 2013; Quail et al. 2016).

In the past years, an important role for IDH1 and IDH2 mutant genes in low- 
grade gliomas and a small subset of GBM with a better prognosis has been reported 
(Noushmehr et al. 2010; Yan et al. 2009; Ceccarelli et al. 2016; Eckel-Passow et al. 
2015; Network 2015; TCGA Network 2015). A GEMM for conditional activation 
of a heterozygous floxed Idh1R132H mutant allele using Nestin-Cre or Gfap-Cre failed 
to elicit gliomagenesis in the developing mouse brain (Sasaki et al. 2012) despite 
the production of D-2-hydroxyglutarate. This oncometabolite led to brain hemor-
rhage and embryonic lethality by blocking collagen maturation and altered vascular 
basementmembranes. Activation of the Idh1R132H floxed allele in the adult brain has 
not been reported so far.

While none of the GEMMs described above completely phenocopies their 
respective human conditions, their combined value in the preclinical testing of new 
drugs and novel regimens remains obvious. In the past years, rational drug design 
has led to numerous small molecule inhibitors targeting many of the pathways 
involved in gliomagenesis. GEMMs offer a great opportunity to study their effects 
on their molecular targets and the consequences for tumorigenesis, to evaluate their 
toxicity and to formulate strategies to follow clinical course.

9 Animal Models in Glioblastoma…



230

9.2.3  CRISPR/Cas9 Models

It has been progressively established that the vast majority of human cancers are 
extremely heterogeneous at a genetic level. To properly recapitulate this complexity, 
it is now clear that in vivo animal models will require to recreate not just a handful 
of genetic alterations, but possibly dozens. The growing level of sophistication in 
making gene knockouts using novel genome editing system has made it possible to 
target almost any candidate cancer gene in the in  vivo setting. The CRISPR 
(Clustered Regularly Interspaced Short Palindromic repeats)  – Cas (CRISPR- 
associated), is probably the most powerful genome editing technology that ever 
existed. Such a methodology has revolutionized research in many fields, including 
cancer animal modelling, by allowing specific manipulation of the genome of indi-
vidual cells. Its applications span from the inactivation of tumor suppressor gene, to 
the generation of somatic point mutations and more complex genomic rearrange-
ments. Although there are some concerns related to possible off-target effects, it is 
generally believed that the CIRSPR/Cas9 is sufficiently specific and is less likely 
prone to off-targets as compared to RNAi or shRNA techniques.

A possibly relevant caveat of CRISPR-based in vivo somatic genome editing is 
the requirement to concurrently deliver the guide RNA and the Cas9 enzyme to the 
specific tissue of interest. To deal with this issue, various groups recently generated 
transgenic mice expressing Cas9 in a Cre- or tetracycline- dependent manner (Platt 
et al. 2014; Chiou et al. 2015; Dow et al. 2015). Moving forward with the use of 
CRISPR/Cas9 in tumor modelling, the combination of somatic genome editing with 
the huge collection of currently available genetically engineered mouse models, 
previously discussed in this chapter, will provide the chance to introduce precise 
genetic lesions into specific cell types, leading to the development of novel and 
more accurate tumor models.

Since various recent reviews have described the basic concept and applications 
of CRISPR/Cas9 (for example see Heidenreich and Zhang 2015; Kannan and 
Ventura 2015; Sánchez-Rivera and Jacks 2015), here we will be focusing only on its 
relevance to glioma mouse models.

Due to the very recent advancement in the CRISPR/Cas9 technology, only two 
mouse models using this methodology brain tumorigenesis (Zuckermann et  al. 
2015; Chen et al. 2015) have been reported at the time of writing of this book.

To induce GBM tumors with the CRISPR/Cas9 system Zuckerman and collabo-
rators applied in utero electroporation (IUE) of the forebrain of E13.5 mouse 
embryos. By transducing simultaneously three independent plasmids, encoding 
Cas9 in combination with gRNAs targeting Nf1, Trp53 and Pten, they were able to 
induce highly aggressive tumours, resembling human GBMs. Using a very similar 
approach and the same combination of gRNAs targeting Nf1, Trp53 and Pten, Chen 
and colleagues were also able to induce very aggressive tumors that had histopato-
logical characteristic typical of human GBMs.

In our opinion there are at least two main issues with the use of IUE for glioma 
CRISPR/Cas9 modelling: timing of the gRNA delivery and lack of specificity of the 
targeted cells. Electroporation is normally performed at E14.5 or E15.5, and genetic 
alterations at this gestational stage might not be necessarily reflecting the biology of 
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gliomas in the adult. The second issue is that the expression of the Cas9 enzyme 
from a constitutive promoter, as it has been used in both studies, does not allow 
genome editing in a cell-type-specific manner thus not restricting the genetic altera-
tion to the putative cells of origin of gliomas.

To overcome such limitations, our laboratory is currently working in combining 
the extensively used RCAS/tv-a glioma model with the incredibly powerful 
CRISPR/Cas9 genome editing technology (unpublished).

9.3  Other Animal Models

9.3.1  Drosophila

During decades, lower-model organisms like Drosophila melanogaster have pro-
vided critical information regarding the role of numerous human cancer-related pro-
teins and their spatiotemporal organization in molecular signalling pathway that are 
relevant for the human disease (Brumby and Richardson 2005). Drosophila strains 
that are engineered to recapitulate important features of certain forms of human 
cancer have been very useful to elucidate the tumorigenesis process and served as 
platforms for therapeutic drug discovery (Gonzalez 2013).

Most human genes, including major signal transduction pathways, have func-
tional Drosophila melanogaster orthologue (Reiter and Bier 2002). Lately, dro-
sophila arose as a model system for human neurological diseases because the CNS 
shows significant evolutionary conservation in cellular structure and neurodevelop-
mental pathways (Bilen and Bonini 2005).

Flies present various advantages as compared to more complex organisms, as the 
mouse: small size, simple husbandry, short generation time and highly prolific nature; 
thousands of mutants, and stock collections of approximately genome-wide double-
stranded RNAs for RNA interference; high-resolution microscopy of living cells and 
organs. On the other hands they also have numerous limitations: fly strains cannot be 
kept frozen; lack of some tissue types and organs that are present in mammals (e.g. 
pancreas, liver, adipose tissue and blood); absence of adaptive immune response and 
open circulatory system (Gonzalez 2013). GEMMs and xenograft mouse models have 
not been extensively used to systematically screen for novel genes that contribute to 
GBM, mainly because forward functional genetic assays are very lengthy and expensive 
to perform in these systems. On the contrary, drosophila might represent a very resource-
ful genetic model system in which cell-type specific gene function can be controlled 
with single-cell precision in vivo in an intact complex nervous system (Read 2011).

Drosophila models of glioblastoma, have been recently developed in which glial 
progenitor cells give rise to proliferative and invasive neoplastic cells that create 
transplantable tumors in response to constitutive co-activation of the EGFR-Ras and 
PI3K signalling pathways and inactivation of the E2F/Rb pathway (Read 2011; 
Read et al. 2009; Witte et al. 2009). While only a handful of tumor drivers were used 
in drosophila models of GBM (e.g. dEGFRλ and dp110CAAX), various key rate- 
limiting genes have been identified, such as dCyclinE, Stg, dMyc, and also genes 

9 Animal Models in Glioblastoma…



232

only needed for abnormal neoplastic glial proliferation, such as dSin1, dRictor, 
dCdk4, dRIOK1 and dRIOK2 (Read et al. 2009; Read et al. 2013). Moreover, con-
sistent with a high frequency of RB pathway mutations in human GBM, the loss of 
Rbf1, one of the two RB genes in flies, boosts tumor development in Drosophila.

An important potential application of a Drosophila cancer model is the identifi-
cation and design of novel therapeutic molecules that target GBM signalling path-
ways. The fly model has numerous advantages for testing novel compounds: drugs 
can be directly fed to animals, tumors develop quickly, inhibition of neoplastic pro-
liferation can be detected in live animals using fluorescence microscopy. Moreover, 
screening in live flies readily identify those compounds that are toxic to the animal 
or that cannot reach their targets due to lack of stability or because they cannot reach 
the organ of interest, a very important aspect at the preclinical stage (Gonzalez 
2013).

Although fly-based models hold great potential for further depicting pathways 
involved in gliomagenesis, there might be an important biological difference to be 
taken into consideration. While the exact cell of origins of human GBM has not 
been clearly identified, through the use of mouse models, it has been shown that 
both neural stem cells and committed progenitor cells can be readily transformed. 
Possibly differently to the human pathology, in fly-based models, using lineage trac-
ing and cell-type specific markers, tumorigenic glial cells were established to derive 
from committed glial progenitor cells, rather than from multipotent neuroblasts, 
which are fly neural stem cells (Read et al. 2009).

