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Foreword

The modern practice of neuropathology is both stimulating and overwhelming.
Making a diagnosis can be difficult enough, but the standard of care has gone far
beyond simply providing a diagnosis. Over the last decade, the practice of diag-
nostic medicine has become increasingly complex. This was reflected in the
restructuring of the 2016 WHO Classification of Tumours of the Central Nervous
System to include an integrated diagnosis format combining histologic and molec-
ular genetic data. As such, pathologists and treating physicians are necessarily
becoming more familiar with the molecular pathogenesis of brain tumors and how
it relates to diagnosis, prognosis, and treatment. Nowhere is this more relevant
than in the study of the most common primary malignant brain tumor,
glioblastoma.

Precision Molecular Pathology of Glioblastoma focuses on various aspects of
cancer neuroscience, tumor pathology, epidemiology, molecular genetics, and cut-
ting-edge treatment of this deadly disease. This book provides a deep dive into the
current understanding of the neurobiology of glioblastoma and the clinical applica-
bility of its molecular underpinnings. The authors address current obstacles in diag-
nosis and the barriers to implementing molecular diagnostic techniques in pathology
laboratories, particularly in developing countries. Other timely topics include
machine learning and learning-based automated methods for brain tumor classifica-
tion and stem cell-based modeling of glioblastoma. The editors and contributing
authors are a renowned group of neuroscientists, pathologists, and physicians who
are experts in their fields, across many different institutions, states, and even
countries.

While great strides have been made in the fields of molecular biology and neuro-
science, there are still many challenges facing clinicians and pathologists in the
pursuit of more accurate and prognostically relevant diagnoses. Drs. Jose Otero and

vii



viii Foreword

Aline Becker, both outstanding physician-scientists and neuropathologists, have
edited a state-of-the-art book to aid us in the quest for precision medicine. I know
you will find it informative and useful in your practice.

Mpl.

Michelle Madden Felicella, MD

Associate Professor of Pathology/Neuropathology,
University of Texas Medical Branch

Galveston, TX, USA



Preface

Very few human diseases require as much of an integrated approach to patient man-
agement than primary brain cancers. Primary brain tumors are the first solid tissue
cancer for which widely accepted diagnostic guidelines require molecular pathol-
ogy for diagnosis. The information obtained from the genomic testing is important
for both prognostication and treatment planning, as well as to assist in making deci-
sions to enroll a patient into a clinical trial that may involve targeted therapy.
Implementing these diagnostic workflows creates several problems for patient care.
First, in the USA, the number of pathologists per 100,000 people has declined, with
now only 439 formally trained neuropathologists reported in the USA per recent
reports. Formal training in neuropathology is needed to provide optimal patient care
at the point of neurosurgical intraoperative consultations as well as integration of
histopathological and molecular pathological testing. Exacerbating this challenge is
the fact that current reimbursement rates for neuropathological intraoperative con-
sultation is only $63.17 per consult (CPT code = 88331)!, rendering it financially
unfeasible to staff neuropathologists to be on-call in most community clinical set-
tings, ultimately leading to non-neuropathologists commonly fielding neurosurgical
intraoperative consultations throughout the USA; neuropathology staffing problems
are even worse worldwide. Furthermore, treatment planning by neuro-oncologists
and radiation oncologists requires integrated histopathological/molecular patho-
logical reports by trained neuropathologists. As primary brain cancers are rare, gli-
oma-specific biomarkers are not commonly stocked in community and academic
pathology laboratories. This even includes basic diagnostic and prognostic neuro-
oncologic biomarker tests such as ATRX, H3X>™_ or even IDHIR!3H assays, all of
which can be implemented on routine immunohistochemistry platforms which are
widely deployed globally. A third challenge includes the US regulatory and finan-
cial landscape of molecular pathology testing. In contrast to most immunohisto-
chemical assays which may obtain reimbursement from the same CPT code

!'Current Procedural Terminology (CPT) codes, also known as service codes, are a universal sys-
tem that identifies medical procedures in the USA. Reimbursement is in US Dollars as of December
28, 2020.
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X Preface

regardless of biomarker detected, each molecular pathology test in the USA requires
a unique CPT code for each new biomarker in order to obtain reimbursement. This
generates a high bar for individual molecular pathology laboratories in cancer cen-
ters to bring on new, “home-brewed” molecular assays. Also, modern technologies
such as chromosomal microarray to date have not been, and will likely never be,
reimbursed by most Medicare and private insurance providers. In addition, next
generation sequencing (NGS) platforms have poor history of reimbursement and is
therefore rarely performed outside major cancer centers in the USA. Furthermore,
insurance companies in most US states that cover molecular testing will only reim-
burse FDA-approved NGS tests once per patient per cancer. This is problematic
given the natural evolution of gliomas and the tendency to develop different molec-
ular subclones later in the disease course.

These challenges have led to some entrepreneurial data monetization strategies,
where NGS testing is cost-subsidized by private companies so that their data scien-
tists may access patient data. Although such innovative approaches may represent
positive short-term solution, instituting such an approach globally that is self-sus-
tainable has several challenges. Furthermore, single-gene molecular pathology
assays and NGS technologies benefit from economies of scale, resulting in the need
to perform “batch testing.” All of these factors result in excessive turnaround times
(TATs) in neuropathology. At our own institution, our average TAT for neuropathol-
ogy exceeds 6 business days to “result” a patient diagnosis, with molecular pathol-
ogy information “resulted” typically over 12 business days following surgery. In the
case of community pathologists, the TAT is even longer, as these cases would be
sent out to expert neuropathologists for consultation. The net result of these chal-
lenges is delayed treatment plan generation by the neuro-oncologists and radiation
oncologists.

It is with these issues in mind that we began to work on the design of this book.
Although molecular sub-typing of primary brain cancers has been extremely impor-
tant in providing accurate information regarding the patient diagnosis and progno-
sis, its implementation has not been fully equitable throughout the world. For these
reasons, we attempted to provide a balanced and realistic approach review of the
current state of glioblastoma understanding, ranging from traditional histological
review, molecular pathology of glioma, modern radiomics, neurosurgical focus, and
integration of treatment plans by neuro-oncologists. We also include chapters
focused on implementing molecular pathology programs in developing countries
and immunohistochemical surrogates for molecular pathology. This book is there-
fore aimed for a wide audience ranging from medical students and residents to
practicing neuro-oncologists, radiologists, pathologists, and neurosurgeons. We
hope that after reading this book, you will be inspired to work towards improving
the lives of patients with high-grade glioma.

Columbus, OH, USA José Javier Otero, MD, PhD
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Chapter 1
Epidemiology and Etiology
of Glioblastoma

David J. Cote and Quinn T. Ostrom

Introduction

Glioblastoma (GB) is the most common primary brain malignancy, comprising
more than half of all malignant brain and CNS tumors (Fig. 1.1) [1]. GB encom-
passes all gliomas categorized as grade IV in the World Health Organization clas-
sification system, which defines grades by increasing levels of aggressiveness and
histological features. As a group, GB are highly aggressive and diffusely invasive of
the healthy brain parenchyma, with dismal survival rates despite ongoing research
into more effective therapies.

As arelatively rare disease, the epidemiology of GB has been assembled from
a variety of contexts, including large prospective cohort, retrospective cohort, and
case-control studies. Several randomized controlled trials have evaluated treat-
ment efficacy for GB patients, but the vast majority of high-quality data for GB
epidemiology derives from population based registries [1]. More recently, high-
quality Mendelian randomization (MR) and genome-wide association (GWAS)
studies have provided new evidence for behavioral and genetic risk factors,
respectively [2, 3].
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Fig. 1.1 Distribution of primary brain and other CNS tumors in the United States, 2012-2016.
(From: Ostrom et al. [1])

Recent developments in GB epidemiology include an increasing emphasis on
molecular markers, which play an important prognostic role for GB patients and in
basic and clinical research on these tumors [4, 5]. In addition, progress has been
made in the investigation of risk factors for these tumors, given the accumulation of
sufficient cases in high quality cohort and case-control studies [2, 6, 7].

In this chapter, we briefly review the epidemiology of GB, with the aim of pro-
viding context to epidemiological, basic, and clinical research on these tumors. In
particular, we describe the overall epidemiology of GB, the molecular factors that
are relevant to prognosis, and etiologic risk factors that may play a role in incidence.

Epidemiological Features of GB

The epidemiology of GB has been described thoroughly in prior publications [1, 8,
9]. To briefly review, GB is overall a rare malignancy. Glioma, of which GB is the
high-grade form, has an annual age-adjusted incidence rate of only 6.0 per 100,000 in
the United States; roughly half of these are GB [1]. In general, GB occurs among
older adults, particularly in the sixth and seventh decade of life, and is more com-
mon among men than women, with a male:female incidence ratio around 1.4 [1, 8].

Previous studies have demonstrated substantial differences in incidence of GB
by race and ethnicity, with incidence rates of GB among White Americans roughly
doubling those among Black Americans [10]. These results have been extended to
other countries, with consistent findings that incidence of GB is highest among
White individuals, but no underlying mechanisms for this disparity have been iden-
tified. Due to its rarity, most patients presenting with GB do not have a family his-
tory, but a family history of GB has been shown to increase risk roughly two-fold
[9]. Other factors that are purported to affect risk are discussed later in the chapter.
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Despite intensive research, survival rates for GB have remained relatively
unchanged since the introduction of the Stupp protocol in 2005 [11]. This treatment
protocol, consisting of administration of oral temozolomide with radiotherapy and
an adjuvant course of temozolomide, was shown to increase median survival from
12 to 15 months compared with radiotherapy only [8]. In addition to maximum safe
neurosurgical resection, temozolomide and radiotherapy are the mainstay of mod-
ern treatment for GB. Despite these interventions, current survival rates for GB
remain dismal, with a 1 year relative survival of around 40% and a 5 year relative
survival around 5% [10]. Roughly 1% of patients with GB will develop drop metas-
tases to the spinal cord, but otherwise GB almost never metastasizes. Short survival
in the context of GB is often attributable to expansion of the primary lesion, with
diffuse invasion of the brain and mass effect and disruption of healthy brain
architecture.

Survival rates have also been shown to vary by demographic features, with recent
evidence that survival rates are worst among White patients compared to other racial
and ethnic groups (Fig. 1.2). In addition to receipt of standard therapy, extent of
surgical resection plays an important role in prognosis, with maximal resection pro-
viding the greatest survival benefit compared to subtotal resection or biopsy
alone [4].

Glioblastoma (all cases)

1.0 4
0.8
(=]
£
% 0.6
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Survival after diagnosis, y
No. at risk
NHW 9637 1640 598 321 171 85 33 13
API 504 127 57 57 20 13 - -
Black 614 106 38 22 18 10 5 -
HW 1168 231 102 62 36 21 14 3

Fig. 1.2 Survival for GB patients by race/ethnicity, adjusted for age and extent of resection,
2000-2014. (From: Ostrom et al. [10])
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Molecularly, GB is a highly heterogeneous group of tumors, with recent publi-
cations highlighting that classical categorization of GB by histologic features
alone is insufficient. In particular, molecular classification of GB is paramount to
generate groups of tumors that behave in a more homogenous fashion. In 2016, the
WHO modified classification of GB according to the presence or absence of isoci-
trate dehydrogenase 1 or 2 (IDH1/2) gene mutation. The prognostic significance of
IDH /2 mutation is substantial. Among the roughly 90% of GB patients with wild-
type IDHI/2 mutations, median survival is around 1 year; among the remainder
with IDH1/2 mutant tumors, median survival is greater than 3 years [4].
Additionally, methylation status of the promoter region of the enzyme
O6-methylguanine-DNA methyltransferase (MGMT) has an important prognostic
role in the natural history of GB. Patients with MGMT-methylated tumors have
substantially longer survival than those with unmethylated tumors, in part because
MGMT methylated tumors appears to be more responsive to the Stupp treatment
protocol [12].

Etiology of Glioblastoma

Many potential risk factors have been examined as potential contributors to indi-
vidual risk of developing GB, but few have been validated in repeat studies.
Identification of risk factors has proven challenging given the rarity of GB, its rapid
clinical course, and cognitive changes due to the effects of tumor that may affect the
accuracy of patient recall. The most consistent associations that have been demon-
strated are for increased risk after ionizing radiation exposure to the head, and
decreased risk with a history of allergies or atopic disease [13, 14]. The potential
influence of other factors has been examined extensively but consistent associations
have not been identified, and although some studies have studied GB specifically,
many have used more heterogeneous categories of all gliomas or all brain tumors in
an effort to improve power. As such, many of the results reviewed below are not
specific to GB alone, as indicated when relevant.

Ionizing Radiation

Moderate-to-high doses of radiation (e.g., therapeutic radiation) is the strongest and
most consistently documented environmental risk factor for brain tumors in general,
having been independently observed in atomic bomb survivor cohort and among
individuals receiving therapeutic radiation, for example, for childhood cancers. The
carcinogenic effect is stronger in children, who are more radiosensitive and have
more years of potential life to express risk. Estimated latency between irradiation
and incidence has been estimated at 7-9 years [15, 16].
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Allergies and Atopic Disease

Both case-control and cohort studies have consistently shown that a history of atopic
conditions (including asthma, hay fever, eczema, and allergies) is associated with
reduced GB risk [17]. History of respiratory allergies has been shown to decrease
risk of GB by ~30% [17], while eczema decreases risk of glioma overall (including
lower grade tumors) by 30% [18]. The underlying mechanism through which allergy
protects against development of GB has not been specifically identified, but the
primary hypothesis is that allergic conditions may lead to a heightened state of
immune-surveillance, prohibiting abnormal cell growth that would otherwise lead
to development of a GB [17, 19, 20]. A potential protective association between
autoimmune conditions and gliomas in general has also been studied, though results
have been mixed [21, 22].

An MR analysis was conducted using glioma GWAS summary statistics to test
the causal association between different allergic phenotypes (including respiratory
allergy, asthma, and eczema) and glioma. These studies identified no causal rela-
tionship between asthma or respiratory allergies, and glioma, but did identify a
weak causal association between eczema and reduced risk of glioma [23].

Aspirin and Other Medications

Non-steroidal anti-inflammatory drugs (NSAIDs), including aspirin, have been
associated with decreased risk of multiple cancers of other sites. A recently con-
ducted meta-analysis pooling results from observational studies and limited ran-
domized studies found that regular use of aspirin was associated with significantly
decreased risk of GB (~30%) [2]. The study reported no significant associations
between use of other NSAIDs and GB risk.

Exposures with Mixed or Limited Evidence
Cellular Phone Use

Cellular phone technology was introduced in the 1980s and use of these devices has
rapidly increased, with more than 90% of adults globally now using cellular phones.
Cellular phones emit radiofrequency fields (RF) during normal functioning. When
used against the head, the brain absorbs the largest dose of these fields compared to
other organs. Due to the large-scale public health concerns any significant health
risks of cellular phone use would pose, the association between risk of brain tumors
and cellular phone use has been investigated extensively. In 2011, the International
Agency for Research on Cancer (IARC) classified RF fields as a possible
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carcinogen, based largely on preliminary findings of an increased risk of glioma and
vestibular schwannoma in heavy cellular phone users [24]. Since 2011, there have
been at least six published epidemiological studies reporting on glioma risk in rela-
tion to cellular phone use [25-30], and multiple meta-analyses have been conducted.
The majority of these have identified no significant associations between cellular
phone use and glioma incidence. Furthermore, if cellular phones significantly affect
risk for GB and other brain tumors, increases in incidence should ostensibly be
identifiable during or soon after the period of increased use. There have been at least
seven studies that have examined incidence trends for glioma since 2011, covering
the period of increasing cellular phone use or the time immediately thereafter [31-
39]. The majority of these studies have identified little to no change in incidence of
glioma, with the exception of two analyses of data from Israel and the UK, which
found increased incidence of GB [36—39]. Two studies assessing US and Australian
data found that the small observed increases in incidence in those data were not
compatible with the magnitude of risks reported by case-control studies, which may
be biased by patient recall or inappropriate control selection [32, 33].

Overall, the sum of epidemiological evidence published since the IARC
Monograph was published in 2011 does not support an association between use of
cellular phones and risk of brain tumors, including GB. If such an association were
to exist, the latency period for this exposure would still be unknown; therefore,
monitoring of incidence trends as described above has been advised to consider the
possibility of delayed effects.

Low Frequency Electromagnetic Fields

In line with studies of cellular phone use and GB risk, several studies have reported
on the association between extremely low frequency magnetic fields (ELFs) and
glioma risk [40—42]. Despite some observed positive associations that were mostly
confined to case-control studies, the TARC in 2002 concluded that existing data was
insufficient to classify ELFs as a risk factor for glioma [43]. Similarly, recent analy-
ses carried out by the INTEROCC consortium have failed to identify any significant
association between lifetime cumulative occupational exposure to ELF and gli-
oma [41].

Hormonal Exposures

Several observational studies have investigated the association between both endog-
enous and exogenous sex hormones and glioma incidence [44]. The male prepon-
derance in GB incidence has led to hypotheses that perhaps higher lifetime exposure
to estrogens may play a protective role against developing GB. Although lifetime
exposure to circulating hormones can be difficult to measure accurately, several
analyses have examined associtions between surrogate measures and glioma inci-
dence, age at menarche, parity, age at menopause as well as use of supplemental
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estrogen or progesterone. While a few reports have found negative associations
between glioma and estrogen exposure, results have generally been conflicting or
null [45-47].

Dietary Factors

Studies of diet and GB risk are limited, due both to the rarity of GB and the limita-
tions of case-control studies for assessing diet. A recent investigation pooling three,
large prospective cohorts did not demonstrate an association between consumption
of any food groups, nutrients, or dietary patterns and risk of glioma [48]. The asso-
ciations between processed meats, nitrites and glioma risk have been previously
examined, with largely null results [49-52]. Associations between glioma and vari-
ous vitamins have been mixed [53-55]. Coffee and tea intake have been associated
with lower risk of several cancers, but when examined in relation to glioma risk
associations have largely been null [56-60], although some recent evidence sug-
gests a possible link between higher tea intake and lower GB incidence [56, 60, 61].

Non-radiation Occupational Exposures

Possible associations between specific occupations and/or non-radiation occupa-
tional exposures and glioma have been studied extensively [62—-64]. To date, there
have been no occupational exposures consistently associated with glioma.

Smoking

Tobacco smoking remains one of the most significant and well-documented causes
of cancer worldwide, but the association between malignant brain tumors, including
GB, and smoking has consistently been found to be null [65-69].

Height, Weight and Metabolic Traits

Height and body mass index (BMI) have been repeatedly studied in relation to gli-
oma risk. Taller adult height has been identified as a glioma and GB risk factor, with
approximately a 20% increase in risk for every 10 cm increase in height [70-72].
There is less evidence for an association between adult BMI and risk of GB, and
studies into this association have mostly been null [7, 70, 73—77]. Summary statis-
tics from GWAS have been utilized in a variety of MR analyses to assess the pos-
sibility of causal associations between factors related to body habitus, such as height
or BMI and glioma incidence. In general, these analyses have reported null associa-
tions between waist-to-hip ratio, circulating lipid levels, hyperglycemia, type II dia-
betes, and BMI and glioma [78].



10 D. J. Cote and Q. T. Ostrom

Mendelian Cancer Syndromes and Rare Variants

The vast majority of glioma cases are diagnosed in individuals reporting no family
history of glioma. In approximately 5% of cases, however, individuals will report
that at least one additional member of their family has been previously diagnosed
with a glioma [79]. An even smaller proportion of cases (1-2% of adult glioma) can
be attributed to known Mendelian disorders (where a single gene is found to vary an
oncogenic mutation) or in more complex inherited genetic syndromes [9, 80]. The
mutations identified in most of these cases are loss-of-function mutations in tumor
suppressor genes, which may arise de novo or may be inherited [81, 82]. A summary
of these is included in Table 1.1.

Table 1.1 Inherited syndromes associated with brain and other CNS tumors

Disorder/
Gene (Chromosome Syndrome Mode of Phenotypic Associated brain
location) (OMIM ID) inheritance | features tumors
APC, MMR (5¢21) Familial Dominant | Development of | Medulloblastoma,
adenomatous multiple glioma
polyposis adenomatous
(FAP, colon polyps
175100), (>100),
Turcot predisposition to
syndrome colorectal
type 2 cancer, and brain
tumors
ATM (11¢22.3) Ataxia- Autosomal | Progressive Astrocytoma and
telangiectasia | recessive cerebellar ataxia, | medulloblastoma
(208900) trait susceptibility to
infections,
predisposition to
lymphoma and
lymphocytic
leukemia.
CDKN2A (9p21.3) Melanoma- Dominant | Predisposition to | Glioma
neural system malignant
tumor melanoma and
syndrome malignant brain
(155755) tumors
IDHI/IDH2 Ollier disease | Acquired Development of | Glioma
(2q33.3/15g26.1) post- intraosseous
zygotic benign
mosaicism, | cartilaginous
dominant tumors, cancer
with predisposition
reduced
penetrance
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Table 1.1 (continued)
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Disorder/
Gene (Chromosome Syndrome Mode of Phenotypic Associated brain
location) (OMIM ID) inheritance | features tumors
MLHI, PMS2 Turcot Autosomal | Development of | Medulloblastoma,
syndrome recessive multiple glioma,
type 1 trait adenomatous
colon polyps
(<100),
predisposition to
colorectal
cancer, and brain
tumors
MSH2,MLHI1,MSH6,PMS2 | Lynch Dominant | Predisposition to | GB, other gliomas
syndrome gastrointestinal,
(120435), endometrial and
Biallelic other cancers
mismatch
repair
deficiency,
constitutional
MMR
deficiency
[101]
MSH2,MLHI1,MSH6,PMS2 | Mismatch Recessive | Pediatric cancer | Glioma
repair predisposition;
deficiency café-au-lait
syndrome spots; colon
(276300) polyps
TP53 (17p13.1) Li-Fraumeni | Dominant | Predisposition to | GB, other gliomas
syndrome numerous
(151623) cancers,
[102, 103] especially breast,
brain, and
soft-tissue
sarcoma

For more information please see:

Farrell and Plotkin [110]
Melean et al. [111]

Abbreviations used: APC adenomatous polyposis coli, CDKN2A cyclin-dependent kinase inhibitor
2A, IDH1/2 isocitrate dehydrogenase 1/2, GB glioblastoma, MLH MutL homolog 1, colon can-
cer, nonpolyposis type 2, MSH2 MutS protein homolog 2, MSH6 MutS protein homolog 6, PMS2
PMS1 homolog 2, mismatch repair system component, 7P53 tumor protein p53
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Common Genetic Variants in Adult GB

Since the development of rapid whole genome genotyping, eight GWAS of glioma
have been conducted [83-90]. Together, these studies identified 11 common genetic
variants affecting risk for GB in European adults (Table 1.2). The proportion in
incidence variance of GB attributable to genetic factors is estimated to be 26%. Of
this, ~27% is explained by currently identified variants, with 73% of the genetic risk
currently unexplained [87, 91].

Table 1.2 Previously reported GB risk loci identified by genome-wide association studies
including allele frequencies, p-values, odds ratios (OR), and 95% confidence intervals (95% CI)

SNP RSID* | Associated RAF in studied QOdds ratio (95%

(Locus) gene Population | population® P value CI)

rs4977756 CDKN2B-ASI | European 0.400 228 x 107" | 1.20 (1.15-1.26)

9p21.3) [87]

1s2252586 EGFR European 0.281 7.89 x 107" | 1.20 (1.15-1.26)

(7p11.2) [87]

rs11979158 | EGFR European 0.831 1.94 x 107" | 1.31 (1.24-1.39)

(7p11.2) [87]

rs730437 EGFR East Asian | -- 0.0160 1.32 (1.05-1.66)

(7p11.2) [104]

rs1468727 EGFR East Asian | -- 0.0080 1.31 (1.04-1.65)

(7p11.2) [104]

rs10852606 | HEATR3 European 0.713 1.29 x 107" | 1.18 (1.13-1.24)

(16q12.1) [87]

rs11233250 | Intergenic European | 0.868 9.95x 1071 | 1.24 (1.16-1.33)

(11q14.1) [87]

rs17748 PHLDBI East Asian | 0.227 2.36x 10" | 1.36 (1.17-1.59)

(11923.2) [105]"

rsd774756 | RAB27A East Asian | 0.297 6.12x 107 | 1.24 (1.15-1.33)

(15¢21.3) [83]

rs12752552 | RAVER?2 European 0.870 2.04x 10 | 1.22(1.15-1.31)

(1p31.3) [87]

rs2562152 RHBDF1 European 0.850 1.93 x 10~ | 1.21(1.13-1.29)

(16p13.3) [87]

rs6010620 | RTELI European/ | Eur: 0.794 Eur: Eur: 1.46

(20q13.33) East Asian | EA: 0.293 549 x 10~ | (1.38-1.54) [87]
EA: 0.021 EA: 1.28

(1.04-1.57) [106]

rs2235573 SLCI6A8 European 0.507 1.76 x 107 | 1.15 (1.10-1.20)

(22q13.1) [87]

rs10842893 | STK3S8L East Asian | 0.035 2.33x 1072 12.07 (1.71-2.50)

(12p11.23) [83]"

rs1920116 TERC European/ | Eur: 0.720 Eur: Eur: 1.11

(3q26.2) East Asian | EA: 0.389 2.68x 107 | (1.06-1.17) [87]
EA: 0.016 EA: 1.21

(1.04-1.42) [107]"
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Table 1.2 (continued)

SNP RSID* | Associated RAF in studied Odds ratio (95%
(Locus) gene Population | population® P value CI)

rs10069690 | TERT European 0.276 833 x 107 |1.61 (1.53-1.69)
(5p15.33) [87]

rs2853676 TERT European/ | Eur: 0.290 Eur: Eur: 1.26
(5p15.33) East Asian | EA: 0.611 4.0x 107" |(1.20-1.32) [87]

EA:0.0001 | EA:1.53
(1.21-1.94) [106]
1578378222 | TP33 European | 0.013 4.82x 10 |2.63 (2.22-3.11)
(17p13.1) (87]

Abbreviations: 95%CI 95% confidence interval, CDKN2B-AS1 cyclin dependent kinase inhibitor
2B antisense RNA 1, EGFR epidermal growth factor receptor, HEATR HEAT repeat containing 3,
IRF4 interferon regulatory factor 4, PHLDBI Pleckstrin homology like domain family B member
1, RAF risk allele frequency, RAVER?2 ribonucleoprotein, PTB binding 2, RHBDF1 rhomboid 5
homolog 1, RTEL regulator of telomere elongation helicase 1, SLC16AS solute carrier family 16
member 8, SNP single nucleotide polymorphism, TERT telomerase reverse transcriptase, TP53
tumor protein p53

*P value and odds ratio for pooled glioma sample, includes lower grade gliomas

4Included SNPs are those identified within cited publications, and generally represent the strongest
independent association within a linkage block

"Allele frequencies from: 1000 genomes project phase 3 [108] and gnomAD [109]

Gliomas are a heterogeneous disease, but most analyses focused on identifying
germline risk variants have been conducted on pooled histologies (all glioma
together), or with classifications that are derived from histologically assigned type
and WHO grade. GB case cohorts are usually ascertained at multiple centers over
extended periods of time due to their rarity, and as a result, molecular classification
data may not be available on all cases. Many centers that have participated in these
genetic studies are attempting to molecularly classify these cases now, as this test-
ing is now part of standard of care for GB diagnosis as well as essential to current
histological classification standards. One analysis using a subset of glioma cases
previously included in GWAS that underwent molecular classification estimated
ORs for 25 previously-identified risk loci by molecular subtypes [5]. While some
SNPs were significantly associated with all molecular subtypes, most varied in their
association. SNPs previously found to have strong association with GB, such as
those at 5p15.33/TERT (telomerase reverse transcriptase) and 20q13.33/RTELI
(regulator of telomere elongation helicase 1), showed the strongest association with
TERT-mutant tumors. Due to sample size limitations, further research is necessary
as more cases are molecularly classified in order to characterize the association
between glioma risk SNPs and somatic variation.

Telomere Length
Many of the common variants associated with GB through GWAS are located near

genes associated with telomere maintenance functions, such as TERT and RTELI
[92]. SNPs found to be associated with leukocyte telomere length (LTL) have been
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used to build a polygenic risk score (PRS) to estimate individual telomere length
[93]. Using this PRS, it has been found that longer genetically estimated LTL is
associated with increased risk of glioma [92, 94]. This association between longer
relative LTL and glioma has also been confirmed using measurements generated by
qPCR [95].

Genetic Ancestry

GB incidence is highest in countries with primarily European-ancestry populations,
such as northern European countries, the Unites States, and Australia. Most glioma
GWAS to date have been conducted in European-ancestry populations [96]. Many
candidate SNP studies, which focus on SNPs within genes that are thought to be
relevant due to association with other diseases or known cancer predisposing func-
tion, have been conducted in East Asian populations. These have found several
novel associations as well as replicated associations previously discovered in
European-ancestry populations, including loci in telomerase RNA component
(TERC), TERT, epidermal growth factor receptor (EGFR), and pleckstrin homology
like domain family b member 1 (PHLDBI1) [97, 98]. One recent glioma GWAS to
date has been conducted in a Chinese population and this also confirmed associa-
tions near TERT, PHLDBI and RTEL, and identified two new variants (Table 1.2).
Due to the strong signal apparently in the human leukocyte antigen (HLA) region,
this analysis may be biased by lack of adjustment for population stratification [83].
Previous analyses have also attempted to compare allele frequencies of previous
GWAS hits identified in Europeans within reference data sets, such as the HapMap
project, stratified by continental groups, but these have not identified new risk vari-
ants [99]. One prior analysis of patterns of continental genetic ancestry in African-
Americans and Hispanics identified increased overall European-ancestry in Hispanic
glioma cases as compared to controls, and also several normally significant loci in
African Americans where probability of European ancestry varied between cases
and controls [100].

Conclusion

GB is a relatively rare illness associated with significant morbidity and short sur-
vival. Recent research has identified substantial heterogeneity in the epidemiology
and clinical behavior of GB by molecular subtypes, and future studies should care-
fully identify GB by these subtypes. Although few risk factors have been identified
for GB, recent research has identified significant differences in risk by both sociode-
mographic and behavioral characteristics.
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Chapter 2
The Role of Molecular Genetics
of Glioblastoma in the Clinical Setting

Maria del Pilar Guillermo Prieto and Macarena Ines de La Fuente

Introduction

Neuro-oncology clinical practice has evolved at a rapid pace over the last decade,
especially in the most recent years. The World Health Organization (WHO) 2016
classification of central nervous system (CNS) tumors became a pivotal point in the
diagnosis and management of brain tumors. The incorporation of molecular bio-
markers in addition to histology has importantly impacted the clinical management
of gliomas, leading to more accurate diagnosis, better prognostication of tumor
behavior, and overall survival (OS) and, at the same time, it has opened new hori-
zons in term of therapeutic approaches [1-3].

The Consortium to Inform Molecular and Practical Approaches to CNS Tumor
Taxonomy (cIMPACT-NOW) was announced in December 2016 as a response to
the accelerated expansion of advances on novel molecular markers and their clinical
implication in the management of CNS tumors, providing regular and timely
updates in between WHO CNS tumor classification editions and proposing future
changes to future CNS tumor classifications [4, 5]. In April 2020, cIMPACT-NOW
published their 6th update and their recommendations will be further discussed [2].

In this chapter, we will review the molecular markers that are relevant in clinical
practice for glioblastoma (GBM) along with emerging novel biomarkers with a
potential diagnostic or therapeutic role (Table 2.1).
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Table 2.1 Clinically relevant and emergent biomarkers in Glioblastoma

de La Fuente

Prospective
treatment
Biomarker Diagnostic role Prognostic role target
IDH 1/2 mutations Defining feature of the | /DH mutations are Yes
majority of WHO grade | correlated with better OS in
II-1V gliomas. astrocytic tumors WHO
grade I1-1V
MGMT No diagnostic role Predict benefit from No
hypermethylation status alkylating chemotherapy in
patients with /DH wild-type
gliomas.
Associated with increased
incidence of
pseudo-progression
Key component in treatment
decision in elderly
population
EGFR amplification Supports GBM Associated with poor Yes
diagnosis in IDH- prognosis
wildtype WHO grade 11
and III astrocytomas
EGFRvIII expression Supports diagnosis of | May be associated with poor | Yes
GBM prognosis, controversial
PTEN deletion Supports diagnosis of | May be associated with poor | Yes
GBM prognosis, controversial
BRAF V600E Not diagnostic for Associated with poor Yes
GBM. prognosis in epithelioid
Associated with variant of GBM. On specific
epithelioid variant of cases, the use of BRAF and
GBM, pleomorphic MEK inhibitors can
xanthoastrocytoma and | dramatically improve PFS.
ganglioglioma.
FGFR-TACC gene No diagnostic role Not defined Yes
fusions
PDGFRA Associated with Poor prognosis on IDH- Yes
proneural subtype and | mutant WHO grade III and
secondary GBM IIT astrocytomas and very
poor prognosis on GBM
with H3K27M mutation
CDKN2A/B Supports GBM Poor prognosis No
homozygous deletion diagnosis in IDH-
mutant WHO grade 11
and III astrocytomas
TERTp mutation Supports GBM Poor prognosis No
diagnosis in IDH-
wildtype WHO grade 11

and III astrocytomas
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Table 2.1 (continued)

Prospective

treatment
Biomarker Diagnostic role Prognostic role target
Chromosome 7 gains Supports GBM Poor prognosis No

and chromosome 10 diagnosis in IDH-
losses (+7/—10) -not wildtype WHO grade 11
reviewed in this chapter | and III astrocytomas

IDH isocitrate dehydrogenase, MGMT O6-methylguanine-DNA methyl- transferase, EGFR epi-
dermal growth factor receptor, PTEN phosphatase and tensin homolog, FGFR-TACC fibroblast
growth factor receptor-transforming acidic coiled-coil, PDGFRA platelet derived growth factor
receptor alpha, CDKN cyclin dependent finase inhibitor, TERT telomerase reverse transcriptase
promoter mutation

Isocitrate Dehydrogenase (IDH)

Isocitrate dehydrogenases (IDH1, IDH2, IDH3) are metabolic enzymes that partici-
pate in the Krebs cycle by catalyzing the oxidative carboxylation of isocitrate to
a-ketoglutarate and carbon dioxide, resulting in the production of nicotinamide
adenine dinucleotide phosphate hydrogen (NADPH) or nicotinamide adenine dinu-
cleotide hydrogen in the case of IDH3 [6-11].

Mutations in the IDH1 and IDH?2 genes result in a single amino acid substitution
and are considered to be mutually exclusive [8, 11]. The most common mutation of
IDH]1 in glioma is found at the arginine codon 132 (R132) with the most frequent
substitution is of arginine by histidine (R132H), which occurs in more than 90%.
On the IDH?2 gene, the most common mutation is at codon 172 (R172) and (R140)
which is analogous for IDH1 [8, 9]. Mutations in IDH and IDH?2 have been identi-
fied in other malignancies such as chondrosarcoma, intrahepatic cholangiocarci-
noma, acute myeloid leukemia and myelodysplastic syndromes [10, 12, 13].

Mutations in IDH result in the production of the oncometabolite R(—)-2-
hydroxyglutarate (2HG). 2HG competitively inhibits o-ketoglutarate-dependent
enzymes affecting histone and DNA demethylation, and adaption to hypoxia, lead-
ing to abnormalities of epigenetic regulation, genetic instability, T cell differentia-
tion, and tumor immunity. 2HG also impairs cellular differentiation in a variety of
cell lineages promoting oncogenic transformation in association with other cancer
genes [6, 9, 10, 14, 15].

IDH 1 mutations are present in up to 7% of GBM and in over 70% of grade II and
grade III gliomas. Mutations have been also identified in the /DH?2 gene in approxi-
mately 4-8% of gliomas [13, 15, 16]. IDH mutation has been recognized as an early
event in gliomagenesis. It has become a fundamental element for diagnosis, treat-
ment decision and prognostication of tumor behavior.
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The presence of IDH1/2 mutation in gliomas has been associated with younger
age and better prognosis [11, 17]. The mean age at diagnosis for IDH-mutant GBM
is 40 years and median overall survival (mOS) 27-31 months. For /DH-wildtype
GBM the mean age at diagnosis is 64 years and mOS 15-18 months [17-19].

Recent research advances suggest that /DH-wildtype and /DH-mutant GBM are
two separate diseases, with a completely different age of presentation, molecular
profile, and overall survival. This has been translated to the clinical research setting
where most clinical trial studies designed for newly diagnosed or recurrent GBM
are focused on IDH-wildtype GBM and exclude /DH-mutant tumors. In the recent
years, IDH mutation has been explored as a potential therapeutic target in glioma
[20-22], with clinical trials designed for /DH-mutant solid tumors including dedi-
cated arms for /DH-mutant gliomas [23, 24].

The third update of cIMPACT-NOW recognized WHO grade II diffuse astrocytic
glioma, /DH-wildtype, with molecular features of GBM as an equivalent to a WHO
grade IV tumor. This new concept applies to lower grade astrocytic tumors by his-
tology, that contain the presence of TERT promoter mutation, EGFR gene amplifi-
cation, and/or the combination of gain of entire chromosome 7 and loss of entire
chromosome 10 (+7/—10); given that their behavior is similar than classic IDH-
wildtype GBM [25, 26]. This was further reviewed in the sixth update from cIM-
PACT-NOW. On an effort to simplify nomenclature, and clinical trial eligibility, it
was proposed that /DH-wildtype diffuse astrocytic gliomas can be classified as
GBM, IDH-wildtype WHO grade 4 (now suggesting the use of Arabic numerals) in
the presence of one or more of the aforementioned mutations. For /DH-mutant
astrocytomas with microvascular proliferation or necrosis or CDKN2/B homozy-
gous deletion, or any combination of any of these features will be designated astro-
cytoma, IDH-mutant, WHO grade 4 [2].

These guidelines from C-IMPACT-NOW are giving the clinician timely updates
based on recent validated findings for more accurate diagnosis and prognostication
that may change clinical management in daily practice, allowing the physician to
provide a more tailored treatment recommendation and the possibility to offer a
clinical trial that better suit the molecular profile for each patient’s tumor.

O°%Methylguanine-DNA Methyl- Transferase (MGMT)

Despite the fact it was not incorporated to the 2016 WHO classification of CNS
tumors, MGMT promoter methylation status is one of the most relevant biomarkers
used in the management of GBM as its presence predicts benefit from alkylating
chemotherapy in patients with glioblastoma [27, 28]. The MGMT gene is located on
chromosome 10 (10g26). It encodes the repair protein MGMT that reverses the
damage created by alkylating agents by repairing damaged guanine nucleotides by
transferring the methyl at O site of guanine to its cysteine residues. Epigenetic
modification of the cytosine-phosphate-guanine (CpG) island at specific CpG sites
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within the MGMT promoter silences the gene, causing defective repair of DNA
alkylation, promoting gene mutation and cell death [29, 30].

MGMT promoter methylation has been associated with better OS in glioma [28,
31-33]. MGMT promoter methylation status has been defined according to the per-
centage or level of methylation detected. Different testing methods have been stud-
ied, however, there is no agreement on the best test modality. Among the testing
with the most reliability are methylation specific PCR (QMSP) and pyrosequencing
[32, 34, 35]. Thresholds on the level of methylation have been studied in GBM:
Unmethylated <9%, indeterminate or “gray zone” 10-29% and methylated >30%.
Methylation levels above 30% have been correlated with better PFS and OS than
below 30% (25.2 vs 15.2 months) [32]. Additional studies demonstrated that patients
in the indeterminate methylation status also benefit of radiation and temozolomide
therapy reflecting an OS of 10-17 months for truly unmethylated, 15.4-20 months
for indeterminate and 19.7-34.1 months in methylated patients [35, 36]. It is impor-
tant to underline that these studies did not correlate consistently with IDH status of
the tumor samples studied.

Reliable and consistent assessment of MGMT methylation status at the first clinic
visit is of utmost importance in the evaluation of patients with GBM due to its role
in patient counseling and clinical trials eligibility. MGMT status has become rele-
vant in the design of clinical trials for newly diagnosed GBM with some trials
excluding patients with MGMT promoter hypermethylated tumors, other trials
include it as a parameter for randomization.

A special population in which the value of MGMT has been particularly impor-
tant for consideration of treatment decision, is the elderly. Multiple trials have dem-
onstrated that concomitant treatment with temozolomide and hypofractionated
radiotherapy increased OS regardless of the MGMT promoter methylation status
[37—41]. However, for older patients who are not candidates for a combined-
modality approach because of poor functional status or significant comorbidity,
MGMT promoter methylation has a particularly important role. Emerging data sup-
port the use of temozolomide chemotherapy as an alternative to radiation therapy, in
those patients with MGMT methylated tumors. Radiation therapy alone is an effec-
tive alternative for patients with MGMT unmethylated tumors.

Pseudoprogression is defined as a new or expanding area(s) of contrast enhance-
ment that occur early after the end of radiation therapy, within the first 6 months
(typically between 3 and 4 months), in the absence of true tumor growth, and that
tends to stabilize or resolve without a change in therapy. In GBM, MGMT promoter
methylation was associated with a 3.5-fold greater risk of developing pseudopro-
gression in up to 30% of patients treated with chemoradiation with concomitant
temozolomide and has been linked to a better outcome. Pseudoprogression can also
occur in unmethylated tumors, but to a lesser frequency. The response assessment in
neuro-oncology (RANO) criteria recommended that patients should be excluded
from clinical trials for recurrent disease within the first 12 weeks after radiation
therapy, unless progression is clearly outside the radiation field or there is histologic
documentation of progression [42—46]. In the clinical setting, magnetic resonance
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perfusion and spectroscopy and 18-FDG brain PET may aid in the differentiation
between pseudoprogression versus progressive disease although histopathological
analysis continues to be the gold standard.

Epidermal Growth Factor Receptor (EGFR)

Epidermal growth factor receptor (EGFR) is a member of the ErbB family of recep-
tor tyrosine kinase (RTK). Its structure includes an N-terminal extracellular domain,
a transmembrane domain, an extracellular kinase domain, and a cytoplasmic
C-terminal tail containing several phosphorylation sites that serve as signal trans-
duction modules. Binding of one of several ligands to the extracellular ligand-
binding domain induces receptor homo-dimerization or hetero-dimerization and
results in kinase activation. In normal cells, this leads to DNA synthesis, cell prolif-
eration, migration, and adhesion. EGFR mutations lead to production of mitogenic
RTKSs that inhibit the activity of p53 [47, 48].

EGFR is one of the first oncogenes identified in GBM. EGFR gene amplification
is presented in about 40% of GBM [47, 49-51]. EGFRvIII mutation is found in 20%
of GBM and it is particularly interesting as it is constitutively active and a potential
neoantigen. The presence of EGFR amplification supports a GBM diagnosis and
differentiates from other gliomas [47, 48, 50, 52-54]. EGFRvIII mutation alone is
not predictive of outcome, however, the downstream altered molecular pathways
associated as a result of its deletion may have a clinical impact [50, 52, 55]. EGFR
has become one of the hallmark alterations that, if present in /DH-wildtype anaplas-
tic astrocytoma, it supports the diagnosis of WHO grade IV astrocytoma [25].

EGFR has been extensively studied as therapeutic target. However, the results of
multiple clinical trials evaluating EGFR tyrosine kinase inhibitors (TKI) and pep-
tide treatment/vaccine, such as rindopepimut, in recurrent and/or newly diagnosed
GBM patients have been disappointing [56, 57]. Clinical trials with newer genera-
tion EGFR TKI, EGFRvIII CAR-T cells alone and in combination with PD-1 inhib-
itors are currently ongoing and may elucidate the precise role of EGFR as a
therapeutic target in GBM [50].

Phosphatase and Tensin Homolog (PTEN) Deletion

PTEN plays a major role regulating multiple biological functions at the level of the
membrane and nucleus. It regulates genomic stability, cellular proliferation, migra-
tion and survival, tumor microenvironment among other functions. It has been
implicated in multiple malignancies including gliomas. The loss of PTEN expres-
sion has been associated with glioma cells proliferation. This alteration is present in



2 The Role of Molecular Genetics of Glioblastoma in the Clinical Setting 27

approximately 40% of primary GBM, and its relevance in OS has been under debate.
However, it is considered an additional biomarker in the diagnosis of GBM [58—60].
Recent clinical trials have focused on the PI3K/Akt pathway, with targeted therapies
such as buparlisib, sonolisib, pilaralisib, dactolisib, alone or in combination with
mTOR inhibitors, are ongoing or have demonstrated no clinical benefit [61, 62].

BRAF V600E Mutation

The BRAF protein is an intermediary in the RAS-RAF pathway. After a ligand-
mediated receptor tyrosine kinase is triggered by extracellular growth factors, it
activates RAS, which initiates BRAF-mediated activation of MEK and ERK, caus-
ing transcription of factors for cell proliferation. The BRAF V600OE mutation results
in constitutive activation of the MEK-ERK pathway and uncontrolled cell division
[63, 64]. BRAF mutations are drivers of oncogenesis in approximately 6% of human
malignancies including melanoma, thyroid, colorectal and non-small cell lung can-
cer [65]. BRAF V600OE mutations have been identified in a variety of primary brain
tumors such as pleomorphic xanthoastrocytoma (up to 60%) [66, 67] and 47-58%
ganglioglioma [68, 69], but they are uncommon in GBM (1-2%), except for the
epithelioid variant in which is present in about 56% [65, 70, 71]. Epithelioid GBM
is a rare and aggressive variant that is more common in children and young adults.
It carries a dismal prognosis of about 6 months OS and frequently has leptomenin-
geal dissemination [72-74].

Even though BRAF mutations are rare in GBM, it is important to consider test-
ing for it, especially in the younger population, as the use of BRAF and MEK
inhibitors have shown a dramatic response on imaging and prolonged PFS
[65, 74].

FGFR-TACC Gene Fusions

Fibroblast growth factor receptor-transforming acidic coiled-coil (FGFR-TACC)
gene fusions are present in 3% of GBM. In astrocytes, fusions between FGFR3 and
TACC3 genes can lead to malignant transformation and GBM progression due to the
activation of mitogenic, antiapoptotic and migratory functions. Preliminary data of
a Phase 2 trial with infigratinib showed PFS6 of 16% with a mOS of 6.7 months,
demonstrating a partial response or stable disease in approximately one-third of
patients with recurrent GBM and other glioma subtypes [75]. Futibatinib, another
FGFR inhibitor, has shown to be well tolerated, however, efficacy results have not
been published yet [76].
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Platelet Derived Growth Factor Receptor Alpha (PDGFRA)

PDGFRA amplification is found in approximately 15-20% of adult GBM, espe-
cially in cerebellar variant. PDGFRA amplification increases with grade and is asso-
ciated with a less favorable prognosis in WHO grade II and III /DHI-mutant
astrocytoma comparable to WHO grade IV [49, 52]. In GBM harboring H3F3A-
K27M mutation, positive PDGFRA expression was linked to even worse prognosis
[77]. PDGFRA has been studied as a potential target in the treatment for GBM using
dasatinib and other multikinase inhibitors alone or in combination with bevaci-
zumab with no significant results [78, 79].

CDKN2A/B Homozygous Deletion

Cyclin Dependent Kinase Inhibitor 2A (CDKN2A) encodes Ink4a and Arf proteins,
which play an important role in activating Rb and p53, respectively. CDKN2B
encodes the tumor suppressor p15INK4b. Ink4a and p15INK4b inhibit CDK4 and
CDK6 and maintain the growth-suppressive function of the Rb gene. When dys-
regulated, uncontrolled cell growth occurs [52, 80].

The prevalence of homozygous deletion of CDKN2A/B has been reported in
22-35% of all gliomas (16—47% IDH-mutant GBM and up to 58% of IDH-wildtype
GBM) [54]. The presence of CDKN2A homozygous deletion in LGG and IDH-
mutant GBM was associated with lower PFS and OS when compared to CDKN2A
intact tumors [81]. The fifth and sixth updates of C-IMPACT-NOW have incorpo-
rated CDKN2A/B homozygous deletion as a marker for malignant behavior /DH-
mutant WHO grade 2 and 3 astrocytomas, upgrading them to WHO grade 4
astrocytoma [2, 82].

These recent changes are quite impactful to daily clinical practice, as the pres-
ence of this mutation in astrocytic tumors dramatically changes the prognosis.
CDKNZ2A/B deletion should be obtained routinely in the pathological analysis of
IDH-mutant astrocytoma of any grade [83]. This marker could become a landmark
parameter for clinical trial inclusion criteria in the near future [82, 84—86].

Telomerase Reverse Transcriptase Promoter
Mutation (TERTp)

Telomerase reverse transcriptase (TERT) is a rate-limiting catalytic subunit of
telomerase, an RNA-dependent DNA polymerase that lengthens telomeric DNA to
maintain shorter telomeres in human cells function to prevent uncontrolled cellular
proliferation. TERT promoter mutations result in the upregulation of TERT tran-
scription, have been identified in over 50 different types of cancer, including several
CNS neoplasms [87, 88]. Somatic hot spot mutations in TERTp occur in
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IDH-wildtype GBM and in Ip/19q co-deleted IDH-mutant oligodendroglioma.
ATRX mutations are found to be mutually exclusive with TERTp mutations in adult
GBM [89-91]. TERTp mutation has been linked to worse prognosis if found on
IDH-wildtype astrocytoma WHO grade II or III as their clinical course resembles to
the one of a WHO grade IV GBM [25, 90, 92]. Although TERT promoter mutation
has not become a major pharmacological target for cancer therapy yet, it has signifi-
cant role in glioma diagnosis and prognosis.

Conclusion

Advances in tumor molecular profiling technologies have allowed molecular char-
acterization of GBM as never before. The addition of molecular biomarkers and
histology to the 2016 WHO Classification of CNS Tumors has deeply impacted the
clinical management of gliomas providing not only a more accurate diagnosis and
prognostication, but also the opportunity to develop innovative clinical trials tai-
lored to the genetic and epigenetic alterations of each tumor. The inclusion of next
generation sequence-based assays and other molecular methods in the evaluation of
newly diagnosed and recurrent GBM is becoming essential, as it may dramatically
impact the diagnosis and management of our patients.

As more discoveries rapidly arise, and the pathogenesis of GBM continues to be
better understood, it is likely that more markers will become part of additional clas-
sifications of this complex and heterogeneous tumor.

References

1. van den Bent MJ, et al. A clinical perspective on the 2016 WHO brain tumor classification and
routine molecular diagnostics. Neuro-Oncology. 2017;19(5):614-24.

2. Louis DN, et al. cIMPACT-NOW update 6: new entity and diagnostic principle recommenda-
tions of the cIMPACT-Utrecht meeting on future CNS tumor classification and grading. Brain
Pathol. 2020;30(4):844-56.

3. Louis DN, et al. The 2016 World Health Organization classification of tumors of the central
nervous system: a summary. Acta Neuropathol. 2016;131(6):803-20.

4. Louis DN, et al. Announcing cIMPACT-NOW: the consortium to inform molecular and practi-
cal approaches to CNS tumor taxonomy. Acta Neuropathol. 2017;133(1):1-3.

5. Louis DN, et al. cIMPACT-NOW (the consortium to inform molecular and practical approaches
to CNS tumor taxonomy): a new initiative in advancing nervous system tumor classification.
Brain Pathol. 2017;27(6):851-2.

6. Zhang C, et al. IDH1/2 mutations target a key hallmark of cancer by deregulating cellular
metabolism in glioma. Neuro-Oncology. 2013;15(9):1114-26.

7. Parsons DW, et al. An integrated genomic analysis of human glioblastoma multiforme.
Science. 2008;321(5897):1807-12.

8. Romanidou O, Kotoula V, Fountzilas G. Bridging cancer biology with the clinic: compre-
hending and exploiting IDH gene mutations in gliomas. Cancer Genomics Proteomics.
2018;15(5):421-36.



30

10.

11.

12.

13.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

M. del Pilar Guillermo Prieto and M. 1. de La Fuente

. Miyata S, et al. Comprehensive metabolomic analysis of IDHIR132H clinical glioma samples

reveals suppression of B-oxidation due to carnitine deficiency. Sci Rep. 2019;9(1):9787.
Clark O, Yen K, Mellinghoff IK. Molecular pathways: isocitrate dehydrogenase mutations in
cancer. Clin Cancer Res. 2016;22(8):1837-42.

Hartmann C, et al. Type and frequency of IDHI1 and IDH2 mutations are related to astro-
cytic and oligodendroglial differentiation and age: a study of 1,010 diffuse gliomas. Acta
Neuropathol. 2009;118(4):469-74.

Dang L, Yen K, Attar EC. IDH mutations in cancer and progress toward development of tar-
geted therapeutics. Ann Oncol. 2016;27(4):599-608.

Ohgaki H, Kleihues P. The definition of primary and secondary glioblastoma. Clin Cancer Res.
2013;19(4):764.

. Waitkus MS, Diplas BH, Yan H. Isocitrate dehydrogenase mutations in gliomas. Neuro-

Oncology. 2016;18(1):16-26.

Jalbert LE, et al. Metabolic profiling of IDH mutation and malignant progression in infiltrating
glioma. Sci Rep. 2017;7:44792.

Ostrom QT, et al. CBTRUS statistical report: primary brain and other central ner-
vous system tumors diagnosed in the United States in 2012-2016. Neuro-Oncology.
2019;21(Suppl_5):v1-v100.

Yan H, et al. IDH1 and IDH2 mutations in gliomas. N Engl J Med. 2009;360(8):765-73.
Molinaro AM, et al. Genetic and molecular epidemiology of adult diffuse glioma. Nat Rev
Neurol. 2019;15(7):405-17.

Christians A, et al. The prognostic role of IDH mutations in homogeneously treated patients
with anaplastic astrocytomas and glioblastomas. Acta Neuropathol Commun. 2019;7(1):156.
Tejera D, et al. Ivosidenib, an IDHI inhibitor, in a patient with recurrent, IDH1-mutant glio-
blastoma: a case report from a phase I study. CNS Oncol. 2020;9:Cns62.

Mellinghoff, I. K., et al. Ivosidenib in Isocitrate Dehydrogenase 1-Mutated Advanced Glioma.
J Clin Oncol 2020;38(29):3398-406.

De La Fuente M, et al. A phase Ib/II study of olutasidenib in patients with relapsed/refractory
IDH1 mutant gliomas: safety and efficacy as single agent and in combination with azacitidine.
J Clin Oncol. 2020;38(15_Suppl):2505.

Galanis E, et al. Integrating genomics into neuro-oncology clinical trials and practice. Am Soc
Clin Oncol Educ Book. 2018;38:148-57.

Popovici-Muller J, et al. Discovery of AG-120 (Ivosidenib): a first-in-class mutant IDH1 inhib-
itor for the treatment of IDH1 mutant cancers. ACS Med Chem Lett. 2018;9(4):300-5.

Brat DJ, et al. cIMPACT-NOW update 3: recommended diagnostic criteria for “diffuse astro-
cytic glioma, IDH-wildtype, with molecular features of glioblastoma, WHO grade IV”. Acta
Neuropathol. 2018;136(5):805-10.

Tesileanu CMS, et al. Survival of diffuse astrocytic glioma, IDH1/2 wildtype, with molecu-
lar features of glioblastoma, WHO grade IV: a confirmation of the cIMPACT-NOW criteria.
Neuro-Oncology. 2019;22(4):515-23.

Stupp R, et al. Effects of radiotherapy with concomitant and adjuvant temozolomide versus
radiotherapy alone on survival in glioblastoma in a randomised phase III study: 5-year analysis
of the EORTC-NCIC trial. Lancet Oncol. 2009;10(5):459-66.

Binabaj MM, et al. The prognostic value of MGMT promoter methylation in glioblastoma: a
meta-analysis of clinical trials. J Cell Physiol. 2018;233(1):378-86.

Yu W, et al. O(6)-methylguanine-DNA methyltransferase (MGMT): challenges and new
opportunities in glioma chemotherapy. Front Oncol. 2020;9:1547.

Mansouri A, et al. MGMT promoter methylation status testing to guide therapy for glio-
blastoma: refining the approach based on emerging evidence and current challenges. Neuro-
Oncology. 2019;21(2):167-78.

Dahlrot RH, et al. Posttreatment effect of MGMT methylation level on glioblastoma survival.
J Neuropathol Exp Neurol. 2019;78(7):633—40.



32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

The Role of Molecular Genetics of Glioblastoma in the Clinical Setting 31

Brigliadori G, et al. Defining the cutoff value of MGMT gene promoter methylation and its
predictive capacity in glioblastoma. J Neuro-Oncol. 2016;128(2):333-9.

Hegi ME, et al. MGMT gene silencing and benefit from temozolomide in glioblastoma. N
Engl J Med. 2005;352(10):997-1003.

Estival A, et al. Pyrosequencing versus methylation-specific PCR for assessment of MGMT
methylation in tumor and blood samples of glioblastoma patients. Sci Rep. 2019;9(1):11125.
Hsu C-Y, et al. Prognosis of glioblastoma with faint MGMT methylation-specific PCR prod-
uct. J Neuro-Oncol. 2015;122(1):179-88.

Pinson H, et al. Weak MGMT gene promoter methylation confers a clinically significant sur-
vival benefit in patients with newly diagnosed glioblastoma: a retrospective cohort study. J
Neuro-Oncol. 2020;146(1):55-62.

Malmstrom A, et al. Temozolomide versus standard 6-week radiotherapy versus hypofraction-
ated radiotherapy in patients older than 60 years with glioblastoma: the Nordic randomised,
phase 3 trial. Lancet Oncol. 2012;13(9):916-26.

Kalra B, Kannan S, Gupta T. Optimal adjuvant therapy in elderly glioblastoma: results from a
systematic review and network meta-analysis. J Neuro-Oncol. 2020;146(2):311-20.

Wee CW, et al. Chemoradiation in elderly patients with glioblastoma from the multi-
institutional GBM-molRPA cohort: is short-course radiotherapy enough or is it a matter of
selection? J Neuro-Oncol. 2020;148(1):57-65.

Hanna C, et al. Treatment of newly diagnosed glioblastoma in the elderly: a network meta-
analysis. Cochrane Database Syst Rev. 2020;3(3):Cd013261.

Perry JR, et al. Short-course radiation plus temozolomide in elderly patients with glioblas-
toma. N Engl J Med. 2017;376(11):1027-37.

Zhou M, et al. The value of MGMT promote methylation and IDH-1 mutation on diagno-
sis of pseudoprogression in patients with high-grade glioma: a meta-analysis. Medicine.
2019:;98(50):e18194.

Brandes AA, et al. MGMT promoter methylation status can predict the incidence and outcome
of pseudoprogression after concomitant radiochemotherapy in newly diagnosed glioblastoma
patients. J Clin Oncol. 2008;26(13):2192-7.

Wen PY, et al. Response assessment in neuro-oncology clinical trials. J Clin Oncol Off J] Am
Soc Clin Oncol. 2017;35(21):2439-49.

Thust SC, van den Bent MJ, Smits M. Pseudoprogression of brain tumors. J Magn Reson
Imaging. 2018;48(3):571-89.

Chukwueke UN, Wen PY. Use of the response assessment in neuro-oncology (RANO) criteria
in clinical trials and clinical practice. CNS Oncol. 2019;8(1):CNS28.

Maire CL, Ligon KL. Molecular pathologic diagnosis of epidermal growth factor receptor.
Neuro-Oncology. 2014;16 Suppl 8(Suppl 8):viiil-6.

Cimino PJ, et al. A wide spectrum of EGFR mutations in glioblastoma is detected by
a single clinical oncology targeted next-generation sequencing panel. Exp Mol Pathol.
2015;98(3):568-73.

Brennan CW, et al. The somatic genomic landscape of glioblastoma. Cell. 2013;155(2):462-77.
An Z, et al. Epidermal growth factor receptor and EGFRVIII in glioblastoma: signaling path-
ways and targeted therapies. Oncogene. 2018;37(12):1561-75.

Mellinghoff IK, et al. Molecular determinants of the response of glioblastomas to EGFR
kinase inhibitors. N Engl J Med. 2005;353(19):2012-24.

Aldape K, et al. Glioblastoma: pathology, molecular mechanisms and markers. Acta
Neuropathol. 2015;129(6):829-48.

Neftel C, et al. An integrative model of cellular states, plasticity, and genetics for glioblastoma.
Cell. 2019;178(4):835-849.e21.

Kessler T, et al. Molecular profiling-based decision for targeted therapies in IDH wild-type
glioblastoma. Neurooncol Adv. 2020;2(1):vdz060.



32

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

M. del Pilar Guillermo Prieto and M. 1. de La Fuente

Brito C, et al. Clinical insights gained by refining the 2016 WHO classification of diffuse
gliomas with: EGFR amplification, TERT mutations, PTEN deletion and MGMT methylation.
BMC Cancer. 2019;19(1):968.

Alexandru O, et al. Receptor tyrosine kinase targeting in glioblastoma: performance, limita-
tions and future approaches. Contemp Oncol (Pozn). 2020;24(1):55-66.

Weller M, et al. Rindopepimut with temozolomide for patients with newly diagnosed,
EGFRvIII-expressing glioblastoma (ACT 1V): a randomised, double-blind, international
phase 3 trial. Lancet Oncol. 2017;18(10):1373-85.

Milella M, et al. PTEN: multiple functions in human malignant tumors. Front Oncol.
2015;5:24.

Han F, et al. PTEN gene mutations correlate to poor prognosis in glioma patients: a meta-
analysis. Onco Targets Ther. 2016;9:3485-92.

Yang J-M, et al. Characterization of PTEN mutations in brain cancer reveals that pten
mono-ubiquitination promotes protein stability and nuclear localization. Oncogene.
2017;36(26):3673-85.

Rosenthal M, et al. Buparlisib plus carboplatin or lomustine in patients with recurrent
glioblastoma: a phase Ib/Il, open-label, multicentre, randomised study. ESMO Open.
2020;5(4):000672.

Wen PY, et al. Phase I, open-label, multicentre study of buparlisib in combination with temo-
zolomide or with concomitant radiation therapy and temozolomide in patients with newly
diagnosed glioblastoma. ESMO Open. 2020;5(4):e¢000673.

Maraka S, Janku F. BRAF alterations in primary brain tumors. Discov Med.
2018;26(141):51-60.

Bond CE, Whitehall VLJ. How the BRAF V600E mutation defines a distinct subgroup of colorec-
tal cancer: molecular and clinical implications. Gastroenterol Res Pract. 2018;2018:9250757.
Kushnirsky M, et al. Prolonged complete response with combined dabrafenib and trametinib
after BRAF inhibitor failure in BRAF-mutant glioblastoma. JCO Precis Oncol. 2020;4:44-50.
Ida CM, et al. Pleomorphic xanthoastrocytoma: natural history and long-term follow-up. Brain
Pathol. 2015;25(5):575-86.

Dias-Santagata D, et al. BRAF V600E mutations are common in pleomorphic xanthoastrocy-
toma: diagnostic and therapeutic implications. PLoS One. 2011;6(3):e17948.

Koelsche C, et al. Mutant BRAF V600E protein in ganglioglioma is predominantly expressed
by neuronal tumor cells. Acta Neuropathol. 2013;125(6):891-900.

Phadnis S, et al. Rare-20. BRAF mutations in pediatric gangliogliomas and the clinical signifi-
cance an MD Anderson Cancer Center experience. Neuro-Oncology. 2018;20(Suppl_6):vi240.
Korshunov A, et al. Epithelioid glioblastomas stratify into established diagnostic subsets upon
integrated molecular analysis. Brain Pathol. 2018;28(5):656-62.

Behling F, et al. Frequency of BRAF V600OE mutations in 969 central nervous system neo-
plasms. Diagn Pathol. 2016;11(1):55.

Zeng Y, et al. Clinicopathological, immunohistochemical and molecular genetic study on
epithelioid glioblastoma: a series of fifteen cases with literature review. Onco Targets Ther.
2020;13:3943-52.

Kanemaru Y, et al. Dramatic response of BRAF V60OE-mutant epithelioid glioblastoma to
combination therapy with BRAF and MEK inhibitor: establishment and xenograft of a cell line
to predict clinical efficacy. Acta Neuropathol Commun. 2019;7(1):119.

Burger MC, et al. Dabrafenib in patients with recurrent, BRAF V600E mutated malignant
glioma and leptomeningeal disease. Oncol Rep. 2017;38(6):3291-6.

Lassman A, et al. 0S10.6 Infigratinib (BGJ398) in patients with recurrent gliomas with fibro-
blast growth factor receptor (FGFR) alterations: a multicenter phase II study. Neuro-Oncology.
2019;21:1ii21-2.

Meric-Bernstam F, et al. Abstract CT238: TAS-120 in patients with advanced solid tumors
bearing FGF/FGFR aberrations: a phase I study. Cancer Res. 2019;79(13 Supplement):CT238.



7.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

The Role of Molecular Genetics of Glioblastoma in the Clinical Setting 33

Zhang R-Q, et al. Biomarker-based prognostic stratification of young adult glioblastoma.
Oncotarget. 2016;7(4):5030—41.

Lassman AB, et al. Phase 2 trial of dasatinib in target-selected patients with recurrent glioblas-
toma (RTOG 0627). Neuro-Oncology. 2015;17(7):992-8.

Galanis E, et al. A phase 1 and randomized, placebo-controlled phase 2 trial of bevaci-
zumab plus dasatinib in patients with recurrent glioblastoma: Alliance/North Central Cancer
Treatment Group NO872. Cancer. 2019;125(21):3790-800.

Jiao Y, Feng Y, Wang X. Regulation of tumor suppressor gene CDKN2A and encoded p16-
INK4a protein by covalent modifications. Biochem Mosc. 2018;83(11):1289-98.

Lu VM, et al. The prognostic significance of CDKN2A homozygous deletion in IDH-mutant
lower-grade glioma and glioblastoma: a systematic review of the contemporary literature. J
Neuro-Oncol. 2020;148(2):221-9.

Brat DJ, et al. cIMPACT-NOW update 5: recommended grading criteria and terminologies for
IDH-mutant astrocytomas. Acta Neuropathol. 2020;139(3):603-8.

Yang RR, et al. IDH mutant lower grade (WHO Grades II/II) astrocytomas can be strati-
fied for risk by CDKN2A, CDK4 and PDGFRA copy number alterations. Brain Pathol.
2020;30(3):541-53.

Appay R, et al. CDKN2A homozygous deletion is a strong adverse prognosis factor in diffuse
malignant IDH-mutant gliomas. Neuro-Oncology. 2019;21:1519-28.

Mirchia K, et al. Total copy number variation as a prognostic factor in adult astrocytoma sub-
types. Acta Neuropathol Commun. 2019;7(1):92.

Reis GF, et al. CDKN2A loss is associated with shortened overall survival in lower-grade
(World Health Organization Grades II-III) astrocytomas. J Neuropathol Exp Neurol.
2015;74(5):442-52.

Patel B, et al. TERT, a promoter of CNS malignancies. Neurooncol Adv. 2020;2(1):vdaa025.
Yuan X, Larsson C, Xu D. Mechanisms underlying the activation of TERT transcrip-
tion and telomerase activity in human cancer: old actors and new players. Oncogene.
2019;38(34):6172-83.

Killela PJ, et al. Mutations in IDH1, IDH2, and in the TERT promoter define clinically distinct
subgroups of adult malignant gliomas. Oncotarget. 2014;5(6):1515-25.

Bollam SR, Berens ME, Dhruv HD. When the ends are really the beginnings: targeting telom-
erase for treatment of GBM. Curr Neurol Neurosci Rep. 2018;18(4):15.

Lee Y, et al. The frequency and prognostic effect of TERT promoter mutation in diffuse glio-
mas. Acta Neuropathol Commun. 2017;5(1):62.

Reifenberger G, et al. Advances in the molecular genetics of gliomas — implications for clas-
sification and therapy. Nat Rev Clin Oncol. 2017;14(7):434-52.



®

Check for
updates

Chapter 3
Neurosurgical Approach to the Patient
with Glioblastoma

Guilherme Gozzoli Podolsky-Gondim, Ricardo Santos de Oliveira,
Carlos Gilberto Carlotti Jr, and Benedicto Oscar Colli

Introduction

Epidemiology and Survival

Glioblastoma is the most common primary malignant brain tumor in adults, corre-
sponding to approximately 15% of all intracranial neoplasms and 48% of all primary
malignant tumors of the central nervous system (CNS) [1-3]. The incidence varies
according to the country and region pooled and in the United States (US) when con-
sidering all malignant brain tumors, the highest incidence was for glioblastoma with
3.22 per 100,000 [3]. Although patients of any age may be diagnosed with glioblas-
toma, there is a higher incidence in older adults, with the highest rates in the
74-84 years range [3]. In a population-based study from Zurich, Switzerland, the
mean age of patients with primary (de novo) glioblastoma was 62 years and for sec-
ondary glioblastoma (those arisen from a previous lower grade glioma) was 45 years
[1]. The male-to-female ratio is 1.6 in the US [3] and 1.28 in Switzerland [1].
Prognosis is poor and median survival of secondary glioblastoma patients was
7.8 months and for primary glioblastoma patients was 4.7 months in a Swiss study
[1]. In the paramount clinical trial by Stupp et al. [4] median overall survival increased
to 14.6 months for patients with newly diagnosed glioblastoma that received both
radiotherapy plus chemotherapy with temozolomide, following surgery.
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Clinical Presentation

The clinical presentation of glioblastoma is highly variable, and the signs/symp-
toms will depend upon the tumor location and its extension. According to two ret-
rospective studies conducted at emergency medicine departments, patients that
were further diagnosed with brain tumors presented with focal neurological signs —
such as hemiparesis — mental status alterations, headache, seizures, trauma, visual
changes, speech deficit, sensory abnormalities, nausea, vomiting or dizziness [5-8].
Seizures may affect up to half of patients with glioblastoma at some point during the
course of the disease. Although the widespread adoption of antiepileptic drugs for
this population is controversial, the use is recommended when a first seizure is pres-
ent [9]. Also, recent evidence suggest that patients with a mutated /DH status had a
higher chance of presenting seizures [10, 11]. Additionally, due to glioblastoma
rapid growth rate, it is not unusual for the patient to first present with signs of
increased intracranial pressure (ICP) — such as new onset headache associated with
vomiting, nausea and consciousness compromise — due to mass effect by the lesion
and associated surrounding edema. In this case, corticosteroids are usually promptly
initiated, a treatment supported by data from landmark studies published in the
1960s, and patients with signs of increased ICP or consciousness compromise will
be frequently treated with dexamethasone 10 mg intravenously and 4 mg orally four
times a day, with a good initial response expected following the effects over the sur-
rounding vasogenic edema [12, 13]. Due to the side effects expected with cortico-
steroids, concomitant prescription of proton-pump inhibitors, such as omeprazole,
is required.

Operative Candidate Selection
Diagnostic Workup

As previously mentioned, it is common for the patient with glioblastoma to be ini-
tially admitted to the emergency department following new onset neurological defi-
cit, seizures or clinical signs of increased ICP. Thus, often the first radiological
imaging to investigate those symptoms is a head computed tomography (CT) with
or without contrast enhancement (Fig. 3.1). A gadolinium-enhanced magnetic reso-
nance imaging (MRI) is ordered following the CT, or as standard-of-care if the
patient was first evaluated in an outpatient consultation. MRI allows for detailed
anatomical resolution, as well as, within certain degree of certainty due to the known
characteristics of anatomical location of each primary brain tumor, a diagnosis
(Fig. 3.2). For instance, extra-axial lesions often represent meningiomas, whereas
inflammatory and infectious lesions, such as multiple sclerosis or cerebral abscess,
would demonstrate distinct neuroanatomical localizations.
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Fig. 3.1 Emergency head CT. Emergency head computed tomography (CT) of a patient with a
glioblastoma initially admitted at the emergency room. (a) Axial reconstruction of the non-
enhanced CT depicting a heterogenous lesion with surrounding edema (white arrow). (b) A coro-
nal reconstruction post-contrast enhancement depicting the same lesion, with the surrounding
edema and a heterogenous aspect (white arrow). (¢) Axial contrast-enhanced view. (d) Sagittal
contrast-enhanced reconstruction with the same features (white arrow)

Further investigation may include complementary MRI sequences. For example,
MRI-spectroscopy, in which tissue metabolites are evaluated (Fig. 3.3), allowing for
a higher assurance in differentiating between infection and high-grade glioma, and
MRI perfusion, which allows for further resolution of areas of increased tumor cel-
lularity and malignancy grade for gliomas [14-16] (Fig. 3.4).
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Fig. 3.2 MRI commonly used sequences. Magnetic resonance imaging of an insular glioblastoma
(white arrow). Axial reconstruction in different sequences. (a) T1 weighted sequence. (b) T1
weighted gadolinium-enhanced sequence. (¢) T2 weighted sequence. (d) Fluid-attenuated inver-
sion recovery (FLAIR) sequence. (e) Diffusion-weighted imaging (DWI) sequence. (f) Iso DWI
sequence

When there is involvement of eloquent brain areas, such as speech areas (eg., left
inferior frontal gyrus, left temporal and parietal lobes), preoperative functional MRI
(fMRI) may contribute to the surgical planning, particularly when there is doubt
regarding lateralization of cerebral hemisphere dominance [17, 18]. Another addi-
tional preoperative imaging technique is the diffuse tensor imaging (DTI), which
may contribute to the differential diagnosis between glioblastoma and brain metas-
tases, besides helping in the surgical planning and, when coupled with a neuronavi-
gation device, assisting in the avoidance of lesions to fibers, such as pyramidal tract
when there is tumor involvement of motor pathways [16, 19-21].

Additionally, general clinical assessment is required, including but not limited to
laboratorial exams (i.e., coagulation status, hemogram, renal function, serum elec-
trolytes), chest radiography and electrocardiogram. Further clinical assessment may
be needed for elderly patients, such as echocardiogram and pulmonary function.
Although rare, attention to immunocompromise is needed, with a comprehensive
interview regarding previous exposure to HIV and potential immunocompromise,
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Fig. 3.3 MRI Advanced sequences — spectroscopy. Example of the MRI spectroscopy profile of
an insular glioblastoma. The region of interest (red square) delimited in the sagittal (a), coronal (b)
and axial (c) plans and the corresponding metabolic profile typical of a glioblastoma (d), depicting
a peak of choline (white arrow) and the peak of creatine (blue arrow), among other metabolites

such as for transplanted patients, since infectious intracranial diseases may mimic
clinical presentation of brain tumors.

Preoperative Performance Status

One of the mainstays of clinical assessment for patients with glioblastoma is the
Karnofsky Performance Status (KPS). Published in 1949, KPS describes the
patient’s functional status in a comprehensive scale ranging from 100% (no evi-
dence of disease, no symptoms) to 0% (death) (Table 3.1). Although it is not feasi-
ble to summarize and categorize the whole range of social, personal and clinical
aspects of the patient with glioblastoma in one common denominator, KPS is par-
ticularly important in the attempt to determine the patient’s general condition, thus
showing particular utility in the setting of oncological clinical trials [22, 23]. Many
clinical trials for patients with glioblastoma have considered a KPS of 70% (cares
for self, unable to carry on normal activity or to do active work) or equivalent as the
cutoff limit to consider major surgical resection. In the individual and personalized
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Fig. 3.4 MRI Advanced
sequences — MRI
Perfusion. Magnetic
resonance Spectroscopy
showing the relative
cerebral blood volume
(rCBV) measurement for
an insular glioblastoma.
Note the high rCBV (red)
in parts of the lesion
(white arrow)

setting, other factors influence the surgical decision, however the previous assess-
ment of the performance status help to ascertain the optimal therapeutic manage-
ment strategies, in light of the relevant literature.

Surgical Strategies
Extent of Resection

One of the key factors that seems to influence overall survival and recurrence free
period for patients with glioblastoma is the extent of resection. However, this is not
a feasible goal for many patients — especially those with multifocal lesions, involve-
ment of eloquent areas and poor performance status, to name some of the hindering
factors. Three studies addressed the influence of the extent of resection and found
evidences that favors the goal of trying to reach gross total resection in order to
improve survival and recurrence free interval [24-26]. Surgical adjuncts such as
5-ALA and intraoperative imaging techniques, when available, recently held prom-
ise in assisting this goal. For the elderly population, in spite of the intrinsic clinical
limitations to an aggressive resection approach, there is also evidence that tumor
debulking via craniotomy also offer a survival advantage [27].
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Table 3.1 Karnofsky performance status (KPS)

General status Percentage | Criteria
Able to carry on normal activity 100 Normal, no complaints, no evidence of disease
and to work. No special care is 90 Able to carry on normal activity, minor signs or
needed symptoms of disease
80 Normal activity with effort, some signs or
symptoms of disease
Unable to work. Able to live at 70 Cares for self, unable to carry on normal
home, care for most personal activity or to do active work
needs. A varying degree of 60 Requires occasional assistance but is able to
assistance is needed care for most of his needs
50 Requires considerable assistance and frequent
medical care
Unable to care for self. Requires 40 Disabled, requires special care and assistance
equivalent of institutional or (In bed more than 50% of the time)
hospital care. Discase may be 30 Severely disabled, hospitalization is indicated
progressing rapidly although death not imminent (Almost
completely bedfast)
20 Hospitalization necessary, very sick, active

supportive treatment necessary (Totally bedfast
and requiring extensive nursing care by
professionals and/or family)

10 Moribund, fatal processes progressing rapidly
(Comatose or barely arousable)
0 Dead

Adapted from Peus et al. [23], and Karnofsky and Burchenal [22]

We suggest a general flowchart for the decision regarding the surgical approach
for newly diagnosed glioblastoma (Fig. 3.5).

Gross Total Resection

Patients with a good clinical performance status (i.e., a KPS >70%), no signs of
involvement of eloquent areas, usually younger (<65 years) and with a suspected
single lesion, are generally referred for craniotomy with a preoperative goal of gross
total resection (GTR) (Fig. 3.6). Due to glioblastoma biological characteristics, the
surgeon is often faced with brisk bleeding and local edema, thus challenging the
goal of total macroscopic resection. Usually the planned craniotomy is large in
order to alleviate the expected increased ICP for larger lesions and corticosteroids
(i.e., dexamethasone) are commonly administered, alongside with mannitol or
hypertonic saline in order to compensate for the high ICP, to name some of the fre-
quently used adjuncts.
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Newly diagnosed

glioblastoma
KPS <70% KPS =70%
multicentric lesions single lesions
gliomatosis cerebri no involvment of eloquent areas

Suspected involvement
of eloquent areas

Stereotactic or

navigation-assisted biopsy Gross-total ressection

Neurophysiological monitoring
awake craniotomy
debulking or sub-total ressection

Adjuvant treatment
¢ Radiotherapy
* Temozolomide*

Fig. 3.5 Flowchart for newly diagnosed glioblastoma

Fig. 3.6 Gross total resection. (a) Intraoperative photograph of an insular glioblastoma depicting
the heterogenous and highly vascular aspects of the lesion (white arrow) and in (b). The post resec-
tion tumor bed (black arrow)
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Subtotal Resection/Debulking

When gross total resection is deemed unreachable — often due to the age of the
patient and/or the involvement of eloquent areas — the surgeon will try to reduce the
lesion, via debulking. However, this strategy is not free of risks, since the remaining
malignant tissue may lead to postoperative hemorrhage and brain edema, increasing
the chance of immediate postoperative complications.