9.3.2  Zebrafish

While well established as a system for the study of developmental processes, the 
zebrafish (Danio rerio) is progressively becoming an accepted system for modelling 
human diseases including cancer. At the genomic level, orthologues of approxi-
mately 70% of human genes can be found in the zebrafish genome (Howe et al. 
2013). At the molecular levels signalling pathways controlling embryonic develop-
ment and anatomy are extensively conserved between zebrafish and humans 
(Santoriello and Zon 2012).

The unique research advantages that zebrafish offers for genetic studies includes 
high fecundity, the rapid generation of transparent embryos, the conservation of 
vertebrate organs, which allows comparison with humans, presence of blood circu-
lation, lack of an adaptive immune system for the first 4–6 weeks, quite inexpensive 
maintenance costs and most significantly the flexibility to genome editing tech-
niques and high throughput forward genetic screens (White et al. 2013; Shive 2013). 
Another important practicality of zebrafish models is that the aqueous environment 
facilitates drug as well as studies using ionizing radiation (immersion in water pro-
vides radiation dose homogeneity) (Geiger et al. 2008). Particularly, by combining 
drug discovery and animal testing, in vivo screening of small molecules in zebrafish 
has allowed fast translation of anti-cancer compounds to the clinic, mostly through 
the repurposing of FDA-approved drugs (Dang et al. 2016).
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Zebrafish develop cancer spontaneously, after exposure to mutagenic compounds 
and also through genetic manipulations. Such tumors resemble human tumors at 
multiple levels: histological, gene expression and genomic (White et  al. 2013). 
Zebrafish cancer models have been generated by multiple approaches: chemical 
carcinogenesis, forward and reverse genetics screens, transgenic models and xeno-
transplantation in embryos (Shive 2013).

The first zebrafish brain cancer model was established through the combined 
deletion of the nf1a/nf1b (orthologs of human NF1) and p53 tumor suppressor 
genes: heterozygous inactivation of nf1a and homozygous inactivation of nf1b in a 
p53-deficient background resulted in an accelerated onset and increased penetrance 
of high-grade gliomas and malignant peripheral nerve sheath tumors (MPNSTs) in 
adult zebrafish (Shin et al. 2012). Immunohistochemical analysis showed hyperac-
tivation of MAPK and mTOR pathways in some of the brain tumors in nf1 and p53 
null  animals, consistent with mouse and human NF1-derived MPNSTs and 
gliomas.

Newer brain tumor models utilized the expression of oncogenes to disrupt the 
PI3K-AKT-mTOR and RAF-MEK-ERK signalling pathways, which leads to the 
development of glioma. Transgenic zebrafish overexpressing a dominant-active 
form of Akt (DAAkt1) in the hindbrain developed at a high frequency glioma of 
varying histological grades within the cerebellum (Jung et al. 2013). While expres-
sion of darac1, a dominant active mutant of RAC1, was not sufficient to induce 
tumor by itself, it did greatly accelerate DAAkt1-induced tumorigenesis. The co- 
expression of darac1 not only boosted tumor incidence but also increased histologic 
grade and invasiveness (Jung et al. 2013), underlying the cooperativity between the 
two signalling pathways.

Most recently, transient transgenic expression of oncogenic kras(G12V) in neu-
ral within the head region (Ju et al. 2015). Histological analyses revealed that only 
20% of the tumors presented histopathological features consistent with glioma and 
were located in the ventricular zone, while the majority were MPNSTs in the cranial 
cavity. However, expressing kras(G12V) by the gfap promoter led to an increased 
frequency of high-grade gliomas in both VZs and brain parenchyma.

Until recently the inadequate reverse genetic techniques available for use in 
zebrafish have limited its use to generate genetic models for brain and CNS cancer. 
However, the highly powerful targeted nuclease methods including transcription 
activator-like effector nucleases (TALENs) and the CRISPR/Cas9 system have also 
been recently established in zebrafish and will be extremely useful to develop the 
next generation zebrafish cancer models (Yen et al. 2014).

Taking advantage of the lack of an adaptive immune system in the early zebrafish 
developmental phases, in parallel to the genetic models, zebrafish embryos 
 xenografted with human glioblastoma cell lines have been recently used in a variety 
of studies (Geiger et al. 2008; Yang et al. 2013; Wehmas et al. 2016; Welker et al. 
2015). These reports provide a noteworthy technique that goes past what is nor-
mally feasible in mouse xenografts since they let for comprehensive, three- 
dimensional analysis of single cells within an engrafted tumor (White et al. 2013). 
Moreover, due to the microscopic size of the embryo recipients, thousands of recipi-
ents can be used at a time, allowing high-throughput drug screening approaches.
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9.3.3  Canine

Dogs are important spontaneous models of human complex disorders including 
cancers. Besides the benefits of working with large animal models, dogs and human 
cancers share both genetic and environmental factors. Although, avian sarcoma 
virus (ASV)-induced and allogeneic transplanted canine brain tumor models were 
developed in the past (Britt et al. 1985; Warnke et al. 1995; Berens et al. 1999), the 
ethics of these procedures were brought into question and lately researchers have 
been focusing mostly on naturally occurring tumor models.

Spontaneous gliomas in dogs exhibit similar pathological subtypes, molecular 
alterations and neuroimaging characteristics to their human counterparts and are 
usually classified and graded using the human WHO criteria. While the frequency 
of certain glioma subtypes varies between humans and dogs, with dogs having more 
high-grade oligodendrogliomas and humans having more GBMs (Dickinson 2014), 
some recent studies showed that similar signalling pathway alterations are also pres-
ent in dogs (Boudreau et al. 2015).

The size and structure of the dog’s brain, histopathology and molecular appear-
ances of canine brain tumours, together with an intact immune system, are encour-
aging characteristics for the potential success of a canine model (Hicks et al. 2015). 
Moreover, some brachycephalic dog breeds, such as Boxer, Bulldog and Boston 
Terrier have a substantially increased risk of glioma (Song et al. 2013), making the 
dog an appropriate model also for identifying genes possibly important for the 
development of human glioma. Indeed, a recent genome wide association study 
(GWAS), in dogs of a variety of breeds, identified three candidate genes (DENR, 
CAMKK2 and P2RX7), possibly representing potential glioma susceptibility genes 
in humans (Truvé et al. 2016).

Numerous small-scale pre-clinical treatment trials (e.g. immunotherapy, gene ther-
apy, convection-enhanced delivery (CED) and cell-encapsulated anti- angiogenic ther-
apy) have employed the dog as a spontaneous model providing significant information 
for both human and veterinary medicine (Hicks et al. 2015). However, progression of 
naturally occurring cancer in dogs, though faster than in humans, is much slower than 
most small animal models, limiting its application in the translational settings.

9.4  Future Perspective

The use of animal models is absolutely indispensable to better understand the biology 
of any complex disease like cancer. Animal research has played a fundamental role in 
virtually every medical breakthrough over the last few decades. However, there is not 
such thing as a “perfect animal model”, all of them present caveats and pitfalls. In 
particular for what concerns the development of novel therapeutic approaches, as said 
by Thomas Hartung, director of the Center for Alternatives to Animal Testing at the 
Johns Hopkins Bloomberg School of Public Health in Baltimore, the ideal model 
simply doesn’t exist: “If there was an animal model good enough to substitute for 
people, we would not have a 92% failure rate in clinical trials” (Dolgin 2013).
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Despite decades of research, the approved drugs armamentarium against GBM 
remains limited. The scientific community will have to work together in order to 
better refine the current available models to integrate the comprehensive genomic 
characterization and novel GBM classification. We firmly believe that the novel 
genome editing technologies, such as the CRISPR/Cas9, will play an essential role 
in the development of the next-generation models of human cancer.
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Abstract Pediatric high grade gliomas (pHGGs) constitute about 20% of  childhood 
gliomas and show poor survival. The underlying molecular pathogenesis of pHGGs 
is significantly distinct from histologically similar adult GBMs. Frequent driver 
mutations within chromatin remodeling genes histone H3.1-H3.3 
(K27M-G34R/V)-ATRX-DAXX, in addition to alterations in ACVR1, SETD2, 
FGFR1, BRAF, PDGFRA, NTRK, MYCN, MYC and TP53 genes play a central 
role in the pHGG pathogenesis. Genome-wide methylation data of pediatric GBM 
(pGBM) has shown four biologically distinct subgroups, associated with enrich-
ment for mutations (K27 and G34), PDGFRA-amplification, and/or mesenchymal 
gene expression signatures. pGBMs show rare IDH1-mutation/G-CIMP (Glioma- 
CpG- Island Methylator Phenotype) and are associated with reactive oxygen species 
production. Genome-wide miRNA profile of pHGGs has shown a set of uniquely 
expressed miRNAs distinct from adult GBMs which target PDGFR-b pathway. 
Functional consequences of histone H3.3 mutation in pHGGs show reprogramming 
of H3K27 methylation in conjunction with EZH2 over a set of biologically 
 significant genes leading to tumorigenesis. A major loss of expression of global 
histone trimethylation (H3K-27/−9/−4) code has also been shown in pGBMs. 
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Patients with H3F3A-G34R/V shown better overall survival compared with H3F3A-
wild type and -K27M. However H3F3A-K27M show poorest prognosis in pHGGs. 
Clinical trial designs should now focus on distinct molecular subgrouping in pHGGs 
and stratify patients applying markers associated with specific subgroup. Targeting 
chromatin modifiers, central to pHGG pathogenesis offers a rational way to develop 
highly selective treatment strategies.