Stereotactic and Neuronavigation-Assisted Biopsy

For patients with poor preoperative clinical performance, high preoperative cardio-
vascular risk, multiple lesions, and particularly for those with deep seated lesions,
the surgical strategy is based in sampling the suspected area, via a single burr hole
with the use of a stereotactic frame-based arch or, more recently, with the use of
neuronavigation devices. This procedure may be performed under local anesthesia,
thus limiting the perioperative anesthetic risks for those poor-performing patients.
For frame-based stereotactic biopsy, a frame is attached to the patient’s head under
local anesthesia and the patient is submitted to a CT or MRI. The images of the
couple head and frame are then fused in a software, and the surgeon draws a trajec-
tory for sampling the tumor with a cannula attached to a stereotactic arch while
avoiding vessels, eloquent areas and the ventricles (Fig. 3.7). The procedure is
straightforward and one of the benefits is the short length of stay in hospital.

Fig. 3.7 Stereotactic biopsy. Screen capture of the planning workstation depicting a trajectory
(large arrow) for stereotactic biopsy of a butterfly glioblastoma (small arrow). An optimal trajec-
tory aims at sampling the contrast-enhanced regions of the lesion while avoiding vessels and the
ventricles, in order to minimize the odds of postoperative complications
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For the frameless approach, the surgeon may use a neuronavigator — a device that
captures various superficial points in the patient’s head, thus allowing for the repre-
sentation of the anatomy in a screen promptly available for the surgical staff. The
biopsy then occurs in a similar fashion to the stereotactic frame-based approach
described above — burr hole and tumor sampling via a cannula.

Surgical Adjuncts and Special Techniques
Neurophysiological Monitoring and Awake Craniotomy

A special situation occurs whenever there is a suspected involvement of eloquent
brain areas, such as the left-frontal opercular region or the pre-central gyrus, respon-
sible for speech production and the primary motor cortex respectively. It may be
possible to resect lesions affecting these areas, however the surgeon often relies in
intraoperative brain mapping techniques, such as awake craniotomy and brain stim-
ulation. Although the development of imaging techniques such as fMRI may assist
in delimiting the speech area or the hand movement area in the motor cortex, the
spatial resolution of this imaging technique is insufficient to guarantee a safe
approach to lesions involving these areas [28].

Current strategies for the intraoperative brain stimulation include the detection of
the areas to be preserved, such as the hand area (for lesions involving the primary
motor cortex) or the speech production field (in lesions involving the dominating
hemisphere inferior frontal gyrus, usually the left side). Negative-mapping consists
in stablishing the safest surgical corridor to the lesion, while stimulating different
areas and not incurring in any disturbance of movement or speech, when these func-
tions may be compromised due to involvement by the tumor. High-order cortical
function is better evaluated and preserved with the combination of an awake crani-
otomy coupled with brain stimulation (cortical and white matter) and the participa-
tion of an interdisciplinary team, usually composed of speech therapists,
neurophysiologists and an experienced neuro-anesthetist [2].

Neuronavigation

Currently, neuronavigation is ubiquitous to the neurosurgical operating theater,
allowing for tailored surgical approaches and smaller craniotomies, especially for
neuro-oncological procedures. The general principle of this adjunct tool is to allow
the spatial localization of particular intracranial structures and brain areas, playing
an important role in assisting the neurosurgeon in tailoring the approaches for vari-
ous intracranial pathologies. The system usually consists of an infrared camera or
antenna that identifies a fixed reference near or in close contact to the patient’s head
(for intracranial surgeries) or bone structures in the spine (for spinal surgeries), and
a touch screen that displays the preoperative CT and/or MRI images with the
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representation of the tip of the neuronavigation probe; or a pair of surgical instru-
ment + camera recognizable object. One main limitation of this device is that it is
based in preoperative images, thus subject to the brain-shift phenomena — in which
the brain structures may be displaced following cerebral spine fluid drainage or
tumor resection, hampering a reliable determination of tumor limits, for example.
Recently, efforts were made in circumventing this issue, with adoption of intraop-
erative ultrasound imaging, allowing correction of this effect with real time intraop-
erative imaging, among other resources [29, 30].

Intraoperative Magnetic Resonance Imaging

In pursuing GTR, the advent of intraoperative MRI (iMRI) introduced the possibil-
ity of evaluating if the resection was satisfactory (i.e., if any residual tumor is pres-
ent) or promptly detecting signs of surgical complications — while the patient is still
at the operating room — allowing a higher chance of GTR. Although this would
imply in increased survival and progression-free survival, to this moment no unchal-
lenged evidence for this was published [31, 32]. One major limitation of this adjunct
is the necessity of a bold institutional infrastructure, monetary resources and well-
established protocols for the anesthesia, surgical and nursing teams in order to
employ iMRI at the best conditions [33, 34].

Intraoperative Ultrasound Imaging (iUS)

Ubiquitous to most surgical centers worldwide, the ultrasound is an interesting
adjunct for neurosurgery in general and particularly for glioblastoma surgery. Its
cost-effectiveness and no need for infrastructure adaptions — such as requested for
iMRI implementation — allow for real-time follow-up of brain lesions, such as glio-
blastoma, without suffering influence of brain-shift. Recent improvements allow for
advanced iUS 3D mapping of the lesions, use of contrast-enhancement techniques
and also coupling with neuronavigation devices, limiting the effects of such brain-
shift [35]. Another important aspect of this surgical adjunct is the possibility of
early detection of complications, such as tumor bed hemorrhage, after the dura-
mater is closed and before the bone flap is fixed. One limitation for its use is its
dependency on the skills of the surgeon operating the device, however the learning
curve is not as steep as for other neurosurgical techniques (Fig. 3.8).

Fluorescence-Guided Surgery

Since glioblastoma is characteristically an infiltrating brain lesion, there is an under-
lying difficulty in differentiating the tumor from the surrounding brain tissue. One
strategy for improving maximal safe tumor resection is the use of fluorescent dyes,
such as the 5-aminolevulinic acid (5-ALA) — an increasingly popular substance,
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Fig. 3.8 Intraoperative Ultrasound Imaging (iUS). (a) Intraoperative photograph of the operative
field of a large frontal glioblastoma with the ultrasound probe covered in a sterile plastic dressing
(black arrow). (b) Ultrasonographic aspect of the tumor, depicting a hyperechogenic lesion (star)

with its use initially described in the late 1990s and administered orally [36, 37].
Although the 5-ALA is deemed safe and with minimal side effects reported, it is
still not readily available worldwide and also there is the need for specific hardware
(i.e., microscopes capable of fluorescent visualization), thus limiting its use.

Therapeutic Adjuncts
Brachytherapy

Following cumulative evidence of the efficacy of radiation therapy in the manage-
ment of newly diagnosed and recurrent high-grade gliomas, there were reports in
the late 1980s and 1990s of the use of radiotherapy via locally delivered radioactive
sources, implanted into the tumor [38, 39]. This direct application delivers a high
dose of radiation to the tumor, while minimizing the effects over the surrounding
brain. Although many of the reports were case series, two randomized controlled
trials that assessed survival following stereotactically implanted high-activity I'*
concluded that no survival advantage was detected in the patients with newly diag-
nosed high-grade gliomas submitted to this approach [38—40].

In Situ Chemotherapy
Another therapeutic strategy also tested in the late 1980s and 1990s was the local

administration of chemotherapy — carmustine [bis-chloroethylnitrosourea —
BCNU] wafers — into the tumor bed of patients with malignant gliomas. This
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strategy is based in the concepts of circumventing the blood-brain barrier, avoid-
ance of well-known side effects of systemic chemotherapy agents, and potentially
deterrence of local recurrence [38]. Three randomized controlled trials were con-
ducted and some of the results suggest a modest survival advantage for use of
carmustine wafers, particularly to patients for which a near gross total resection
was feasible [41-44]. Complications associated with this therapy are malignant
edema, an increased frequency of wound infection, cyst formation and seizures,
among others. However, more evidence is needed in order to determine the optimal
combination of treatments available (i.e, systemic + carmustine wafer + radio-
therapy) and the patient’s characteristics that would indicate those a clear benefit
of this therapy [38, 40, 45].

Reoperation

Due to the intrinsic characteristics of glioblastoma, recurrence is expected even
after GTR and optimal adjuvant treatment were performed. Also, due to the high
variability in presentation and patterns of recurrence, no unified consensus has been
achieved regarding the decision to re-operate patients that present with glioblastoma
recurrence. However, this option should be considered after careful evaluation of
potential complications following surgery as well as the patient’s expectations
regarding the procedure, given that the patient performance status and involvement
of eloquent areas may preclude further surgeries [46]. A suggested simplified flow-
chart for decision is presented below (Fig. 3.9).

Also to be considered in the decision regarding reoperation is the difficult dif-
ferential diagnosis between radiation necrosis — injury to the brain tissue which may
span from acute (during radiation therapy), subacute (within 3 months after radia-
tion therapy) and late (months or even years after completion of radiotherapy), —
and pseudoprogression — a subacute reaction secondary to the radiation, that may be
followed or not by neurological deficits [47, 48]. Although no single imaging tech-
nique consistently differentiates between these entities, novel techniques such as
DWI, DTI, dynamic contrast enhancement and dynamic susceptibility contrast per-
fusion, magnetic resonance spectroscopy and PET/SPECT presents promise in
assisting this matter, pending future studies comparing different combinations of
these modalities [49].

Postoperative Care

Following surgery, the patient is usually admitted to the intensive care unit (ICU) or
more recently according to specific protocols, to neurosurgical wards in which the
staff is familiarized with the routines of care for neurological patients, if no risk fac-
tors requiring ICU monitoring were found [50, 51]. Attention to the level of
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Recurrent
glioblastoma
KPS >70%
single lesions
no involvment of eloquent areas
KPS <70%
multicentric lesions _
gliomatosis cerebri Reoperation

Second-line chemotherapy
re-irradiation (if possible)
clinical trials

Fig. 3.9 Flowchart for recurrent glioblastoma

consciousness is brought via a neuro-check (i.e., hourly assessment of Glasgow
coma scale, pupillary reaction and signs of neurological deficits, such as new-onset
hemiparesis). If any new signs of neurological compromise are detected, the neuro-
surgery staff is notified, and an emergency non-enhanced CT of the head is per-
formed to evaluate postoperative hemorrhage, hydrocephalus or postoperative
edema. Subcutaneous drain output is measured, as well as external ventricular drain,
if applicable. Continuous systemic multimodal monitoring, laboratory and imaging
examinations are also warranted. Depending on the availability of resources, a post-
operative gadolinium-enhanced MRI is performed in the first 72 hours after surgery,
to assess the extent of tumor resection [52] — if the institution does not have iMRI. If
a conventional MRI is unavailable for postoperative imaging, a contrast-enhanced
head CT allows for both exclusion of postoperative complications and to roughly
estimate the extent of resection. Subcutaneous drains are generally removed in the
first or second postoperative day. At the authors’ institution transfer to the neurosur-
gical ward is granted if no clinical or neurological complications were encountered
and usually hospital discharge occurs 2—-3 days after surgery. This of course depends
on the institutional protocols and the patient general clinical condition. If the patient
is bed-ridden or in need of assistance, a multidisciplinary program of rehabilitation
is activated and further discussion of options for long-term care are discussed with
the family (i.e., transfer for a rehabilitation or nursing facility, if no conditions for
home discharge is possible).
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Complications

Postoperative complications for patients with glioblastoma are highly variable,
however they may be categorized as surgical field related and clinical complica-
tions. Of the former, the most common complication reported in a large retrospec-
tive series of 16,530 malignant brain tumors surgeries was iatrogenic stroke
(incidence 16.3 per 1000 cases), followed by hemorrhage or hematoma (incidence
of 10.3 per 1000 cases), and postoperative meningitis (incidence of 1.1 per 1000
cases). Rarely the retention of a foreign object and wrong side surgery were reported
(less than 0.7 per 1000 cases) [53]. The odds of clinical complications were higher
whenever a surgical complication was present and the more frequent were urinary
tract infection, followed by pneumonia, deep vein thrombosis and finally — with the
same incidence — pulmonary embolism, acute kidney injury, myocardial infarction
and pancreatitis. As it would be expected, there was a negative impact of the pres-
ence of surgical or clinical complications and higher length of stay and mortality
[53]. A literature review of adverse effects in intracranial neoplasm surgery found
that complications ranged from 9% to 40%, with overall mortality rates of 1.5-16%,
with a myriad of types of adverse effects. The authors reported that deep vein throm-
bosis was the most common complication, with an incidence ranging 0-20% —
lower in a meningioma case series, and highest for eloquent area glioma surgery
[54]. Thus, tackling potential causes of postoperative complications, may preclude
longer length of stay periods and thus diminish the risk of mortality. However, due
to the intrinsic characteristics of glioblastoma patients — such as older age of onset,
intense vascularization of the tumor, early important surrounding brain edema and
functional impairments, to name a few — avoiding perioperative complications poses
a significant challenge for the interdisciplinary team.

Conclusions

Surgical management of glioblastoma is challenging and before surgery is consid-
ered, the patient must undergo a comprehensive preoperative assessment. The radio-
logical and laboratory workup is a priority in order to confirm glioblastoma as the
main clinical hypothesis and to predict potential risks for further functional compro-
mise due to involvement of eloquent areas for example, as well as the need for
special techniques for the resection, such as awake craniotomy or intraoperative
brain stimulation. The preoperative performance status, measure by KPS, is para-
mount to weight the potential benefits of the surgery versus the risks of poor post-
operative outcome. An interdisciplinary discussion of diagnostic and treatment
goals, aligned with the patient and family interests and goals, is highly
recommended.
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Chapter 4
Machine Learning Approaches Pertinent
to Glioma Classification

Samirkumar B. Amin

Prediction is very difficult, especially about the future.
— Niels Bohr

Background

Glioma classification dates back to 1920s when neurosurgeons Harvey Cushing and
Percival Bailey published their seminal work on classification of gliomas into 14
types [1]. They based this classification using extensive histological and cellular
characteristics of 254 surgical specimens and meticulous correlation with clinical
history of respective patients. While authors” work predated discovery of DNA and
genetic underpinning of cancer evolution, they justly described significance of
genetics in clinically relevant glioma classification by including the keyword, “his-
togenetic” in their book title, A Classification of the Tumors of the Glioma Group on
a Histogenetic Basis with a Correlated Study of Prognosis.

Current practice of glioma classification is largely based on histopathological
and molecular features, and is detailed respectively in the chapters: Histopathology
of adult and pediatric gliomas, and Molecular stratification adult and pediatric
gliomas. Large-scale genomic analyses from The Cancer Genome Atlas (TCGA)
and pediatric cancer genome projects have been proved valuable to refine
histopathology-based classification by defining molecular subtypes [2-7]. For
example, revised World Health Organization (WHO) classification [8] now defines
two major glioma types: IDH 1/2 mutant versus wild-type gliomas. Within these
two types, patients with gliomas are further classified based on specific somatic
structural alterations, e.g., IDH wild-type class contains pediatric high-grade
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gliomas with a driver mutations in K27 and G34 mutations in histone gene, H3F3A,
gliomas enriched in TERT promoter mutations, chromosome 7q gain and 10q loss,
and also /IDH-mutant gliomas with (Oligodendrogliomas) or without (Astrocytoma)
1p/19q co-deletion. Besides mutational subtypes, promoter methylation of O-6-
methylguanine-DNA methyltransferase (MGMT) gene among IDH wild-type glio-
mas has been related to favorable outcome for patients getting temozolomide, a
chemotherapy drug given with concurrent and adjuvant radiotherapy. MGMT pro-
moter methylation is now one of the most well-studied molecular biomarkers in
clinical neuro-oncology. While most of genetic alterations used in WHO classifica-
tion are of potential diagnostic value, their value in treatment decision is yet debat-
able given several challenges [9]. First, detection of driver mutations are neither
specific nor sensitive [10], and its accuracy depends on both, biological variables,
e.g., intra-tumor heterogeneity and clonal dominance at primary or recurrent dis-
ease [11]; and technical variables, e.g., sequencing depth, tumor section to be
sequenced, etc. [12] Second, there is lack of rigorous statistical data to support
prospective prediction accuracy of these biomarkers, especially when used in com-
bination [13, 14]. Finally, these biomarkers require invasive technique to extract
tumor sample for sequencing, which may not even be feasible for certain gliomas in
brainstem or those with diffuse infiltration. While overcoming these challenges is
non-trivial, recent surge in applied machine learning using gene expression sub-
types, methylation, and histopathological image based methods provides promising
avenue towards accurate glioma classification, including for better risk stratification
and personalized therapy.

Applied machine learning in cancer biology is not uncommon [15] since avail-
ability of multi-omics genomic data and increased computing power for about a
decade or so, e.g., gene expression profile (GEP) based signatures have been widely
published in several cancer types, including their use in clinical practice for risk
stratification of patients with early-stage breast cancer and colon cancer [16, 17].
However, the machine learning field has greatly expanded since the rebirth of artifi-
cial neural network when researchers in 2012 used deep convolutional neural net-
work (dCNN) or a deep learning model to accurately classify 1.2 million images
across 1000 categories from a database, ImageNet [18]. Since then, researchers
have shown potential value of deep learning based models in tumor classification,
predicting underlying mutations and prognosis. In the following sections, we will
review relevant machine learning approaches — both classical and deep learning — in
glioma classification and clinical relevance, prevailing challenges and their poten-
tial solutions.

Classical Machine Learning Approaches

Classical methods of machine learning are classical in terms of not using deep neu-
ral networks and instead relies on commonly used statistical approaches. These
approaches are mainstream in computational cancer biology and are broadly divided
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into two major classes: supervised versus unsupervised learning. Supervised learn-
ing requires “a supervisor” or a teacher for training in the form of known outcome
label, e.g., responder versus non-responder for a feature, for example MGMT pro-
moter methylation, obtained from a patient sample. Then, a machine learning algo-
rithm, e.g., regression method(s) will learn the pattern between a feature and
outcome label to classify the source (patients) with a certain value of the feature into
responder versus non-responder category. Besides regression-based approaches,
sample classification by support vector machine (SVM) or K-nearest neighbor
(KNN) are also commonly used in supervised learning.

In contrast, unsupervised learning does not require outcome labels to learn pat-
terns from the data, e.g., clustering approach with unsupervised hierarchical cluster-
ing and dimensionality reduction using principal component analysis are the two
most common approaches used in cancer genomics to classify patient samples into
molecular subtypes. Here, the training data consists of one of gene expression from
bulk or single-cell profiles, copy-number, methylation, or integration of multi-omics
data to derive composite molecular subtypes. These subtypes are then correlated
with known patient outcomes, e.g., overall and event-free survival, mutational sta-
tus, etc., to infer significant properties of each molecular subtype. In the rest of this
section, we will review a few major implementations of classical machine learning
approaches for glioma classification.

Gene Expression Based Subtypes

Gene expression profile (GEP) based subtypes are one of the most cited applications
of machine learning in cancer genomics. GEP subtype analysis is often the most
ubiquitous analysis in TCGA published articles where researchers did extensive
genomic profiling of more than 30 adult cancer types [19]. Expression subtypes
provide valuable gene regulatory and pathway-level context [20, 21] of underlying
cancer biology and its impact on patient’s risk stratification, treatment response to
targeted therapies, and survival outcomes [22].

Early in 2000s, researchers using microarray based GEPs did supervised learn-
ing to correlate gene expression among known histopathological subtypes, and
came up with GEP signatures to classify histology of gliomas [23, 24]. While stud-
ies did not show robust accuracy in prospective prediction of classifying tumor
samples from new patients, these studies provided significant associations of gene
expression profiles with clinical variables, e.g., tumor histology, grade, age cohort,
and survival outcomes. These results were an impetus in the high-throughput
genomic era to learn expression patterns and improve glioma classification via
unsupervised machine learning approaches.

In 2006, Phillips et al. published the first major work on molecular subtypes of
high-grade gliomas [25]. The authors first selected 108 genes based on their micro-
array profiling expression that correlate significantly with patient survival across 76
primary astrocytoma samples. Then, they used two-way agglomerative
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clustering — an unsupervised learning — to identify three distinct subsets of patient
tumor samples that differed significantly in their expression profiles of those 108
genes (features). Subsequently, the authors selected candidate 35 genes signature
based on the strongest and consistent expression of top 35 genes in each of three
subtypes. Finally, authors used these 35 genes to do (semi) unsupervised KNN clus-
tering and reported three major subtypes of high-grade gliomas, namely Proneural,
Proliferative, and Mesenchymal subtypes. Authors also conducted validation of
their 35 genes signatures in two independent sets to infer a few novel and clinically
relevant findings: First, 35 genes signature of three subtypes represented underlying
developmental cues and potential cell-of-origin of gliomas, e.g., Proneural signa-
ture had a high correlation with gene expression profiles from fetal and adult normal
brain tissues while those from Mesenchymal signature had higher similarity to GEP
from bone, smooth muscle, and vascular cells, i.e., a lineage dependent expression
profile. Second, expression subtypes were predictive of disease progression inde-
pendent of histology grade. Proneural subtype with normal-brain like GEP was
shown to have better prognosis than Proliferative and Mesenchymal subtypes which
were more aligned to GEPs found with cell proliferation or angiogenesis, respec-
tively. Altogether, this work provided a strong rationale for use of GEP based sub-
types to refine prevalent practice of histopathology based glioma classification and
advocate use of GEP signatures as a prognostic biomarkers. Nonetheless, this work,
given limited availability of next generation sequencing, required independent and
robust statistical validation using the larger dataset of high-grade gliomas and
importantly, integration of copy-number and mutational data to ascertain prognostic
value of three subtypes.

TCGA glioblastoma (GBM) work [2] expanded earlier work on glioma classifi-
cation where authors detailed the robust GEP classifier based on comprehensive
expression, copy-number, and mutational data from 200 patients with GBM. Authors
first included microarray GEP from three different sequencing platforms and did
thorough feature selection or gene filtering to minimize potential confounding
effects of sample batch, sample purity, and sample quality. Next, authors used unbi-
ased gene filtering approach based on expression variance to select 1740 genes
which were then used for an unsupervised consensus hierarchical clustering to
derive four major subtypes of GBM: Classical (or proliferative), Mesenchymal,
Proneural, and Neural. The resulting 840 gene signature (210 genes per subtype)
was then rigorously validated using cross-validation as well as using an independent
set of 260 GBM expression profiles, including 76 cases from the initial work on
GBM subtypes. Unique to TCGA data was availability of copy-number and muta-
tional profiles on core set of 170/200 GBM patients. Using this data, TCGA study
provided the most granular classification of four subtypes and its relevance to
underlying somatic alterations, e.g., aberrations in EGFR, NF1,and PDGFRA/IDH1
were significantly enriched among the Classical, Mesenchymal, and Proneural sub-
types, respectively. These subtypes, independent of underlying tumor histology,
also reflected variable to response to chemotherapy and related survival. Notably,
intensive chemotherapy significantly reduced mortality in Classical and
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Mesenchymal subtypes, but it did not alter survival in Proneural subtype. Subsequent
work from TCGA Glioma consortium, including for low-grade gliomas [6, 7], fur-
ther validated histology-independent prognostic value of expression subtypes and
their potential significance in decision making as highlighted by inclusion of muta-
tional biomarkers in revised WHO classification.

While TCGA GBM subtypes provided robust gene signatures per subtype of
prognostic value, signatures derived from the bulk tumor tissue could not address
pervasive intra-tumor heterogeneity and cellular states of evolving glioma cells in
tumor stroma [26, 27]. Recent studies using multi-sector tumor expression profiling
from the same patient showed that TCGA subtypes can vary across these sector
biopsies with around 60% of discordance among different tumor sub-specimens
from the same patient’s tumor or in other case, tumor margins were classified as
neural subtype while core tumor tissue was classified as other three subtypes
[28, 29].

Recently, a revised classification of TCGA [30] refined original subtypes in an
attempt to address intra-tumoral heterogeneity and tumor microenvironment con-
founding glioma molecular subtypes. In this study, authors used single-cell RNA-
seq profile of 596 isolated glioma cells from eight GBM patients to quantify
glioma-specific gene expression. For robustness of glioma-specific gene expression,
authors used glioma sphere-forming cell cultures and expression profile from addi-
tional bulk tumors with at least two sections — core tumor specimen and leading
edge specimen. Authors then used resulting expressed genes (7425) for unsuper-
vised learning using consensus non-negative matrix factorization (CNMF) method
and re-classified TCGA IDH wild-type GBMs (n = 369) into three major subtypes.
Compared to original TCGA subtypes, they did not find Neural subtype with
updated gene (feature) list, suggesting Neural subtype is not reflective of glioma
intrinsic subtypes, and rather it was a result of contamination from non-tumor cells.
This study also revealed that Mesenchymal subtype is a composite of glioma cells
and tumor-associated immune and other cells from tumor microenvironment, and
significantly correlated with loss of NF] activity. Importantly, this study, along with
parallel studies using single-cell RNA-seq (scRNAseq) profiling [28, 31-33],
emphasized role of phenotypic plasticity and resulting change in GEP subtypes as
growing tumor interacts with host immune and other stromal cells as well as grow-
ing tumor’s response to treatments.

Finally, intra-tumoral heterogeneity is not limited to presence of tumor vs non-
tumor cells but rather it is a property of intrinsic and inherent clonal heterogeneity —
competing tumor cells with different sets of driver mutations — that drives adaptation
of an evolving tumor [34-36]. Multiple studies in last 5 year have extensively stud-
ied tumor heterogeneity at single-cell resolution using scRNAseq and single-cell
DNA sequencing. Collectively, these studies signify that tumors carry expression
signatures that show their identity with respect to cell-of-origin but also the ability
of cancer cells to change their expression and potentially phenotypic state as they
adapt to tumor microenvironment and anti-proliferative treatments. While detailed
review of these studies is beyond the scope of this chapter, readers are encouraged
to review additional reading listed in the references [31, 37].
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Methylation Based Subtypes

DNA methylation — methylation of cytosine to form 5-methylcytosine — is a fre-
quent event across cancers in all age groups. DNA methylation in the context of CG
dinucleotide pair (CpG) near gene promoter regions is a potent transcriptional
repressor, and has been implicated in epigenetic remodeling of gene expression
programs in cancers. Hence, similar to GEP based subtypes, DNA methylation sig-
natures should dictate underlying gene expression patterns and of potential prog-
nostic value.

Early studies in the 1990s studied the role of the DNA repair protein MGMT in
protecting cancer cells from cytotoxic effects of alkylating agents [38]. This sparked
research interest in studying basal MGMT activity in normal brain versus glioma
samples which finally revealed prevalent MGMT promoter methylation (30% of
gliomas) and thus, rationalizing use of temozolomide — an alkylating agent — in
patients with promoter methylation of MGMT gene [39, 40]. Subsequent studies
with availability of methylation-based microarrays and advent of reduced represen-
tation bisulfite sequencing (RRBS), enabled high-throughput, genome-wide screen-
ing of DNA methylation, and thus paving the way to use DNA methylation at
base-pair level resolution (features) for machine learning based classification of
tumors, including gliomas.

In 2010, TCGA group reported detailed methylation subtypes [41] using unsu-
pervised KNN clustering of 272 TCGA GBM samples with methylation signal
derived from two different microarray platforms. Despite having wide range of
prob-set distribution between two platforms (1505 CpGs/807 genes versus 27,578
CpGs/14,473 genes), authors showed 97% concordance of three subtypes for com-
mon set of samples (61/63) that were ran on both microarray platforms. Authors
designated cluster 1 as Glioma CpG Island Methylator Phenotype (G-CIMP) based
on earlier study showing cancer-specific hypermethylated genes in the CIMP cluster
in colorectal cancer. G-CIMP subtype represented 24/272 (8.8%) GBM samples.
Importantly, G-CIMP tumors were part of 30% (21/71) of GBM Proneural expres-
sion subtype which is also enriched for /DH /2 mutations and have favorable prog-
nosis with slow disease progression. Association of G-CIMP with /DH /2 mutation
was further supported by studies showing similar pattern among low-grade gliomas,
suggesting gradual progression of G-CIMP subtype over the life history of gliomas.
Collectively, discovery of G-CIMP and its association with /DH /2 mutations led to
discovery of mechanistic nature of /DH [-mutant G-CIMP phenotype when series of
experimental studies [42, 43] showed that /DH ] mutation produces an oncometabo-
lite, 2-hydroxyglutarate that in turn inhibits DNA demethylating enzyme, TET1 to
cause genome-wide hypermethylation phenotype or G-CIMP. Discovery of G-CIMP
in adult gliomas was then followed by detailed G-CIMP correlative analyses with
mutational and expression subtypes of adult gliomas [7] as well as pediatric gliomas
[44], thus providing potential value of methylation-based classification in of brain
tumors across all age and histological grades.
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The largest and perhaps most of the direct clinical impact so far came from a
study [45] in 2018 when an international group of researchers collected genome-
wide methylation profiles of 2801 CNS tumors across 76 histopathological classes
and took on the daunting task of classifying these tumors based on DNA methyla-
tion patterns. Authors initially developed the reference cohort by performing unsu-
pervised clustering within each histological class and those with higher similarity to
designate each tumor into one of 82 CNS tumor and 9 control tissue methylation
classes. These classes included all of WHO defined classes as well as those which
were undefined by WHO. Authors then used the elegant machine learning approach
to first develop the classifier based on supervised learning using the random forest
classifier — a decision tree based approach that combines predictive accuracy for
each of 10,000 binary decision trees to improve overall prediction accuracy for one
of 92 methylation classes developed above with the reference cohort. Resulting
classifier was then used to predict methylation class for the test dataset (unused in
the reference cohort) of 1104 tumor methylation profiles. Their results showed that
for 60% of cases, machine learning classifier accurately matched diagnosis that of a
pathologist while for 15.5% cases, the classifier and pathologist assigned the same
tumor class but the classifier also assigned additional subclass. Of most clinical
relevance was 12.6% where the classifier failed to concur with pathologist’s diagno-
sis but upon manual examination, including genetic sequencing of known cancer
drivers, 92.8% of those tumor samples switched from original histopathological
diagnosis to the one originally given by the classifier. Importantly, 71% of these
tumors were then reassigned to a different tumor grade, thereby potentially chang-
ing treatment decision, and thus validating clinical utility of methylation-based,
next-generation neuropathology in tumor diagnosis, especially for aiding into accu-
rate molecular subtyping and grading of gliomas prior to starting treatment. While
the classifier has not yet been implemented in the consensus guidelines, authors
have now made their classifier available at https://www.molecularneuropathology.
org/mnp for use as a secondary validation by a neuropathologist for a prospective
tumor methylation profile.

Deep Learning Based Approaches

Similar to classical machine learning approaches, deep learning can also be catego-
rized into supervised and unsupervised learning. However, deep learning differs
from classical learning in several ways: (1) While classical learning typically
requires data preprocessing for selecting features which are the most relevant and
the least redundant to outcome of interest, deep learning can tackle with raw data,
e.g., gene expression across all of protein-coding genes or somatic mutational or
methylation data at base-pair resolution. In other words, deep learning can be seen
as a black box learning [46] where raw data passing through series of hierarchical


https://www.molecularneuropathology.org/mnp
https://www.molecularneuropathology.org/mnp

62 S. B. Amin

supervised learning or hidden layers and learning (feature selection) from each of
these layers is propagated into the final layer or output class label, e.g., treatment
responder or non-responder, low-grade or high-grade tumor, assign predicted prob-
ability to all of WHO or methylation-based 92 classes discussed earlier. (2) Classical
learning may not be practical given feature selection becomes computationally
daunting with rapidly expanding multi-omics data and less effective ways to inte-
grate these datasets. In contrast, deep learning is optimized for big data analytics,
especially for gene regulatory [47] and image-based classification [48, 49] where
pixel-level values (feature) of a high-resolution radiology images generate over-
whelming input data for classical machine learning methods. It is worth noting that
both classical and deep learning methods are equally vulnerable to poor prediction
accuracy if raw data is of bad quality.

Deep learning based approaches leverage variants of artificial neural network,
namely convolutional, recurrent, and fully connected neural networks (CNNs) for
supervised learning [49]. For unsupervised learning, autoencoders and generative
adversarial networks (GANs) are now being implemented in single-cell genomics
datasets. In recent years, deep learnings methods have made significant strides into
detecting several outcomes of clinical relevance directly from digital whole-slide
images of histopathology [48], e.g., tumor versus normal tissue, degree of microsat-
ellite instability [50], actionable driver mutations [51, 52], and immune cell infiltra-
tion [53]. Within glioma, deep CNNs (dCNNs) are recently being used to predict
overall survival and predict glioma histology grade using radiology imaging of
patients with brain tumors [54]. However, deep learning field is relatively new and
yet to be benchmarked for clinical-grade utility. For in-depth review on deep learn-
ing approaches in cancer, readers are encouraged to review additional reading listed
in the references [48, 49, 55].

Prevailing Challenges and Current Trends

Applied machine learning has become one of the cornerstones in the modern,
genomic era with widespread use in molecular tumor subtyping, applicability for
risk stratification at the diagnosis and guide personalized therapy per anticipated
response to targeted therapies [15]. However, these utilities are predominantly
marked as proof-of-concept and yet to be accepted widely in the clinical practice.
The core principle in the clinical practice, ‘First do no harm’ should apply to
machine learning approaches such that several cancer-specific as well as method-
specific limitations need to be addressed before its use in the standard of care for
patients.

Classical and deep machine learning approaches are both quite sensitive to
input data quality. Failure to develop data standardization and not follow the best
practices for data collection and preprocessing can introduce technical batch
effects and confounding biases, thus giving false sense of better prediction accu-
racy [56, 57].
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Clinical grade machine learning models must pass through rigorous benchmark-
ing, mainly for deep learning models where it is challenging to infer how and why
the model predicts with high accuracy. Data preprocessing should also involve split-
ting of input data for training and cross validation while ideally using independent
test or hold-out dataset from different institute/region/country to benchmark model
performance [58—60]. For histopathology based machine learning models, cross-
tumor and even cross-species histopathology can be of value to measure accuracy of
models that predict histology grade, cell-of-origin, tumor purity, etc. Our recent
work [61] found stronger support for the human methylation classifier [45] by using
the same classifier to accurately classify spontaneous canine gliomas as human
pediatric-like gliomas, and provide additional validation using orthogonal somatic
structural variant data.

Classical machine learning models based on GEP signature alone have shown
average performance at-large except for specific high-risk patient groups in breast
and colon cancer [56, 59]. It is imperative that prediction of survival outcome or
treatment response is a function of more than just gene expression. Gene regulatory
networks are product of gene-gene interactions, DNA and histone modification, and
higher level chromatin reorganization in cancer cells. With availability of multi-
modal (genomics, radiology, histopathology), multi-omics (DNA, RNA, methyla-
tion, proteins) data, deep learning methods should leverage such heterogeneous data
for learning and inference which otherwise demand significant human and compu-
tational effort for traditional data preprocessing [58, 62].

Finally, machine learning models should account for clonal evolution of tumors,
including its adaptation to changing microenvironment and treatment types [34,
63-66]. With recent availability of the longitudinal glioma genomics data from the
Glioma Longitudinal Analysis Consortium (GLASS), research efforts to improve
glioma classification and importantly, predict patient-specific risk profiles based on
underlying clonal heterogeneity will be of clinical relevance, e.g., predictive models
that can integrate multi-omics data at primary and recurrent disease to capture pre-
dictive features of tumor progression or the classifier that can accurately predict
hypermutation profile prior to starting Temozolomide therapy in patients with
MGMT promoter methylation [11, 67].

Key Takeaways

e Machine learning approaches bridge histopathology with underlying molecular
patterns, and can improve diagnostic classification of gliomas for optimal per-
sonalized therapies.

* Classical machine learning methods have been commonly used in identifying
gene expression and methylation based subtypes of gliomas.

e Deep learning methods are recently being used to refine digital whole slide
image based inference of histopathology as well as underlying cancer driver
mutations, immune cell infiltration, and molecular subtypes.
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¢ Standardization of multi-omics, multi-modal data with clinical records will be of
critical value in the robust training of machine learning classifiers to enable accu-
rate and safer prospective risk stratification of patients at the primary diagnosis.
e Tumor evolution and resulting intra-tumor and inter-tumor heterogeneity can be
exploited for biomarker development by training the classifier using large-scale,
longitudinal, multi-omics data from patients with glioma at multiple time-points.
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Chapter 5
Histopathology of Adult and Pediatric
Glioblastoma

Appaji Rayi and Peter J. Kobalka

Introduction

Histopathologically, GBM consists of varying proportions of spindle cells, embed-
ded within a fibrillary (eosinophilic, stringy) network (Fig. 5.1a). The cells are
enlarged, irregular in morphology, with hyperchromasia and pleomorphism [1].
Tumor cells can also appear variably shaped, including rounded, giant, or even
bizarre [2] (Fig. 5.1b). The impressive heterogeneity of these neoplasms is what led
to the (now outdated) term “multiforme.” It is not unusual for these cells to be
mixed, or for tumors to be mixtures of varying subtypes, as described below.

In order to histologically diagnose GBM, the shape of the cells alone is insufficient.
In addition to pleomorphism (WHO grade 1II criteria) and significant mitotic activity
(WHO grade III criteria), one of two additional criteria must be met: microvascular
proliferation (Fig. 5.1c, d), and/or necrosis (WHO grade IV criteria) (Fig. 5.1e, f).

With the modern push for integrated diagnoses, an astrocytic glioma with less
than grade IV histological features can meet GBM criteria, provided certain molec-
ular features are present; these include TERT promoter mutation, and/or EGFR
amplification, and/or gain of chromosome 7 with loss of chromosome 10 [3]. The
scope of this chapter focuses on histopathology, and the molecular abnormalities
will be discussed separately in other chapters.
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Fig. 5.1 General histology features of GBM. (a) Malignant spindle cells with hyperchromasia and
pleomorphism. Note the frequent mitotic activity (b) A GBM displaying a mixture of variably-
shaped cell types, some of which appear rather bizarre. Microvascular proliferation, (¢) glomeru-
loid type and (d) endothelial proliferation within a single vessel. Ischemic necrosis of (e)
pseudopallisading type and (f) geographic type

Under physiological conditions, the CNS vessels are lined by a single layer of
endothelial cells. However, as the GBM mass increases to a critical level, a hypoxic
state reached within the tumor mass causes the tumor cells to release angiotrophic
factors (including VEGFA) that ultimately lead to increased angiogenesis [4—6].
These nascent vessels usually emerge as glomeruloid tufts consisting of numerous,
juxtaposed small vessels lined by multiple layers of endothelial cells [7-10]. The
term is said to have arisen due to the resemblance to glomeruli of the kidney. Often,
vascular thrombosis is present, known to the surgeon as “black veins” [1, 2]. In the
less common form, proliferation of endothelial cells within a single vessel is seen
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[1]. Unsurprisingly, these proliferating vessels are most common in close proximity
to areas of necrosis [2], which is another hallmark of GBMs. In the archetypical
form, serpiginous, slit-like areas of non-viable tumor cell debris are lined perpen-
dicularly by crowded, more viable neoplastic cells [1, 2]. Sometimes, this takes the
appearance of longitudinal, long palisades. Necrosis can also take on an infarct-like
appearance, with large swaths of coagulative necrosis containing dead blood ves-
sels [1, 2].

Although not a grading criterion, GBMs have histological features of infiltration
(i.e. secondary structures), wherein normal brain tissue is invaded and overrun by
neoplastic cells [2]. Infiltration is present in all diffuse gliomas, although the rate of
spread is typically more rapid in GBMs [11]. Histopathologically, secondary struc-
tures seen include perineuronal satellitosis (tumor cells cluster around neurons),
perivascular congregations (numerous tumor cells crowd around vessels), or subpial
spread (the molecular layer of the cortex, the most superficial layer, is invaded by
neoplastic cells) [12]. These tumor cells are present even well-beyond where imag-
ing or gross assessment can detect them, and are therefore, the most likely source of
tumor recurrences [2].