Keywords Pediatric glioblastoma • Diffuse intrinsic pontine glioma • Diffuse 
 midline glioma H3K27M–mutant • H3F3A • HIST1H3B • ATRX • Histone 
 methylation • Glioma • CNS tumor

10.1  Introduction

Central nervous system (CNS) tumors are the most prevalent solid tumor of child-
hood, of which gliomas are the commonest. Low grade gliomas comprise the largest 
fraction of pediatric glial tumors and are associated with better prognosis; however, 
about 15%–20% of pediatric gliomas are high grade with poor outcome (Baker 
et al. 2016). High grade gliomas (HGGs) in pediatric age group are infrequent as 
compared to adults, and comprise a heterogeneous group of WHO grade III and IV 
tumors, similar to their adult counterpart. Thus among pediatric high grade gliomas 
(pHGGs), most common are glioblastoma which mainly occur in supratentorial 
locations and diffuse intrinsic pontine gliomas (DIPG) which are exclusively located 
in the brainstem and constitute approximately 10% of all pediatric CNS tumors 
(Donaldson et al. 2006). Both these tumors are very invasive in nature, therefore 
respond poorly to even most aggressive treatments and show dismal prognosis and 
generally poor clinical outcome. In general, these tumors show a two-year survival 
outcome of less than 20% and are one of the most aggressive human cancers with 
limited therapeutic options (Gottardo and Gajjar 2008). Recently, in 2016 update of 
the WHO classification of CNS tumors, a new entity viz. diffuse midline glioma, H3 
K27M–mutant has been defined- characterised by midline location (thalamus, brain 
stem, and spinal cord), K27M mutation in the histone H3.1/3.3 (H3F3A and 
HIST1H3B gene) and a diffuse growth pattern (Louis et al. 2016; Castel et al. 2015).

Majority of adult GBMs (~95%) develop de novo (Primary GBM), but approxi-
mately 5% also arise from lower-grade diffuse astrocytoma (WHO grade II) and 
anaplastic astrocytoma (WHO grade III) (Secondary GBM). Unlike adults, progres-
sion from a lower-grade glioma is rarely seen in pediatric GBMs (pGBMs), as these 
arise almost exclusively de novo (Sturm et al. 2012).

Histologically, pHGGs are indistinguishable from adult GBMs. Recent advance-
ment in high throughput genomic analyses has unfolded the different layers of 
genetic and epigenetic alterations that distinguish pediatric and adult  gliomagenesis. 
Various studies using next generation sequencing have shown that pGBMs have 
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unique pattern of genetic alterations, gene expression, DNA methylation profile and 
miRNA expression, distinct from their adult counterparts (Sturm et  al. 2012; 
Schwartzentruber et al. 2012; Wu et al. 2012; Jha et al. 2015). These findings have 
brought about a tectonic shift in understanding of pHGG biology and integration of 
this information has contributed to reclassification of these tumors beyond histo-
logical characterisation to different molecular subgroups. These subgroups differ 
distinctly in terms of cell of origin, clinical features viz. age at presentation, ana-
tomical location of tumor and prognostic outcome as well as response to therapeutic 
targets (Northcott et al. 2015; Jones and Baker 2014; Northcott et al. 2012; Pajtler 
et al. 2015; Sturm et al. 2014a; Taylor et al. 2012). Prior studies have also suggested 
that fundamental biological differences exist between pediatric and adult HGGs, 
with each responding in different manner to similar therapies (Jones et al. 2012a; 
Paugh et al. 2010). Hence, pGBMs should be considered as a distinct clinicopatho-
logical entity separate from adults as they have fundamental genetic and epigenetic 
differences. Therefore, it is now imperative to think about clinical management of 
pHGGs beyond therapeutic strategies developed primarily based on studies on adult 
GBMs. The discovery of aberrant chromatin level regulations in pHGGs suggest a 
need to design novel therapeutic approaches targeting epigenetic regulators for 
improved patient outcome in these diseases.

10.2  Epidemiology

The incidence of GBMs increases with age and they are much rarer in pediatric 
population. Importantly, even within the pediatric age group, the disease incidence 
peaks during adolescence (Perkins et al. 2011). Owing to the lower incidence in 
children, most of the studies on pediatric gliomas have traditionally combined 
GBMs, anaplastic astrocytomas and diffuse intrinsic pontine gliomas (DIPGs) 
together and termed as pediatric HGG. The estimated incidence of pHGG is approx-
imately 0.85 per 100,000 children (<19 years) per year which makes them the most 
common group of malignant CNS neoplasms in pediatric age group alongside the 
embryonal tumors (Dolecek et al. 2012). Based on tumor site, infratentorial malig-
nant brainstem gliomas represent 10% of pHGGs and 80% of these constitute 
DIPGs (Hargrave et al. 2006a). DIPGs are most commonly diagnosed in pediatric 
patients between ages of 5–10 years and are located within brainstem (midbrain, 
pons, or medulla). Frequency of supratentorial HGG is more in young children than 
in juveniles or adults. Thalamic pHGG represents 12% of cases and occurs more 
frequently in childhood than adults (Kramm et al. 2011; Wolff et al. 2008). Malignant 
gliomas in the spine are less common, with 3% occurrence rate in both children and 
adults (Wolff et al. 2012). Although, the exact frequency of diffuse midline glioma- 
H3K27M tumor has yet not been systematically estimated, they constitute about 
70%–80% of previously referred DIPGs (Solomon et al. 2015). These tumors are 
predominantly present in children with peak age at diagnosis between 5 and 11 years 
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and tend to be in midline locations. The pontine tumors arise on an average earlier 
(~7 years) than their thalamic counterparts (~11 years). There is no specific sex 
predilection reported in pHGGs. Presently, the only established risk factor associ-
ated with developing pHGG is prior radiation therapy (Pettorini et al. 2008). Genetic 
disorders associated with increased risk to develop brain tumor include 
Neurofibromatosis type 1 and 2, Li-Fraumeni syndrome (characterized by germline 
TP53 mutations), Gorlin syndrome (PTCH1 and SUFU) and Turcot syndrome 
(APC) (Cage et al. 2012).

10.3  Histopathology

Histologically, pGBMs are not distinguishable from their adult counterparts. They 
typically show high cellularity and are usually composed of poorly differentiated, 
pleomorphic tumor cells with nuclear atypia and brisk mitotic activity. Prominent 
endothelial proliferation and/or necrosis are essential diagnostic features. The dis-
tribution of these key elements within the tumor is variable, but large necrotic areas 
usually occupy the tumor centre, while microvascular proliferation is usually most 
marked around necrotic foci and in the peripheral zone of infiltration. DIPGs show 
poorly differentiated cells, with scant cytoplasm and round nuclei. Intra-tumoral 
histopathological heterogeneity and intracranial leptomeningeal dissemination are 
also common in DIPGs. Diffuse midline glioma-H3K27M shows predominantly 
small and monomorphic cells infiltrating the grey and white matter structures. 
However, cells can also be large and pleomorphic. Although, they typically show an 
astrocytic morphology, an oligodendroglial morphology is also a consistent pattern. 
Mitotic activity is present in majority of cases, but is not mainstay for diagnosis. 
Approximately 10% cases lack mitotic figures, microvascular proliferation and 
necrosis and thus morphologically mimic grade II. The remaining cases are high- 
grade, with one fourth of cases containing mitotic figures and the remainder con-
taining, in addition, foci of necrosis and microvascular proliferation.

10.4  Molecular-Genetic Alterations in Pediatric HGGs

Gene expression profiling studies have identified three molecular subgroups of 
pHGG viz. Proliferative, Proneural and Mesenchymal, which overlap with the sub-
groups earlier classified in adult HGGs (Phillips et  al. 2006). High frequency of 
mutations within the H3.3/ATRX/DAXX chromatin remodeling pathway occur in 
pGBMs (Schwartzentruber et  al. 2012). Similarly, frequent H3.3 mutation along 
with mutation within the gene HIST1H3A (coding for the canonical histone H3.1) 
has been reported in DIPGs (Wu et al. 2012). These tumors also show significantly 
higher frequency of TP53 and PDGFRA alterations (Wu et al. 2012). Conversely, 
prototypic alterations of adult primary GBM (e.g., EGFR amplification, CDKN2A/B 
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homozygous deletions PTEN mutations) are rarely present in pHGGs. Diffuse 
 midline glioma-H3K27M harbours characteristic mutations in H3F3A, HIST1H3B, 
and HIST1H3C genes. Frequent mutation in TP53, ACVR1 and amplification 
of - PDGFRA gene are also common in this newly classified pHGG tumor entity.

10.4.1  Copy Number Alterations

The most prevalent genomic aberration identified in pGBMs and DIPGs is PDGFRA 
amplification (4q12) (Paugh et al. 2010; Bax et al. 2010). Gain of Chromosome 7 
(74%–83%) and loss of 10q (80%–86%), the most frequent genetic aberration in 
adult GBMs are uncommon in pHGGs (13–19% and 16%–38%, respectively) 
(Network 2013; Brennan et al. 2013). Similarly, deletion of CDKN2A/B (9p21) is 
observed in about 53% adult HGGs but very infrequently seen in pHGGs (Brennan 
et al. 2013). Integration of TCGA copy number and sequencing data in adult GBMs 
identified somatic alterations in core components of the RB, TP53 and RTK path-
ways in 79%, 86% and 90% of patients (Brennan et al. 2013; Cancer Genome Atlas 
Research Network 2008). Focal chromosomal gains and/or losses in pHGGs are 
primarily associated with aberrant gene function within the p53, PI3K/RTK, and 
RB pathways (Verhaak et al. 2010; Frezza et al. 2010), however; at significantly 
lower frequency (RTK/PI3K:25%, p53:19% and RB:22% (Bax et al. 2010) com-
pared to adults. pHGGs typically display chromosome 1q gain (19–20%) and small 
proportion of tumors are also associated with losses of chromosome 16q (7%–18%) 
and 4q (2%–15%) (Jones et  al. 2012b). Diffuse midline glioma-H3K27M shows 
amplification of PDGFRA (30%), MYC/PVT1 (15%), and CDK4/6 or CCND1–3 
(20%) in addition to infrequent homozygous deletion of CDKN2A/B in <5% cases 
(Castel et al. 2015). Overall, as compared to adults, pHGGs harbour significantly 
fewer DNA copy number alterations, and about 15% of these tumors are devoid of 
any evident copy number alterations (Sturm et al. 2012; Paugh et al. 2010; Bax et al. 
2010; Jones et al. 2012b).

10.4.1.1  PDGFRA Amplification

Activation of the PDGFRA gene is present in approximately one third of pHGGs 
which include three principal forms of alterations  – (i) Focal amplification, (ii) 
mutation and (iii) Intragenic deletion (Sturm et al. 2014b). Various studies show that 
recurrent focal amplification of PDGFRA is a key oncogenic event in DIPG (Paugh 
et al. 2011; Zarghooni et al. 2010). However, with increasing amounts of molecular 
data on treatment-naive DIPG, the occurrence of this alteration appears to be slightly 
lower than previously documented (<40%) and predominantly enriched in DIPGs 
that harbors histone H3.3/3.1 mutations (Sturm et al. 2012). Similar to EGFR, a 
fraction of PDGFRA-amplified GBMs from both pediatric as well as adults harbor 
age-specific intragenic deletion rearrangements of this kinase that result in 
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constitutively increased activity (Ozawa et  al. 2010; Paugh et  al. 2013). Recent 
 studies have also identified novel oncogenic mutations in PDGFRA in a group of 
pHGGs, and this often occurs in combination with amplification of the PDGFRA 
locus (Paugh et al. 2013; Puget et al. 2012). PDGFR signaling has also been shown 
to be activated upon up-regulation of PDGF ligands (A–D) in approximately 30% 
of gliomas and also in cell lines (Fleming et al. 1992; Hermanson et al. 1992; Lokker 
et al. 2002; Smith et al. 2000). Amplification of PDGF and PDGFR appear to pro-
mote aggressive glioma growth. Expression of genes associated with PDGFR sig-
naling and genes involved in oligodendrocyte development (OLIG2, NKX2–2, and 
PDGF) have been documented in a large proportion of pHGGs (Paugh et al. 2010; 
Puget et al. 2012) which correlate with the higher frequency of PDGFRA amplifica-
tion (Sturm et al. 2012; Paugh et al. 2010; Bax et al. 2010; Paugh et al. 2011; Qu 
et al. 2010).

10.4.2  Gene Mutation Profile

Studies have reported TP53 mutations to be present in 40%–54% of pHGGs (Appin 
and Brat 2014) as compared to 34%–37% of adults (Sturm et al. 2014b). HGG in 
infants show a lower frequency of TP53 mutation (9%) whereas DIPGs are associ-
ated with more frequent TP53 alteration (42%–64%) (Zarghooni et al. 2010; Wu 
et al. 2014; Pollack et al. 2001; Taylor et al. 2014). Lower frequency of somatic 
mutations in NF1 (25%), PDGFRA (8%) and EGFR (4%) have been reported in 
pHGGs when compared to adults (Wu et al. 2014). IDH1 and IDH2 mutations are 
rare and reported in <10% of pHGGs. Further, these are confined only to patients 
with age >13 years (Jones et al. 2012a). However, most frequent genetic alteration 
in pHGGs includes mutations in chromatin remodelling genes histone H3.3/3.1 and 
ATRX/DAXX.

10.4.2.1  Histone H3.3/H3.1 Mutation

The most significant mutation in pHGGs which invariably distinguishes these 
tumors from their adult counterparts is the newly discovered histone H-3.3/3.1 
(H3F3A or HIST1H3B/ HIST1H3C gene) mutations (Schwartzentruber et al. 2012; 
Wu et al. 2012). These recurrent mutations, result in a p. Lys27Met (K27M) substi-
tution in H3F3A or HIST1H3B/C gene and p.Gly34Arg/Val (G34R/V) substitution 
confined only to H3F3A (Schwartzentruber et al. 2012; Wu et al. 2012; Fontebasso 
et  al. 2014). These mutations arise on the histone tail, at or near important post 
translational modification sites. H3F3A mutations are restricted to pediatric and 
young adult (<30 years) HGGs (Sturm et al. 2014b), but rarely reported in older 
adults and are mutually exclusive with IDH1 mutation (Schwartzentruber et  al. 
2012; Pathak et al. 2015). H3F3A mutations identify distinct subgroups of pGBMs 
and have been reported in 30%–52% of cases. The K27M tends to occur 
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predominantly in midline pediatric GBMs (thalamus, pons, and spinal cord) while 
the G34R/V occur in cerebellar hemispheres. DIPGs frequently show K27M muta-
tion in H3.3 gene (70%–88%) and less frequently (11%–31%) in HIST1H3A gene 
(K27M-H3.1), coding for the canonical histone H3.1 (Frattini et  al. 2013). 
K27M-H3.1 mutations are mutually exclusive with K27M-H3.3 mutations. Further 
TP53 mutations often co-occur with H3F3A and/or ATRX mutation in pGBMs and 
are identified in approximately 86% of cases that harbour H3F3A-ATRX alterations 
(reported in all G34R and about 67% of K27M mutants) (Schwartzentruber et al. 
2012; Wu et al. 2012). Diffuse midline glioma-H3K27M presents recurrent charac-
teristic mutations of H3F3A, HIST1H3B, and HIST1H3C genes in approximately 
80%, 50% and 60% of tumors located in pons, thalamus and spinal cord respec-
tively. Differences have also been reported in the gene expression, DNA methyla-
tion and prognostic outcome of H3.3 mutant versus wild types as well as K27M 
versus G34R/V mutant types (Sturm et al. 2012; Schwartzentruber et al. 2012).

10.4.2.2  ATRX/DAXX Mutation

ATRX mutations are less common in DIPGs (9%) as compared to supratentorial 
pHGGs (29%). ATRX-DAXX encodes a subunit of chromatin remodelling complex 
required for H3.3 incorporation at pericentric heterochromatin and telomeres 
(Schwartzentruber et  al. 2012). Mutation in ATRX (alpha-thalassemia/mental- 
retardation syndrome X-linked) and DAXX (Death-Domain Associated Protein) 
leads to ALT (alternative lengthening telomeres) phenotype, frequently seen in 
pGBM, which maintains or increases telomere length (Schwartzentruber et  al. 
2012) in the absence of telomerase reverse transcriptase (TERT) promoter muta-
tions. Mutations in ATRX along with DAXX gene have been identified in 31%–48% 
of pGBMs. DAXX mutations occur mostly in pGBMs and reported in about 6% of 
these tumors. ATRX-DAXX mutations are significantly associated with H3F3A 
mutations and particularly with 100% of H3F3A-G34R/V mutant cases 
(Schwartzentruber et al. 2012). Pathak P et al. identified association of ATRX muta-
tion with 75% of G34R mutation as compared to only 60% in K27M mutant cases 
(Pathak et al. 2015). In another study, the mutations in H3.3/ARTX/ DAXX/TP53 
were also found to associate with alterations in the telomere lengthening and spe-
cific gene expression profiles (Paugh et al. 2010; Paugh et al. 2011; Faury et al. 
2007a; Haque et al. 2007). Unlike pHGGs, ATRX alterations are frequently seen 
together with IDH1/2 and TP53 mutations in adult diffuse astrocytic tumors across 
WHO grade 2 and 3 and in secondary adult GBMs (Jiao et al. 2012).