By immunohistochemistry (IHC), most cases of GBM stain, in varying propor-
tions, with the typical glial markers GFAP and Olig-2, [1, 2] S-100, a less specific
marker, is also generally positive. Secondary GBM frequently express IDH1 R132H
positivity that can also be seen in lower grade infiltrating astrocytic tumors and
oligodendrogliomas. However, these tumors can be clearly differentiated from
GBMs due to their different histological features and molecular phenotypes. Ki-67
is positive, with high percentages of positive nuclei, though expression levels have
not been shown to correlate well with prognosis [13]. Frustratingly, cytokeratins
may be positive, especially AE1/3, [2] potentially causing diagnostic confusion for
metastatic carcinoma in certain GBM subtypes (i.e. Epithelioid GBM) [2].

Small Cell GBM

A quite common architectural pattern, small cell GBM is seen in perhaps 10% or
more of glioblastomas, mostly in adults [14, 15]. Histopathology reveals highly cel-
lular sheets of quite uniform small cells, rounded to slightly oblong in appearance
[1,2, 14] (Fig. 5.2a). Both microvascular proliferation and pseudopallisading necro-
sis are generally present [14, 16]. Mitotic figures are numerous [14]. Often, haloes
surround tumor cells, and the neoplasm contains chicken-wire vasculature or even
microcalcifications, features overlapping with anaplastic oligodendrogliomas [14],
therefore 1p/19q studies are often necessary [14, 16, 17]. Absence of IDH mutations
in small cell glioblastomas also helps elucidate the diagnosis [14, 16—18]. In some
cases, vague perivascular pseudorosettes may be seen, mimicking ependymoma [1].
Unlike small cell GBM, ependymomas are discrete [1] and display little (if any)
Olig-2 positivity [19-21]. The differential diagnosis also includes the primitive
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Fig. 5.2 Glioblastoma, small cell subtype. (a) Relative cellular uniformity is apparent, as well as
frequent mitotic figures. Note how many cells display haloes (b) GFAP staining is strongly positive
within tumor cells. Glioblastoma, giant cell subtype. (¢) Bizarre extremes of cell size and shape,
highlighted with (d) GFAP stain

neuroectodermal tumor (PNET) component of a glioma. Unlike PNET, small cell
GBM retains fibrillary processes between cells, as well as staining for glial markers
(Fig. 5.2b).

Giant Cell GBM

Giant cell GBM is an extremely rare variant of IDH-wildtype GBM [2], accounting
for perhaps 1% of adult and 3% of childhood GBMs [22, 23]. Clinically, they can
be confused with metastatic tumors, due to their superficial location and deceptive
circumscription [2]. Histopathologically, the subtype is defined by tumor cells with
gross extremes in size and shape, abundant, eosinophilic cytoplasm, and numerous
nuclei [23-25] (Fig. 5.2c, d). Reticulin deposition may be abundant, a trait shared in
common with gliosarcomas [26, 27]. Unlike most glioblastomas, prominent nucle-
oli are often seen, and microvascular proliferation is unusual [2]. Despite, the ugly,
grotesque appearance of this neoplasm, the prognosis is believed to be somewhat
better than other glioblastoma variants, with more patients surviving to 5-years post
diagnosis [23, 26].
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Gliosarcoma

Gliosarcomas (GSMs) are biphasic neoplasms, at one point thought to be a collision
tumor between a glioblastoma and a sarcoma [28, 29]. Molecular studies have now
demonstrated that both components are part of an /DH-wildtype glioblastoma, with
metaplastic transformation of glial elements [2, 30-32]. Accounting for 2-8% of all
glioblastomas, they are almost always seen in adults (40-60 years) and only rarely
in children [32-35]. Clinically, they can be superficial and well-demarcated (espe-
cially with a dominance of the sarcomatous component) and can be confused for
metastasis or even meningioma [2, 36]. Additionally, this variant has a propensity to
invade the skull or even disseminate systemically [2, 32, 37]. Histopathologically, a
marbling of the tumor is seen, with more typical glioblastoma elements intermin-
gled with sarcomatoid elements [2] (Fig. 5.3a—c). The sarcoma component can
appear fibrosarcomatous, or show specific mesenchymal differentiation, including
osteosarcoma, chondrosarcoma, rhabdomyosarcoma, or angiosarcoma [1, 33]
(Fig. 5.3d, e). Rarely, PNET elements are seen [38—40]. The two contrasting compo-
nents can be distinguished with reticulin staining (for the sarcomatous component)
and GFAP staining (for the gliomatous component) [1, 2] (Fig. 5.3b, ¢).

Epithelioid GBM

Epithelioid glioblastomas lack /DH mutations, and are diagnosed most frequently
in children and young adults (<30 years of age) [2, 41, 42]. The tumor is particularly
aggressive with a prognosis generally worse than other glioblastomas [41, 43, 44].

Fig. 5.3 Gliosarcoma. (a) interdigitating of the glial and collagen-rich sarcomatoid elements is
seen. (b) GFAP highlights the GBM components, whereas the sarcomatoid elements (c) are reticu-
lin rich. (d) Here, Eosinophilic cells with eccentric nuclei are highlighted with myogenin (e) a
marker of rhabdomyosarcomatous differentiation
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Fig. 5.4 Glioblastoma, epithelioid subtype. (a) The tumor cells have discrete cell borders and
abundant, eosinophilic cytoplasm. Note the absence of fibrillary processes between cells. (b) The
tumor cells stain strongly with GFAP stain (¢) Pleomorphic xanthoastrocytoma, with scattered,
large bizarre cells and frequent eosinophilic granular bodies (EGBs). Glioblastoma with PNET
component (d) contrast the archetypical GBM component (top) with the PNET component (bot-
tom). Mitotic activity and apoptotic bodies are numerous within the PNET component (e) GFAP
stains the GBM component while synaptophysin (f) is strongly positive within the PNET compo-
nent (g) The PNET component forms a sharp interface with adjacent, reactive brain parenchyma

Histopathology reveals a fairly uniform population of cells with discrete cell bor-
ders (“epithelioid”), prominent nucleoli, abundant, eosinophilic cytoplasm, disco-
hesion, and a lack of fibrillar processes between cells [2, 17, 42, 45] (Fig. 5.4a, b).
These features frequently enable to confuse this neoplasm with a metastasis of car-
cinoma or melanoma [1, 42]. Cytokeratin and EMA expression may also be present
[41, 43, 46]. Often, at least some of the epithelioid cells display a “rhabdoid-like”
morphology: eccentric nuclei, prominent nucleoli, and intracytoplasmic filamen-
tous whorls [1, 41]. However, markers of myogenic differentiation are absent [43].
Focally, like in AT/RT, INI-1 staining can be lost [1]. Necrosis is invariably present,
but usually not of the pseudo-palisading type [2]. Microvascular proliferation may
be present [41, 47]. The tumor bears somewhat of a resemblance to pleomorphic
xanthoastrocytoma (PXA); however, larger, bizarre cells are absent and the former
also lacks eosinophilic granular bodies (EGBs) [2, 48] (Fig. 5.4c). In exceptional
cases, the distinction is quite difficult [49].
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GBM with Primitive Neuronal (PN) Component

Primitive neuronal component (PN) component can be seen in glioblastomas of any
age, but are much more common in children [50-53]. It is an extremely rare pattern,
seen in less than 1% of all GBMs [52]. Clinically, this applies only to supratentorial
tumors, to distinguish from the molecularly (and prognostically distinct) infratento-
rial medulloblastomas [54]. Histopathologically, in addition to archetypal GBM
features, this pattern consists of areas of primitive, densely cellular tumor with very
high nuclear to cytoplasmic ratios, and speckled, (“salt and pepper”) neuroendocrine-
type chromatin. Mitotic activity is brisk, and apoptotic bodies are frequent [2, 55]
(Fig. 5.4d-g). Occasionally, tumor cells form Homer-Wright rosettes, consisting of
a circle of cells surrounding radially-oriented fibrillary processes [2, 50]. Often,
these nodules of “small blue cells” appear well-circumscribed from adjacent, reac-
tive, brain parenchyma [50], raising consideration of other entities, including meta-
static neuroendocrine carcinoma [40] (Fig. 5.4g). Recognition of a PNET component
is critical, as they carry a high risk of cerebrospinal fluid (CSF) spread [2, 52, 56].
This assessment may further be complicated, if by, whether sampling error or other
reason, only the PNET component is present on the resection specimen [40].
Frustratingly, the PNET component, while positive for synaptophysin, is generally
negative for glial markers (GFAP and Olig2) [2, 50] (Fig. 5.4e, f). In those cases,
integration with molecular findings becomes essential, as the presence of glioblas-
toma molecular aberrations (including TERT promoter mutations) within the PNET
component supports a glioblastoma origin [40, 57].

Glioblastoma with Gemistocytes

Gemistocytic differentiation can be seen frequently in infiltrating astrocytic neo-
plasms of different grades [2, 58]. In lower grade tumors, a diagnosis of gemisto-
cytic astrocytoma requires at least 20% of all neoplastic cells to be gemistocytes [2]
and is seen in around a tenth of diffuse astrocytomas and are /DH-mutant [59].
Patients tend to be diagnosed in their 40s [60, 61]. Histopathologically, gemisto-
cytic tumor cells have abundant, rounded to somewhat angulated, finely granular
eosinophilic cytoplasm, and eccentric nuclei with inconspicuous nucleoli [2, 1]
(Fig. 5.5a, b). Like granular cell GBM, perivascular lymphocytes are common, and
low proliferation indexes are seen [1, 2]. Unlike granular cell GBM, the cytoplasm
is less coarse [1, 2] and fibrillar processes connect the tumor cells [17]. Previously,
it was thought gemistocytic astrocytomas were more likely to progress to secondary
GBMs than other diffuse astrocytoma subtypes [62]; more recent research suggests
this may not be the case [58, 63, 64].
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Fig. 5.5 Glioblastoma with gemistocytes (a) Tumor cells contain abundant, rounded, eosinophilic
cytoplasm and eccentric nuclei. The presence of fibrillar processes between cells helps exclude
other diagnostic possibilities, including granular cell glioblastoma and epithelioid glioblastoma.
Nuclei are also inconspicuous (b) GFAP staining is strong and robust. Glioblastoma, granular cell
subtype (¢) Tumor cells are large, polygonal, with coarsely granular, eosinophilic cytoplasm in this
case, GFAP (d) is diffusely positive. Glioblastoma, fascicular subtype: (e) Tumor cells are arranged
in parallel bundles (f) Olig-2 is strongly positive, excluding a mesenchymal component.
Glioblastoma, lipidized subtype (g) Tumor cells contain extensively vacuolated and clear cyto-
plasm, resembling adipose tissue (h) Staining with Olig-2 confirms their glial origin. Glioblastoma,
with oligodendroglioma component (i) Within the oligodendroglioma areas, the tumor cells are
round, rather uniformly-distributed, many with haloes (j) In other areas, oligo-like cells are inter-
mixed with tumor cells of a more astrocytic phenotype. Glioblastoma, myxoid subtype (k)
Malignant glial cells are embedded in a bluish-gray, amorphous matrix (1) Strong and robust GFAP
staining excludes a mesenchymal component
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Fig. 5.5 (continued)

Granular Cell Glioblastoma

Granular cell astrocytoma/GBM is a rare, IDH wild-type tumor usually of middle to
older adults [18, 65, 66]. Clinically, they present similarly to other GBMs, often
with ring-enhancement on imaging [1, 65, 66]. Histopathologically, tumor cells
obtain a large round to polygonal size, with abundant coarsely granular cytoplasm
[2, 1, 18, 66] (Fig. 5.5¢, d). Cells are often juxtaposed, with well-defined cell bor-
ders [1, 65]. Nuclei appear bland and small [1]. Perivascular lymphocytes are fre-
quently prominent [65], a feature more commonly associated with low-grade
glioma/glioneuronal tumors. Mitotic activity is restrained, with low Ki-67 prolifera-
tion indexes, similar to gemistocytic astrocytoma [1, 67]. Typically, microvascular
proliferation and necrosis are absent [1]. The differential diagnosis includes
macrophage-rich lesions, including demyelinating disease, or a cerebral infarction
[2, 1]. With THC, CD68S is often positive (due to rich lysosomal contents), but not
CD163, a more specific marker of macrophage lineage [2, 1, 66]. At least partial
GFAP and/or Olig-2 staining remains within granular cells [1, 18, 65]. The behavior
of these tumors is distinct from other granular cell tumors of the CNS [68]: in spite
of shared bland histopathology, these tumors behave malignantly, even in the
absence of mitotic activity, necrosis, or microvascular proliferation [65, 66, 69].
Survival times mirror those of other GBM subtypes [2, 1, 65].
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Other Patterns of GBM

Fascicular

In rare cases, GBMs can form compact, fascicular spindle cell arrangements, even
mimicking a sarcoma [1, 70] (Fig. 5.5e, f). In contrast with gliosarcomas, these cells
retain GFAP (and Olig-2) staining and lack reticulin.

Lipomatous

Lipidization of tumor cells in various tumors of the CNS is seen, but only rarely
occurs in GBM [71-77]. The few cases described involved adults and the elderly
[78]. The defining feature is cells with vacuolated, foamy or clear cytoplasm, resem-
bling adipocytes [76, 78] (Fig. 5.5g, h). In cases where these lipidized cells are
numerous or closely approximated, confusion with fat tissue is possible [2, 79],
however, GFAP positivity reveals their true glial origin [1, 71, 79, 80].

Oligodendroglioma Component

Although rather uncommon, glioblastomas sometimes contain areas resembling
classic oligodendroglioma [2, 81, 82] (Fig. 5.51, j). These tumors may have a better
prognosis than other glioblastoma subtypes [8§3—85], at least in part due to younger
patient age at diagnosis [82—-84, 86]. Some studies have also reported a higher fre-
quency of /DH mutations [83, 86].

Myxoid

Myxoid change can be seen infrequently, in both GBMs and GSMs [2]. Grossly, if
extensive, the tumor appears glistening and gelatinous. Histopathologically, the
neoplastic spindle cells are embedded within a bluish-gray, amorphous, myxoid/
mucoid matrix [1] (Fig. 5.5k, 1). Unlike in gliosarcomas, the tumor cells retain
GFAP positivity [2, 87-89].

Epithelial Differentiation

Epithelial metaplasia in GBMs is extremely rare, and may present as keratin pearls
or glandular structures (“adenoid” glioblastomas) [1, 46]. The focal nature of these
pockets of epithelial differentiation [2], in a sea of archetypal GBMs helps to avoid
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confusion with metastatic carcinomas. Expression of glial markers by immunohis-
tochemistry is generally retained [46, 90, 91], though expression of cytokeratins is
possible [92]. Epithelial differentiation can be seen in (and is more common in)
gliosarcomas [1, 93].

Histopathology of GBM: Pediatric Versus Adult

As mentioned previously, GBMs can occur at any age, but are much more common
in the adult population, particularly older adults [94, 95]. Often, these tumors at dif-
ferent ages are histopathologically indistinguishable [96]. However, differences do
exist; some of these differences may be explained by the molecular drivers seen in
these different cohorts. Mutations in chromatin and transcription regulation path-
ways occur commonly in children [2]. Pediatric tumors are more likely to be
syndrome-associated (see below) [97]. Adolescent and young adults frequently
have mutations in isocitrate dehydrogenase (IDHI or IDH?2) and the tumors typi-
cally begin as lower grade infiltrating astrocytomas and progress over time to GBM
(i.e. secondary GBM). In middle aged and older adults, GBMs usually develop de
novo (primary GBM), without an /DH mutation and frequently harbor a TERT pro-
moter mutation [2].

Based on these molecular differences, the histopathology of GBMs can be cate-
gorized into three groups: pediatric GBMs, IDH mutant secondary GBMs of ado-
lescents and younger adults, and /DH wild-type primary GBMs (the most common)
of mostly elderly adults.

IDH Wild-Type GBMs in Children

From a histopathology perspective, pediatric GBMs mirror their adult counterparts
[98]. The rarity of these tumors hitherto precludes an in-depth analysis. Nevertheless,
according to one study, most tumors appeared to be of conventional subtypes [99].
Some variants more common in adults, are less frequently seen in children, includ-
ing the small cell subtype [14, 15]. In contrast, the epithelioid subtype and PNET
components are more common in the pediatric age group neoplasms [2, 41, 50-53].
Additionally, gliosarcomas, which are a relatively common unconventional variant
in adults are distinctly uncommon in kids [32, 33]. In adults, the majority lower
grade diffuse gliomas eventually progress to higher grade tumors; this is the excep-
tion in pediatric cases [43] (Fig. 5.6a, b).
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IDH Wild-Type Primary GBMs (Mid-older Adults) Versus
IDH Mutant Secondary GBMs (Adolescent-Younger Adults)

Over 90% of GBMs develop rapidly and de novo with no previous precursor lesion
history and these are clinically referred to as ‘primary GBMs’. These often occur in
middle to elderly aged individuals with a median age of 62 years at diagnosis [100].
Among these, IDH-wildtype GBM accounts for about 90% with a mean age at diag-
nosis of 62 years. Conversely, /DH1/2-mutated tumors, commonly referred as sec-
ondary GBMs occur in younger individuals with median age of onset at ~45 years
and typically have a previous history of a lower grade tumor, often present on the
same side as the GBM (Fig. 5.6a, b). A multi-group collaborative effort in 2008,
sequencing over 20,000 genes in 22 GBMs identified a common point mutation in
12% of the samples in the IDH1 gene [101]. Subsequently, further studies have
found that ~80% of lower grade II-III gliomas and secondary GBMs harbor this
mutation [101]. Mutations in /DH?2 have also been identified and deemed to be
much less common and being mutually exclusive to IDH1 mutations [102, 103].
The presence or absence of /DH mutations may help to explain some histopatho-
logical differences between primary and secondary GBMs. For example, some vari-
ants are described as being IDH-mutant subtypes (including gemistocytic) and
would be expected to be seen in the younger adult patient population. Similarly,
granular cell and gliosarcoma are /DH wild-type variants and tend to arise in older
patients. The presence of a GBM with an oligodendroglial component is also more
common in /DH mutant GBMs [104]. Despite these differences, they are largely
indistinguishable histopathologically [96].

*

S

T

Fig. 5.6 Glioblastoma, secondary, with juxtaposed lower grade and higher-grade components. (a)
The lower grade component (left) is noticeably less cellular and lacks high grade features of the
high-grade component (right) (b) /DH-1 R132H is positive, supporting a progression of a lower-
grade astrocytoma to higher grade
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Genetic Susceptibility and Related Syndromes Associated
with GBM

The etiology of most glioblastomas is largely unknown; however, several etiologic
factors are discussed in further chapters. Only a very small proportion of GBM are
seen in more than one family member or are inherited. Inherited tumor syndromes
like Turcot syndrome (Type 1 or Brain tumor-polyposis syndrome 1 (BTP1) /
Mismatch repair (MMR) cancer syndrome), Li-Fraumeni syndrome,
Neurofibromatosis type I and rarer diseases like Ollier’s disease / Mafucci syn-
drome [105] and L-2-hydroxyglutaric aciduria [106] are all associated with devel-
opment of brain tumors, particularly gliomas. Moreover, there are five separate
genome-wide association studies identifying eight specific heritable risk variants in
seven genes (TERT, CCDC26, EGFR, CDKN2B, TP53, PHLDBI,and RTELI) [107].

Neurofibromatosis Type I (NF1)

NF1 is an autosomal dominant disorder affecting 1 in 2500 to 3000 individuals
[108]. Over half of the cases are familial and the remaining occur sporadically, de
novo due to a mutation in the NFI tumor suppressor gene, located at chromosome
17q11.2 [109]. The mutation leads to loss or reduced production of the protein neu-
rofibromin, which is involved in the RAS/MAPK pathway activity [110]. As a
result, patients develop phenotypical features such as café-au-lait macules, neurofi-
bromas, lisch nodules, iris hamartomas, freckling, optic glioma, and osseous lesions
required for the diagnosis of NF1 as per the National Institutes of Health Consensus
Development Conference Statement [111]. NF1 is associated with the risk of devel-
oping optic glioma is approximately 20% in children [112] and the risk for develop-
ing high grade glioma in adults is increased by 50—100 times [113]. In a large series
of NF1-related tumors, a majority (49%) were pilocytic astrocytomas, 20% were
WHO grade II and III gliomas and 7% were GBMs [114]. Specifically, there are
several case reports and series illustrating occurrence of GBM in NF1 patients and
it has been reported in all age groups from pediatric to older adults, and in both
supra and infra-tentorial locations including brainstem and the cerebellum [115-
119]. Histopathologically, various patterns have been described, including pleomor-
phic xanthoastrocytoma-like, epithelioid, adenoid, and giant cell [90, 117, 118,
120]. Almost all NF1 related GBMs were IDH wild type wherever data was avail-
able [117]. The overall survival associated with NF1 related GBMs were reported to
be relatively longer compared to the non-NF1 GBMs [115, 117]. One report also
suggested that NF1 GBMs in children might be less aggressive for reasons that are
not well understood [115].
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Turcot Syndrome

Turcot syndrome is an autosomal dominant disorder associated with two types of
distinct cancer syndromes of brain tumors with gastrointestinal polyps. Brain tumor-
polyposis syndrome 1 (BTP1)/Mismatch repair (MMR) cancer syndrome is associ-
ated with a bi-allelic mutation among one of the four mismatch repair genes (MLH 1,
PMS2, MSH2 and MSHO6) [121]. So far, more than 200 cases have been reported in
the literature [122, 123]. Among brain tumors, malignant gliomas account for
25-40% of the cancers in this syndrome and appear within the first two decades of
life [122, 123]. Histologically, most of these tumors are reminiscent of pleomorphic
xanthoastrocytoma or giant cell glioblastoma with prominent nuclear pleomor-
phism and multinucleation [124]. Identification of these characteristic features may
prompt immunohistochemical testing for MMR protein loss. Other gliomas like
oligodendrogliomas, pleomorphic astrocytomas, other low-grade gliomas and
medulloblastoma and primitive neuroectodermal tumors have also been described.
Extraneural manifestations of this syndrome include, dermatological abnormalities
(over 90%) including café-au-lait spots, hematological malignancies (30%) such as
T-cell lymphoma and gastrointestinal polyps (almost all patients). Other cancers
like sarcomas and urinary tract cancers have also been reported [122, 123]. Brain
tumor-polyposis syndrome 2 (BTP2)/Familial adenomatous polyposis (FAP) is an
autosomal dominant cancer syndrome due to heterozygous mutations in the APC
tumor suppressor gene. Medulloblastomas are the main brain tumors reported in
association with this cancer syndrome [125].

Li-Fraumeni Syndrome (LFS)

LFS is an autosomal dominant disorder associated with multiple primary cancers in
children and young adults caused due to a germline mutation in the 7P53 tumor
suppressor gene on chromosome 17p13 [126—128]. This gene encodes a protein that
is a multifunctional transcription factor crucial in the control of cell cycle progres-
sion, DNA integrity and cell survival during exposures to DNA-damaging agents
and non-genotoxic provocative factors like hypoxia. Activation of p53 protein dur-
ing these situations causes transcriptional activation of genes responsible for the
induction of cell cycle arrest or apoptosis [129, 130]. The predominant cancers
encountered in LFS include soft tissue sarcomas, osteosarcoma, breast cancer,
adreno-cortical carcinoma and brain tumors. The male to female ratio is 1.5:1 for
brain tumors, occurring in 13% of the patients with LFS per the IARC TP53
Database (as of November 2013) [131]. The common brain tumors encountered in
LFES are astrocytoma, GBM, medulloblastoma and choroid plexus papilloma. The
incidence of these tumors shows a bimodal distribution with first peak in children,
mostly with medulloblastomas and related primitive neuroectodermal tumors, cho-
roid plexus tumors and ependymomas followed by a second peak in third and fourth
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decades, mainly with astrocytic gliomas, including diffuse astrocytomas, anaplastic
astrocytomas and secondary GBMs [131, 132]. The tumor associated with TP53
germline mutation tend to develop earlier than their sporadic counterparts with
some marked organ-specific differences [132]. The 7P53 mutation in LFS substan-
tially affects the acquisition of the subsequent /DH I mutation. The only /DH1 muta-
tion seen in the astrocytomas and secondary GBMs carrying a TP53 germline
mutation is the R132C (CGT->TGT) mutation that is uncommon in the sporadic
cases [133]. This is an exception to the perception that /DH mutations are an early
incident in gliomagenesis and the mutations persist even after progressing to a
higher grade or /DH-mutant secondary GBM [134]. Thus, GBMs associated with
LES are always IDH mutant type.

L-2-Hydroxyglutaric Aciduria (L2-HGA)

L2-HGA is a rare neurometabolic, organic aciduria that is acquired in an autosomal
recessive manner due to a mutation of the L2ZHGDH gene located at chromosome
14922.1 [135]. The gene encodes for the enzyme L-2-HG dehydrogenase that cata-
lyzes the conversion of L2-HG to alpha-ketoglutarate [136]. Accumulation of
L2-HG, which is an oncometabolite may increase the risk of developing brain
tumors in a mechanism similar to /DH mutant tumors, where there is accumulation
of 2-HG (D-enantiomeric form). The exact mechanisms of the oncogenetic and
myelinotoxic effects of the accumulated L2-HG and the potential carcinogenic level
remains unclear [137]. Over 17 cases of different types of brain tumors have been
reported in association with L2-HGA, with a typical age of onset of over 10 years.
There were two case reports, where the age at presentation was under 10 years (a
3-year old child with medulloblastoma and a 9-year old child with a low-grade gli-
oma) [138, 139]. The estimated prevalence of brain tumor in L2-HGA is <5%, tak-
ing into consideration the accrual bias due to the rarity of this condition [137], GBM
has been reported in at least three cases. The location of GBM in these cases was in
the left lateral ventricle (intraventricular location), temporal and temporoparietal
lobes based on imaging [106, 138, 140]. Only one case had /DH mutation status
assessment, reported as negative [140]. In one of the cases, the histopathological
examination was consistent with GBM with regions morphologically resembling an
oligodendroglioma [138].

Ollier’s Disease (OD) / Maffucci Syndrome (MS)

These are rare non-inherited disorders characterized by development of enchron-
dromatosis due to post zygotic mutation in the /DH gene that results in mosaicism
[141, 142]. In addition to enchondromatosis seen in OD, there is development of
hemangiomata in MS. OD/MS are also associated with mutation in the type I
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receptor for parathyroid hormone and parathyroid hormone-related protein (PTHRI)
on Chromosome 3p21.31 [143]. There is a higher risk of developing other malig-
nancies like gliomas in OD. Most of the brain tumors reported in these disorders are
gliomas, usually low grade and only few reports of GBM with histopathological
evidence. Most of the OD/MS cases with gliomas were reported prior to the advent
of the molecular characteristics [144, 145]. Almost all glioma cases reported
recently harbored an /DH mutation, most commonly /DHR132H followed by
IDH?2R172S [146]. Not surprisingly, gliomas in OD/MS were frequently located in
the frontal lobe similar to sporadic /DH mutated gliomas and mostly diffuse low-
grade or anaplastic gliomas than GBMs [146]. These also presented at an earlier age
(25.6 versus 44 years), were multicentric (32% versus 1%) and had a higher ten-
dency to involve the brainstem (21% versus 1%) [146].

Conclusion

Glioblastomas are the most common and the deadliest infiltrating brain tumor. The
diagnosis of GBM can pose a diagnostic challenge due to the veritable numerous
histopathology patterns, even within the same tumor. Recognition of these inconsis-
tencies, supplemented by ancillary testing can aid the practicing pathologist in cor-
rectly elucidating these neoplasms and providing crucial support to the rest of the
patient care team in treatment decisions.
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Chapter 6
Principles of Radiation Therapy
for Glioblastoma Patients

Sasha Beyer and Arnab Chakravarti

Introduction

Glioblastoma (GBM) is the most common malignant primary brain tumor in adults.
GBMs are aggressive tumors with diffusely infiltrating microscopic disease that
extends into the brain parenchyma and, despite years of ongoing research, the prog-
nosis remains poor. With both diagnostic and therapeutic implications, surgical
resection is the primary treatment modality for GBM and the extent of resection has
been shown to be related to patient prognosis [1]. However, complete surgical resec-
tion of GBM is uncommon due to the diffuse, infiltrative nature of the disease and
maximal safe resection alone results in high rates of local recurrence [2]. Post-
operative radiation therapy (60 Gy in 30 daily fractions) is essential in controlling
this unresectable microscopic disease and has been shown to significantly increase
median survival compared to surgery alone [2-5].

In 2004, a randomized phase III trial by the European Organization for Research
and Treatment of Cancer (EORTC) 26981-22981/National Cancer Institute of
Canada Clinical Trials Group (NCIC CTG) established the widely adopted current
standard of care for GBM. This landmark study showed a survival benefit with the
addition of concurrent and adjuvant temozolomide (TMZ), an oral alkylating che-
motherapy, to maximal safe resection and post-operative radiation therapy. Indeed,
overall survival increased to 9.8% at 5 years with the addition of TMZ to radiation
therapy compared to 1.9% OS at 5 years with radiotherapy alone [6, 7]. Moreover,
patients in the chemotherapy arm had an increased median survival of 14.6 months
compared to 12.1 months for the radiation alone arm [7]. Since this landmark study
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in 2004, the standard of care for the management of GBM remains maximal safe
resection followed by concurrent chemoradiation and adjuvant chemotherapy.

In contrast to other malignancies, GBM tend to recur locally rather than at distant
areas of the central nervous system (CNS) [2]. Indeed, the majority of recurrences
occur within the previous high dose radiation field, further emphasizing the need for
improving the efficacy of radiation therapy. While the standard of care for treatment
of GBM has not significantly changed since the landmark EORTC/NCIC CTG
study [7], radiation therapy techniques have evolved over the past 15 years with the
hopes of increasing local control and survival in these patients. In this chapter, we
will explore the principles of radiation therapy, radiation techniques that have been
studied as potential approaches for increasing the efficacy of radiation as well as a
more recent focus toward identifying molecular biomarkers that may help radiosen-
sitize glioblastoma cells and predict response to radiation.

Basics of Radiation Therapy

External beam radiation therapy has long been an essential part of treatment for
GBM patients. Therapeutic X-rays (photons) are produced by linear accelerators
and form the basis of external beam radiation therapy. The biologic effects of X-rays
may be caused by direct action (by directly ionizing the target molecule) or by indi-
rect action (by interacting with water to produce free radicals that in turn interact
with the target molecule). In most cases, X-rays are indirectly ionizing by transfer-
ring their energy to free radicals that in turn damage DNA. When the DNA damage
is unrepairable, radiation leads to death of the cancer cell [§]. TMZ chemotherapy
is believed to facilitate this process by producing cytotoxic lesions, such as methyla-
tion of OS-methylguanine, that stabilize and further delay repair of RT-induced
double strand breaks [9-11].

Radiation Planning Techniques

Involved field radiation therapy is the current standard approach for adjuvant RT in
patients with GBMs and the involved area is defined by radiographic MRI abnor-
malities. In order to precisely locate the area of interest to be covered and minimize
errors in daily setup, computed tomography (CT) simulation for radiation planning
is necessary. The patient is immobilized in supine treatment position with a custom-
fitted thermoplastic mask (Fig. 6.1a). A CT scan of the head is done once the patient
is immobilized in treatment position. This planning CT scan is used for radiation
planning and registered with the post-operative MRI brain (both T1 contrast enhanc-
ing and T2-weighted MRI on a fluid-attenuated inversion recover (FLAIR) series
are helpful for defining targets). As shown in Fig. 6.1b, c, the radiation oncologist
will use both the CT and MRI to define and delineate volumes for tumor targets and



6 Principles of Radiation Therapy for Glioblastoma Patients 93

Fig. 6.1 (a) A thermoplastic mask conforms to the patient’s head for immobilization during the
CT simulation for radiation planning. (b) Axial T1-enhancing MRI is fused to the planning CT
scan in order to delineate tumor volumes and critical surrounding structures. (¢) Brainstem, in
close proximity to tumor volumes, is shown on the sagittal view

Fig. 6.2 A 3-arc VMAT radiation plan for glioblastoma. The 60 Gy treatment volume shown in
red includes the glioblastoma resection cavity with a margin on both axial and sagittal views

surrounding normal structures (such as the optic chiasm, optic nerves, retina, lens
and brainstem).

Intensity-modulated radiation therapy (IMRT) and Volumetric modulation arc
therapy (VMAT) are commonly used in the treatment of GBM. IMRT is an advanced
technology that allows several photon radiation beams from different angles to be
manipulated in order to conform to the shape of the GBM target. The shape and
dose intensity of the beams can be varied across the treatment field in order to better
target the tumor and at the same time avoid critical structures. This is especially
important in radiation planning for patients in which tumors are in close proximity
to critical structures. Typically IMRT utilizes five, seven or nine stationary radiation
beams, each from different angles. VMAT is a type of IMRT in which the head of
the linear accelerator continues to move in an arc around the patient while deliver-
ing the radiation treatment (Fig. 6.2).
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Radiation Toxicity

The toxicity of radiation depends on multiple factors, including the volume of brain
treated, radiation dose, fractionation schedule, as well as any chemotherapies or
targeted agents being delivered concurrently with radiation. Toxicity following radi-
ation can be grouped into three phases, including early toxicity (days to weeks),
early delayed toxicity (1-6 months) and late toxicity (>6 months to years).

Acute toxicities of intracranial radiation may occur days to weeks after radiation
and are often managed with supportive care. General symptoms include fatigue,
headache, nausea, vomiting, dermatitis and alopecia. Transient worsening of pre-
treatment neurologic symptoms and seizures may also occur due to radiation-related
edema, which often responds to dexamethasone steroids [12]. In contrast, late tox-
icities can develop months to years after radiation and are often progressive and
irreversible. There can be a risk of cognitive decline and memory impairment
depending on the location and size of the radiation field. Treatment of lesions near
the optic pathways, cochlea, sensory or motor cortex may cause focal neurologic
deficits if radiation dose constraints are not respected. Radiation necrosis is a com-
plication of radiation that may cause mass effect and/or neurologic symptoms.
Radiation necrosis is a complex process that may be related to vascular endothelial
cell injury, white matter damage and immune mechanisms [13]. Differentiating pro-
gressive or recurrent tumor from radiation necrosis by imaging is often challenging.

The Evolution of Radiation Therapy for GBMs

As we previously discussed, GBM recur locally rather than at distant CNS sites,
therefore emphasizing the importance of increasing local control by optimizing
radiation therapy [2]. Since the landmark EORTC/NCIC CTG study in 2004 [6, 7],
extensive research has explored different approaches for increasing radiation dose
and efficacy against the tumor as well as minimizing radiation toxicity.

Dose Escalation Studies

In a disease where distant spread is uncommon and most recurrences occur within
the previous radiation field, dose intensification clinical studies were conducted to
better understand the radiation dose that provides the best local control with mini-
mal toxicity [14]. The Brain Tumor Study group examined adjuvant radiation doses
among 621 patients with malignant gliomas after surgery and found that patients
with 50 Gy adjuvant radiation had a median survival of 36 weeks compared to the
median survival of 42 weeks of those patients with 60 Gy of adjuvant radiation [15].
Therefore, the median survival significantly improved by approximately 1.3 times
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when increasing the dose from 50 to 60 Gy [15]. Another randomized trial by the
Medical Research Council also concluded that increasing the radiation dose to
60 Gy improved survival outcomes when two common GBM radiation dose regi-
mens of 45 Gy in 20 fractions and 60 Gy in 30 fractions were compared [16]. While
these initial dose-escalation studies showed promise for improving outcomes in
GBM patients, a subsequent study showed that further dose escalation from 70 to
90 Gy increased toxicity with no survival benefit [17]. Together, these studies con-
firmed 60 Gy in 30 daily fractions to be the standard radiation dosing for GBM.

Multiple studies have also examined dose escalation with a stereotactic boost as
another approach for increasing radiation dose and local control with minimal tox-
icity. Stereotactic radiosurgery is a highly precise technique in which ablative doses
of radiation are delivered focally within a single fraction with a very sharp dose fall
off such that critical structures are avoided at the same time. Initially, Loeffler et al.
(1992) reported benefit to stereotactic radiosurgery (SRS) as part of the initial treat-
ment of malignant gliomas [18]. Moreover, Sarkaria et al. (1995) found a median
survival benefit and an increase in 2-year overall survival with stereotactic treatment
of newly diagnosed GBMs in addition to conventional radiation and surgery [19].
However, the Phase III randomized Radiation Oncology Therapy Group (RTOG)
9305 later evaluated dose escalation with an upfront SRS boost in addition to con-
ventional radiation therapy and BCNU in newly diagnosed GBMs. Unfortunately,
there was no survival benefit (median survival of 13.5 months in the SRS arm versus
13.6 months in the standard arm), no changes in local failure and no changes in
quality of life with the addition of an SRS boost compared to conventional radiation
and BCNU alone [20]. Currently, there is no strong evidence for using SRS in the
management of newly diagnosed GBMs, although it is often used in the recurrent
glioblastoma setting.

Hyperfractionation, also studied as a method for increasing radiation dose, refers
to the more frequent administration of smaller than standard radiation therapy
doses. This often involves two doses of radiation daily, each dose occurring at least
6 hours apart. Hyperfractionation was believed to offer increased local control by
preventing tumor cells from repopulating between radiation treatments and at the
same time reducing late radiation injury. RTOG 8302 initially evaluated 64.8 Gy vs.
72 Gy hyperfractionated twice per day radiation in the presence of BCNU and
found no significant difference in survival or toxicity with conventional radiation
[21]. RTOG 9006 was a Phase III randomized study comparing a hyperfractionated
radiation regimen of 72 Gy in 60 fractions given twice per day with the standard
regimen of 60 Gy in 30 daily fractions (both arms receiving concurrent BCNU) and
found no benefit to survival or toxicity outcomes with hyperfractionation [22].

Protons have also been studied as a way to get more dose to the tumor tissue but
at the same time spare surrounding normal structures. Protons are charged particles
that have the ability to concentrate the majority of their dose at the end of their finite
path length (Bragg peak), thus resulting in a sharper dose fall off and better ability
to avoid surrounding normal tissue [8]. Fitzek conducted a Phase II trial treating
GBM with a photon-proton mixture to a 90 gray cobalt equivalent (CBE) in order to
minimize toxicity with escalated dosing and found that survival was increased to
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20 months [23]. Mizomuto et al. conducted a Phase II trial in which patients with
GBM were treated with conventional photon radiation followed by an evening
(>6 hours later) proton boost to a prescribed dose of 96.6 Gy in 56 twice daily frac-
tions with concurrent nimustine chemotherapy [24]. Median survival was 22 months
and 2-year survival was 45% [24], suggesting that more clinical trials with proton
treatment of GBM are warranted due to these promising results. There is an ongoing
Phase II clinical trial, NRG BNOOI, comparing dose-escalated protons and IMRT
photons to conventional photon radiation (NCT02179086), which is estimated to be
completed by 2026.

Decreasing Radiation Volumes to Minimize Toxicity

Before CT and MRI imaging, radiation therapy for GBMs was delivered as whole
brain radiation therapy [25], in which large, opposed lateral fields were utilized to
cover the entire brain volume. However, now involved-field partial brain radiation is
the standard of care as studies have demonstrated that radiation field volumes can be
decreased from whole brain radiation and still provide disease control with less
toxicity. In fact, Ramsey and Brand (1973) found that GBM patients treated with
limited field radiation therapy compared to whole brain radiation therapy had sig-
nificantly increased overall survival, which was believed to be due to reduced toxic-
ity of sensitive areas of the brain [26]. Moreover, in the Brain Tumor Cooperative
Group Trial (BTCG) 80-01, patients receiving whole brain radiation to 60.2 Gy had
no significant survival advantage compared to patients receiving 43 Gy to the whole
brain plus an additional 17.2 Gy radiation to the tumor volume [27].