10.4.2.3  Other Recurrent Genetic Alterations

DIPGs exclusively harbour recurrent mutations in the ACVR1 (activin A receptor, 
type I) gene (20%–32%) which is a member of the bone morphogenic protein 
(BMP) signaling pathway (Buczkowicz et  al. 2014a; Fontebasso et  al. 2014). 
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ACVR1 mutation is the third most common genetic alteration in DIPGs, signifi-
cantly overlaps with K27M mutations in histone H3.1 and is tightly associated with 
wild-type TP53 as well as younger age and longer survival (Wu et al. 2012; Taylor 
et al. 2014). Diffuse midline glioma-H3K27M also shows mutation in ACVR1 gene 
in 20% of these tumors (Fontebasso et  al. 2014). Frequent somatic mutations in 
several histone writers, erasers and chromatin remodelling related genes namely 
MLL, KDM5C, KDM3A, JMJD1C etc. have also been identified in pHGGs recently 
(Wu et  al. 2012) and these mutations often co-occur with mutations in H3.3/3.1 
genes. Approximately 91% of DIPGs and 48% of hemispheric HGG harbour these 
mutations in histone genes and/or this group of epigenetic regulators (Wu et  al. 
2012). Mutations have been also identified in SETD2 gene, associated with global 
decrease in H3K36me3 levels, indicating another loss-of-function phenomenon in 
pHGGs (Fontebasso et al. 2013). In nonbrainstem tumors and/or DIPGs, MYCN 
and to a lesser extent, MYC amplifications have been also reported. Nevertheless, it 
is yet unidentified to what extent they mark a distinct subgroup (Wu et al. 2012; 
Taylor et  al. 2014; Buczkowicz et  al. 2014a; Fontebasso et  al. 2014). Among 
pHGGs, notably tumors of juvenile and/or young adults situated in the cerebral 
hemispheres demonstrate defects in H3K36-methylation in about 50% of cases, 
acquired by mutations either in H3F3A (G34R/V), IDH1 or SETD2 (Sturm et al. 
2012; Fontebasso et al. 2013). TERT gene promoter (pTERT) mutations are present 
at a much lower frequency (3%–11%) in pGBMs (Killela et al. 2013; Koelsche et al. 
2013) which instead frequently display a loss of ATRX/DAXX and an alternative 
lengthening of telomeres (ALT) phenotype, associated with maintenance or increase 
in telomere length (Wu et al. 2012; Heaphy et al. 2011). Although BRAF-V600E 
mutation is strongly associated with pediatric pleomorphic xanthoastrocytomas 
(PXA), gangliogliomas, and pilocytic astrocytomas, a subset of pHGGs (5%–10%), 
predominantly cortical have been identified with this alteration (Korshunov et al. 
2015). These pHGGs also display a histological and genome wide methylation sig-
nature similar to PXA and have a better clinical outcome (Korshunov et al. 2015). 
However, unlike lower-grade gliomas with characteristic MAP-K pathway activa-
tion, these tumors frequently co-occur with CDKN2A/CDKN2B (p16) deletions 
(Sturm et al. 2012; Korshunov et al. 2015). Nevertheless, BRAF-V600E mutation is 
extremely rare in adult GBMs.

In recent times, sequencing drive in pHGGs has led to the identification of the 
first fusion gene in these tumors (Wu et al. 2012). Importantly, gene fusion involv-
ing the kinase domain of each of the three NTRK (neurotrophin receptor) genes with 
five different N-terminal fusion partners has been reported in nearly 4% of DIPGs 
and 10% of non-brainstem HGGs. Interestingly, about 40% of nonbrainstem HGGs 
occur in infants (<3 years of age). NTRK fusions are linked with gliomagenesis in 
vivo and direct activation of PI3K/MAPK signalling (Wu et al. 2012). Recently, in 
a high throughput genome and transcriptome study on three pHGG cell lines, 17 
novel fusion genes were identified and all associated with amplified chromosomal 
regions (Carvalho et al. 2014) Table 10.1.
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Table 10.1 Frequency of different genetic alterations in pediatric and adult GBMs

Gene
Type of genetic 
alteration

Frequency (%)

Reference
Pediatric 
HGG

Adult 
GBM

H3F3A G34R/V mutation 12–14 0–3 Castel et al. (2015), Sturm et al. 
(2012), Schwartzentruber et al. 
(2012), Wu et al. (2012), Brennan 
et al. (2013)

K27M mutation 23–60 0–1
HIST1H3B or 
HIST1H3C

K27M mutation 12–31 0
K27I mutation 2 0

HIST2H3C K27M mutation 2 0
ATRX Mutation/IHC 14–29 6–7 Schwartzentruber et al. (2012), 

Brennan et al. (2013), Heaphy 
et al. (2011)

PDGFRA Focal amplification 8–39 11–26 Sturm et al. (2012), Paugh et al. 
(2010, 2012), Bax et al. (2010), 
Brennan et al. (2013), Verhaak 
et al. (2010), Ozawa et al. (2010), 
Paugh et al. (2013), Phillips et al. 
(2013), Barrow et al. (2011)

Intragenic deletion/ 
Point mutation

4–9 3–18

ACVR1 Mutation 20–32 0 Buczkowicz et al. (2014a), 
Fontebasso et al. (2014)

TP53 Mutation 34–37 20–29 Schwartzentruber et al. (2012), 
Brennan et al. (2013), Verhaak 
et al. (2010), Pollack et al. (2001), 
Noushmehr et al. (2010)

BRAF V600E Mutation 10–25 2–8 Schwartzentruber et al. (2012), 
Brennan et al. (2013), Korshunov 
et al. (2015), Dahiya et al. (2014), 
Takahashi et al. (2015), Schiffman 
et al. (2010)

IDH1 Mutation 0–16 5–12 Sturm et al. (2012), 
Schwartzentruber et al. (2012), 
Paugh et al. (2010), Brennan et al. 
(2013), Verhaak et al. (2010), Suri 
et al. (2009), Noushmehr et al. 
(2010), Parsons et al. (2008), Yan 
et al. (2009)

EGFR Focal amplification 1–11 40–43 Sturm et al. (2012), 
Schwartzentruber et al. (2012), 
Paugh et al. (2010), Bax et al. 
(2010), Brennan et al. (2013), 
Noushmehr et al. (2010), Bax 
et al. (2009)

Intragenic deletion 17 10–64
Point mutation 4 18–26

PTEN Focal deletion 0–1 8–10 Schwartzentruber et al. (2012), 
Paugh et al. (2010), Bax et al. 
(2010), Brennan et al. (2013), 
Pollack et al. (2006), Raffel et al. 
(1999)

TERT Promoter mutation 3–11 55–83 Brennan et al. (2013), Killela et al. 
(2013), Arita et al. (2013), 
Nonoguchi et al. (2013), Vinagre 
et al. (2013)

CDKN2A and 
2B

Focal deletion 10–19 53–62 Paugh et al. (2010), Bax et al. 
(2010), Brennan et al. (2013), 
Verhaak et al. (2010), Barrow et al. 
(2011), Purkait et al. (2013)



250

10.5  Epigenetic Alterations in Pediatric GBM

10.5.1  MGMT Gene Promoter Methylation

Hypermethylation of O6-methylguanine-DNA methyltransferase (MGMT) 
 promoter region, which encodes a DNA repair enzyme associated with resistance in 
adult glioblastoma to alkylating agents, particularly temozolomide (TMZ) holds 
significant clinical relevance (Hegi et al. 2005). A variable frequency of MGMT 
promoter methylation has been noted in pGBMs owing to the various methodolo-
gies used for its assessment. Donson et al. (2007) and Srivastava et al. (2010) identi-
fied 40–50% of pGBMs with MGMT promoter methylation using MS-PCR 
(methylation-specific polymerase chain reaction). In another study (Lee et al. 2011), 
applying both MS-PCR and MS-MLPA (methylation-specific multiplex ligation- 
dependent probe amplification), it was identified in only 6% and 16% of cases 
respectively. There has been scant data on pHGGs regarding the role of MGMT 
promoter methylation either as an independent predictive and/or prognostic marker. 
Few studies, including phase 1 and 2 trials, evaluating the activity of TMZ in child-
hood CNS tumors have shown some promising results (Nicholson et  al. 2007; 
Broniscer et al. 2005, 2006; Verschuur et al. 2004; Barone et al. 2006; Jakacki et al. 
2008; Lashford et al. 2002; Estlin et al. 1998; Loh et al. 2005). Donson et al. (2007) 
reported the average survival time of 13.7 months for TMZ-treated children with 
methylated MGMT compared to 2.5  months for patients with an unmethylated 
MGMT. A correlation with overall survival, regardless of treatment in patients with 
methylated MGMT promoter (median survival of methylated patients: 13.6 months 
and unmethylated patients: 2.5 months) was also shown by Donson et al. (2007). In 
another study by Schlosser et al. (2010), slightly improved median event-free sur-
vival (EFS) and overall survival (OS) in children with MGMT promoter methyla-
tion (5.5 months versus 0.9 months) was noted. Even though both H3.3-K27M and 
G34R/V genetic alteration result in a reduction in DNA methylation throughout the 
epigenome (K27M globally and G34R/V mostly at subtelomeric regions) (Sturm 
et al. 2012), there exist few notable exceptions. Thus, MGMT promoter methylation 
is primarily associated with H3.3-G34R/V subgroup and rarely occurs in tumors 
with H3.3-K27M mutations (Korshunov et al. 2015). Hence, it has been suggested 
that this likely contributes to the lack of clinical response to TMZ in majority of 
pHGGs including DIPG.  This has also been noted across various clinical trials 
(Cohen et al. 2011; Rizzo et al. 2015; Chassot et al. 2012; Hargrave et al. 2006b).

10.5.2  G-CIMP Status and DNA Methylation Profile 
in pHGGs

Analysis of epigenetic changes in 272 adult GBMs from TCGA revealed a distinct 
subset of GBMs with highly concordant DNA methylation of a subset of loci, indic-
ative of a glioma CpG island methylator phenotype (G-CIMP). Distinctly, the 
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G-CIMP cases associated with younger age, proneural subtype, frequent IDH1 
mutation and significantly improved survival, thus representing a distinct subset of 
human gliomas. However, pHGGs are largely G-CIMP negative (Sturm et al. 2012; 
Jha et al. 2014), correlating with absence of IDH mutation. Nevertheless, a small 
proportion of pGBMs have been reported with mutations in the IDH1/2 genes (5%), 
which associate with global hypermethylation (G-CIMP) (Sturm et al. 2014b). The 
major clinical impact of these findings is that IDH1 and G-CIMP are important 
prognostic markers in adult GBMs but are rarely seen in pGBMs.

Recently, Jha P et al. (2014) showed distinct differences between methylomes of 
pediatric and adult GBM. pGBMs showed 94 hypermethylated and 1206 hypometh-
ylated cytosine–phosphate–guanine (CpG) islands, with three distinct clusters, with 
discrete differences in methylation levels and a trend to prognostic correlation. 
Further, pGBM methylome was shown to associate with reactive oxygen species 
(ROS) production, suggesting a possible role of ROS in pGBM pathogenesis. Patients 
with H3F3A mutation presented a unique methylome as compared to H3F3A-wild 
type and this exemplifies the presence of epigenetic subgroups within pGBMs. 
Functional annotation analysis using differentially methylated genes between H3F3A 
mutant and wild-type H3F3A identified pGBMs to be enriched in processes related 
to neuronal development, differentiation, cell proliferation, and cell-fate commit-
ment. These results suggest that pGBM with H3F3A mutation is likely to be different 
from H3F3A-wild-type with respect to biological functions/pathways.

10.6  Molecular Subclasses of Pediatric GBMs

Integration of genomewide CpG island methylation with whole genome and tran-
scriptome, and copy number profiling has identified H3F3A-K27M, −G34R/V and 
H3F3A-wild type as three distinct molecular subgroups in pGBMs (Sturm et  al. 
2012). A similar approach has shown three molecularly distinct subgroups; MYCN, 
Silent, and H3-K27M in DIPGs (Buczkowicz et al. 2014a). The detailed molecular 
sub-grouping of pHGGs is discussed below.

10.6.1  Gene Expression Profile Based Subclassification

The first gene expression profiling study on pHGG by Paugh et al. (2010) identified 
three major groups designated as HC1, HC2 and HC3 which overlapped with the 
subgroups previously identified in adult HGGs (Proliferative, Proneural and 
Mesenchymal) (Phillips et al. 2006). Notably, about 90% of PDGFR driven tumors 
cluster within Proliferative/HC1 subgroup, indicating this pathway as a fundamen-
tal driver of proliferation in pHGG, and distinct from the strong PDGFRA/IDH1/
Proneural association present in adult HGGs (Paugh et al. 2010). Proliferative/HC1 
and Proneural/HC2 subgroups frequently associate with 1q gain (Paugh et al. 2010). 
The PDGFRA driven gene expression profile in pHGGs associate with cell cycle 
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regulators and proliferation, but are different when compared to adults, as pHGGs 
are preferentially and differentially driven by PDGFRA amplification, in contrast to 
EGFR amplification in adult GBMs (Paugh et al. 2010).

10.6.2  DNA Methylation Profile Based Molecular Subtypes

The discovery of H3F3A mutation as a driver event led to enhanced understanding 
of epigenetic regulation and GBMs across all age continuums were classified 
together based on their methylation profile, gene expression, mutational status and 
copy number (Sturm et al. 2012). These efforts identified that the hotspot H3F3A 
mutation (K27 and G34) and IDH1 mutant tumors segregate into distinct epigenetic 
subgroups of GBMs. The adult GBMs have been classified into Classical, 
Mesenchymal, Neural and Proneural subtypes based on their gene-expression pat-
terns, somatic mutations and DNA copy number variations (Network 2013). Similar 
to adult tumors, genetic heterogeneity and DNA methylation patterns in pGBMs 
resulted in their separation into different molecular subclasses. Sturm et al. (2012) 
investigated a cohort of pediatric and adult GBMs by genomic DNA methylation 
array and identified six distinct epigenetic subgroups within pGBMs, closely asso-
ciated with specific genetic alterations. The different molecular subgroups termed 
as IDH, K27, G34, RTK-I (PDGFRA), mesenchymal, and RTK-II (classic). H3F3A 
mutations are exclusively associated with the K27 and G34 subgroups. Patients of 
K27 tend to be youngest with a median age of 10.5 years while the G34 subtype 
encompasses mostly adolescent and young adult patients (median age, 18 years). 
The IDH subclass shows enriched IDH1/2 mutations and association with young to 
middle-aged adults (median age, 40  years). IDH subclass is mutually exclusive 
compared to G34 and K27 and show a direct association with global hypermethyl-
ation (G-CIMP positive), while the H3F3A–G34 is linked to a hypomethylated sig-
nature of the genome (G-CIMP negative). The RTK-I subclass shows a patient age 
nearly similar to that of the IDH subclass (median age, 36 years). The RTK-II or 
classic subclass demonstrates an older adult patient age (median age, 58 years) and 
are enriched within tumors that encompass chromosome 7 gains, EGFR amplifica-
tion, chromosome 10 losses and CDKN2A deletion, all the alterations typically 
present in adult primary GBMs. Interestingly, the RTK-II (EGFR) subclass shows 
significant overlap with Verhaak’s classic subclass and the RTK-I (PDGFRA), IDH, 
and K27 subclasses show significant overlap with Verhaak’s Proneural subclass 
(Sturm et al. 2012; Verhaak et al. 2010; Appin and Brat 2015). Also, recent multidi-
mensional studies of DIPGs show a global landscape of DNA hypomethylation in 
K27 M-DIPGs, and distinct subgroups of tumors with activated Hedgehog (Hh) or 
N-Myc (MYCN) (Saratsis et al. 2014). MYCN alterations occur independently of 
H3-K27M and ACVR1 mutations and these three form individual epigenetic sub-
groups with distinct DNA methylation signatures. Moreover, recent DNA methyla-
tion profile study has identified a unique methylome of pGBM and showed 
substantial epigenetic differences from adult GBM, especially in terms of lack of 
G-CIMP methylation profile and involvement of ROS in the pathogenesis of pGBMs 
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(Jha et al. 2014). Thus, overall a more precise recapitulation of the DNA methyla-
tion signatures are robustly now known in pHGGs and this indicate a bright future 
for progress in understanding the biology of subgroups of HGGs.

An integrated analysis of DNA methylation and gene expression data have iden-
tified specifically hypermethylated promoter of FOXG1 (forkhead box protein 1) 
and associated loss of FOXG1 gene expression in K27M mutant pGBMs. It is now 
clear that concerted hypermethylation of promoter of OLIG1 and OLIG2 genes 
(two oligodendrocyte lineage marker genes) along with low level of their expression 
exclusively associated with G34R mutant pGBMs. These observations also suggest 
a surrogate marker to categorize H3.3 mutated pGBMs using OLIG1/2 and FOXG1 
immunohistochemical analysis (Sturm et al. 2012).