Since these studies, involved field conformal brain radiation has become the
standard adjuvant treatment for GBM. Historically, many have delineated the target
as gross tumor volume and resection cavity along with a 2 cm margin in the radia-
tion field, which has been influenced by multiple studies. Indeed, after the advent of
CT imaging, Hochberg and Pruitt (1980) used CT scans to show that more than 90%
of GBM cases recurred within 2 cm of the primary tumor [28]. Wallner et al.
reported that 78% of 32 GBMs recurred within 2.0 cm of the initial tumor margin
[25]. Kelly et al. (1987) evaluated 40 untreated GBMs by CT and MRI-guided ste-
reotactic biopsies and found that T1 contrast enhancement corresponded to gross
GBM tissue and that isolated GBM cells extended at least as far as the edema or T2
FLAIR signal [29]. As a result of these studies, the inclusion of all radiographic
MRI evidence of GBM and associated edema with large 2 cm margins became
widely adopted.

However, even today there is no consensus regarding optimal radiation volumes
for maintaining local control in GBMs yet at the same time avoiding treatment-
associated toxicity. In Radiation Oncology, recommended radiation treatment vol-
umes and margins depend on the specific pathology of tumor. For GBM, the gross
tumor volume, referred to as GTV, corresponds to any residual gross tumor after
surgery and the resection cavity. The clinical target volume (CTV) is a margin on
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the GTV that accounts for the estimated extent of microscopic or subclinical dis-
ease. The planning treatment volume (PTV) is an additional margin on the CTV that
accounts for uncertainties in set up and radiation delivery (Fig. 6.1). While the GTV
is more straightforward, there continues to be wide variation in radiation volumes,
especially CTV and the inclusion of peri-tumoral edema, included in the radiation
field [30—40].

While further investigation is warranted for identifying the best margin for radia-
tion volumes, studies provide evidence that decreased margins may improve sur-
vival by minimizing toxicity without compromising recurrence patterns [31]. Kumar
et al. (2019) recently reported that while two common contouring consensus guide-
lines resulted in similar recurrence rates, there was significantly improved survival
and quality of life in patients treated with smaller radiation volumes [41]. One
hypothesis is that reduced radiation volumes may decrease the incidence of severe
lymphopenia in GBM patients, possibly by reducing the irradiated circulating blood
volume (reviewed in [31, 42]). Huang et al. showed that increased brain volumes
receiving 25 Gy was an independent predictor of severe lymphopenia and those
patients developing severe lymphopenia had significantly worse median survival of
12.5 months compared to 20.2 months in those without lymphopenia [43]. While
the exact mechanism of lymphopenia-related decreases in overall survival is uncer-
tain, many hypothesize that reduced lymphocyte counts cause the immune system
to be less effective at removing malignant GBM cells from the body.

Molecular Biomarkers and Radiation Therapy in GBM

Along with the World Health Organization’s (WHO) update on the classification of
gliomas to incorporate molecular markers [44], researchers have also evaluated the
ability of molecular markers to predict patient response to treatments in order to
facilitate clinical decision making. While GBM is associated with poor prognoses,
a small subset of patients have been shown to experience longer survival, suggesting
some heterogeneity among GBMs. As a tool for predicting prognosis of GBM
patients, initial recursive partitioning analyses (RPA) identified clinical non-
molecular based prognostic factors, such as age, histology, performance status,
mental status, extent of surgery, and radiation dose [45—47]. However, with our
improved understanding of molecular pathways involved in GBM pathogenesis, a
revised RTOG GBM RPA included both clinical and molecular biomarkers to better
stratify GBM patient outcomes. Indeed, Bell et al. [48] evaluated expression of
more than 12 proteins by immunohistochemical staining of tissue microarrays from
patients enrolled on the RTOG 0525 clinical trial, a phase III randomized trial com-
paring conventional adjuvant TMZ to dose-dense TMZ [49]. This revised RPA
model, including c-MET and MGMT protein levels, resulted in improved outcome
stratification in GBM patients treated with radiation and TMZ compared with ear-
lier RPA models [48]. Importantly, their results also reported MGMT protein
expression to have better prognostic significance than the more commonly reported



98 S. Beyer and A. Chakravarti

MGMT promoter methylation. As previously mentioned, MGMT protein expres-
sion has also been shown to be related to increased radiation response in pre-clinical
studies [10]. Future studies on identifying additional molecular biomarkers to pre-
dict response to radiation and increase sensitivity to radiation are ongoing.

Hypofractionated Radiation Therapy in Elderly Patients

Almost half of all GBMs occur in patients greater than 65 years old and these
patients often have worse outcomes than the younger cohorts [50]. Moreover,
patients older than 70 years old were excluded from the EORTC/NCIC CTG study
that developed the current standard of care for treatment of patients with GBM [6,
7]. Considering the poor prognosis associated with newly diagnosed GBM in elderly
and frail patients, multiple studies have investigated the role for more tolerable
treatment regimens in this patient population. Keime-Guibert et al. (2007) reported
patients >70 years old and Karnofsky performance status (KPS) >70 with anaplastic
astrocytoma/GBM had improved median survival when receiving 50.4 Gy of con-
ventional radiation in 28 fractions compared to supportive care alone (29.1 weeks
vs. 16.9 weeks) without a decline in quality of life or cognition [51], providing sup-
port for the benefit of radiation therapy in the elderly GBM population. Multiple
trials have shown that hypofractionated (shortened) radiation schedules yield the
same survival outcomes as conventional radiation, yet also reduce morbidity with
shorter treatment times for patients enduring a terminal illness. Hypofractionation
of radiation treatments refers to the use of a fewer number of higher dose radiation
treatments in order to reduce the overall treatment time. Roa et al. (2004) compared
GBM patients >60 years old receiving hypofractionated radiation schedule (40 Gy
in 15 fractions) to the conventional fractionation schedule (60 Gy in 30 fractions)
without concurrent chemotherapy and found no difference in survival (5.6 months
vs. 5.1 months) between the two radiation schedules [52]. Moreover, Roa et al.
(2015) reported that a hypofractionated radiation regimen of 25 Gy in 5 fractions
had non-inferior overall survival compared to 40 Gy in 15 fractions in elderly and
frail patients with newly diagnosed GBM not receiving chemotherapy [53].

The Phase III randomized EORTC 26062 trial later evaluated whether there was
benefit to adding TMZ chemotherapy to 40 Gy in 15 fraction hypofractionated radi-
ation in patients >60 years old with newly diagnosed GBM. They reported an over-
all survival benefit with the addition of TMZ to hypofractionated radiation compared
to radiation alone (9.3 vs. 7.6 months) [54]. Moreover, Ammirati et al. (2015) dem-
onstrated that GBM patients receiving hypofractionated radiation (52.5 Gy in 15
fractions) with concurrent TMZ tolerated the treatment well [55]. In summary, these
studies generated support for combined modality therapy in older patients, espe-
cially those with MGMT hypermethylation. However, hypofractionated radiation
alone can be an effective treatment in elderly patients with GBM who are not can-
didates for TMZ due to poor functional status or medical co-morbidities, especially
those patients with GBM that are not MGMT hypermethylated [56].
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Re-irradiation of GBM

Despite standard aggressive therapies, nearly all GBM recur within months to years
following initial therapy. Most recurrences are located within or adjacent to the high
dose radiation field. Since radiation necrosis and recurrent GBM have similar
appearances on MRI imaging, determining the diagnosis of recurrent GBM can be
challenging. While there is no standard of care treatment for recurrent GBMs in the
United States, potential treatment options include re-resection, re-irradiation, sys-
temic therapy, best supportive care or a combination of these palliative treatment
modalities. The treatment plan for each patient should be individualized with close
consideration of age, performance status, time since initial treatment, extent of
recurrence and tumor location (any involvement of eloquent areas of the brain).

Re-irradiation is increasingly being used in the treatment of recurrent GBMs and
is often recommended for patients, especially those who are not candidates for re-
resection and have minimal systemic options available to them. The patient’s per-
formance status and how the potential toxicities of re-irradiation may impact the
patient’s quality of life should be heavily weighed before proceeding with re-
irradiation. Moreover, radiation dose, fractionation and treatment volume should be
carefully planned in order to minimize radiation necrosis and other serious toxici-
ties. Stereotactic radiation has been used for focal recurrent GBMs in order to avoid
wide margins that may increase the risk of toxicity [57-60]. However, in cases of
multifocal or large recurrent tumors, conventional external beam radiation with
smaller dose per fraction may offer local control of larger treatment volumes with
less toxicity. Various radiation dose and fractionation regimens for external beam
radiation therapy have been reported, however, at this time, there is not enough data
to recommend a standard regimen [30]. TMZ, bevacizumab and immune modula-
tors are systemic therapies that have been the most commonly studied in the re-
irradiation setting [61-65]. While many retrospective studies have shown
encouraging survival outcomes, these studies are difficult to interpret and compare
due to inconsistencies in treatment technique, dose, and volumes treated (reviewed
in [30, 66, 67]). More prospective clinical trials are warranted for direct compari-
sons of radiation regimens.

Summary and Conclusions

In summary, GBM is an aggressive tumor that most commonly recurs within or
adjacent to the previous high dose radiation field, further emphasizing the need for
improving the efficacy of radiation therapy. Radiation therapy techniques have been
studied over time in order to increase local control but minimize radiation toxicity
with some success. Further pre-clinical and clinical studies are needed to not only
improve the efficacy of radiation therapy, but also identify molecular biomarkers
that may help predict response to radiation and prognosis in GBM patients.
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Chapter 7
Implementing Molecular Pathology
in a Developing Country

Marcus M. Matsushita

Developed Countries and Developing Countries

The main criterion used to distinguish developed and developing countries is related
to their gross domestic product (GDP) per capita. GDP summarizes in US dollars
the sum of all goods and services produced in a country over the course of a year.
The quotient of a country’s GDP by its population results in GDP per capita
(GDP,PPP) (Fig. 7.1). Although there is no official figure, a country with a GDPPP
greater than US$12,000-25,000 is considered a developed country [1]. However,
this isolated criterion may not be sufficient to classify a country as developed and
causes distortions. Another frequently used index is the Human Development Index
(HDI), which was developed by the United Nations and uses criteria such as life
expectancy, education and income (Fig. 7.2). Again, there is no defined criterion for
considering a country as developed. In general, nations with an HDI greater than 0.8
are considered developed [2]. Thus, developed countries have high level of industri-
alization, stable rates of births and deaths, low rates of infant mortality, life expec-
tancy over 70-80 years, more women working in high executive positions, high
consumption of gas, electricity and oil, and high financing and debt [3]. In turn,
developing nations share low real per capita income, high rates of population
growth, high unemployment rates, high dependence on the primary sectors of pro-
duction and export of commodities [4]. Another crucial aspect common to many
developing nations is its poor quality of teaching and education. Although in some
of these countries there is a growing awareness of the need for quality education for
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Fig. 7.1 Gross domestic product per capita in US dollars — 2017. (Source: World Bank)
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The Human Development Index (HDI) is a summary measure of key dimensions of human development; a long
and healthy life, a good education, and having a decent standard of living.

W bt g

Fig. 7.2 Human Development Index around the world — 2017. (UNDP (2018))

economic development, general public education is precarious. For most of the
population, going to college means working all day to be able to afford an evening
course. Still, expectations of income improvement through higher education are not
very encouraging. Full-time courses such as medicine are difficult to access for
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students coming from public schools, who are highly dependent on the family’s
ability to support the student throughout the course and still often pay the high fees
and tuitions of a college of this type [5-8].

South America and Brazil

The South American subcontinent is a vast piece of land with an incredible geo-
graphical, political, economic and cultural variety. The entire territory of South
America has an area of more than 6.8 million square miles (+17.8 million square
kilometers) irregularly distributed in 12 countries, most of them with Spanish as an
official language, but also Portuguese (the most spoken language on the continent),
English, French, Dutch, and many indigenous languages (Quechua and Guarani)
that are still spoken in several countries [9, 10]. In Economics, South America
presents enormous contrasts. Chile, for example, has a GDP-PPP of US$22,337.00,
HDI 0.82, life expectancy of 75 years, infant mortality rate of 7/1000 live births
and, since 2010 has been part of the Organization for Economic Co-operation and
Development (OECD). Based on these data, Chile is the only developed country in
South America. At the other extreme, Venezuela and Bolivia dispute the unhon-
orable position of poorer countries, with GDP-PPP of US$3,374.00 and
US$3,683.00 respectively [11].

Many discouraging characteristics afflict most South American countries such as
political instability, fragile institutions, corruption and large income inequality [12].
At the turn of the millennium, a growing trend towards improvement in different
socioeconomic indices was reversed in many countries. Populist governments and
serious economic crises have affected to a greater or lesser extent almost all coun-
tries, with a major impact on health. Venezuela, for instance, was one of the South
American countries that showed the most substantial improvements in infant mor-
tality rates between the years 1950 and 2000. Since then there has been a great
deterioration in this indicator and the infant mortality rate in this country is cur-
rently estimated to be of 21 deaths per 1000 live births [13]. Similarly, at the begin-
ning of the last century Argentina had better economic conditions than several
European countries. It was one of the most important world exporters of grains and
meat. Its GDP represented 50% of all Hispanic America, occupying the 10th place
in the world economy and its trade totaled 7% of the world total. Currently, Argentina
has high inflation rates, above 50%, and has enormous financial volatility with rapid
depreciation of its currency, peso, against the US dollar [14—17]. The infant mortal-
ity rate in the country is 9.9 per 1000 live births, almost double that of most devel-
oped nations. There are large areas in Argentina where residents do not have access
to clean drinking water, healthy food or adequate medical assistance [18]. Thus,
Argentina, despite having better rates than several developing countries (HDI 0.83,
GDP-PPP US $12,500), is still not considered a developed country [3].
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Brazil is the largest country and the largest economy in South America. Its ter-
ritorial extension has more than 3.2 million square miles (8.5 million km?), which
represents almost half of all South American territory and about 20% of the territory
of the Americas [19]. The current population of Brazil is 212 million people, 87%
of whom live in an urban environment, with an average age of 33.5 years, life expec-
tancy of 76.57 years and an infant mortality rate of 11 deaths per 1000 live births
[20]. With an HDI of 0.75 and a GDP-PPP of US$8,727.00, Brazil is still a develop-
ing country [3]. However, the overall analysis of the entire nation hides very large
intrinsic disparities. The state of Sdo Paulo, for example, the richest state in the
country, has an HDI of 0.805, a population of 11 million people, 99% of the urban
population, with more than 99% of households with electricity, treated water, sew-
age and garbage collection. At the other extreme, the state of Maranhao is the poor-
est in the federation, with an HDI of 0.639, and a population of 6.5 million people,
almost 37% of whom live in rural areas. About 30% of homes in that state do not
have running water, 15% do not have garbage collection and 2.7% do not have elec-
tricity [21]. Despite these contrasts, the country as a whole suffers from huge
bureaucratic obstacles, serious infrastructure problems and legislative instability.
There have been major projects and investments in recent decades in Brazil with the
aim of modernizing the country. However, the objectives initially proposed were not
achieved, largely due to the lack of institutional leadership, low technical capacity
and low efficiency of regulatory bodies. In addition, populist governments have
been involved in huge corruption scandals involving the the country’s largest infra-
structure companies [22].

The Revolutions of Pathology

Two silent revolutions from the beginning of this century are underway in pathology
and will forever change the pathologist’s way of working: digital pathology and
molecular pathology [23, 24]. Since Virchow described in 1858 that most diseases
had a morphological substrate in his work Die Cellularpathologie in Ihrer
Begriindung Auf Physiologische Und Pathologische Gewebelehere thus founding
histopathology, pathologists continued to work in a way with little alterations until
the late 1980s. In fact, techniques of tissue fixation, sampling, processing, paraffin
embedding, sectioning and staining are basically the same since the beginning, in an
incredibly handcrafted process by the current standards of other medical areas.
Histochemical stains still in use in all pathology laboratories around the world use
the same stains used for more than a century and a half [25]. Likewise, the tradi-
tional anatomopathological diagnostic method has remained the same since
Virchow, basically identifying cellular and architectural morphological changes and
trying, by similarity, to approximate a certain morphological pattern to other previ-
ously described. Most of the equipment used until the end of the last century was
mechanical or electromechanical with little added technology. In addition, in some
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countries many pathologists often work in isolation, outside the hospital environ-
ment, with little information about the material sent to them for analysis, without
much contact with other medical specialties [26].

In general, the examination of anatomic pathology is a low-cost procedure,
despite the enormous impact that this examination has on the patients’ lives and
treatment choices [27]. Waiting for the result of a pathological diagnosis often
causes great anxiety and expectation to the patient, greater than most other tests,
and even than the treatment itself [28]. The diagnosis determines whether a patient
will have a mutilating surgical procedure, expensive chemo and/or radiotherapy
treatments and what is the prognostic expectation of a certain condition. The
pathology report is often seen from a dualistic and fatalistic perspective by the
patient: death sentence or salvation, yet costs with anatomic pathology represent,
on average, only 3-4% of the total health expenditure, even in developed
nations [27].

Despite the determinant nature of histopathology, most people would be sur-
prised with the subjectiveness of this analysis. Many characteristics observed in
different diseases are overlapping, making the correct diagnosis extremely difficult
in various situations, requiring patience, common sense and many years of patholo-
gist practice. Even so, several studies show that there is great inter-observer and
even intra-observer diagnostic variability within pathology [29-31]. In addition to
the traditional stain with hematoxylin and eosin (H&E), immunohistochemistry
(IHC) started to be used routinely in the 90s and, although it advanced the identifi-
cation of biological markers, it did not represent a significant change in how a
pathologist works. Immunohistochemistry is a form of staining that uses antibodies
targeting certain antigens that are desired to be investigated in a tissue sample. In
fact, although the antibodies used are far from representing an insignificant expense,
the basic structure of a laboratory does not necessarily need major investments in
structure or equipment to accommodate immunohistochemistry, immunohisto-
chemistry can be performed manually [32], and, similar to histology, analyzed using
a conventional optical microscope. Thus, even the interpretation of an immunohis-
tochemical examination can also be subject to considerable variation, both inter-
and intra-observer [33-36].

On the other hand, medical sciences continued to evolve and required increas-
ingly less subjective assessments and specific diagnoses. In particular, cancer treat-
ments have introduced a new generation of target therapies in clinical practice,
combined with the assessment of cellular and tissue biomarkers of specific molecu-
lar pathways, permiting the oncologist to predict the response to expensive drugs
[37, 38]. In response to this, from the beginnig of 2000s, the WHO began to gradu-
ally and progressively associate molecular aspects with anatomopathological diag-
noses in its classification of tumors, especially of hematological and central nervous
system (CNS) neoplasms, for example, which is certainly a path of no return [39,
40]. Currently, several CNS neoplasms require molecular evaluation for their final
diagnosis. For example, /DH mutations are the main splitting factor for infiltrative
gliomas classification; the diagnosis of oligodendrogliomas demands evaluation of
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chromosomal Ip and 19q co-deletions screening; C19MC-altered and H3F3A
mutation are essential for the diagnosis of Embryonal Tumor with Multilayered
Rosettes (ETMR) and Diffuse Midline Glioma, respectively; BRAF V600E muta-
tion observed in Gangliogliomas and Pleomorphic Xanthoastrocytomas [40, 41]
may expand the treatment options for these tumors.

Importantly, neoplasms grouped presenting similar morphological aspects can
be subclassified from their molecular profile, as is the case of Glioblastomas,
Ependymomas and Medulloblastomas, with important impacts on their treatments
and prognosis. In fact, the consortium C-IMPACT-NOW has increased the impor-
tance of molecular changes for pediatric and adult glioma, making the final diagno-
sis of these tumors extremely limited without the use of molecular diagnostic
tools [42].

All molecular tests require a completely new structure, with expensive equip-
ment, which also uses costly inputs, in addition to specialized labor. The pathologist
now needs to maintain more intimate contact with surgeons and oncologists and to
better understand clinical and radiological aspects to indicate the most appropriate
molecular tests in each case. In parallel, morphometric analyzes more precise than
the mere estimatives with which pathologists have become accustomed to work
begin to have increasingly significant impacts on diagnoses and therapeutic
approaches, such as evaluation of cell proliferation by Ki-67 to classify neuroendo-
crine tumors or Combined Positive Score (CPS) score in PDL1 [36, 43-46]. A new
horizon is opening up to supply these demands with digital pathology and new pos-
sibilities that are even more refined using metric tools and, furthermore, artificial
intelligence algorithms will complement the next generation of pathologists [47,
48]. The digitalization of pathology also requires a new and costly technology park
in pathology laboratories. As an inevitable consequence, pathology is becomimg a
more expensive procedure.

The Dilemmas of Pathology in Brazil, as an Example
of Developing Country

Considering the South American countries, different countries represent very differ-
ent realities as already explained above. The only country considered developed in
the region is Chile, all the others are considered to be in development, including
Argentina, whose characterization is so complex that the Nobel Laureat in
Economics Simon Kuznets famously stated that there were four economies: devel-
oped, undeveloped, Argentina, and Japan. Within South America, if there is a coun-
try that portrays this huge contrast, that country is Brazil, with cities like Sao
Caetano do Sul presenting an HDI of 0.862, almost as high as European countries,
in contrast to 0.418 in the municipality of Melgaco, comparable to the least devel-
oped countries in Asia and Africa [21].
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Heterogeneous Distribution of Health Care Professionals
and Structure

Specifically in Brazil, the distribution of doctors across the country follows these
contrasts. The country as a whole has 2.11 doctors / 1000 inhabitants, a number not
far from countries like the United States (2.61) for example [49, 50] This distribu-
tion, however, is extremely irregular. The Southeastern region, the richest in the
country and where the states of Sdo Paulo and Rio de Janeiro are located, have a ratio
of 2.81 doctors / 1000 inhabitants. In the North of the country, the poorest region
where the states of Amazonia and Par4 are located, has only 1.16 doctors per 1000
inhabitants. The consequences of these disparities are observed in the long waiting
times in public health systems for simple medical consultation, state bureaucracy
and administrative inefficiency [51]. In a survey by the Brazilian federal board regu-
lator of Medicine (Conselho Federal de Medicina - CEM), 746 patients were waiting
more than 10 years for an elective surgery in the public health system in 2017 [52].

The small number of pathologists is a phenomenon that occurs worldwide,
including the most developed countries, and the potential problems resulting from
it are an open topic for debate [53, 54]. The distribution of pathologists in Brazil is
as irregular as that observed for doctors in general (Fig. 7.3). According to a 2018
census, approximately 60% of Brazilian doctors have specialty registrations, with
only 0.8% registered as pathologists. Out of the 3,210 Brazilian pathologists, 54%
are located in the Southeastern region, mainly in the states capital cities (Fig. 7.4).
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Fig. 7.3 Brazilian ratio of pathologists/100 thousand inhabitants — 2018. (Modified from Scheffer
et al. [50])
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Fig. 7.4 Distribution of Pathologists in Brazil — 2018. (Modified from Schefter et al. [50])

The average age of a Brazilian pathologist is 50 years, and the age curves show that
they are mostly over the age of 60 and under the age of 40 [50]. Although there are
no official figures, the vast majority of pathologists are generalists, with few cases
in which some pathologists focus on two or three subspecialties.

Distant from large urban centers and capital cities, most pathology laboratories
in Brazil are medium and small. There are no accurate records, but it can be said that
the vast majority of these laboratories do not even have their own IHC service, nor
any molecular test available. Generally these services are outsourced to a few other
larger laboratories or to public educational institutions that end up performing those
services. In fact, many Brazilian pathology laboratories rely only on routine (H&E)
and specific stains, as well as material processing and staining methods performed
manually, with few equipment and old technology.

It cannot be said, however, that Brazil still suffers from a large number of cases
of contagious infectious diseases, or that it does not have centers of excellence in the
treatment of complex oncological diseases. The number of hospital admissions due
to lack of sanitation fell from 184.7 people per 100,000 inhabitants in 2009 to
65.6 in 2018 [55]. On the other hand, according to the National Cancer Institute
(INCA), it is estimated that in 2020 Brazil will have 626,000 new cases of cancer,
including about 10,000 new cases of tumors of the CNS [56]. To this end, the coun-
try also has large cancer treatment centers, both for care in the public health system
and in the private sector [57, 58]. In this scenario, it is quite evident that there is a
demand for the detection of molecular markers in tumors diagnosed in the country.

About 80% of the Brazilian population depends exclusively on a public health
plan (Sistema Unico de Satide - SUS) for all medical care. According to the Brazilian
constitution itself, the state is responsible for health care. This involves everything
from basic health care, such as disease prevention, to complex treatments for chronic
and oncological diseases. In some cases, SUS maintains free distribution of any
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necessary medication, including high-cost medications for chronic diseases and
emerging immunotherapy [59]. Of course, for a country like Brazil, the costs
involved can quickly become expensive and choices need to be made. What is the
best way to use finite resources for health? Serve a larger population with more
basic health programs or a smaller percentage with expensive procedures? There is
still no answer to that. Until the answer arrives, apparently the solution found was
to develop complex and time-consuming bureaucratic mechanisms to better select
who will receive a certain treatment [51, 52]. The result of this is that SUS is a long
way from achieving the proposed objectives, both in quantitative and qualitative
terms, although some outsourced institutions act as a notable exception. Therefore,
those who can end up paying for private health care system.

In Brazil, there are two forms of private health plans. Those for individuals and
those for legal entities. Currently, most plans aimed at individuals operate as medi-
cal cooperatives. Once their prices are controlled by the Brazilian national supple-
mental health care agency (Agéncia Nacional de Saide Suplementar - ANS), they
are a cheaper option [60]. However, many healthcare operators end their activities
in this field over time due to financial infeasibility since they could not adjust their
values according to the needs of the market [61-63]. Others end up creating their
own bureaucratic mechanisms to delay or prevent the performance or remuneration
of more expensive procedures. Even so, they are a better option than SUS and about
17% of the Brazilian population opt for them [60]. Finally, a third option is to pay a
health plan through a legal entity. This modality does not have its adjustments con-
trolled by ANS and therefore has better conditions to meet the modern demands of
medicine, obviously at a higher cost for its users.

Pathology laboratories are part of this system. Governments maintain some pub-
lic laboratories in some public hospitals and colleges. In others, the service is out-
sourced to private laboratories. These in turn can simultaneously attend private
health plans and a few private cases in which the patient pays directly for the anato-
mopathological examination. In general, examinations are poorly remunareted
except perhaps in cases where the patient pays for his own examination. In some
cases, such as a pap smear, for example, the SUS tables (currently priced at around
US$1.5) barely cover the costs of the exam supplies [64], let alone medical fees.
Still, some private laboratories carry out these exams because they are part of a
package that includes more profitable ones. However, this results in a great work-
load for the pathologist, much greater than that observed in his colleagues from
more developed nations.

The Need of Different Techniques and Assays for the Integrated
Diagnosis of CNS Tumors

Implementing a costly routine, which requires expensive equipment and consum-
ables, operated by highly qualified labor, comes up against several barriers. The first
and most important is the amount of investment required. Some molecular markers,
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Table 7.1 Comparison between performance and cost benefit of manual and automated
immunohistochemistry (IHC)

Parameter Manual IHC Automated IHC
Cost per reaction Lower Higher
Investment in equipment Lower Higher
Fixed assets on antibodies Higher Lower
Risk of loss due to expiration date Higher Lower
Need for skilled labor Higher Lower
Specialized maintenance dependency Lower Higher
Standardization More difficult Easier

such as IDHI1 R132H, BRAF V600E can be initially evaluated by IHC. But even
IHC, as already mentioned, is not part of the routine of many pathology laboratories
in Brazil. Furthermore, IHC was not even part of the training of older pathologists
(>60 years old) during their medical residency. Of the laboratories that have THC,
most of it is still performed using manual, rather than automatized methods, which
cost almost twice as much as the manual procedure in the country. This is if there is
no loss of unused antibodies by the expiration date, because the volume of antibod-
ies purchased for manual reactions is greater and less diluted than those used in
automated processes. If there is not enough volume to use a certain antibody before
its expiration, the laboratory will be forced to discard material, which represents a
lost investment (Table 7.1).

Another aspect of this form of work is the impact caused by a large sum of
money immobilized in the form of antibodies for a long period of time until it is
gradually converted into income as the stock is slowly being used. But IHC is
just the beginning of a molecular investigation. The complete evaluation of IDH
and BRAF mutations may require further evaluation with polymerase chain reac-
tion (PCR) or DNA sequencing in certain cases [65-67]. Likewise, the molecular
classification of medulloblastomas may require RNA evaluation; the diagnosis
of oligodendrogliomas require 1p19q co-deletion evaluation by Fluorescence in
Situ Hybridization (FISH) or single-nucleotide polymorphism (SNP) array, just
to name a few situations in which the thorough analysis of a neoplasm of the
CNS goes beyond histochemical and immunohistochemical stains [68—70]. All
these up-to-date procedures require a completely new technology park, very dif-
ferent from the one that pathological anatomy laboratories are used to work-
ing with.

Cost of Equipment and Reagents

We must also consider that all reagents and antibodies used for IHC and molecular
assays are quoted in US dollars, but the exams themselves are charged in local cur-
rency. Only exchange rate fluctuation, therefore, can represent a substantial and
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abrupt increase in the costs involved in such procedures, without this having an
impact on the amount charged for the examination. At the beginning of the year
2020, a dollar cost about R$4.00 (Brazilian currency, Real), but in mid-May this
value was already close to R$6.00, accumulating an increase of almost 50% in less
than 5 months [71]. This increase was driven mainly by the pandemic COVIDI19,
but it represents neither an isolated factor nor the biggest increase in the American
currency in the country. In 2002, for electoral reasons, there was an increase of
almost 70% in a similar period of time. Exchange rate fluctuation is a constant in the
country’s economy and several factors, both in the always turbulent domestic envi-
ronment, and as a result of global factors, affect the daily exchange rate of the
American currency [72].

Health insurance companies in Brazil have repeatedly treated pathology as a
low-cost specialty and are reluctant to pay for molecular tests. Most of the molecu-
lar tests necessary for the integrated diagnosis in neuropathology are included in the
Brazilian Hierarchical Classification of Medical Procedures (CBHPM), which is
used by the supplementary health system (insurance/health plan operators) and was
designed by the main national medical entities such as Associacdo Médica Brasileira
(AMB), CFM and Federacao Nacional dos Médicos (FENAM), beside state entities
and Societies of Specialties [73]. Despite that, many operators are reluctant to
authorize such tests for a crescent number of patients. Some of those operators even
centralize exams in their own or third-party laboratories in an attempt to avoid pop-
ularization. Medium and smaller laboratories are, therefore, reluctant to perform the
molecular tests for fear of not being reimbursed and not having a return on
investment.

Specialized Work Force Needed for Molecular Pathology

Finding skilled labor force is another obstacle to overcome in developing countries.
This difficulty is greater in locations more distant from large urban centers and capi-
tal cities. In recent years, there has been a huge increase in the number of students
receiving higher education courses in Brazil. Even so, the percentage of people
attending college is much lower than that seen in developed countries [74]. In addi-
tion to these courses being more concentrated in large cities, job opportunities are
also greater in large urban centers. Smaller cities are less attractive, both profession-
ally and culturally, and these are major factors that limit the emigration of more
qualified people to the interior of the country, exactly where the most deprived areas
of specialized professionals are located. In addition to the superior education being
quantitatively inferior, elementary and middle level education is also largely inferior
in quality, especially in public schools. This is a fact that is common to South
American countries (Chile is one of the South American countries that does best)
and in developing contries in general [75]. This means that students from the failed
school systems have great difficulty in understanding what they read and are fairly
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motivated to follow apparently meaningless protocols, which are usually written in
English. This is also true for technicians in equipment maintenance, which usually
generates a large number of visits until the solution of a defect is solved in a satis-
factory way.

Experience from a Large Cancer Center in Brazil

Therefore, the available solution (though not the best) is to concentrate more com-
plex exams in few and larger laboratories, thus outsourcing molecular exams, which
is the current reality. However, this ends up further limiting the access of molecular
tests to a large number of the public. In addition, smaller laboratories do not always
use good quality reagents or process their tests in the best way. In our institution
[57], the molecular laboratory performs exams both internal and from other ser-
vices. In our experience, there is a much higher proportion of inconclusive tests in
external cases. Electrocautery artifacts, material processed at an inadequate tem-
perature, poor quality reagents and dyes are frequent. Samples that require DNA
extraction show lower yield. The reality is that many laboratories are forced to
reduce costs due to the low remuneration of health plans and end up sacrificing the
quality of their processes. For routine diagnostic evaluation of most cases, this may
not represent a major problem, but in cases where more sensitive tests are needed,
this practice may render a molecular test and a sample unfeasible.

A developing country’s own poor infrastructure is a complicating factor. The
long distances between laboratories make it difficult transfer materials. Although
some Brazilian states have decent highways and infra-structure, for most of the ter-
ritory the reality is quite different. The country does not have a well-distributed
railway structure, and the airport system has a network concentrated in large cities
and capital cities. Equipment maintenance itself ends up being hampered by the dif-
ficulty to access certain regions of the country and equipment remains inoperative
for weeks, if not months, waiting for technical support. Finally, the import of
reagents needed to carry out the tests are still held in the government’s bureaucratic
mechanisms waiting for release. Reagents take several weeks to reach their destina-
tion, which implies an important reduction in the time of their use.

In an attempt to keep the country updated in molecular exams Brazilian major
educational institutions and philanthropic institutions have made a great effort [57,
58]. Specifically our institution (Barretos Cancer Hospital) has raised funds ear-
marked for this purpose coming largely from research projects financed by funding
agencies (Fundacao da Amparo a Pesquisa do Estado de Sdo Paulo — FAPESP) or
even through individual and corporate donations. Thus, the more expensive exams
can be extended to at least a part of the needy population, which, however, does not
guarantee the sustainability of the process in more troubled times and for a long
period of time. Neither the model of private funding is a constant in the country for
the vast majority of cancer centers.



7 Implementing Molecular Pathology in a Developing Country 117

In short, developing countries are able to implement the molecular diagnosis
necessary to apply integrated diagnostics as recommended by WHO. However, this
implementation may be slightly slower and less available to low-income popula-
tions than in developed countries. The challenges are many, but ensuring that the
entire population has access to advances in molecular biology is the main barrier to
be overcome.
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Introduction

Glioblastoma is the most common primary malignant brain tumor in adults, with an
incidence of over 10,000 cases per year in the United States [1]. They most com-
monly occur in adults, in the cerebral hemispheres [1]. While less common in chil-
dren, high grade glial and glioneuronal tumors are diagnosed in over 1000 pediatric
patients per year in the United States [1]. Given the marked advances in massively
parallel sequencing over the last two decades, combined with advances in epigene-
tic studies such as methylation profiling, we now have a better understanding of the
molecular features underlying and driving these tumors. Herein, we describe the
genetic characteristics of the most common high grade glial and glioneuronal
tumors in adults and children.
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Glioblastoma, IDH Wildtype, WHO Grade 4

Background

Diffuse gliomas are primary brain tumors which, in adults, are most commonly
found in the cerebral hemispheres [1]. These tumors were traditionally graded based
on histologic features, from grade 1 to grade 4. Glioblastomas are among the most
aggressive gliomas and are considered grade 4 tumors [2]. Glioblastomas are clas-
sified as astrocytomas, or brain tumors with cells resembling astrocytes. Prior to the
use of molecular characteristics, glioblastomas were defined as infiltrative gliomas
with atypical nuclei and the presence of either microvascular proliferation or necro-
sis [2] (Fig. 8.1). While histologic features can be used to stratify infiltrative glial
tumors, there is interobserver variability [3], and the histology does not always align
with behavior, limiting its usefulness for risk stratification. Our understanding of the
molecular features of glioblastomas has expanded significantly since the turn of the
century. It is now known that glioblastomas largely arise from two distinct molecu-
lar pathways, which can be broadly divided into (1) those without IDH mutations
and which most often arise de novo, and (2) those with IDH mutations and which
most often arise from a prior lower grade astrocytoma (i.e. progressive or secondary
gliomas) (Fig. 8.2) [2, 4]. Distinguishing these two groups proved to be so impor-
tant, that within a decade after the identification of /DH mutation as a key driver in
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Fig. 8.1 Histologic features of glioblastoma. Glioblastomas are characterized by (a) hypercellu-
larity and hyperchromatic, atypical nuclei, (b) microvascular proliferation, (c¢) palisading necrosis,
and (d) elevated proliferation index, as highlighted on this Ki-67 immunohistochemical stain.
Scale bars = 100 microns
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IDH-wildtype glioblastoma IDH-mutant glioblastoma

Minimum of one of the following:

Gain of chromosome 7 .

Loss of chromosome 10 or 10q (EEmiation
Loss of chromosome 9p or focal 9p21 deletion l

l ATRX mutation

TERT promoter mutation
! !
Additional* hits as needed to impact three pathways: Additional hits frequently seen in:
Receptor Tyrosine Kinase/

PI3K Kinase Pathway Rb pathway  TP53 pathway TP53
EGFR NF1 CDKN2A/B TP53 CDKN2A/B
PTEN PDGFRA RB1 CDKN2A/B CDK4

NFKB1A PTPRD1 CDK4 MDM2 RB1

PIK3CA MET MDM4 PDGFRA

PIK3RA

Fig. 8.2 Adult glioblastoma and /DH-mutant astrocytoma genetic characteristics. Genes shown
represent common genetic alterations, but the lists are not exhaustive. Green box = common driver
alterations. Blue box = telomere-maintaining alteration. Yellow box = additional genetic altera-
tions commonly observed. Genes in red are activated, either through mutation, fusion, or amplifi-
cation. Genes in blue are suppressed, either through mutation or deletion. TERT promoter mutation
leads to increased TERT expression, while ATRX mutation leads to inactivation of ATRX. “In most
cases one or more of the three pathways has already been impacted by earlier genetic alterations.
For example, Chromosome 10 loss (a common early event) leads to loss of one copy of PTEN, and
focal 9p21 deep deletion leads to loss of CDKN2A

progressive gliomas, the mutational status of this gene was integrated into the 2016
World Health Organization (WHO) classification of gliomas [2]. The molecular
integrated diagnosis is supported by clinical evidence suggesting they are distinct
clinical entities: /DH-mutant glioblastomas occur in younger patients (often 30s to
50s) with an average survival of 2-3 years, while IDH-wildtype glioblastomas tend
to occur in older patients (often over age 50, with a median of 65 years of age in the
United States [1]) with an average survival of only 1-1.5 years [4, 5]. Histologic
features cannot safely distinguish between the two entities. This molecular inte-
grated classification has been shown to have a profound impact on the understand-
ing of the pathogenesis of glioblastoma, on the prognosis and management of
glioblastoma in patients, and has provided the opportunity to gain further insights
into their genomic subtypes, and the histologic correlates.

Defining Mutations

Glioblastomas that are primary or “de novo” usually arise in older patients without
a history of prior lower-grade glioma, whereas secondary or “progressive” glioblas-
tomas arise from a previously diagnosed lower grade glioma. The majority of
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Fig. 8.3 Signaling pathways frequently altered in adult high grade gliomas. Red = receptor tyro-
sine kinases. Yellow = oncogenes. Blue = tumor suppressors. Dashed lines with gray = down-
stream pathways impacted. Purple = membrane phospholipids phosphatidylinositol
(4,5)-bisphosphate (PIP2), and phosphatidylinositol (3,4,5)-triphosphate (PIP3)

glioblastomas are primary (>90%), and most of those (>90%) are IDH-wild type [4,
5]. IDH-wildtype glioblastomas lack a single defining mutation like the /DH-mutant
glioblastomas. However, studies based on mutation analysis, mRNA expression,
and DNA copy number alterations have revealed three key genetic pathways almost
always altered in /DH-wildtype glioblastomas: mutations in 1) the p53 pathway, 2)
the RB pathway, and 3) activation of the receptor tyrosine kinase (RTK)/Ras/PI3K
pathway [5, 6]. These pathways have some degree of overlap (Fig. 8.3), and some
genes which are discussed in detail under one pathway also play roles in other
pathways.

RTK/PI3K/AKT Pathway

Among the three main molecular pathways, the RTK/PI3K/AKT pathway is most
commonly altered in /DH-wildtype glioblastoma (altered in 88%), and the most
common targets are Epidermal Growth Factor Receptor (EGFR) and PTEN [5-7].
EGFR is a key driver oncogene behind the development of adult /DH-wildtype
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glioblastoma [8]. Its amplification or overexpression occurs in greater than 40% of
IDH-wildtype glioblastomas [9]. EGFRVIIL is a constitutively activated mutant vari-
ant of this receptor that, when present, is often found together with EGFR amplifica-
tion in glioblastoma [6, 10, 11]. EGFRVIII serves as a ligand-independent mechanism
to activate the downstream PI3K/AKT pathway and cell proliferation [12]. EGFR
amplification and mutation are characteristic of adult /DH-wildtype glioblastoma,
but are very rare in pediatric high grade gliomas. Amplification or overexpression of
another receptor tyrosine kinase, PDGFRA, has also been described [5, 6, 13]. A
negative regulator of the pathway, PTEN (phosphatase and tensin homology) encodes
a phosphatase that inactivates phosphatidylinositol (3,4,5)-triphosphate (PIP;)
through conversion to phosphatidylinositol (4,5)-bisphosphate (PIP2) (Fig. 8.3).
PTEN mutation/alteration thus facilitates pathway activation and also regulates cell
migration and invasion [14]. PTEN mutation or deletion is found in over 25% of
IDH-wildtype glioblastomas [5—7, 15]. Other genes in the RTK pathway have also
been found to be altered in glioblastomas at varying frequencies, including but not
limited to PIK3CA, PIK3RI, and NFI [5, 6]. Mutations in this pathway appear to
converge on pathways leading to increased proliferation and survival.

TP53/ MDM2/MDM4/CDKN2A Pathway

TP53 is a well-known tumor suppressor gene involved in cell cycle arrest and apop-
tosis in response to DNA damage and stress. When activated under these conditions,
it works as a transcription factor to stop uncontrolled proliferation. Inactivating
mutations of 7P53 are found in approximately one third of /DH-wildtype glioblas-
tomas [5, 6], compared to about two-thirds of /DH-mutant astrocytomas [7]. While
IDH-mutant astrocytomas typically have hotspot 7P53 mutations, 7P53 mutations
in IDH-wildtype glioblastomas occur at more widespread loci, possibly due to
increased genomic instability in /DH-wildtype glioblastomas [7]. MDM?2 amplifica-
tion is found in 10-14% of glioblastomas [16], and likely serves as another regula-
tor of this pathway. MDM?2 is an inhibitor of p53 [17], mediating p53 degradation
and thereby promoting tumorgenesis [18]. MDM?2 amplification is mutually exclu-
sive with 7P53 mutation [19]. MDM4 amplification has a similar role in this path-
way, and is present in 4% of glioblastomas [20].

RB/CDK4/CDKN2A-p16™%* Pathway

In quiescent cells, Rb protein acts as a cell cycle checkpoint for entry into S-phase
when phosphorylated by CDK4/cyclin D1. This growth inhibition mechanism is
often found defective in glioblastoma, most commonly through alterations in RBI,
CDK4 and CDKN2A, with CDKN2A homozygous deletion being most common
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(present in over half of cases) [5, 6, 21, 22]. These alterations lead to dysregulated
cell cycle and uncontrolled proliferation [6]. Genetic alterations impacting RBI,
pl6™%a and CDK4 seems to affect both IDH-wildtype glioblastomas and grade 4
IDH-mutant astrocytomas [23].

Telomere Maintenance

In addition to recurrent alterations in the above three pathways, alterations have
also been identified which aid in maintaining telomere length. Telomeres are DNA
repeats that sit at the ends of chromosomes [24]. As cells divide, these repeats
gradually shorten, and upon reaching a certain length, the cells cease dividing and
undergo replicative senescence [25, 26]. Therefore, tumors often find a mechanism
to avoid this shortening of the telomeres. In IDH-wildtype glioblastomas, the most
common mechanism for achieving this goal is TERT promoter mutation [27]. TERT
encodes the catalytic subunit of telomerase, a protein that maintains telomeres [28—
30]. The most common oncogenic mutations in 7ERT occur in the promoter at
(€228 and C250, or less commonly C229 [27]. The mutations lead to a novel bind-
ing site for the transcription factor GA-binding protein (GABP), leading to
increased transcription, and avoidance of replicative senescence [31]. In glioblasto-
mas lacking TERT promoter mutations, a subset instead display complex chromo-
somal rearrangements involving regions upstream of 7ERT, leading to telomere
activation [32].

However, there remained a subset of glioblastomas (less than 20%) [32] demon-
strating no identifiable TERT alterations. This cohort was found to have abnormally
long telomeres [32], a phenomenon referred to as the alternative lengthening of
telomeres (ALT) phenotype [33, 34]. Of these IDH-wildtype glioblastomas demon-
strating alternative lengthening of telomeres, a subset demonstrated loss-of-function
SMARCALI mutations [32], while another subset demonstrated mutations in
a-thalassemia/mental retardation syndrome X-linked (ATRX) [32], which will be
discussed in more detail in the section on IDH-mutant astrocytomas. Between all of
the genetic alterations, the vast majority of glioblastomas have an identified genetic
alteration leading to maintenance of telomeres, stressing the importance of this pro-
cess to the growth of glioblastomas.

Other Genetic and Epigenetic Alterations

Additional chromosomal changes accumulate during glioblastoma pathogenesis.
The clinical and pathological relevance are being studied. Loss of chromosome 10
and gain of chromosome 7 have been identified as early initiating events in a com-
mon evolutionary trajectory of IDH-wildtype glioblastomas, while TERT promoter
mutations occur later (Fig. 8.2) [8]. Molecular profiling has identified chromosome
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19/20 co-gain to be significantly associated with improved long term survival in
patients with IDH-wildtype glioblastoma [35].

Promoter methylation serves as another mechanism to regulate genes expression
in glioma. O%-methylguanine-DNA methyltransferase (MGMT) encodes an enzyme
to repair DNA from damage induced by alkylating agents. Promoter methylation
and downregulation of MGMT thus predicts better therapy response to temozolo-
mide chemotherapy, and it is more commonly observed in /DH-mutant high grade
astrocytomas than in /DH-wildtype glioblastomas [36]. It has become the next step
in the standard workup of glioblastoma after learning /DH mutational status, and
lack of both /DH mutation and MGMT methylation has been associated with par-
ticularly poor outcome in /DH-wildtype glioblastoma [37].

Glioblastoma Variants

With the ability to explore the molecular features of glioblastoma, we are now in a
better position to characterize some rare glioblastoma variants. Gliosarcoma, giant
cell glioblastoma, and epithelioid glioblastoma, are placed under IDH-wildtype
glioblastoma umbrella in the 2016 WHO classification.

Epithelioid glioblastoma is characterized by its histological features of epitheli-
oid cells, but the genetic features are variable [38—41]. Combined epigenetic and
cytogenetic clustering suggests that, instead of being a distinct entity, the majority
of histologically-defined epithelioid glioblastomas fall into three previously defined
entities: anaplastic pleomorphic xanthoastrocytomas, /DH-wildtype glioblastoma,
and pediatric-type glioblastoma of RTK1 type [40]. Those which fall into the ana-
plastic pleomorphic xanthoastrocytomas subtype tended to occur in children or
young adults, and were more likely to have BRAF V60OE mutations and CDKN2A
homozygous deleton [40]. Those that clustered with adult /DH-wildtype glioblas-
toma were more likely to be adults (median age of 50 years at diagnosis), and to
have the genetic profile described above for /IDH-wildtype glioblastoma [40]. The
last cohort were more likely to occur in children or young adults, and were more
likely to have PDGFRA amplification, sometimes with MYCN amplification [40];
this cohort of pediatric high-grade gliomas will be described in more detail in a later
section. As additional studies are performed, this classification may undergo further
refinement.

Gliosarcoma is a variant of glioblastoma in which a portion of the tumor has
histologic features of sarcoma, often characterized by spindled cells and increased
collagen. A key distinction from sarcoma is the biphasic appearance- while portions
of the tumor appear sarcomatous, these regions are interwoven with regions demon-
strating both histologic and immunohistochemical features of classic IDH-wildtype
glioblastoma [2]. Some genetic features frequently seen in /DH-wildtype glioblas-
tomas are enriched in this particular variant, including TERT promoter mutations,
PTEN mutation or deletion, and CDKN2A homozygous deletion [42]. On the other
hand, EGFR amplification is rare [42].
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Giant cell glioblastoma is a variant of glioblastoma demonstrating frequent cells
with large, bizarre-appearing nuclei. Compared to /DH-wildtype glioblastomas as a
whole, giant cell glioblastomas appear to have a somewhat better prognosis, with
patients surviving a few months longer than IDH-wildtype glioblastomas patients as
a whole [43], although they are still very aggressive tumors. While /DH mutations
are rare in this cohort, the spectrum of genetic alterations differs somewhat from
those seen in /DH-wildtype glioblastomas [2]. While TERT promoter mutations are
common in /DH-wildtype glioblastomas, they are present in less than one-quarter of
giant cell glioblastomas [42, 44, 45]. Additionally, a subset of giant cell glioblasto-
mas without 7ERT promoter mutations demonstrate loss of expression of ATRX [42,
44]. On the other hand, 7P53 mutations are common, present in 40-84% of giant
cell glioblastomas [42, 45]. However, while ATRX and TP53 mutations are common
in giant cell glioblastomas, /DH mutations are rare [42]. Additionally, EGFR ampli-
fication [42, 45] and CDKN2A homozygous deletion are uncommon [42]. Copy
number alterations frequently seen in giant cell glioblastoma include the commonly
identified chromosome 7 gain and chromosome 10 loss [45]. Additional copy num-
ber changes seen in giant cell glioblastoma include chromosome 20 gain and loss of
chromosome arm 22q [45].

Gene Expression Profiling and Genomic Subtypes

The emergence of gene microarray has allowed for high-throughput gene expres-
sion profiling of glioblastomas. This system-based analysis of gene expression pat-
tern has revealed several distinct molecular subgroups of glioblastoma with
prognostic and therapeutic significance [46-49]. When combining gene expression
profiles with patterns of known gene mutations, an integrated molecular classifica-
tion consisting of classic, mesenchymal, and proneural subtypes are proposed [13].
The classic subtype displays a profile supporting high proliferation, and it is most
commonly associated with EGFR amplification, loss chromosome 10 (with PTEN
mutation/alteration), and homozygous deletion of CDKN2A [13]. On the other
hand, the proneural subtype is associated with /DH-mutant glioblastoma and a bet-
ter outcome [13]. Interestingly, single cell data has revealed that most tumors con-
tain cells which individually would be classified under the different subtypes, even
in tumors for which the bulk data clearly places the overall tumor into one subtype
[50]. This finding supports the presence of intratumoral heterogeneity with regards
to gene expression patterns and cell types. Likewise, glioblastomas can be catego-
rized based on the methylation profiles [51]. These methylation profiles are gener-
ated by looking at the epigenetic changes, namely modifications to DNA that are
used to regulate gene expression patterns. As with gene expression patterns, studies
looking at different regions of the tumor with methylation profiling demonstrate
intratumoral heterogeneity [52], confirming that while tumors may have overarch-
ing patterns, there is a great deal of intratumoral heterogenetiy with regards to meth-
ylation and expression patterns [50, 52].



8 Molecular Stratification of Adult and Pediatric High Grade Gliomas 131

Astrocytoma, IDH-Mutant, WHO Grade 4

Background

The histological classification of glioma is increasingly refined by advances in
genetics. The identification of Isocitrate Dehydrogenase (IDH) mutations in a sub-
set of what we had considered glioblastomas has drastically changed our under-
standing of this tumor [4]. IDHI mutations, or less commonly, /DH2 mutations,
were identified in a subset of glioblastoma, predominantly those which arose from
lower grade astrocytomas [4]. Because these glioblastomas appear to arise from a
distinct pathway compared to their IDH-wildtype counterparts and represent a dis-
tinct tumor type, they are now referred to as “Astrocytoma, IDH-mutant, grade 4,”
rather than glioblastoma [53, 54]. This integrated diagnosis, incorporating the IDH
status, is now used to categorize and define all diffuse astrocytomas across WHO
grades 2—4 [2, 54]. IDH-mutant grade 4 astrocytomas are associated with younger
age of onset and better survival than IDH-wildtype glioblastoma [4, 55, 56].
Whereas IDH-wildtype glioblastomas appear to occur throughout all lobes of the
brain, /DH-mutant astrocytomas seem to occur a higher frequency in the frontal and
temporal lobes [57]. Here, we focus on the grade 4 IDH-mutant astrocytomas (as
opposed to the grade 2-3); these tumors are defined by presence of microvascular
proliferation, necrosis, or homozygous deletion of CDKN2A [54].

IDH1/2 Mutation

Genomic studies initially identified recurrent heterozygous mutations in /DH1 (or
rarely IDH?2) in 3-10% of glioblastomas [4, 5]. The most common mutation in
IDHI] results in the specific amino acid substitution R132H (arginine to histidine),
but numerous other mutations have been identified at this codon, or in the analogous
codon in IDH?2 [4, 58]. IDH1/2 mutation is considered an early event in gliomagen-
esis, as it is always among the earliest genetic alterations identified in diffuse astro-
cytomas of all grades [57, 59]. As a class, isocitrate dehydrogenases are enzymes
involved in glucose metabolism, where dysregulation can result in widespread
impacts. Whereas wildtype IDH1/2 function to convert isocitrate to a-ketoglutarate,
mutant IDH1/2 instead converts a-ketoglutarate to an oncogenic metabolite, (R)-2-
hydroxyglutarate (2-HG) [60, 61]. This oncometabolite induces a characteristic epi-
genetic pattern called the glioma CpG island methylator phenotype (G-CIMP) [60,
62], via inhibition TET family of hydroxylase and histone lysine demethylase
involved in DNA demethylation [63]. By changing the way in which DNA and his-
tones are methylated (i.e. epigenetic changes), /DH mutations are able to lead to
changes in gene expression patterns that are pro-tumorigenic [63—65]. Some of the
changes appear to lead to a more stem-like state for the tumor cells [65]. The epi-
genetic pattern leads to a distinct gene expression pattern including platelet-derived
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growth factor receptor alpha (PDGFRA) oncogene activation [64]. 2-HG also cre-
ates a tumorigenic microenvironment by inhibiting T cell-mediated immune sur-
veillance in IDH mutant tumors [66].

Genetic Landscape of IDH-Mutant Astrocytomas, WHO Grade 4

Concurrent 7P53 and ATRX mutations are often found together with /DH mutations
in diffuse astrocytomas of all grades (Fig. 8.4). While ATRX mutation is present in
the majority of IDH-mutant astrocytomas, it is rare in /DH-wildtype glioblastomas
[67, 68]. The presence of ATRX mutation is highly associated with the alternative
lengthening of telomeres (ALT) phenotype [67, 69, 70]. Studies appear to show that
ATRX does not accomplish this ALT phenotype independently [71], but rather
works in concert with mutant /DH, leading to ALT [72]. TP53 mutation is present
in 83% of IDH-mutant astrocytomas, compared to 23—-27% of IDH-wild-type glio-
blastomas [4, 5].

Genetic alterations impacting genes in the RB pathway are frequently observed in
IDH-mutant grade 4 astrocytomas, with the most common alterations being
CDKN2A/B homozygous deletion, CDK4 amplification and RB/ mutation [70, 73]. In

- ¥ IDH1 R132H ATRX

Fig. 8.4 Astrocytoma, /DH-mutant. (a) H&E-stained section in a region of lower cellularity, con-
taining mitoses and moderate atypia. (b) Different region containing frequent microcysts, a com-
mon features in /DH-mutant gliomas. (¢) Immunohistochemical staining against IDHI1 R132H
mutant protein. (d) Immunohistochemical stain against ATRX, demonstrating loss of nuclear
expression in tumor cells
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particular, CDKN2A/B deletion is common among /DH mutant grade 4 astrocytomas
(43% in one study [73]) and are associated with aggressive behavior [73-76]. The
other two mutations are potential factors for risk stratification [75], although research
is ongoing to determine the clinical significance of the presence of these mutations.

Gene Expression Profiling

Gene expression profiling studies suggest that glioblastomas and /DH-mutant astro-
cytomas have distinct molecular subclasses [70, 77]. Most IDH-mutant glioblasto-
mas fall into the category of proneural subtype, characterized by IDH/TP53
mutations, PDGFRA gain, and a lack of EGFR mutation [57, 77]. The G-CIMP
epigenetic phenotype induced by /DH mutation is likewise associated with proneu-
ral subtype [57]. Loss of the G-CIMP phenotype can occur in /DH-mutant astrocy-
tomas; this tends to happen more in grade 3 and grade 4 tumors, and is associated
with a worse survival compared to those with retained G-CIMP phenotype [70].

Diffuse Midline Glioma, H3 K27M-Mutant, WHO Grade 4

Background

Clinicians have long noted the presence of a diffuse high-grade glioma which occurs
at higher frequencies in children and most commonly involves the pons. Sampling
of these “diffuse intrinsic pontine gliomas” was discouraged due to the location and
unresectability [78]. With the onset of stereotactic biopsies and improved tech-
niques, sampling became available [79]. It was quickly realized that these tumors
were characterized by recurrent mutations in one of the Histone 3 variant genes:
H3F3A, H3F3B, HISTIH3B, or HISTIH3C [80-85].

Further studies revealed that, in addition to pontine tumors (where H3 K27M
mutation is present in 80% of pediatric pontine gliomas) [82], H3 K27M mutations
were also identified at a high frequency in other pediatric midline high grade glio-
mas, including those involving the thalamus, midbrain, medulla, cerebellum, and
spinal cord locations [80, 83, 85-91]. While they usually arise in children and young
adults, they can also be found in adults of all ages [92, 93]. This unique tumor group
was formally recognized by the WHO 2016 classification, as “diffuse midline glio-
mas, H3 K27M-mutant, WHO grade 4” [2, 94]. This entity includes most of the
brain stem high grade astrocytomas previously called diffuse intrinsic pontine gli-
oma, and additionally incorporates other diffuse midline gliomas bearing this muta-
tion [2, 94]. Classifying H3 M27M-mutant diffuse midline gliomas as their own
tumor type serves an important prognostic value: H3 K27M mutation defines a
clinically distinct subgroup of diffuse midline glioma with more aggressive biologi-
cal behaviors [80], compared to pediatric midline gliomas with wild-type H3 [89].
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The H3 K27M-mutant diffuse midline gliomas are considered high-grade gliomas
(WHO grade 4) regardless of their histological appearance [2, 94]. They generally
have a poor prognosis, with a lower overall survival for pediatric high grade gliomas
with the H3 K27M mutation compared to tumors in similar locations without such
mutations [80, 89, 95, 96], and a 2-year survival rate of less than 10% under current
therapy [87, 89].

H3 K27M Mutation

Histone H3 is the major histone variant to be loaded on chromatin scaffolding.
Histone H3 K27 trimethylation is normally established by recruitment of Polycomb
Repressive Complex 2 (PRC2), which contains an H3 K27-specific histone methyl-
transferase subunit EZH2 [97]. H3 K27M missense mutation causes a methionine
substitution at a key site, binding to the active site of the SET domain of the PRC2
complex and thereby stalling it [98], blocking the ability of PRC to put inhibitory
trimethylation on histone H3 [98, 99]. In high grade gliomas bearing a heterozygous
H3 K27M mutation, this leads to a specific loss of tri-methylated lysine in H3
(H3K27me3) [100, 101], (Fig. 8.5) a repressive histone epigenetic modification

H3 K27 trimethylation

Fig. 8.5 Diffuse midline glioma, H3 K27M-mutant. (a) H&E-stained section demonstrating
hypercellularity, marked nuclear atypia, and atypical mitoses. (b) Immunohistochemical stain
against H3 K27M is positive in the tumor nuclei. (¢) Immunohistochemical stain against trimeth-
ylation of H3 K27 shows loss of nuclear staining in tumor cells. (d) Ki-67 immunohistochemical
stain highlights the brisk mitotic activity of the tumor
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[99], while other key histone marks are spared [100]. Mechanistically, in vitro stud-
ies have shown a dominant negative effect of heterozygous H3 K27M mutation on
global ablation of H3 K27me3 across the genome, regardless of the mutant histone
H3 variant [101]. This aberrant binding leads to global DNA demethylation [102]
and focal gain of H3K27me3 at certain loci (e.g. CDK6), exemplifying epigenetic
regulation of gene expression involved in development and tumorigenesis [81, 103].

Mutations of ATRX are also present in approximately one third of H3 K27M
mutant pediatric diffuse gliomas [81]. ATRX mutations are mutually exclusive with
TOP3A alterations [104], suggesting increased TOP3A expression may serve as an
alternate mechanism of telomere maintenance in H3 K27M-mutant diffuse midline
gliomas without ATRX mutations.

Genetic Landscape of Diffuse Midline Gliomas

A few co-existing mutations have been identified by whole-genome or whole-
exome sequencing, including Activin Receptor Type 1 (ACVRI), and Fibroblast
Growth Factor Receptor 1 (FGFRI) [104, 105]. Concurrent ACVRI mutation pri-
marily occurs in pontine tumors with H3.1 mutation, while FGFRI mutations or
fusions occur predominantly in thalamic tumors in conjunction with H3.3 mutation
[104, 105]. ACVRI mutation, present in up to 30% of pediatric diffuse midline gli-
oma, is associated with younger patient age and longer overall survival [84]. ACVRI
encodes a bone morphogenetic protein (BMP) type 1 receptor ALK2, and its muta-
tion results in constitutive activation of BMP-TGF signaling pathway, with phos-
phorylation of downstream effectors like SMAD and ID proteins [83, 106]. ACVRI
mutation has been found to drive tumorigenesis in one mouse model [107], and
inhibitors of ACVRI and antagonists of BMP signaling [108] are being tested as
targeted therapy in preclinical models. 7P53 and PPM 1D mutation also occur fre-
quently in diffuse midline gliomas, often in combination with H3.3 K27M variant
[85, 109], and both are proteins involved in DNA damage response [109]. MYCN or
MYC amplifications are also observed in some diffuse midline gliomas with H3
K27M mutations [110].

Mutations in the receptor tyrosine kinase/PI3K signaling pathway are common
in diffuse midline glioma, although the specific alterations appear to differ between
diffuse midline gliomas with H3.3-mutant and H3.1-mutant [104]. PDGFRA is
involved upstream in the receptor tyrosine kinase-PI3K signaling pathway, and is
more common in diffuse midline gliomas with H3.3 mutations [85, 104].
Downstream in the PI3K pathway, mutation in PIK3CA [95, 111] and deletion of
PTEN [112] also occur, and are often associated with concurrent ACVRI mutation
and a malignant phenotype [105]. Intragenic copy number breakpoints are also
more commonly identified in H3 K27M mutant pediatric gliomas compared to
wild-type gliomas or H3 G34R/V tumors [113].
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H3 K27M Mutations in Other Tumor Types

H3 K27M mutation is also present, albeit rarely, in other types of gliomas, including
ependymomas [114-116], pilocytic astrocytomas [117-120], and gangliogliomas
[121, 122], but the prognostic value of this mutation in these tumors types is not as
clear, and studies suggest that at least some of these may have a better prognosis
than infiltrative midline gliomas with H3 K27M [123]. In pediatric supratentorial
non-midline diffuse high grade gliomas, the most common H3F3A mutation is
G34V/R [124], while H3 K27M mutation is exceptionally rare [125]. Because of
the uncertainty regarding the implications of H3 K27M mutations in unusual loca-
tions (non-midline) or non-infiltrative tumor types, the diagnosis of “diffuse midline
glioma, H3 K27M-mutant” is restricted to tumors which are (1) diffuse, (2) involve
midline structures, and (3) have an H3 K27M mutation [94].

High Grade Gliomas with H3 G34R/V Mutation,
WHO Grade 4

Background

Gliomas are the most common central nervous system tumor in children [126] and
nearly half of them are high grade gliomas [1]. Epigenetic modifications of histone
play an important role in the pathogenesis and classification of pediatric high grade
gliomas. In 2012, two groups independently reported the first highly recurrent
mutation in the genes encoding histone 3 variant H3.3 (H3F3A) and H3.1
(HISTIH3B) in association with pediatric high grade gliomas [81, 82]. H3 is one of
four core histones highly conserved in evolution and is critical for maintaining chro-
matin structure. These mutations occur specifically at two hotspots resulting in
amino acid substitution K27M or G34R/V [81, 82]. These two missense mutations
have a unique spatial distribution; as previously mentioned, K27M is found in dif-
fuse gliomas involving the midline (i.e., thalamus, brainstem, spinal cord), while
G34R/V-driven tumors more often reside in the cerebral hemispheres [81, 82]
(Fig. 8.6). Here, we focus on the H3 G34R/V high grade gliomas. They have a better
prognosis (2 year survival of 10-30%) than H3 K27M-mutant diffuse midline glio-
mas, but worse prognosis than IDH-mutant astrocytomas [110, 127].

H3 G34R/V Mutation

The landmark genomic study identified 15 of 48 pediatric high grade gliomas har-
bor heterozygous H3.3 mutation, with 40% being H3 G34R/V mutation and the rest
of them being H3 K27M mutation [81]. H3 G34R/V mutation is found almost
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Predominantly M

H3 K27M MYCN/MYC PDGFRA EGFR* H3 G34R/V
Additional hits seen in: Additional hits seen in: Additional hits seen in: Additional hits seen in: Additional hits seen in:
TP53 MYCN D2 P53 CDKN2A/B TP53
ACVR1  PIK3CA P53 P53 AKT
PDGFRA  PPM1D Chromosome 7 gain PDGFRA
CCND1-3  PIK3R1 Chromosome 10 loss ARID1B
CDK4/6 NF1

FGFR1  CDKN2C
Myc

Fig. 8.6 Pediatric high grade glioma genetic characteristics. Genes shown represent common
genetic alterations, but the lists are not exhaustive. Green box = common driver alterations. Blue
box = most common telomere-maintaining alteration identified to date. Yellow box = additional
genetic alterations seen. "EGFR dinucleotide alterations appear to be limited to bithalamic gliomas
and represent a distinct subtype from hemispheric tumors with EGFR amplification

exclusively in supratentorial glioblastomas [82, 128], with only rare cases with a
non-canonical H3 G34W identified in the spinal cord [85]. The fact that H3 G34R/
V-associated high grade gliomas arise in the cerebral hemispheres and mostly in
adolescents (median age 18), whereas H3 K27M-associated high grade gliomas
arise in midline structures and predominantly in children, suggests a distinct onco-
genic mechanism and glioma niche compared to H3 K27M-mutant diffuse midline
gliomas [124].

Compared to the H3 K27M mutation, the role of H3 G34R/V is less defined, but
its close interaction with lysine 36 (H3K36) has shed light on the pathogenesis.
Some studies have suggested that H3 G34R/V mutation leads to decreased tri-
methylation of H3K36 (H3K36me3) by inhibiting its specific methyltransferase
SETD2 [99, 101], although other studies have had conflicting results [81]. This
epigenetic change resulted in a distinct gene expression pattern from that of H3
K27M-mutant gliomas and normal brain [81]. In particular, H3 G34R/V-mutant
gliomas demonstrate upregulation of oncogene MYCN [129] and a few genes
involved in brain development [81]. Loss of SETD2, as an alternative mechanism
leading to H3K36 hypo-methylation, is also found in pediatric hemispheric high
grade gliomas, but not in midline gliomas [128]. Whole-exome sequencing of 35
pediatric hemispheric high grade gliomas revealed 17% harbor G34R/V mutation,
and 26% with SETD2 mutation, with the two genetic alterations being mutually
exclusive, raising the possibility that they may play similar roles in the development
of these tumors [128].
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Genetic Landscape of High Grade Gliomas with H3 G34R/V
Mutations

ATRX inactivating mutations are present in the majority of H3 G34R/V-mutant
hemispheric gliomas [81, 104], and this finding is correlated with alternative length-
ening of telomeres (ALT) in these tumors [80, 81], consistent with the role of ATRX
in maintaining telomere stability [130, 131]. H3 G34R/V-mutant gliomas also dem-
onstrate frequent 7P53 mutations [81, 104]. Similar to H3 K27M mutant diffuse
midline gliomas, copy number variation involving PDGFR amplification is also
frequently observed in gliomas with H3 G34R/V mutation [81]. High expression of
epidermal growth factor receptor (EGFR) is also common, but EGFR amplification
(typical of primary adult glioblastoma) is rare [132].

Pediatric High Grade Gliomas, Other

Background

Approximately half of pediatric high grade gliomas can be characterized by muta-
tions in H3 [104]. However, the remaining H3-wildtype tumors are highly heteroge-
neous and harbor genetic alterations that show some overlap with each other. Recent
studies based on genome-wide molecular profiling have identified three main
molecular subtypes among H3-wildtype and IDH-wildtype pediatric high grade
gliomas [133], which can be broadly characterized by the distinct patterns of copy
number alterations that are enriched for in each group: MYCN/MYC amplification,
PDGFRA amplification, and EGFR amplification [104, 134].

PDGFRA-Driven

Platelet-Derived Growth Factor Alpha (PDGFRA) is a receptor upstream of the
PI3K signaling pathway, and alterations in PDGFRA are seen in approximately
9% of pediatric high grade gliomas [104]. In the absence of H3 mutations, this
results in activation of the PI3K and MAPK signaling pathways [111]. PDGFRA
amplification is somewhat more common in pediatric high grade gliomas from the
midline [135, 136], especially in the pons [104], whereas PDGFRA mutations are
more common in the hemispheres [136]. PDGFRA mutations (as opposed to
amplification) are more common in older pediatric patients, and patients with
PDGFRA mutations have a poor prognosis, with an average of less than 2 year-
survival [136].
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MYCN/MYC-Driven

MYCN and MYC have been recognized as driver mutations in a large subset of pedi-
atric gliomas lacking H3 mutations [133]. While these tumors are predominantly
hemispheric, they can occur in the midline [137, 138]. Histologically and radiologi-
cally, these tumors appear largely solid, with only minimal infiltration at the periph-
ery [137, 138]. MYCN-amplified tumors shows worse outcomes compared to diffuse
midline glioma, H3 K27M-mutant [138]. Among the H3-wildtype pediatric high
grade gliomas, MYCN-amplified tumors also carry a worse prognosis [133].
Co-amplification of the nearby /D2 is seen in over half of these tumors [137, 138].
Additional genetic alterations seen in pediatric high grade gliomas with MYCN or
MYC amplification include 7P53 mutations [138]. Interestingly, when pediatric
high grade gliomas are divided by methylation profiling patterns, only about half of
the tumors in its cluster demonstrate MYCN amplification [133], suggesting other
genetic or epigenetic alterations may lead to similar methylation profiles and clini-
cal behavior.

EGFR-Driven

Whereas EGFR amplification is a characteristic copy number alteration of adult
glioblastoma, it is rare in pediatric high grade glioma (0-5% vs 36-40%) [132,
139]. EGFR amplification is found in less than 10% of pediatric high grade gliomas
[132, 140], and in a large multi-institutional cohort of pediatric high grade gliomas,
only 3% of tumors harbor EGFR amplification [141]. However EGFR overexpres-
sion is present in 80% of these tumors through other mechanisms [140, 142]. It is
worth noting that although EGFR amplification and mutation are risk factors for
poor outcome in adult glioblastoma, its amplification is associated with a longer
survival in pediatric high grade gliomas compared to tumors without EGFR ampli-
fication [133].

Infantile High Grade Gliomas

Rarely, high grade gliomas (as defined by histologic features) occur in infants under
1 year of age. These tumors often demonstrate genetic alterations in the receptor
tyrosine kinase/PI3K signaling pathways as driver events. NTRK fusions are rare
genetic alterations in high grade gliomas, and occur most commonly in infants
[104]. Additional alterations that appear to occur more frequently in infants with
high grade gliomas include other genes in the receptor tyrosine kinase signaling



140 Y. Yang et al.

pathway, including ALK, ROSI, and MET [143]. These tumors are almost always
hemispheric, typically occur in children under 1 year of age, and are driven by
fusion/amplification, rather than point mutations [143]. Within this group, ROSI
alterations carry the worst prognosis, with a 5-year survival of 25%, compared to
over 40% for patients with ALK or NTRK-driven tumors [143].

Germline-Mutations Associated with High Grade
Glioma Susceptibility

There are several germline mutations that are associated with increased risk of high
grade gliomas, predominantly in children and young adults. Below, we describe
some of the genetic features of glioblastomas in the better-characterized tumor syn-
dromes, including neurofibromatosis type 1, constitutional mismatch repair defi-
ciency, and Li-Fraumeni syndrome. Additional tumor syndromes associated with
high grade gliomas (among other tumors) include tuberous sclerosis (7SC/ or
TSC2) [144-146], Ollier disease/Maffucci syndrome (IDHI or IDH2) [147, 148],
and L-2-hydroxyglutaric aciduria (L2ZHGDH) [149, 150].

Neurofibromatosis Type 1

Neurofibromatosis type 1 is driven by mutations in NF/. Approximately half of the
mutations are germline, and half appear de novo [151]. Inactivation of NFI leads to
activation of signaling through Ras (Fig. 8.3). While low grade gliomas are more
common in this cohort and tend to occur in children, high grade gliomas can occur
[152], with a median age of 39 years [153]. When patients with neurofibromatosis
type 1 develop high grade gliomas, these tumors demonstrate (in addition to NF/
mutation) frequent homozygous deletion of CDKN2A, seen in over half of these
tumors [153]. Additional findings include mutations in TP53, as well as mutations
in ATRX, or less commonly, TERT promoter mutations [153].

Li-Fraumeni Syndrome

Li-Fraumeni syndrome was initially identified as a familial syndrome with increased
sarcomas, leukemia, and multiple kinds of carcinomas [154]. The syndrome is
defined by the presence of germline mutations in 7P53 [155]. Subsequent studies
found increased rates of bone and soft tissue neoplasms, breast cancers, brain
tumors, leukemias, and adrenocortical tumors [155], although numerous other
tumor types have also been described in these families [156]. With regards to the
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brain tumors, patient with Li-Fraumeni syndrome are at increased risk of diffuse
gliomas, choroid plexus carcinomas, medulloblastomas, ependymomas, and other
high grade neuroepithelial tumors [157]. When gliomas develop in these patients,
they can develop with or without /DH1/2 mutations [157-159]. When these tumors
have IDH mutations, the tumors are often lower grade, and demonstrate less com-
mon IDH1/2 mutations, such as R132C or R132G [157, 158]. Glioblastomas were
more often /DH-wildtype, and demonstrated a larger spectrum of genetic altera-
tions, with frequent NFI biallelic inactivation, and some tumors demonstrating
alterations in cell cycle and proliferation genes, including CDKN2A homozygous
deletion, MYCN amplification, or CDK6 amplification [159].

Constitutional Mismatch Repair Deficiency/Turcot
Syndrome Type 1

Constitutional mismatch repair deficiency was initially described as a familial
tumors syndrome with high rates of familial polyposis and tumors of the central
nervous system [160]. This tumor syndrome is also referred to Turcot syndrome
type 1, and it is characterized by biallelic germline mutations in one of the mismatch
repair genes, MLH1, PMS2, MSH2, or MSH6 [2]. For patients with biallelic germ-
line mutations in one of the mismatch repair genes, the rarity of these tumors means
limited samples for genetic studies. In small cohorts, glioblastomas in patients with
constitutional mismatch repair deficiency demonstrate frequent 7P53 mutation and
homozygous deletion of CDKN2A [161]. One case reported concurrent IDH-
wildtype and IDH-mutant tumors within the same pediatric patient [162]. These
tumors also create a large number of mutations, and subsequently neo-epitopes,
which may make them more responsive to immune checkpoint inhibitors [163—-166].
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Chapter 9
Genomic Heterogeneity of Aggressive
Pediatric and Adult Diffuse Astrocytomas

Christopher R. Pierson and Diana L. Thomas

Introduction

Glioblastoma, formerly known as glioblastoma multiforme (GBM), is remarkable
for its degree of both morphologic and genomic heterogeneity. In children and
adults, as defined by the World Health Organization (WHO), GBM is a grade IV
neoplasm with a diffusely infiltrative growth pattern populated by cells showing
predominately astrocytic differentiation [1]. As discussed in previous chapters,
GBM features prominent nuclear atypia and cellular pleomorphism, as well as high
tumor cell mitotic activity accompanied by microvascular proliferation and/or
necrosis. As its former name indicates, GBM may include one or many morpho-
logic patterns within a single tumor. In some tumors, this reflects underlying clonal
evolution with newly acquired genetic changes in tumor cell subpopulations [2-5].
Even more variable than GBM morphology is the range of genomic heterogeneity,
creating multiple molecular signatures that define tumor behavior, prognosis and
treatment response independent of tumor histopathology. Furthermore, while pedi-
atric and adult glioblastoma share many histopathologic similarities, they are
unequivocally biologically distinct neoplasms. In many pediatric and adult gliomas,
the molecular subgroup is a better predictor of tumor behavior than histologic grade.
In particular, WHO grade II or III diffuse astrocytomas lacking morphologic fea-
tures associated with GBM (microvascular proliferation and necrosis), but with
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certain defined molecular alterations, should be considered GBM for prognostic and
therapeutic purposes due to their expected WHO grade I'V-like behavior. The focus
of this chapter centers on the genomic heterogeneity and pathobiology of aggressive
pediatric and adult diffuse astrocytomas with WHO grade IV behavior independent
of morphologic features.

Pediatric GBM is traditionally grouped with anaplastic astrocytoma and diffuse
intrinsic pontine glioma (DIPG) as the high-grade gliomas (HGG). HGG are com-
mon in adults, whereas in children low-grade gliomas are more common; nonethe-
less, HGG are estimated to occur in slightly less than 1 per 100,000 children each
year [6]. In adults, HGG commonly arise in the supratentorial structures, while in
children GBMs tend to be located in midline structures such as the thalamus, spinal
cord and pons. DIPGs are diffusely infiltrative astrocytomas of the pons and many,
but not all, fulfill WHO histological criteria for HGG. DIPGs occur nearly exclu-
sively in children with a peak age incidence of 6-8 years, while HGG located in
supratentorial structures occur in older children with a peak incidence in adoles-
cence. Overall, pediatric HGG patients have a grim prognosis with less than 5% of
GBM patients surviving 5 years after diagnosis while DIPG patients have a median
survival that is less than 1 year after diagnosis [7]. Curiously, infants with histologic
HGG tend to show better clinical outcomes than older children do and can have a
more favorable clinical course than infants with low-grade gliomas, suggesting that
infant HGG has unique biological properties [8, 9]. Clearly, there is a pressing need
to better understand the biology of these tumors and for effective therapeutic
approaches for pediatric GBM.