10.7  miRNA Profile in Pediatric GBMs

Pediatric GBMs have remained uncharacterized for miRNA profile till recent times, 
whereas the role of miRNA has been widely studied in adult GBMs. In a small scale 
miRNA profile study, Miele E et al. (2014) reported a specific microRNA pattern in 
pHGGs with an overexpression and a proliferative role of the miR-17-92 cluster. 
Very recently, Jha P et al. (2015) examined genome wide miRNA profile of pGBM 
and showed that 21 upregulated and 24 downregulated miRNAs were uniquely 
expressed in pHGGs as compared to adult GBMs. The pHGGs also showed a sig-
nificant upregulation of miR-17/92 and its paralog clusters miR-106b/25 and miR- 
106a/363 (Jha et al. 2015; Miele et al. 2014). These miRNA clusters are potentially 
oncogenic in nature and regulate tumor development and maintenance. 
Downregulation of miRNAs located on 14q32 locus (members of miR-379/656 and 
miR493/136 clusters) which is associated with neuronal developmental pathway 
was common to both pediatric and adult GBMs (Jha et al. 2015). Some novel miR-
NAs such as miR-3613, 23,651, 24,429, 24,521 and 24,668-5p were identified 
exclusively in pHGGs (Jha et al. 2015), though their role still remains to be eluci-
dated. The pathway enrichment analyses of the miRNAs identified PDGFR-b sig-
naling as most affected pathway in pHGGs as compared to adult GBMs. This is 
exciting as the distinctions between EGFR- and PDGFR mediated receptor tyrosine 
kinase signaling pathways have been shown in adult vs pHGGs. Other pathways 
actively regulated by the unique miRNAs in pGBMs are SMAD2/3, ErBB1, cdc42 
and calcineurin signaling pathways (Jha et al. 2015). H3F3A-K27M mutation spe-
cific pHGG patients identified with a specific set of up- and down-regulated miR-
NAs which target a number of genes implicated in apoptosis, cell cycle regulation 
and proliferation. Notably, pHGGs with K27M mutation show aberrant expression 
of several known epigenetically regulated miRNAs such as miR-101, −224, −130b, 
−374c and –301b etc. Recently, first description of snoRNAs in pGBM was reported 
with global downregulation of snoRNA HBII-52 cluster (SNORD115) that poten-
tially regulates the editing and/or alternative splicing of the serotonin receptor, 
5-HT2CR. The pathological implication of this cluster has also been described in a 
neuro-developmental disorder viz. Prader-Willi syndrome. The major features of 
miRNA expression in pHGGs are summarized in Table 10.2.

10 Pediatric High Grade Glioma



254

10.8  Biological Implication of Chromatin Remodeling 
Alterations in pHGG: Histone Code Alterations

Frequent histone H3.3 mutation in pHGGs has gained considerable attention 
 regarding its role in tumorigenesis. Genome-wide studies applying ChIP-seq on 
H3.3- K27M mutant tumors showed a global reduction in levels of H3K27 di- and 
trimethylation (H3K27me2 and H3K27me3) (Lewis et al. 2013; Chan et al. 2013). 
Moreover, significant enrichment of H3K27me3 and EZH2 (the catalytic subunit 
H3K27 methyltransferase) at numerous gene loci associated with various cancer 
pathways was noted in H3.3K27M patient derived cell line. These changes repro-
gram the epigenetic landscape and gene expression that may drive tumorigenesis. In 
contrast, the G34R substitution was shown to diminish K36 trimethylation in vitro 
(Lewis et  al. 2013) as well as impair differentiation of mesenchymal progenitor 
cells. It was shown that H3K36M mutant inhibits the enzymatic activities of several 
H3K36 methyltransferases which leads to the loss of H3K36 methylation and a 
genome-wide gain in H3K27 methylation (Lu et  al. 2016). This reprogrammed 
H3K27 pattern directs redistribution of PRC1 and de-repression of their target 
genes and ultimately obstructs mesenchymal differentiation and result in tumori-
genesis (Lu et al. 2016). Additionally, Venneti et al. (2013) reported absent and/or 
lowered expression of H3K27me3 in K27M mutants. Bjerke et al. (2013) discov-
ered MYCN gene as most strongly enriched for H3K36me3 marks in a G34V 
mutant pGBM cell line (KNS42) and this was also associated with transcriptional 
upregulation of this locus.

Mutations in H3.3, a regulatory histone, triggered interest in understanding how 
this affects different histone post translational modifications (PTMs) that regulate 
gene expression. The most widely understood histone modification is histone 
lysine (H3K) methylation. These can be an activator or repressor of transcription, 
primarily depending on the particular histone residue being methylated. 
Conventionally, methylation of H3K9 and H3K27 is associated with silencing of 

Table 10.2 Top deregulated miRNAs in pediatric and adult GBMs

S.No. Patient group miRNAs

1 Pediatric and Adult 
HGGs

Top most commonly upregulated: miR-10b, miR-182, miR-21, 
miR-155, miR-130b, miR-106b, miR-542, miR-503, miR-201, 
miR-25 and miR-320d

2 Pediatric and Adult 
HGG

Top most common highly downregulated: miR-7, miR-124, 
miR-129, miR-137 and miR-203

3 Pediatric HGGs Novel: miR-3613, −3651, −4429, −4521 and −4668-5p.
4 H3F3A-mutant 

pHGGs
upregulation of 62 miRNAs

5 H3F3A-wt pHGGs downregulation of 35 miRNAs
6 Pediatric HGGs 

with K27M 
mutation

Epigenetically regulated: miR-101, −130b, −224, −301b and 
-374c.

Based on data from Jha et al. (2015)
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transcription, whereas H3K4 and H3K36 methylation associates with activation of 
transcription (Martin and Zhang 2005). Importantly, Pathak et al. (2015) reported 
status of all four global histone trimethylation marks (H3K-4/9/27/36me3) in 
pGBMs and noted association of H3F3A mutation with loss of histone trimethyl-
ation at H3K27 (H3K27me3, 60% cases), H3K4me3 (45.5%) and H3K9me3 
(18.2%) (Pathak et al. 2015). Thus, in majority of pGBMs, H3F3A mutation was 
found to be invariably associated with combinatorial loss of one or more histone-
trimethylation marks (Pathak et  al. 2015). The H3K27me3 loss in non H3F3A-
K27M was also reported, although; the underlying pathology that leads to alteration 
in global H3K4, H3K27 and H3K9 trimethylation levels in these cases was not 
explainable in pGBMs and evaluation of histone lysine methylases and demethyl-
ases were suggested as probable mechanism. To further support this hypothesis, 
recently, a mutation in SETD2, a H3K36 trimethyltransferase was identified in 
15% of pHGGs with substantial decrease in H3K36me3 (Fontebasso et al. 2013). 
Hence, it is likely that histone methylases and demethylases are deregulated and 
lead to aberrant histone code in pGBMs.

10.9  Prognostic and Predictive Biomarkers 
of Pediatric HGGs

The overall clinical outcome of pHGGs is dismal as updated trial results show 
3 years event-free survival (EFS) and OS rates of 10% and 20%, respectively (Cohen 
et al. 2011). In general, extent of surgical resection, histological grade, age at diag-
nosis, and ability to tolerate adjuvant therapies determine individual survival rate. 
Patients who undergo gross total resection (GTR) show improved 5-year PFS as 
compared to those who receive only stereotactic tumor resection (STR) or biopsy 
(Vanan and Eisenstat 2014). Infants show improved clinical outcome as compared 
to older children and adults (Fangusaro et al. 2012).

Among various genetic alterations and molecular subgroups of pHGGs, IDH1 
mutations (tightly coupled with G-CIMP), TP53 wild-type (wt), H3F3A-wt and 
MGMT promoter methylation show favorable prognosis (Sturm et  al. 2012). The 
IDH1 mutant group (mainly present in young adults and rarely in pHGGs) shows a 
significantly longer overall survival than patients with H3F3A and IDH1-wt tumors. 
pGBMs with G34 mutation also show a trend toward a better OS than G34-wt 
patients. K27 mutated patients show a trend toward an even shorter OS than patients 
with K27-wt tumors as these are associated with (1) deep midline locations and, as a 
result have limited options for tumor resection; (2) frequent craniospinal tumor dis-
semination after treatment and (3) absence of MGMT promoter methylation in 
almost all cases, implying a low efficacy of TMZ-based adjuvant therapy. G34 and 
IDH1 mutant tumors carry a more favorable prognosis, as these tumors usually have 
a hemispheric location, hence surgically accessible. Additionally, they show frequent 
MGMT promoter methylation which correlates with enhanced responsiveness to 
TMZ and thus better outcomes (Sturm et al. 2012; Korshunov et al. 2015). Korshunov 
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et al. (2015) identified a subset of pGBMs with DNA methylation  pattern nearly similar 
to LGGs or PXAs along with higher frequency of BRAFV-600E mutation and 
CDKN2A deletion. This subgroup was associated with significantly better OS as com-
pared to molecularly confirmed GBM, with best prognosis in LGG like subgroup. 
Other molecular alterations which have an association with clinical outcome in pHGGs 
include genomic amplification involving PDGFRA, EGFR or MYC (associated with 
poor prognosis) and 9p21 homozygous deletion (associated with poor prognosis) 
(Korshunov et al. 2015; Schlosser et al. 2010). Moreover, reports have highlighted that 
diffuse midline gliomas with histone H3-K27M mutation are associated with aggres-
sive clinical course and poor prognosis (Sturm et  al. 2012; Korshunov et  al. 2015; 
Fangusaro et al. 2012) irrespective of tumors with only low grade histological mor-
phology (Buczkowicz et al. 2014b) with 2-year survival rate of <10%.

10.10  Novel Strategies in Pediatric Glioblastoma Therapy

The treatments that are the standard of care for pHGG include radiation therapy and 
alkylating agents such as temozolomide (Stupp et al. 2005). The continuing unmet 
medical need for new therapeutic strategies against HGGs has promoted research on 
a range of new drugs and therapeutic modalities. Most of these drugs specifically 
target key signaling pathways of gliomagenesis, such as RTK signalling (anti 
PDGFRA, Anti EGFR) or angiogenesis (Anti VEGF) and have been used in various 
clinical trials. Unfortunately, majority of the drugs have not provided a significant 
survival benefit when tested singly, or in combination with other therapies in 
unselected GBM patient cohorts despite the fact that activation of both of the above 
mentioned pathways are seen in pHGGs (Sturm et al. 2014b; Tanaka et al. 2013). 
A phase II trial of the ErbB inhibitor (lapatinib) in refractory pediatric glial tumors 
reported low intratumoral drug concentrations of target agents, hence a poor drug 
delivery that resulted in failed treatment benefit (Holdhoff et al. 2010; Razis et al. 
2009; Vivanco et al. 2012; Fouladi et al. 2013). The histone deacetylase (HDAC) 
inhibitor valproic acid has the potential to sensitize cells to other chemotherapeutic 
agents and is often used as a part of highly intensified chemotherapy regimens. 
DIPGs have shown the potential therapeutic value of epigenetic modifying drugs 
targeting HDACs and histone demethylases (KDMs) (Grasso et al. 2015; Hashizume 
et al. 2014). Each of these epigenetic agents program restoration of trimethylation 
of H3K27 via distinct mechanisms, and show synergy when used in a combination 
(Grasso et al. 2015). A phase I clinical trial of the HDAC inhibitor (panobinostat) in 
DIPGs is also in progress in the Pediatric Brain Tumor Consortium (PBTC 047). 
Other histone deacetylase inhibitors, such as vorinostat are now under investigation 
(MacDonald et al. 2011; Children’s Oncology Group, National Cancer Institute). 
PLX4032, a specific inhibitor of BRAF-V600E, is being considered for clinical trial 
for cases carrying these alterations in pGBMs (Cage et al. 2012).
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The identification of histone mutations in a significant proportion of pHGGs 
(Schwartzentruber et al. 2012; Wu et al. 2012) has raised expectations for targeted 
treatment approaches (Sturm et al. 2012, 2014b; Bjerke et al. 2013). Although the 
exact mechanism of K27M-mediated PRC2 inhibition is not well-understood, phar-
macological intervention that targets K27M-mutant H3.3 or downstream effectors 
of this change might represent an important therapeutic target. A number of small 
molecular inhibitors against EZH2 and DNA methyl transferases (DNMTs) are now 
available and currently under investigation for their possible utility in treating a 
variety of tumors including pGBMs (Nakagawa et al. 2014; Qi et al. 2012; Kim 
et al. 2012). Recently, it has been reported that EZH2 inhibition did not induce sig-
nificant cytotoxicity in pHGG cells independently of H3.3 mutations but its inhibi-
tion might not present an effective single agent treatment choice for pHGGs (Wiese 
et  al. 2016). H3K27me3 loss in K27M mutant group also affects other histone 
marks (methylation of H3-K4/9/36) or chromatin machinery and therefore presents 
a pharmacologically actionable target. Evidential support has shown that inhibition 
of menin (trithorax group member and antagoniser of K27me3 that deposits poly-
comb repressive complex) decreased the proliferation of DIPGs (Funato et  al. 
2014). This implies that mechanistic understanding of H3.1/3.3 mutation driven 
information of genome-wide transcriptome, DNA methylome and post translational 
histone modification may provide a new insight for identification of novel prognos-
tic and targeted therapeutic approaches in pHGGs. The targeted therapies against 
the miRNAs are also potential area of current interest (Costa et al. 2015) and some 
pHGG specific novel miRNAs with possible therapeutic benefit could be targeted in 
these tumors Table 10.3.

Table 10.3 Investigational therapeutic agents used in pHGGs

Mechanism of action Therapeutic agent

VEGF/EGFR inhibitor Bevacizumab, Vandetanib
EGF receptor tyrosine kinase inhibitor Erlotinib, Gefitinib, Nimotuzumab, Cediranib 

(AZD2171), Cetuximab
Anti-angiogenic; protein kinase C inhibitor Enzastaurin (LY317615)
PDGFRA inhibitor Imatinib
avb3 and avb5 integrin inhibitor Cilengitide
Inhibitor of BRAF V600E Vemurafenib (PLX4032)
Histone deacetylase inhibitor Valproic acid
Gamma secretase inhibitor MK-0752
Poly(ADP-ribose) polymerase inhibitor Veliparib (ABT-888)
mTOR inhibitor Temsirolimus
Farnesyltransferase inhibitor Tipifarnib

Based on data from Stupp et al. (2005), MacDonald et al. (2011), Morton et al. (2012), Kilburn 
et al. (2015), MacDonald et al. (2013), Bautista et al. (2014), Felix et al. (2014), Hoffman et al. 
(2015), Chornenkyy et al. (2015)
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10.11  Future Direction

It has been now clear that the molecular pathogenesis of pHGG is distinct and 
there is limited overlap in mutational/methylation/copy number profile between 
pediatric and adult GBM subtypes (Sturm et  al. 2012; Paugh et  al. 2010; 
Buczkowicz et al. 2014a). The growing body of evidence now suggest that pHGG 
is a biologically diverse group of tumor rather than a homogenous tumor entity. 
The recent studies have highlighted the tumor heterogeneity (each tumor com-
prising a mixture of cells) within adult and pGBMs (Patel et  al. 2014; Meyer 
et al. 2015), representing different subtypes. Increasing evidence show that clini-
cal manifestation of a tumor is more closely associated with its underlying 
genome and epigenome profile rather than cellular morphology or histopatho-
logical grading or other radiological/neurosurgical parameters. None of the 
GBMs are homogenous; they are actually diverse cells with possibly different 
genetic/epigenetic characteristics and are in continuous status of evolutionary 
selection pressure to evade the tumor microenvironment and escape the current 
mode of therapy. Owing to the relatively small cohort sizes and/or heterogeneity 
of the applied treatment modalities, various studies investigating the prognostic 
implications of mutations, gene expression patterns and copy number aberrations 
in pGBM remained inconsistent or contradictory (Bax et al. 2010; Puget et al. 
2012; Haque et al. 2007; Korshunov et al. 2015; Donson et al. 2007; Srivastava 
et al. 2010; Lee et al. 2011; Buttarelli et al. 2010; Faury et al. 2007b; Korshunov 
et  al. 2005; Phillips et  al. 2013; Suri et  al. 2009). Therefore, cohort size is of 
particular importance to address the extensive biological heterogeneity of these 
tumors. Tumor heterogeneity has a crucial role in disease development, progres-
sion and treatment resistance. Moreover, novel and emerging drugs for the treat-
ment of HGG will likely target only a subset of pHGG, resulting in relatively 
small eligible populations for targeted clinical trials. Thus tumor heterogeneity 
and molecular subgrouping has profound implications for the design and plan-
ning of future clinical trials. Emergence of defective chromatin remodelling as 
key pathogenic player in pHGGs, it appears imminent that candidate histone 
mutation or post translational histone modification will be considered for treat-
ment in near future. The ongoing clinical trials exploring histone modifier inhibi-
tors in conjunction with presently practiced chemo-radiological therapies to 
examine antitumor activity may possibly improve outcomes in pHGGs. The 
emergence of the miRNA as the mediator of gene expression renders them as 
promising potential diagnostic marker for malignancy. With current emphasis on 
miRNA based therapeutics, the chracterization of miRNA expression pattern in 
cancers may have noticeable value for prognostic decision as well as for ultimate 
therapeutic intervention in pHGGs. It would be interesting to know the roles of 
novel and specific miRNAs recently identified in pHGGs and thereafter their 
therapeutic implications towards patient management.
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