The diversity of pediatric GBM biology was recognized relatively recently when
advanced molecular testing techniques were applied in collaborative studies that
amassed large cohorts of GBM. The data generated from these studies has clearly
shown that childhood GBM is a distinct disease from adult GBM. Furthermore,
these studies conclusively demonstrate that pediatric GBMs develop following
unique molecular pathogenetic events, which are different from those that underlie
the pathogenesis of their adult counterparts. The advances in genomic and epigen-
etic profiling have further permitted the characterization of these molecular and
cellular differences with precision, expanding our understanding of GBM biology,
and resolving distinct subgroups of GBM that arise in children and adults.

The application of molecular profiling to large cohorts of tumor samples from
pediatric and adult GBM patients has identified a number of recurrent genomic and
epigenetic alterations that subdivide GBM into discrete subgroups, which correlate
with various clinical parameters including patient age and tumor location [10, 11].
Moving away from traditional histologic classification of GBM, this chapter will
provide an overview of the key features of adult and pediatric GBM based on gene
expression profiling, genomic structural variations, copy number alterations (CNA),
DNA methylation profiling, and the mutational landscape of single nucleotide vari-
ants (SNV). This will be followed by a description of adult and pediatric GBM
subgroups that have emerged from these studies.
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Gene Expression Profiling

Genome wide gene expression profiling microarray studies analyzing large cohorts
of adult and pediatric GBM have been used to characterize differentially expressed
genes that successfully identified subgroups within GBM that were not discernable
histopathologically. The gene expression profiling studies were initially performed
using cohorts of adult GBMs and subsequently the gene expression subgroups were
identified in pediatric GBM (Table 9.1). The first gene expression profiling study in
GBM identified three subgroups according to the functions of signature genes: pro-
neural, mesenchymal and proliferative, with different patient outcomes including
longer survival of patients with proneural tumors [12]. Subsequent gene expression
profiling performed on the Cancer Genome Atlas (TCGA) tumor cohort character-
ized four different groups of GBM in adults: proneural, neural, classical and

Table 9.1 Molecular features and subgroups of pediatric and adult HGG

Pediatric Adult
Gene expression PDGFRA Proneural (G-CIMP+ and
profiling Proneural (G-CIMP+ and G-CIMP-)

G-CIMP-) (very rare) Neural

Neural (very rare) Classical

Classical (very rare) Mesenchymal
Structural variants ALK, ROS1, NTRK1/2/3, MET EGFRvIIl

Deletions in PTEN, RBI,
CDKN2C, NF1, TP53
Amplification in CDK4, CDK®6,
PDGFRA, MET, MDM?2
FGFR-TACC fusions

fusions

BCOR fusions

Deletion in PTEN, RB1,
CDKN2C, NF1, TP53
Amplification in CDK4, CDKG6,
PDGFRA, MET, MDM?2

EGFR exon 20 insertions
(bithalamic glioma)

Copy number Chromosome 1q gain EGFR amplification
alterations PDGFRA amplification CDKN2A/B homozygous loss
MYC and MYCN amplification Chromosome +7/—10
CDK4, CDK6 amplification PDGFRA amplification
CCND1, CCND2 or CCDN3
amplification
EGFR amplification (very rare)
DNA methylation RTK 1 IDH
profiling clusters K27 Mesenchymal
G34 RTK I
MYCN amplified
Single nucleotide PDGFRA IDHI1/IDH2
variants FGFRI ATRX
BRAF V600OE EGFR
PIK3CA/PIK3R1 TERT promoter
TP53 BRAF V600OE
H3F3A mutations (H3 K27M, H3 | PTEN
G34R/V) TP53
HISTIH3B K27M H3 K27M, H3 G34R/V (very rare)
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mesenchymal [13, 14]. The identified gene expression subtypes showed additional
correlative molecular features. For instance, the proneural subtype had alterations in
PDGFRA or IDH, while NFI mutations occurred in mesenchymal tumors and
EGFR mutations appeared in the classical subgroup. In time, proneural GBMs were
distinguished as glioma-CpG island methylator phenotype (G-CIMP)-positive and
G-CIMP-negative subtypes based on /DHI mutation status and DNA methylation
pattern. The favorable prognosis of proneural GBM was discovered to apply to the
G-CIMP-positive subset, while C-CIMP-negative and mesenchymal tumors have a
less favorable prognosis [13].

Gene expression profiling studies of pediatric GBM demonstrated significant
differences from adult GBM, suggesting distinct pathogenetic mechanisms are
responsible (Table 9.1) [15, 16]. A prominent proportion of pediatric GBMs show
enhanced PDGFRA-driven gene expression, which is not surprising given the high
frequency of PDGFRA gene amplification in pediatric tumors [10, 16-19]. Gene
expression profiling studies demonstrated similarities between some midline GBMs
and DIPG, foreshadowing their common pathogenesis prior to sequencing studies
that later showed these tumor types share H3F3A K27M mutations [10, 20, 21].

Genomic Structural Changes and Copy Number Alterations

The genome of pediatric GBM may contain a number of DNA copy number altera-
tions (CNA) and structural alterations, although these changes tend to occur less
frequently in childhood than in adult GBM (Table 9.1) [18, 19, 22, 23]. These alter-
ations are variable in degree and range from simple rearrangements to complicated
structural anomalies due to chromothripsis [20, 22]. Most pediatric GBM have
about five large CNAs along with amplifications and focal deletions, although some
cases have fewer and some lack detectable CNAs altogether [16, 19]. Chromosome
1q gain occurs at a higher rate than it does in adult GBM and may be enriched in
H3F3A G34-mutated tumors [16]. As more pediatric GBM are studied and techno-
logical advances continue, smaller CNAs can be resolved and more complex struc-
tural rearrangements and gene fusion events can be identified.

A number of CNA including gain and losses of chromosomes as well as chro-
mothripsis have been described in adult GBM [13, 24, 25]. Total CNAs are associ-
ated with overall prognosis in a number of diffuse glioma subsets [26, 27].
IDH-wildtype GBM have uniformly high total CNA and poor outcomes [27].
Increased numbers of total CNAs in addition to CDK4 amplification and CDKN2A/B
homozygous deletion are found in /DH-mutant low grade gliomas that show rapid
progression and outcomes similar to /DH-wildtype GBM [26].

EGFR amplification is an important copy number alteration occurring in approx-
imately 40-50% of adult glioblastomas, mostly primary glioblastomas arising in the
fourth decade of life and beyond, and the level of amplification may correlate with
patient outcomes [28]. EGFR is positioned on the short arm of chromosome 7
(7p12) and encodes a cell surface receptor tyrosine kinase (EGFR/Erb-1). EGFR is
activated following binding of its growth factor ligand to the extracellular domain of
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EGFR with subsequent phosphorylation of its intracellular tyrosine kinase domain.
Activation of EGFR initiates signal transduction of the Rass/MAPK and PI3K/Akt
pathways resulting in increased DNA transcription, cellular proliferation, angiogen-
esis and resistance to apoptosis (Fig. 9.1) [29]. Importantly, EGFR amplification is
defined as high level gains of the EGFR gene by validated molecular techniques
including fluorescence in-situ hybridization (FISH), next generation sequencing
(NGS) and array comparative genomic hybridization (aCGH). Low level gains such
as trisomy of chromosome 7 are insufficient for designation as an EGFR amplified
tumor. Currently immunohistochemistry for EGFR protein expression is not consid-
ered a reproducible test for detection of EGFR amplification.

Gain of chromosome 7 (+7) and loss of chromosome 10 (—10) are the most com-
mon chromosomal aberrations and occur in about 80% of GBMs arising in adults
and especially older adults however, these chromosomal changes are far less com-
mon in pediatric GBM [13, 24]. As such, GBMs in the receptor tyrosine kinase
(RTK) IT or classical methylation cluster are significantly more likely to harbor +7+
and —10, while they are distinctly uncommon in proneural GBM and GBM bearing
IDH or H3F3A mutations.

RTK-PI3K-MAPK BMP signaling

? ? Epigenetic modifiers
/ \ l Histones
SMAD proteins

IDH1 mutations l}— K27M

NF1I—RAS PI3K—PTEN l
BRAF TID protein T2-Hydroxyglutarate CHg
AKT o
l transcription CHgy
MAPK/MEK mTOR
|
CHy
CDKN2A — CDK4/6-CCND1/2——p53+— CDKN2A
G34R/NV
TMYCN
transcription

AVAVAN

Fig. 9.1 Summary of key signaling pathways and epigenetic modifiers involved in the pathogen-
esis of glioblastoma. Multiple genes encoding proteins in the RTK-PI3K-MAPK signaling axis,
which are involved in cell growth, proliferation and survival, are affected in GBM. The involved
proteins include RTK on the cell membrane and its downstream mediators such as PI3K, RAS and
BRAF. The function of negative regulators of this axis such as NF1 and PTEN may be ablated due
to gene mutations. BMP signaling is upregulated in a subset of DIPGs. Diverse epigenetic modi-
fiers are important to the pathogenesis of GBM and include direct mutations of histone 3 proteins
(K27M, G34R/V) and indirect alterations such as /DH mutations that generate the oncometabolite,
2-hydroxyglutarate, which alters methylation marks on chromatic and in turn, gene expression
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Grade II or III IDH-wildtype diffuse astrocytomas with combined loss of whole
chromosome 10 and gain of whole chromosome 7 typically exhibit WHO grade IV
behavior and overall poor survival. Some studies suggest that partial gains (e.g. +7q
or +7p) or partial losses (e.g. -10q or -10p) in diffuse astrocytomas can also predict
aggressive clinical behavior, but larger studies are needed to confirm [30-34]. The
—10/+7 molecular profile has also been reported, together with BRAF V60OE and
homozygous loss of CDKN2A/B in pleomorphic xanthroastrocytoma, a potential
morphologic mimic of GBM on small biopies, and therefore caution should be used
in diagnostically challenging cases [31, 35].

Interchromosomal and intrachromosomal rearrangements are present in most
GBMs [36]. In adult GBM certain rearrangements result in the upregulation of
growth factor signaling pathways, including EGFR, resulting in the activation of
TRK-PI3K-MAPK signaling. The well-known EGFR variant III (EGFRvIII) of adult
RTK II GBM occurs following an intrachromosomal deletion that removes exons
2-7 leading to the constitutive activation of EGFR signaling [37]. In adults, intra-
genic deletions or missense mutations involve exons that encode the extracellular
domains of EGFR that are often present on the amplified EGFR allele [13, 38]. EGFR
alterations are far less common in pediatric GBM (about 4%) but they seem to char-
acterize an emerging and possible new subtype [9, 39]. This new subtype consists of
bithalamic gliomas that characteristically show small in-frame insertions involving
exon 20 of EGFR, which encodes the intracellular tyrosine kinase domain, as well as
TP53 mutations and unlike unilateral thalamic GBMs, only rare histone H3 muta-
tions [39]. These bithalamic GBM also have a distinct genome methylation profile
that shows some overlap with the RTK III methylation subclass of IDH wild-type
GBM, a poorly defined group of cerebral pediatric GBMs with EGFR amplification.
Nonetheless this suggests that bithalamic tumors may arise due epigenetic mecha-
nisms distinct from other pediatric GBM [39]. Other commonly altered RTKSs include
a subset of PDGFRA amplified GBMs in adults and children, which show intrachro-
mosomal deletions that generate constitutively active PDGFRA [19, 36, 40—42].

Intrachromosomal CNA can be identified in the majority of pediatric HGG and
when present in high number, are associated with shorter overall survival, while
their absence is associated with a longer overall survival. These data are likely
driven by the infant age group, which is known to have a better clinical outcome
relative to older children [23, 43—45]. GBMs bearing H3F3A K27M have increased
numbers of intrachromosomal CNA [23]. The DNA breakpoints of most intrachro-
mosomal structural alterations disrupt the involved gene, leading to a loss of func-
tion, which provides a mechanism by which tumor cells can obviate the effects of
tumor suppressor genes such as RB/ and NF1, among others [23].

Most chromosomal structural alterations are damaging; however, others may
result in a gain of function that promotes gliomagenesis. If the breakpoints come
together and align in a single reading frame a novel protein with new function may
result and promote gliomagenesis. These so-called gene fusions can be detected
using RNA sequencing and are seen in about 50% of childhood GBMs and they are
particularly prominent in infant GBMs [22]. A high proportion of fusion genes are
potentially targetable therapeutically [8, 22, 23, 45, 46]. It should be noted that many
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of the discovered gene fusions are not unique to GBM or even limited to HGG [8,
47, 48].

A large international cohort study defined three subgroups of infant GBM and
Group 1 was primarily made up of HGG hemispheric tumors bearing fusions of the
receptor tyrosine kinase genes ALK, ROS1, NTRK1/2/3 or MET [8]. Rearrangements
involving any one of the three NTRK genes may generate fusions with a variety of
partner genes in pediatric HGG and are believed to constitutively activate MAPK,
PI3K and PKC signaling pathways potentiating cell growth and proliferation and
aiding cell survival [22, 47]. MET fusions are less common than NTRK fusions and
they also activate MAPK signaling [46].

Gene fusions can also occur in adult gliomas although they are much less com-
mon. In frame FGFR3-TACC3 fusions are found in WHO grade II to IV diffuse
astrocytomas and these patients may benefit from targeted therapy with FGFR
inhibitors [49-51]. The FGFR3-TACC3 fusion protein results in a constitutively
active tyrosine kinase domain and promotes aneuploidy [52]. These tumors share
morphologic similarities including monomorphous ovoid nuclei, nuclear palisad-
ing, and thin capillary networks [50]. Identification of these tumors can be chal-
lenging without a full molecular panel or directed sequencing; however,
immunoreactivity with an FGFR3 antibody shows promise as a robust screening
method [50, 53]. The FGFR3-TACC3 fusion gene appears to be mutually exclusive
with /DH mutations and EGFR, PDGFR and MET amplification in adult GBM
[49, 54].

Not all of the identified gene fusions involve receptor tyrosine kinase genes.
BCLG6 corepressor protein is encoded by BCOR and mediates transcriptional silenc-
ing of genes epigenetically via its interactions with histone deacetylases and the
polycomb repressive complex [55, 56]. BCOR alterations are known to occur in
other types of brain tumors and in some tumor types arising outside of the central
nervous system (CNS) [57, 58]. BCOR fusions are uncommon and not unique to
HGG, but are associated with aggressive clinical behavior [59, 60]. While most
reported fusions result in a gain-of-function such as enhanced kinase activity, BCOR
fusions may drive gliomagenesis by leading to a loss of function in BCOR and its
fusion partner [59, 60]. This would be consistent with a tumor suppressor effect as
described with BCOR nonsense, frameshift, deletions and splice site mutations
encountered in histone H3-mutated gliomas [9, 22, 56].

Focal copy number alterations in pediatric GBM overlap with those occurring in
adult GBM and include deletions in PTEN, RB1, CDKN2C, NF1 and TP53 as well
as amplifications of CDK4, CDK6, PDGFRA, MET and MDM?2 among others [61].
PDGFRA and either MYC or MYCN amplifications are more frequent in pediatric
than adult GBMs [10, 19, 62]. PDGFRA amplifications are prominent in DIPG,
particularly in DIPG with H3 mutations and are enriched in radiation-induced glio-
mas [10, 17, 18, 63]. The H3 K27-mutant midline gliomas show a high frequency
of PDGFRA amplifications and are enriched for proneural gene expression signa-
ture [10]. In DIPG PDGFRA amplifications are associated with a dismal prognosis
and resistance to therapy [17, 62]. MYCN amplifications are seen in a subgroup of
DIPGs that have hypermethylated genomes [64].
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DNA Methylation Profiling

Hypermethylation of gene promoter regions is an epigenetic mechanism of gene
silencing that impacts the expression of many types of genes including tumor sup-
pressors and others that are important in cell cycle regulation and additional key
functions of neoplastic cells. The most widely used application of DNA methylation
testing concerns assessing the methylation status of the MGMT promoter, which
regulates the expression of O°%-methylguanine methyltransferase. MGMT promoter
methylation silences gene expression and limits the ability of the cell to repair DNA
damage induced by alkylating agent chemotherapy, particularly temozolomide.
MGMT promoter methylation is a useful biomarker in adult GBM patients and is
responsible in part to the improved outcome in /DH-mutant tumors, but its predic-
tive capacity in pediatric patients is unclear [65-67].

DNA microarray technology facilitated the evaluation of the pediatric GBM
methylome in an unbiased, genome-wide fashion and led to the delineation of tumor
subgroups that differed from those identified in adult GBM patients. Early studies
of the GBM methylome in adults discerned a group in the proneural gene expres-
sion class with hypermethylation at many loci and coexisting /DH1 alterations, i.e.
the so-called G-CIMP-positive tumors [68]. A more comprehensive genome-wide
DNA methylation analysis of a large cohort of pediatric and adult GBMs demon-
strated that, when correlated with gene expression profiles, mutational status, and
DNA copy number alterations, GBMs cluster into six distinct groups known as
IDH, K27, G34, receptor tyrosine kinase (RTK) I and II, and mesenchymal that also
align with clinicopathologic parameters including patient age and tumor location
(Table 9.1) [10]. These GBM methylation groups correlated relatively well with the
groups identified by expression profiling, underscoring the importance of epigenetic
mechanisms in the pathogenesis of GBM [14].

A subset of GBM in the RTK I cluster arose in some pediatric patients and
included PDGFRA amplified, G-CIMP-negative, proneural GBMs [10, 14]. Tumors
in the IDH cluster were G-CIMP-positive, proneural gliomas that primarily arose in
young adults; however, some adolescents were also affected (median age 40 years;
range 13-71 years). GBMs clustering in the mesenchymal methylation group arose
in patients with a wide range of ages that included elderly patients and showed a
mesenchymal pattern of gene expression as well as PTEN and NFI mutations. The
RTK II cluster showed classical gene expression profile, chromosome 7 loss and
chromosome 10 gain as well as EGFR alterations and had a median age 58 years
with no pediatric GBM patients.

Two of the methylation clusters, K27 and G34, preferentially occurred in the pedi-
atric population and were tightly correlated with the presence of H3F3A mutations at
positions K27 and G34 [10]. H3F3A encodes the replication-independent histone,
H3.3, which primarily binds transcriptionally activated genes and telomeres. H3.3 is
often methylated at or near the mutated residues, which affects DNA methylation
likely by altering DNA accessibility, so H3F3A mutations can account for the global
changes in methylation noted in these GBM subgroups. The two main recurrent
H3F3A mutations are only seven amino acid residues apart in the H3.3 protein, yet
they result in significant differences in terms of methylation profile, tumor location
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in the central nervous system and clinical setting. Tumors in the K27 cluster pre-
dominately arise in the midline central nervous system structures including the thal-
ami and pons of children with a median age of about 10 years, while G34 tumors tend
to occur in the cerebral hemispheres of adolescents with a median age of 18 years
[10, 20, 69]. IDHI and H3F3A mutations are mutually exclusive between individual
GBMs, yet it seems that each favors tumor development by impairing the normal
differentiation program of progenitor cells using a pathogenetic mechanism with
some overlapping features [70]. Mutant IDH1 protein produces 2-hydroxyglutarate,
an oncometabolite, which is responsible for the increased global methylation pattern
of CIMP-positive, proneural GBM. Increased intracellular 2-hydroxyglutarate con-
centrations increases H3 K27 methylation, inhibiting progenitor cell differentiation
by increasing the expression of stem cell markers while decreasing the expression of
differentiation-related markers. In a related fashion, H3.3 bearing mutations at G34
favors tumor formation in part, by reducing the expression of the important develop-
mental transcription factor, OLIG2, due to hypermethylation of its gene locus [10].

The K27 and G34 mutations are associated with different methylation patterns
[10]. Despite the increased methylation of the OLIG2 locus, tumors in the G34 sub-
group show global hypomethylation across the genome, which is prominent in non-
promoter regions, including subtelomeric zones near the ends of chromosomes,
suggesting that the loss of methylation in subtelomeric areas may have a role in the
alternative lengthening of telomeres observed in tumors with H3F3A G34 mutations
[10, 20]. The marked differences in methylation signatures correlate with tumor
location and clinical course, suggesting that the mechanisms by which these epigen-
etic alterations lead to tumor formation are critical to understand and will likely be
a focus of intense study for years to come.

Approximately half of pediatric GBMs have recurrent somatic mutations in his-
tone H3 genes or in IDH1/2. The remaining GBMs are a diverse group; however,
genome-wide molecular profiling studies are starting to delineate new subgroups,
identify potential previously unrecognized therapeutic targets, and also reveal prog-
nostic information in these tumors [67, 71]. A cohort of H3-/IDH-wild type pediat-
ric GBM was comprehensively studied using an integrated approach that included
genome-wide DNA methylation, targeted mutation detection and CNA and identi-
fied three molecular subtypes with different genomic and epigenetic signatures and
clinical behavior. These were designated as MYCN, enriched for MYCN amplifica-
tion, RTK 1, enriched for PDGFRA amplification and RTK 2, enriched for EGFR
amplification [67]. The MYCN subtype of H3-/IDH- wild type tumors is the most
aggressive with a survival period that is similar to that of H3 K27M mutant tumors
[10, 67, 69]. These tumors tend to arise outside of the brainstem, have high level
MYCN amplification, which often co-exist with amplification of Inhibitor of DNA
Binding 2 (ID2) and recurrent TP53 mutations [67, 72]. The RTK 1 subtype of
H3-/IDH- wild type tumors frequently bear PDGRFA amplification and a paucity of
other typical GBM cytogenetic alterations [67]. The RTK I tumors have an interme-
diate prognosis. H3-/IDH- wild type tumors of the RTK 2 subtype differed from
adult GBM despite having EGFR amplification in common. Tumors in this subtype
showed an overall 5 year survival at close to 50% and the methylation profile dif-
fered from all adult GBM variants [67].
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Korshunov et al. studied a large cohort of pediatric GBMs using genome wide
DNA methylation and candidate gene screening, which revealed that a subset of
histologically high-grade tumors showed a methylation profile similar to low-grade
glioma or pleomorphic xanthoastrocytoma [71]. These tumors had a favorable prog-
nosis and often had BRAF V600E mutations with chromosome 9p21 loss leading to
homozygous deletion of the CDKN2A tumor suppressor locus [71]. BRAF V600E is
common in PXA, but its frequency is unknown in genuine GBM and the histologic
features of PXA, especially anaplastic PXA, overlap with GBM, so molecular test-
ing will likely be required to distinguish these entities with confidence [73, 74].

Single Nucleotide Variants and Deregulated Cancer Cell
Signaling Pathways

The 2016 update of the WHO Classification of CNS tumors subclassifies diffuse
astrocytomas including GBM by IDH mutation status. This distinction principally
pertains to adults and a subset of older adolescents as pediatric gliomas are very
rarely IDH-driven [61, 75, 76]. As with essentially all GBM, IDH-wildtype and
IDH-mutant tumors are not distinguishable on morphology despite their distinct
biologic differences. IDH-wildtype GBM are significantly more common with
poorer overall survival [77-79]. IDH-mutant glioblastomas account for 10% or
fewer of all GBM [1, 80]. IDHI and IDH2-mutant GBM are associated with younger
age at presentation, DNA hypermethylation phenotype, and overall better outcome
compared to IDH-wildtype GBM [78, 80]. Despite a better overall prognosis, IDH-
mutant GBM are designated WHO grade IV as most patients develop tumor pro-
gression and die of their disease.

Patient outcomes are highly variable among IDH-mutant GBM suggesting
genomic heterogeneity among /DH-mutant tumors [81]. Furthermore, histologic
grading of /DH-mutant tumors and assessment of mitotic activity are not good pre-
dictors of overall patient outcomes [80, 82]. Analysis of large cohorts of IDH-
mutant GBM has revealed a strong association between patient outcome and distinct
copy number alterations, particularly homozygous deletion of CDKN2A/B [30, 80,
83-85]. As a result, the Consortium to Inform Molecular and Practical Approaches
to CNS Tumor Taxonomy (cIMPACT-NOW) issued recommendations to reflect the
current understanding of /DH-mutant tumors. The recommended integrated diagno-
sis for IDH-mutant diffuse astrocytomas with either necrosis, microvascular prolif-
eration, or CDKN2A/B homozygous deletion is “astrocytoma, IDH-mutant, grade
4” [86, 87]. CDKN2A/B homozygous deletions are also found in approximately
60% of IDH-wildtype GBM but do not carry the same prognostic significance.

Sequencing technology has evolved and an ever-increasing number of recurrent
somatic SNV have been identified, sometimes at low frequency, and occasionally in
genes that were not expected to be involved in gliomagenesis or even in neoplasia.
Adult and pediatric GBM share common SNV in a number of genes, although some
are unique to one patient population or the other [61]. Nonetheless, the gene muta-
tions encountered in pediatric GBM perturb many of the same cancer cell pathways
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Fig. 9.2 Brainstem glioma in a 65 year old. (a) H&E stained section showing a diffusely infiltra-
tive astrocytoma without mitoses, microvascular proliferation or necrosis. (b) Immunostaining for
H3 K27M is consistent with mutation status that was later confirmed by NGS

and functions that are altered in adult GBM, which include RTK-RAS-PI3K path-
way, p53 function, cell cycle control and epigenetic regulation [10, 20, 88].

The genetic hallmarks of adult /DH-wildtype and IDH-mutant tumors are
described in previous chapters and will only be briefly mentioned here. Common
somatic mutations in adult /DH-wildtype GBM include TERT, PTEN, EGFR, TP53,
NF1, PIC3CA, and RB1, while ATRX mutations are very rare [1, 89, 90]. TP53 and
ATRX mutations are found in 70-80% of IDH-mutant GBM while EGFR and PTEN
mutations are exceedingly rare [89, 90]. H3F3A K27M mutations are uncommon in
adults but do occur in older patients over, and immunohistochemistry or other test-
ing should be considered in diffusely infiltrating midline gliomas presenting at any
age (Fig. 9.2) [91, 92].

Mutations in the promoter region of telomerase reverse transcriptase (TERT)
gene are frequent in /DH-wildtype GBM and less frequent among /DH-mutant
GBM but do occur [89, 90]. Telomerase, a reverse transcriptase that maintains telo-
mere length, is inactive in mature somatic cells in adulthood but activated in glioma
cells via defined TERT promoter mutations. Mutations in the TERT promoter result
in upregulation of telomerase complex activity and elongation of telomere length
leading to uncontrolled cell proliferation. The most common mutations in the TERT
promoter, C228T and C250T are located upstream of the TERT start site. Recent
studies have elucidated the prognostic significance of TERT promoter mutations by
demonstrating patients with WHO grade II and III /DH-wildtype gliomas often fol-
low a similar clinical course as IDH-wildtype WHO grade IV GBM [93]. As such,
the cIMPACT-NOW working group has recommended an integrated diagnosis of
“diffuse glioma, WHO grade II or III, with molecular features of glioblastoma”.
This recommended terminology refers to diffuse astrocytomas of any grade with
TERT promoter mutations, EGFR amplification, and/ or chromosome +7/—10.
Long-term follow-up studies have subsequently validated this recommendation and
conclude diffuse astrocytomas with TERT promoter mutations are as clinically
aggressive as WHO grade IV tumors [93]. It is important to note that TERT pro-
moter mutations are not limited to /DH-wildtype or IDH-mutant GBM. TERT pro-
moter mutations are very common in adult oligodendrogliomas and occasionally
found in pleomorphic xanthoastrocytoma, ependymoma, and low-grade glioneuro-
nal tumors [94, 95]. TERT promoter mutations frequently occur together with EGFR
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amplification or chromosome —10/+7. TERT promoter mutations are rare in the
pediatric population [96].

As mentioned, the RTK EGFR, commonly mutated to potentiate cell growth and
proliferation signaling in adult GBM is rare in childhood GBM. PDGFRA is the
most commonly mutated RTK in children and is seen in about 30% of all childhood
HGGs [16, 42, 63]. In addition, pediatric GBMs may activate the RTK-RAS-PI3K
pathway via MET amplification or by activating mutations in other RTKSs, such as
FGFRI [22, 97]. Inhibiting RTK is an attractive treatment strategy; however, the
degree of intratumoral heterogeneity within a given pediatric GBM can be consider-
able, suggesting that a given tumor would have a population of drug resistant cells
prior to initiating therapy, since not all of the cells in the tumor may contain the
therapeutic target [18].

GBM cells can also activate RTK-RAS-PI3K signaling downstream of
RTK. BRAF binds RAS, transducing the cell growth signal of the RTK-RAS-PI3K
pathway. Amino acid position 600 of BRAF is a hotspot where the amino acid,
valine is substituted for a glutamic acid, due to a point mutation in the BRAF gene.
BRAF V600E mutations are present in a subset of pediatric and adult HGG [20, 73,
98]. PI3K is activated in pediatric GBM by either gain of function mutations in
PIK3CA, which encodes the catalytic subunit of PI3K or by deregulating mutations
in PIK3RI, which encodes the regulatory subunit of PI3K [97]. In adults, PI3K
activity may be upregulated following biallelic inactivation of the tumor suppressor,
PTEN but this is uncommon in pediatric HGG [24, 88].

Loss of cell cycle control is a key event in pediatric GBM pathogenesis.
Approximately half of all pediatric HGGs bear mutations in 7P53, which encodes
p53, a critical tumor suppressor that regulates cell division and survival (apoptosis)
as well as senescence [20, 22]. Proteins of the cyclin-CDK complex phosphorylate
RB at the G1 checkpoint, which is a key cell cycle regulatory step that commits a
cell to synthesize DNA and divide. Amplifications of CDK4, CDK6 or the cyclin
genes, CCND1, CCND2 or CCDN3 have been identified in pediatric HGG and have
potential to allow a tumor cell to divide by overcoming the checkpoint [18].
Homozygous deletion of CDKN2A, which encodes the tumor suppressor proteins,
pl4 and pl6, occurs in about a quarter of non-brainstem HGGs [61]. CDK4 and
CDKG6 normally induce the cell to divide by promoting the completion of the cell
cycle. The p16 protein normally binds CDK4 and CDKG®6, blocking their ability to
stimulate cell proliferation. The p14 protein normally binds p53, protecting it from
degradation. Therefore, CDKN2A deletions can profoundly deregulate the cell
cycle; losing the effect of p14 on p53 effectively removes a brake on the cell cycle,
while losing the effect of p16 on CDK4 and CDKG6 is akin to depressing a cell cycle
accelerator. Curiously, unlike in adults, RB1 biallelic loss of function mutations are
uncommon childhood GBM, although about 30% of tumors show chromosome 13q
loss, which contains the RB/ locus [20, 22].

Perhaps the most unexpected finding to come from genome-wide sequencing
studies of large cohorts of pediatric GBM and DIPG was the prominence of SNV in
H3 histone family 3A (H3F3A) and histone cluster 1, H3b (HISTIH3B) genes,
encoding H3.3 and H3.1, respectively [20, 22, 99]. H3F3A and HISTIH3B
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mutations are extremely rare adult GBM and likely contribute to the significant dif-
ferences in HGG pathogenesis in adults and children and the previously discussed
differences in the tumor methylome between these patients.

Histone H3 mutations in GBM occur at two amino acid positions resulting in the
lysine at position 27 being replaced by methionine (K27M) or the glycine at posi-
tion 34 being replaced by either arginine (G34R) or valine (G34V) [20, 22]. Ten
identical genes encode histone 3.1, but HIST/H3B is most commonly mutated in
GBM [20, 22]. Nucleosomes are disrupted during the cell cycle and the cell synthe-
sizes H3.3 in all phases of the cell cycle to replace lost histones [100, 101]. The role
of H3.1 and H3.2 is to package newly synthesized DNA and these histones are
synthesized during S phase of the cell cycle [100, 101].

K27M mutations in H3F3A or HISTIH3B are both encountered in DIPG and
other midline gliomas that arise in the spinal cord of thalamus [10, 20, 22, 69, 99].
H3.3 K27M bearing tumors have an age of onset at about 6 years and a median
survival period of about 12 months [22, 64, 102—-104]. H3.3 K27M can be identified
in about two-thirds of DIPGs and in two-thirds of midline line HGGs arising outside
of the brainstem [9]. Curiously, co-segregating alterations differ by tumor location
with PDGFRA alterations tending to occur in the pons and FGFR alterations occur-
ring in the thalamus [9, 102]. A meta-analysis showed H3.3 K27M tumors located
in the pons are associated with CCND2 amplification, while non-brainstem midline
tumors have amplification of CDK4 [9]. A complex rearrangement in H3.3 K27M
tumors was found resulting in amplification at 17p11.2 increasing TOP3A copy
number and expression and the loss of the distal aspect of 17p, which contains the
TP53 locus [9]. TOP3A is a topoisomerase with roles in homologous recombination
and alternative lengthening of telomeres and in H3.3 K27M DIPG TOP3A altera-
tions are mutually exclusive with ATRX mutations, providing another means glio-
mas can use to activate alternative lengthening of telomeres [105].

HISTIH3B K27M mutations are associated with a younger age of onset and a
slightly longer survival period [22, 64, 102, 103]. H3.1 K27M tumors are restricted
to the pons. DIPGs harboring a HIST/H3B mutation also often have coexisting
somatic activating mutations in ACVRI suggesting that BMP signaling is important
to their pathogenesis [22, 64, 102, 103]. ACVRI mutations are exclusive to DIPG,
predominate in females and enriched in tumors bearing histone 3.1 gene mutations
[22]. ACVRI mutations phosphorylate and activate SMAD proteins, increasing the
expression of downstream effectors including the ID protein family members ID1
and ID2 [64, 102, 103]. Histone H3 and ACVRI mutations seem to work coopera-
tively to enhance the downstream effect on ID proteins [64]. H3.1 K27M tumors are
enriched for mutations that activate the PI3K pathway, including PIK3CA and
PIK3R1 and are associated with BCOR mutations [9].

G34 mutations do not occur in HIST1H3B and GBMs bearing H3F3A G34 muta-
tions have distinct clinical profiles. In contrast to tumors with K27M, G34 tumors
arise in the peripheral aspect of the cerebral hemispheres and not in midline struc-
tures. In addition, G34 tumors tend to occur in older children with an onset at about
13 years and patients survive longer (about 24 months) [22, 64, 102—104]. The dif-
ferences in the timing of diagnosis and the survival interval likely stem from the
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differences in tumor location with brainstem and midline tumors presenting earlier
than hemispheric tumors and affording little opportunity for maximal safe surgical
resection, which may be achieved in hemispheric tumors. G34R/V and K27M muta-
tions predominate in children but can be identified in adult GBMs, with the latter
seen in the majority of young adults with thalamic tumors [10, 106]. H3.3 G34R/V
mutations co-segregate with ATRX and 7P53 mutations and are the only pediatric
GBM subgroup to commonly show MGMT promoter methylation [71]. A meta-
analysis showed frequent loss of chromosomal arms at 3q, 4q, 5q and 18q, with loss
of 4q31.3 leading to loss of FBXW7, a candidate tumor suppressor [9, 107]. FBXW7
is part of the SCF-like ubiquitin ligase complex that targets MYC and MYCN for
proteasomal destruction, so the loss of FBXW7 in H3.3 G34R/V tumors would
enhance the life span of MYC proteins [108]. MYCN expression is also increased
in H3.3 G34R/V tumors due to the effects of H3 K36me3, making MYNC a criti-
cally important driver of this subgroup [109].

K27M and G34R/V have structural consequences that impact histone function in
gene transcription. These amino acids occur in the amino-terminal tail of the histone
H3 protein and the post-translation modification of the tail region has regulatory
roles on gene transcription and chromatin compaction and structure that are impor-
tant in cell differentiation [101, 110, 111]. The post-translational modifications of
the tail region are diverse and include acetylation, methylation and ubiquitylation of
lysine residues, phosphorylation of serine of threonine residues and methylation of
arginine residues. A wide scope of enzymes catalyze these changes and include
writers which add and erasers which remove these moieties, while readers are effec-
tor proteins that bind to chromatin according to the pattern of moieties on the his-
tone tail, thereby regulating the location of the transcriptional complexes to
chromatin [101, 112]. These readers, writers and erasers are increasingly recog-
nized as critical to the pathogenesis of many different types of cancer arising in
diverse tissues [113, 114].

The role histone mutations play in gliomagenesis is not entirely understood. The
lysine that is abrogated due to the K27M mutation is normally either methylated or
acetylated. When K27 is trimethylated (K27me3) it interacts with the polycomb
repressive complex 2 (PCR2) to selectively repress gene transcription. The K27M
mutation effectively removes the ability of this key methylation site on the histone
tail leading to general hypomethylation followed by an upregulation in gene expres-
sion with PRC2 target gene derepression, which together potentiate gliomagenesis
[21, 101, 115]. The impact of the K27M mutation is likely enormous to tumor cell
biology. Immunostaining shows that the H3 K27M mutant protein is often detect-
able in nearly 100% of tumor cells, which suggests that tumor cells bearing H3
K27M are favorably selected within the overall tumor cell population [69, 99].
Furthermore, H3 K27M protein expression makes up a small fraction of the total H3
protein in the tumor cell, yet these tumors essentially show a total loss of K27me3,
indicating a trans-dominant-negative effect across all isoforms of wild type H3
occurs in the tumor cell [97, 116]. K27 seems to hold a critical place in pediatric
gliomagenesis because mutations in the writers or erasers of each post-translationally
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modified lysine residue of the histone tail has been identified except for K27, which
is only impacted by direct mutation [20, 22].

H3 bearing G34R/V mutations also impair epigenetic regulation of gene expres-
sion but the mechanism is different from that of K27M. The G34 residue does not
undergo a direct post-translational modification it is, however, near the lysine resi-
due at position 36 (K36), which is directly modified. In support of the importance
of K36 methylation, SETD2, the methyltransferase that writes the methyl marks on
K36, is mutated in about 10% of pediatric GBMs [22, 102, 104]. K36 trimethylation
activates gene transcription, and also impacts alternative splicing and DNA repair
[97]. G34R is associated with reduced K36 trimethylation on one mutant allele so
the dominant effect over total cell histone H3 as seen in the presence of K27M, does
not occur [97, 115]. Experiments show that histone 3 bearing G34V binds genes
associated with stem cell maintenance and cortical development with the oncogene,
MYCN, showing significant G34 binding and increased expression [97, 109]. The
presence of MYNC amplification and G34R/V are mutually exclusive [109]. The
differential impact of G34R and G34V substitution on gliomagenesis are not fully
characterized, although the arginine in G34R has the potential to undergo post-
translational modifications, suggesting that there may be differences [97, 117].

Mutations in other chromatin regulatory genes besides histone genes have been
identified in pediatric GBM including members of the MLL (writers), KDM (eras-
ers) and CHD (chromatin remodelers) gene families [20, 22]. ATRX and DAXX
encode histone chaperones that load histone H3.3 to regions of heterochromatin
located at telomeres and co-segregate with H3 G34R/and they are mutated in up to
20% of pediatric HGG [20, 22, 102]. Tumors with H3F3A and ATRX or DAXX
mutations show telomerase independent alternative lengthening of telomeres [20].
TERT promoter mutations are rare in pediatric GBMs but are present in most adult
GBMs and in adults they are mutually exclusive to ATRX mutations [22, 118].

Future Directions and Conclusion

The amount of information regarding the origin and drivers of GBM has vastly
expanded in the past several years. It is now well understood that molecular features
better predict tumor behavior and patient outcomes compared to traditional histo-
logic classification, especially on small or non-representative tumor biopsies. Many
of the recently recognized molecular subgroups will undoubtedly find their way into
future revisions of the WHO classification. Despite our increasing understanding of
distinct glioma molecular signatures, it is important to emphasize that a combined
approach of morphologic evaluation and molecular characterization improves diag-
nostic classification for glioblastoma [119].

In this timeframe, we have also learned that pediatric and adult GBMs are sig-
nificantly different biologically. Adult and pediatric GBM are truly a group of dis-
eases that arise due to unique pathogenetic mechanisms, but how can this new
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information be applied in patient care to improve outcomes for this dreaded, essen-
tially fatal disease? First, we cannot expect that data from clinical trials of adults
GBM patients will properly inform trials in pediatric GBM patients. This approach
was used in the past and as a result, trials were largely ineffective with only slight
improvements in clinical outcome. Clearly, these biological differences in adult and
pediatric disease cannot be overlooked. Second, we now realize that each pediatric
GBM subgroup and some adult subgroups appear to have distinct cellular origins
and oncogenic drivers, which may be therapeutically targetable [120, 121]. It is
hoped that tumors targeted with such specificity would lead to more effective thera-
pies and perhaps fewer treatment-related complications. We now realize that past
clinical trials, which enrolled an unselected patient population and failed to take
GBM subgroups into account, were underpowered to detect subgroup-specific effi-
cacy [120]. Taking tumor subgroup into account when tailoring therapeutic approach
is critical as clinical behavior is more accurately predicted by tumor biology, which
is reflected in genetic and epigenetic alterations rather than tumor grade or various
clinical parameters [120].

BRAF V600E mutations, while not unique to GBM, are known to activate MAPK
signaling and BRAF inhibiting drugs such as the MEK-inhibitors and BRAF V600E-
specific inhibitors have shown success [122]. RTK gene fusions are now recognized
as key drivers of tumor biology in a significant subset of GBMs, particularly those
arising in infants and these alterations are potential therapeutic targets [8, 123—125].
DIPG and midline GBM with histone 3 mutations may be treatable with drugs that
are epigenetic modifiers with activity toward histone demethylases and deacetylases
[126, 127]. IDH mutations are rare in pediatric GBM and likely represent the tail
end of the peak incidence in adulthood. As such patients with these tumors may be
better off enrolling on separate strata of adult clinical trials [120].

It is hoped that as our knowledge of the molecular alterations driving tumor biol-
ogy grows, new molecular targets will continue to emerge and innovative agents can
be designed to allow even more refined subgroup specific therapies and trials with
the goal of improving patient outcome.
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The classification of central nervous system (CNS) tumors has undergone an evolu-
tion from the first AFIP fascicle published in 1952, until now [1]. The World Health
Organization (WHO) “blue books” for CNS tumor classifications were published as
four different editions in 1979, 1993, 2000, and 2007 [2-5]. The intensive knowl-
edge regarding the molecular biology of CNS tumors that increased after 2007 and
accelerated since 2010, was the driving force of publishing the update of the 4th
Edition in 2016, instead of waiting for the 5th Edition for more years [6]. The 2016
classification has incorporated well-established molecular parameters into the clas-
sification of CNS tumors by “integrated diagnosis”. As of 2017, cIMPACT-NOW
(the Consortium to Inform Molecular and Practical Approaches to CNS Tumor
Taxonomy) was established to propose changes to future CNS tumor classifications
based on molecular alterations [7].

The molecular alterations playing role in classification, prognostication, and pre-
diction of therapeutic response gain more importance especially within the diffuse
glioma group. The main subject of this book is glioblastoma. However, in the light
of cIMPACT updates, there are major changes in the nomenclature of glioblastoma.
For this reason, this chapter will focus on the immunohistochemical surrogates of
molecular alterations of Grade IV diffuse gliomas rather than the immunohisto-
chemical counterparts of molecular alterations in GBM.

In the past, tumors with glial morphology, infiltrative pattern, increased mitotic
activity, vascular endothelial proliferation (VEP) and/or necrosis findings, were
reported as “Glioblastoma, WHO Grade IV”. However with cIMPACT update 3;
IDH wild type diffuse gliomas with molecular alterations of either TERTp mutation
or EGFR amplification or Chromosome 7 gain/chromosome 10 loss are suggested
to be classified as “Diffuse astrocytic glioma, IDH wild type, with molecular
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features of Glioblastoma” [8]. These tumors do not have to reveal high grade mor-
phologic features such as VEP or necrosis. On the other hand, cIMPACT update 5
suggested to classify /DH mutant diffuse gliomas as grade 2, grade 3, grade 4
“astrocytoma, IDH mutant”, by omitting glioblastoma term in this group [9].
H3K27M mutant tumors with diffuse, infiltrative pattern located in the midline struc-
tures had already been classified as “Diffuse midline glioma, H3K27M mutant, WHO
Grade IV” in the WHO CNS tumors classification 2016 [6]. H3.3 G34 mutant diffuse
gliomas were also suggested to be classified as Grade 4 tumors in cIMPACT update 6 [ 10].
These molecular alterations that have to be checked for the integrated diagnosis of
high grade diffuse glial tumors are ideally detected by DNA sequencing methods.
However, it is a major budget problem to create molecular pathology laboratories with
enough equipment, competent staff, and validated methods especially for the develop-
ing countries. Yet even in well-developed countries, it is not always possible to perform
the diagnostic molecular tests because the high expenses are not covered by the social
health system or insurance companies. At this point, most of the pathologists all over
the world prefer or have to use immunohistochemical technics to detect molecular alter-
ations. It is a much more affordable and faster way. But there are important points to
consider while using immunohistochemistry to detect a molecular alteration. Some of
them are in means of general immunohistochemistry technics, and some are related to
the features of the particular alteration. These important considerations are listed below:

* The selected antibody has to be specific for the questioned molecular alteration.
You may easily find an antibody that suggests a molecular alteration with a simi-
lar name but a different target. You need to check the literature for the sensitivity
and specificity of the antibody. The selection of the correct antibody is the first
and the most important step to successfully identify the molecular alteration in
question using immunohistochemistry. As a very simple example; anti-H3K27me3
antibody would not be the antibody to detect the H3K27M mutation, and any
antibody with low sensitivity for /DH R132H would not help you to detect the
mutation. So the selection of the correct antibody is essential.

e The optimization of the antibody should be performed with a positive control;
which was proven to harbor the targeted molecular alteration by the gold stan-
dard molecular method. A positive control should then be used for each case
within the same slide, each time.

e The antibody should be kept in the optimal conditions suggested by the manufac-
turer, and the date of expiration has to be checked routinely. The laboratories
with low case volumes should pay attention to aliquote and keep the antibodies
in small vials to prevent staling.

» The appropriate techniques in formalin fixation of the tissue are very important
to ensure optimal antigen-antibody reaction during immunohistochemical stain-
ing. Fixation of tissues should not exceed 18-24 hours for most applications.

e It is important to avoid using previously frozen tissue. These tissues may cause
false-positive or false-negative results. Decalcification procedures also nega-
tively affect the antigen-antibody reaction.

 If possible; choose blocks of the tumor with areas of no or minimal necrosis.

e The sections from the tumor block should be obtained just before the staining
process. The antibody will not work perfectly on the slides with the tumor sec-
tion, kept in room temperature or even refrigerator for prolonged periods.
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If there is any positive or negative internal control for the antibody in the tissue, along
with the external controls, it should be checked carefully during the interpretation.
The interpretation should be done with the histologic details of the tumor since
diffuse glioma with an infiltrative pattern consists of non-neoplastic cells along
with the neoplastic cells; the pathologist should be aware of the staining pattern
of the neoplastic cell itself, not the entrapped non-neoplastic components.

You should well know the antibody’s pattern of the staining (i.e. cytoplasmic,
nuclear or membranous). Cytoplasmic staining may be meaningless for an anti-
body supposed to show a nuclear staining pattern in case of a particular mutation
and visa versa. In some cases, the loss of expression may help you to detect an
alteration. So the datasheet of the selected antibody should be read, the literature
should be reviewed, and the correct staining patterns should be well-recognized.
Your pathology report should include the immunohistochemical stains with the
name of clones, and a short explanation of the staining pattern. Use the percent
of stained cells in case of heterogeneous staining pattern and do not give scores
that are not accepted universally. It is also advised to give a short explanation for
the meaning of this staining (e.g suggestive for mutation). These explanations
will be further discussed within each immunohistochemical stains below.

None of these markers should be used regardless of the morphologic and radio-
logic findings of the tumor. And the diagnosis should always be given by a com-
bination of the whole data. It should also be kept in mind that the gold standard for
the detection of any molecular alteration is genomics. When immunohistochemi-
cal analyses cannot reliably identify a particular mutation or genetic alteration
required for a particular entity (tumor type), the term “not otherwise specified
(NOS)” can be used to underscore this uncertainty.

The main drivers and accompanying molecular alterations along with the predic-

tive markers will be mentioned with the immunohistochemical surrogates in this
chapter. Before that, it is suggested to check the Graphic 10.1 for the suggested
algorithm of classifying high grade diffuse glial tumors based
chemical findings.
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IDH1

IDH enzymes normally catalyze the decarboxylation of isocitrate to generate
a-ketoglutarate (aKG) [11]. IDHI and IDH?2 play important roles in a number of
cellular functions, including glucose sensing, glutamine metabolism, lipogenesis,
and regulation of cellular redox status.

IDH mutation is an early event during the tumorigenesis of some of the adult
diffuse gliomas [12]. For IDH1, the most common alteration is R132H (c.395G>A)
comprising >80% of all IDH mutations.

The other expected IDHI mutations in diffuse gliomas are R132C, R132S,
R132G, R132L. IDH mutation was first shown to be common in diffuse gliomas in
2008, and in the following year a mutation-specific IDHI antibody for the most
frequent mutation of the R132H type was developed in 2009 [13]. Although the
IDHI1R132H antibody is specific to IDHIR132H mutations, some tumors with
IDHR132L mutations also show positive staining with this antibody.

The clones H11 and H14 had been produced. However since the clone H14
showed a more intense signal in mutated cases, it is widely used in the neuropathol-
ogy practice. There are some other antibodies produced meanwhile. However, the
sensitivity and the specifity of them were shown to be less reliable [14].

The mutation status of any diffuse glioma has a very strong effect on the progno-
sis of the tumor. It has been well-established that IDH mutant diffuse gliomas show
a much better prognosis when compared with the IDH wild type diffuse gliomas
[15]. Therefore it is the first stain to be ordered during the workup of an adult diffuse
glioma. The pediatric cases are usually IDH wild type, although rare cases were
reported especially in patients older than 14 years of age [16].

According to the WHO 2016 classification; tumors that are negative with the
IDH antibody and no sequencing analysis to test for other mutations are reported as
Diffuse Glioma, NOS.

However cIMPACT update 1 noted that negative IDH1R132H immunohisto-
chemistry in a glioblastoma of patient 55 years of age and older, allows for a diag-
nosis of “Glioblastoma, IDH-wildtype” and that sequencing in search for other
IDH1 and for IDH2 mutations is not necessary in this diagnostic setting [17].

The Interpretation of the Immunohistochemistry

The clone of immunohistochemical monoclonal antibody for detecting IDHR132H
mutation is H09. The staining pattern is strong cytoplasmic and often weaker
nuclear staining of tumor cells (Fig. 10.1). Despite of IDHI being located in the
cytoplasm, the reason behind nuclear staining is probably due to the antigen diffu-
sion (the penetration of the soluble protein into the nucleus during tissue process-
ing). Diffuse homogenous staining is expected in all morphologically recognizable
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Fig. 10.1 A diffuse
glioma, with most of the
tumor cells that show
positive cytoplasmic and
few cells that show weak
nuclear staining for mutant
IDH1R132H antibody
(40x). Note negative
staining of non-neoplastic
endothelial cells. (Primary
antibody from Dianova
GmbH, Hamburg)

Fig. 10.2 With the mutant
specific antibody, none of
the cells in this glioma
show the expected pattern
of cellular staining. There
is a faint background
staining, there are few
dot-like remnants of
chromogen, which should
be disregarded. The result
should be reported as
“IDH1R132H negative”.
(IDH1R132H (40x),
(Primary antibody from
Dianova GmbH, Hamburg)

tumor cells. The background staining in the fibrillary tumor matrix with no cellular
staining should require a re-evaluation of the staining procedures (Fig. 10.2).

IDH?2

IDH?2 mutations are much less common (<3%) in diffuse gliomas and are mutually
exclusive with mutations in IDH1 [18]. Although IDHI and IDH? are highly similar
and catalyze identical reactions, IDH1 is localized in the cytosol and IDH? is found
in the mitochondrial matrix. The /DH2 mutations detected in diffuse gliomas are
R172K, R172M, R172W.
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Since IDH2 mutations are seen in particular lymphoma and leukemia types;
routine use of immunohistochemistry for /DH2 mutations is more common for
hematopathology [19]. The immunohistochemical antibodies designed for
IDH2R172K seem to have a high sensitivity and specificity. However, diffuse glio-
mas with IDH2 mutations have a higher frequency of 1p/19q co-deletion. Besides,
IDH?2 mutations are mutually exclusive with TP53 and ATRX mutations which are
frequent in IDH mutant astrocytomas. Therefore regarding the glioblastomas; it
does not seem to be rational to have and routinely use the antibody for IDH2 in
daily practice.

ATRX

The a-thalassemia/mental retardation syndrome X-linked (ATRX) gene on Xq21.1
encodes the nuclear protein ATRX. All chromosomal regions associated with ATRX
are involved in the cell cycle. ATRX works together with histone chaperone death
domain-associated protein (DAXX) to facilitate the incorporation of histone variant
H3.3 into these regions in order to stabilize chromatin structure. Tumors maintain
their telomere length either via re-activation of telomerase or through telomerase-
independent mechanisms collectively called alternative lengthening of telomeres
(ALT). ATRX is a repressor of ALT, which involves recombination-mediated repli-
cation of telomeric DNA. Eventually, in the telomeric region, ATRX helps to main-
tain telomeric integrity during DNA synthesis. ATRX deficiency triggers the
alternative lengthening of telomeres (ALT) pathway. Loss of function or loss of
expression of ATRX can lead to chromosomal instability such as aneuploidy. ATRX
mutations in adult diffuse gliomas are closely associated with IDH and TP53 muta-
tions [20]. This helps in the differential diagnosis between diffuse astrocytic glioma
and oligodendroglioma. In IDH wild type gliomas, ATRX loss is frequently seen in
H3K27M and H3G34 mutant gliomas [21]. By itself ATRX mutation does not pro-
vide prognostic information for any diffuse glioma, but is helpful for the final diag-
nosis when combined with other immunohistochemical stains including p53, IDH
and H3K27M, H3G34.

Loss of ATRX protein expression on immunohistochemistry can be used as a
surrogate marker of ATRX mutations with high sensitivity and specificity and is
almost perfectly correlates with ALT pathway activation. Missense mutations may
not end up with protein loss, and genetic or epigenetic alterations other than muta-
tions may lead to loss of protein expression. So rarely retained ATRX expression
may be seen in an ATRX mutant tumor, and ATRX loss may also be seen in an
ATRX wild type tumor. However, studies suggest that loss of protein expression has
a better correlation with ALT status than ATRX mutations. So the use of ATRX
immunohistochemistry is very helpful surrogate for molecular analysis of the
ATRX locus.



10 Immunohistochemical Surrogates for Molecular Pathology 181
The Interpretation of the Immunohistochemistry

The ATRX antibody commonly used in the literature (HPAOO1906) is polyclonal.
The non-neoplastic cells are expected to show positive staining (retained expres-
sion). Nuclear positivity of non-neoplastic endothelial cells and neurons should be
used as internal positive controls. Loss of nuclear expression for ATRX by immuno-
histochemistry supports ATRX mutation (Fig. 10.3). Any cytoplasmic staining
should be disregarded. Since the diffuse gliomas consist of many non-neoplastic
cells along with the neoplastic cells, interpretation of ATRX nuclear staining can be
problematic. The morphologic evaluation of each cell within the stained slide is
essential (Fig. 10.4). This may require an intense counterstaining with hematoxylin,
since faint counter staining might cause you to count entrapped neurons as tumor
cells with intact ATRX.

Fig. 10.3 Glioblastoma, 3 e
with ATRX expression loss
in tumor cells (20x). g Wl ! »
Hematoxilin "
counterstained nuclei of “
the neoplastic cells and the 3 g \ apad
non-neoplastic cells with L ~ 3 1T
retained positivity is sde o S o i
readily noted. (Primary %
antibody from Sigma Life W i . »y
Science, St. Louis, MO) - -

Fig. 10.4 The tumor cells do not show ATRX staining, but the endothelial cells are also negative
(20x%). So it is not a proper staining of the tissue with this antibody. The antibody might be staled,
the staining procedure may not be correct, the tissue fixation maynot be appropriately performed
or the tissue section might be old. Each step should be checked. (Primary antibody from Sigma
Life Science, St. Louis, MO)
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The interpretation results should be written in the report with details as “loss of
nuclear expression; suggestive for ATRX mutation” or “nuclear expression is
retained in the neoplastic cells; suggestive for wild type ATRX”.

The loss of ATRX expression should be homogenous throughout the tumor, and
if there is a patchy expression, it should be avoided to interprete the tumor as ATRX
mutant. Mosaic type or patchy staining may be associated with technical issues.

In the situation of ATRX loss, if there is no staining with IDHIR132H, H3G34
or H3K27M antibody, the stains should be repeated, and if there is still discordance;
the case should be referred for molecular studies.

P53

The TP53 gene on chromosome 17p13.1 encodes the p53 protein, which plays a
pivotal role in multiple cellular processes including G1 arrest, DNA repair, apopto-
sis, and differentiation. 7P53 mutation is the most frequent genetic alteration among
human cancers [22]. Since 7P53 is a tumor-suppressor gene, its loss of function is
involved in the development of tumors.

The p53 protein is inactivated directly by 7P53 mutations. TP53 is frequently
involved in the tumorigenesis of gliomas. It is almost invariably mutant in IDH
mutant diffuse astrocytomas and is also detected in 30% of IDH wild type glioblas-
tomas. H3 mutant tumors of either K27M or G34 also harbor 7P53 mutations in a
high percentage.

Although it is usually a missense mutation causing loss of function, mutations in
TP53 often increase the half-life of the pS3 protein product causing intense staining
by immunohistochemistry. In fact the p53 antibody stains p53 protein of both wild
type and mutant 7P53, but in case of normally functioning 7P53, the half-life of
p53 protein is very short, so it is usually not detected by immunohistochemistry
[23]. However, there are several conditions like cellular stress that prolong the half-
life of normal p53 protein. For all of these reasons, pS3 immunopositivity is not
always an indicator of a TP53 mutation [24]. There are also rare TP53 alterations
that impair p53 protein expression and cause complete p53 negativity.

The percentage of immunopositive cells for pS3 staining suggestive for TP53
mutation has always been an issue of contention. “A substantial percent of cells”
was a subjective criterion. For a long time, accepted optimal cut-off value for the
percentage of pS3 positive neoplastic cells suggesting a TP53 mutation was 10% of
tumor cells under 40x magnification. In this case, the sensitivity and specificity of
p53 immunoreactivity to predict a gene mutation were shown to be 78.8% and
96.7%, respectively [25]. The positive and negative predictive values were 94.5 and
86.3%, respectively.

Since the immunostaining is neither sensitive nor specific for a 7P53 mutation;
the result must be interpreted in context with morphology and other immunohisto-
chemical findings.
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The Interpretation of the Immunohistochemistry

The most common antibody used for p53 immunohistochemistry is the clone DO-7.
P53 immunohistochemistry shows a nuclear staining pattern. Any cytoplasmic
staining should be disregarded. The expected intensity is very high, which would
shade the chromatin details of the nucleus (Fig. 10.5). Any faint staining should not
be reported as positive (Fig. 10.6). We suggest to give the percent of positive cells
in the report instead of “positive” or “negative” statements.
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H3K27M

Mutation of the Lys 27 residue in the N-terminal tail of the H3 gene variants invokes
disruption in post-translational modifications (methylation and acetylation) and
alters the expression of oncogenes and tumor suppressor genes [26]. Consequently,
mutation of H3F3A gene which results in a Lys 27-to-methionine change in the
encoded protein H3.3K27M (H3.3 K27M mutation) has an important role in glio-
magenesis and seen in 60% of diffuse midline gliomas [26]. H3.1 and H3.2 are
more rarely mutated.

“Diffuse midline glioma, H3 K27M-mutant, WHO Grade IV was introduced to
the CNS tumor classification by WHO 2016. WHO 2016 stated that H3K27M muta-
tion was exclusively seen in this tumor type; which is an infiltrative midline high-
grade glioma with predominantly astrocytic differentiation. Yet, after the publication
of WHO 2016, many cases that are not exactly diffuse midline gliomas, including
ependymomas, pilocytic astrocytomas, and gangliogliomas have been reported har-
boring H3K27M mutation [27, 28]. Eventually cIMPACT update 2 has suggested to
use the term “Difuse midline glioma, H3 K27M-mutant” just for the tumors that are
diffuse gliomas, located in the midline and H3 K27M mutant, and to avoid using the
term for other tumors harboring H3K27M mutation [29]. H3K27M-mutant specific
immunohistochemistry is useful to identify the mutation of H3K27M with a 100%
sensitivity and specificity [30]. Besides, it shows positivity for H3.3, H3.2 and H3.1
K27M mutations and therefore is more sensitive for detecting H3K27M mutant
tumors than a point mutation analysis particularly for H3.3 K27M mutations.

The Interpretation of the Immunohistochemistry

The antibodies for H3K27M mutations are monoclonal RM192, and poly-
clonal ABE419.

The staining pattern is nuclear. The non-neoplastic cells within the tumor such as
endothelial cells should be negative and it should be checked routinely during the
interpretation (Fig. 10.7). The macrophages/microglial cells may show cytoplasmic
staining in wild type cases, and should not be interpreted as positive for mutation.
In the immunohistochemical results section of the pathology report a short explana-
tion should be added for positive results; e.g. “suggestive for H3K27M mutation”

H3K27me3

H3K27 is trimethylated by the polycomb repressive complex 2 (PRC2). Enhancer
of zest 2 (EZH2) is the main methyltransferase enzyme contained in this complex
that is responsible for trimethylation of H3K27 [31]. The H3K27M mutant protein
binds to EZH2 to inhibit its methyltransferase activity, resulting in a global



10 Immunohistochemical Surrogates for Molecular Pathology 185

Fig. 10.7 Diffuse midline k "0: asy .ﬁ.“'i" 3 TET N
glioma with positive 30 e a0 i i rﬂ. \ X '?
- . CF ISR S S IS P
staining of tumor nuclei for “ o> P Al % -
mutant specific H3K27M " s "‘ s bl : G O
antibody (20x). The i S B S ey |
non-neoplastic components ?' A R s 4 By TS
are negative. (Primary ’ e g 50 ’_" v, 3 Wy, -
antibody from RevMab, yo vt B TR @' e
. ’ "* .. . = o
South San Francisco, CA) [ ) P a0 oy -
. . e Ny A /
l’"- ‘e » S & .‘_'\7
i & é Ly * - ‘f‘ v -
.- é : . o e . .
T SN s e H L8 eeto e
¥ o S
. b i
L% "a';.'..‘.."f3o z io'..‘
"
n’.."""': [ i "b".‘: O
o 0 I.‘. 3 . \. ' .4‘ ‘ .

reduction of H3K27me3. As a summary, H3K27M mutation characterize a decreased
genome-wide H3K27 trimethylation as a post-translational modification. The
immunohistochemical studies have shown decreased H3K27me3 expression in
H3K27M mutant tumors [31]. A global reduction of H3K27me3 expression is
expected throughout the tumor. Therefore detecting trimethylated H3K27, started to
be used to guide diagnosis of H3K27M mutant tumors. Regarding diffuse midline
gliomas, H3K27me3 immunohistochemistry should only be used in conjunction
with H3K27M immunohistochemistry, since the loss of H3 K27me3 expression is
by itself not specific and is not always a result of H3K27M mutation [32]. H3K27me3
is enriched at unmethylated CpG islands and CpG island methylation also causes a
global reduction in H3K27me3 levels. Therefore H3K27me3 reduction is also seen
in posterior fossa ependymomas Group A, and oligodendrogliomas [32, 33].
Epigenetic modification on the level of histones also causes many other tumors to
exhibit loss of H3K27me3 expression i.e. malignant peripheral nerve sheath tumors
and high grade meningiomas [34, 35].

The Interpretation of the Inmunohistochemistry

The antibody for H3K27me3 is monoclonal, clone RM175.

The staining pattern is nuclear. Non-neoplastic cells show positive staining. The
decreased expression in the neoplastic cells suggests the reduction of trimethylated
H3K27me3 (Fig. 10.8).

As a personal experience I have seen H3K27me3 stain mistakenly performed
instead of H3K27M stain because of the similarities of the antibody names.
Therefore evaluation of H3K27me3 staining requires excessive attention. On the
other hand while reporting the staining results “““H3K27me3: Positive” might cause
a misunderstanding of H3K27M mutation by another physician. So it would be
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helpful to add a definition of “trimethylated H3K27 status” in paranthesis next to
the name of the antibody, and in the results section note “nuclear expression is
retained” either than writing “positive” (Fig. 10.9).

H3G34

The H3.3 mutations in gliomas most commonly occur in the H3F3A gene and is
associated with one of three amino acid substitutions; K27M, G34R and G34V [26].
Unlike H3K27M mutations seen in the midline gliomas, G34 mutations are seen in
supratentorial hemispheric tumors.
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cIMPACT update 6 has proposed a new name; “Diffuse glioma, H3G34 mutant,
WHO Grade IV” for these tumors [10]. These tumors typically show a diffusely
infiltrating pattern of neoplastic cells with astrocytic differentiation and features of
anaplasia (i.e. mitotic activity, microvascular proliferation and/or necrosis).

There are highly specific and sensitive antibodies against H3.3 G34R and G34V
mutations [36]. Therefore; immunohistochemical detection of H3.3 G34-mutant
proteins, that is, H3.3 G34R or H3.3 G34YV, can serve as an alternative diagnostic
method to DNA sequencing. While choosing the correct antibody, it is important not
to use the commercially available antibody for H3G34W mutations; characteristi-
cally seen in giant cell tumors of bone.

The Interpretation of the Immunohistochemistry

Currently some of the commonly used clones of the antibodies for detecting Histone
H3.3 G34R and G34V mutations are RM24 and RM307, respectively. The immuno-
histochemical staining for G34R/V mutations are nuclear, and endothelial cells
should be negative as an internal control (Fig. 10.10).

The positive immunohistochemical result requires an explanation as “suggestive
for H3G34R/V mutation”.

BRAFV600E

Activating mutations of the serine threonine kinase v-RAF murine sarcoma viral
oncogene homolog B1 (BRAF) are frequent in benign and malignant human tumors.
Over 95% of BRAF mutations are of the V60OE type [37].

Fig. 10.10 The diffuse
glioma of cerebral
hemispheres revealing
H3G34 mutation, as shown
here with the positive
nuclear expression with
H3G34 R/V antibody
(40x) (Primary antibodies
from RevMab, South San
Francisco, CA). (Courtesy
of Prof Dr Tarik Tihan)
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BRAFV600E mutation is a rare finding in glioblastoma. The epithelioid glioblas-
toma is the only glioblastoma variant that might harbor a BRAFV600E mutation
[38]. Regarding pediatric cases there are low-grade diffuse gliomas showing
BRAFV600E mutation [39]. Among pediatric cases, only the diffuse glial tumors
with high-grade morphologic features would be accepted as epitheliod glioblastoma
with BRAFV600E mutation. These cases typically show epithelioid or rhabdoid
morphology. Anaplastic pleomorphic xanthoastrocytoma, another high grade tumor
is a circumscribed, non-infiltrating tumor harboring BRAFV600E mutation, and the
exclusion is based on the morphologic features. If the tumor is a high grade IDH wild
type diffuse glioma, BRAFV600E mutation may suggest an epithelioid glioblas-
toma. The antibody for BRAFV600E mutations has been developed in 2011 and it
is widely used in the routine surgical pathology practice [40].

The Interpretation of the Inmunohistochemistry

BRAF immunohistochemistry using Clone VEI is strongly concordant with
BRAFV600E mutation. Immunostaining is diffuse, with uniform intensity through-
out the cytoplasm of tumor cells, and highlights the epithelioid phenotype. The
staining intensity ranges from weak to strong (Fig. 10.11).

However the intensity in glioblastoma is not strong enough as seen in extra-CNS
tumors such as malignant melanoma. Importantly; staining is usually lost in the
neoplastic cells adjacent to necrosis. So the interpretation should be based on the
areas far from necrosis which is an important issue in GBM.

EGFR

One of the most frequent genetic alterations in glioblastoma are alterations of the
epidermal growth factor (EGFR), reported to occur in 30-60% of cases [41]. The
genomic alterations in EGFR include gene amplification, rearrangements, and point

Fig. 10.11 BRAFV600E
mutant epitheliod
glioblastoma with
neoplastic cells that show
BRAF cytoplasmic
positivity (40x). (Primary
antibody from Spring
Bioscience,

Pleasanton, CA)
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mutations. EGFR gene is located on chromosome 7ql2. Deregulation of EGFR
signaling contributes to tumor development and progression. Copy number altera-
tions are the most common abnormalities in EGFR, with gene amplification present
in >43% of glioblastoma patients [42]. However EGFR overexpression is not totally
contributed to EGFR amplification. Therefore the routine use of EGFR immunohis-
tochemistry for glioblastoma is not recommended. It might only be helpful in means
of completely negative staining which rules out any amplification in EGFR since
negative staining is consistent with non-amplified status.

cIMPACT 3 has proposed to classify any IDH wild type diffuse glioma with
EGFR amplification as “Diffuse astrocytic glioma, IDH wild type with molecular
features of glioblastoma” [8]. Therefore it is very important to detect the EGFR
amplification in IDH wild type diffuse gliomas. However, the current commercially
available antibodies are not helpful for detecting the amplification.

The Interpretation of the Inmunohistochemistry

The anti-EGFR antibody shows a cytoplasmic and membranous staining. The
expression is generally uniform throughout the tumor, and nearly all cells within the
tumor express high levels of EGFR protein (>90%) by immunohistochemistry
(IHC) (Fig. 10.12).

EGFRvIII

EGFR variant III which is a result of the deletion of exons 2—7, is the most common
EGFR gene variant [42]. Both EGFR overexpression and EGFRVIII can enhance
glioblastoma cell growth, migration and invasiveness. The variant EGFRVIII can be
detected in 19% of glioblastomas. Diagnostically, the presence of EGFRVIII is

Fig. 10.12 A homogenous cytoplasmic positivity with EGFR antibody in a glioblastoma. The
positivity does not confirm EGFR amplification, by itself. (20x). (Primary antibody from Spring
Bioscience, Pleasanton, CA)
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useful as a tumor-specific marker that is fairly specific to glioblastoma, as it has
only rarely been identified in other cancers (eg, lung).

The Interpretation of the Immunohistochemistry

EGFRVIII staining is heterogeneous within the tumor. The staining pattern is
expected to be cytoplasmic. The sensitivity and specificity of a non-commercial
antibody were shown to be 95% and 100% respectively. Yet currently another anti-
body with the clone of RM419 is available commercially which is not validated by
any published glioma study.

TERT

Telomere lengthening is a fundamental hallmark of cancer, and activating telomer-
ase promoter (TERTp) mutation is one of the most common regulatory mutations in
cancer [43]. The telomere-lengthening process in most gliomas depends on either
TERTp-mutations or ATRX mutations and these oncogenic changes are mutually
exclusive.

Since TERTp mutation is seen in ATRX wild type cases, the TERTp mutation in
case of an IDH mutation is highly suggestive for an oligodendroglioma, which also
has to be confirmed by detecting 1p/19q codeletion [44].

However in IDH wild type diffuse gliomas, TERTp mutation is strongly corre-
lated with an aggressive clinical course [45].

cIMPACT-NOW update 3 strictly advised to accept IDH wild type diffuse glial
tumors as “diffuse astrocytic glioma, IDH-wildtype, with molecular features of
glioblastoma, WHO grade IV when the tumor harbors TERT mutation or EGFR
amplification or Chr 7 gain/Chromosome 10 loss [8, 10]. This radical proposal
means; even when a diffuse glioma does not show high grade morphologic features
(e.g increased mitotic activity, VEP, necrosis) it will graded as IV based on the
TERTp mutation.

TERTYp status of the tumor is generally checked by molecular studies. There are
commercially available antibodies for TERTp mutation. However studies regarding
solid tumors showed that TERT protein expression did not correlate with mutation
status. Also, glioma studies showed that there was an unexpected increase in TERT
expression in TERT-wildtype as well as TERT-mutated gliomas and in tumor vascu-
lature [46]. Eventually, immunohistochemical studies to detect TERT mutation is
not recommended and molecular work-up is still needed for detecting TERTp
mutation.
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mMGeMmrt

O6-methylguanine DNA methyltransferase (MGMT) is a DNA repair protein
encoded by the MGMT gene on 10q26. MGMT repairs DNA crosslinks and pre-
vents cell death by removing alkyl groups from the O6-guanine position [47].
Temozolomide, a principal chemotherapeutic alkylating agent used in glioma treat-
ment, generates DNA crosslinks that may induce apoptotic cell death in the setting
of an intact mismatch repair mechanism. Silencing of MGMT protein expression
because of MGMT gene promoter hypermethylation is considered to be associated
with benefits to temozolomide therapy in glioblastoma patients [48].

Two commercial anti-MGMT antibodies (clones MT3.1 and MT23.2) are
available.

Many studies have compared methylation status of MGMT detected by various
techniques with immunohistochemistry and most of them have shown no concor-
dance [49]. Since the studies have shown the lack of association with the MGMT
promoter methylation status and protein expression, the use of anti-MGMT immuno-
histochemistry is not suggested as a clinical biomarker for routine diagnostic purposes.

CDKN2A

CDKNZ2A is a tumor suppressor gene located on human chromosome 9p21 and acts
as a negative regulator of the cell cycle. This gene encodes for two different pro-
teins, pl6INK4a and pl4ARF. CDKN2A is a frequent target of deletions in high-
grade astrocytic tumors, with frequency ranging from 30% to 66% [50]. CDKN2A
deletion has been reported to be more frequent in /DH wild type glioblastomas.

The frequencies of CDKN2A/B homozygous deletions reported in /DH-mutant
astrocytic gliomas range from 0 to 12% in WHO grade II, 6-20% in WHO grade III
and 16-34% in WHO grade IV tumors [51]. Multiple studies have identified homo-
zygous deletion of CDKN2A/B as a marker of poor prognosis in patients with IDH-
mutant diffuse astrocytic gliomas.

cIMPACT update 6 recommended discontinuing the term “Glioblastoma, /DH-
mutant, WHO grade IV” and instead recommended referring to these tumors as
“Astrocytoma, /DH-mutant, WHO grade 4” [10]. cIMPACT-NOW 6 also recom-
mended that CDKN2A/B homozygous deletion should be a WHO grade 4 criterion
for IDH-mutant astrocytomas. So evaluating CDKN2A status in /DH mutant astro-
cytoma is very important.

pl6 is one of the protein products of the CDKN2A gene, and the expression of
p16 can be detected by immunohistochemistry.

Unfortunately, studies using commercially available pl6 antibody clone
G175-405 did not show a satisfactory correlation between p16 immunohistochem-
istry and molecular detection of CDKN2A/B homozygous deletion [52]. The nuclear
expression of p16 was too low in many samples to allow definite detection of loss
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of expression. Therefore, immunohistochemical stain for p16 as a surrogate for
CDKNZ2A/B deletion is not suggested.

Conclusion

There are many immunohistochemical stains which are useful surrogate markers for
specific molecular alterations in CNS tumors (Fig. 10.13). As the types of molecular
alterations are in a broad spectrum (point mutation, deletion, amplification, translo-
cation, hypermethylation), the meaning of the presence/absence or subcellular
localization of a protein product should be explained with the knowledge of the
expected molecular alteration and the associated protein expression pattern.

Every finding, during diagnostic work-up of a CNS tumor, is a piece of the
puzzle. Therefore the immunohistochemical result of a particular stain must be
interpreted in context with clinical, radiologic, morphologic, and other immunohis-
tochemical findings.
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Fig. 10.13 (a) An IDH mutant glioblastoma (astrocytoma, /[DH mutant, Grade 4) (b) IDHIR132H
is diffusely positive in the cytoplasm of the neoplastic cells (20x), (¢) nuclear ATRX expression is
lost (20x). Although there is cytoplasmic staining, the loss of nuclear expression is suggestive for
ATRX mutation (d) The neoplastic cells show diffuse and strong nuclear p53 expression (20x)
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Introduction

Glioma is the most common primary brain malignancy in the central nervous sys-
tem (CNS) [1, 2]. From 2011 to 2015, the annual incidence of new brain tumors has
been 23 out of 100,000 in the U.S. population [3]. According to the report, among
the total 392,982 new cases for this 5-year period, 30.9% are malignant tumors and
69.1% are non-malignant tumors [3]. Patients with malignant tumors have about
35% and 29.3% rates for 5- and 10- survival years, respectively [3]. Glioblastoma
(GBM) is the most common and a highly aggressive type of glioma. Even though
under treatment advancements, the median of the survival period for a patient with
GBM still remains at 12—16 months [4]. The short survival period of patients with
GBM is not only because of the rapid tumor growth, but is also due to the tumor’s
invasion to surrounding brain tissues [5]. Early and proper detection of the tumor
grade may result in a good prognosis [6].

To achieve a proper prognosis and treatment management, accurate brain tumor
detection and segmentation are very important. However, manual tumor segmentation
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by radiologists is very tedious, time consuming, and prone to human error [7].
Consequently, computer-aided brain tumor analysis is desired. In the literature,
many methods have been proposed to detect and segment brain tumors, such as the
active contours-based [8] and atlas-based methods [9, 10]. However, performances
of tumor segmentation using atlas-based methods highly depends on the quality of
the tumor-bearing multimodal magnetic resonance imaging (mMRI) image
registration with corresponding atlas. To overcome this issue, brain tumor
segmentation may be considered as a classification problem. Traditional machine
learning classifiers, including K-nearest neighbor (KNN), support vector machine
(SVM), and random forest (RF), are generally used [2, 11-13] with appropriate
features extraction. Due to difficulty in designing effective features extraction
methods, deep learning-based classification methods for brain tumor segmentation
have gained prevalence in recent years.

Tumor growth describes an abnormal growth of tissue, which usually involves
cell proliferation, invasion, and mass effect to the surrounding tissues. During cell
invasion, tumor cells migrate as a cohesive and multicellular group with retained
cell-cell junctions and penetrate the surrounding healthy tissues. The tumor growth
model may improve therapy planning (in surgery or radiotherapy) by defining the
tumor invasion region based on the local estimation of the tumor cell density [14].
Many works in literature proposed cellular and microscopic models to predict tumor
growth [15-17]. However, these models do not consider the interactions between
cells and tissues. Macroscopic models mainly use a reaction-diffusion formalism [9,
14]. These models take both the microscopic proliferation and the macroscopic
diffusion into account for tumor growth.

Even though the brain tumor segmentation and tumor growth modeling have
each seen success in respective domains, these processes are studied individually.
Longitudinal brain tumor prediction is not only related to the accurate segmentation
of the various tumor sub-regions, but also reveals information about the tumor
development over time. Monitoring longitudinal brain tumor changes is useful for
follow-up of treatment-related changes, assessment of treatment response and
guiding dynamically changing treatments, including surgery, radiation therapy, and
chemotherapy.

In addition, brain tumor subtype classification and patient survival prediction are
critical [1, 18]. An accurate tumor subtype classification results in a proper glioma
grading, which benefits treatment planning and prognosis. Survival prediction
estimates survival period for patients with brain tumors, which also helps the
treatment management. There is a plethora of work proposed in literature about
tumor subtype classification and patient survival prediction. Hou et al. proposed a
convolutional neural network-based brain tumor subtype classification on whole
slide image (WSI) [19]. Zeina et al. deployed an overall patient survival prediction
using machine learning-based method. Even though the new tumor classification
criteria released by World Health Organization (WHO) require both phenotypic and
genomic information, conventional MRI is still widely used because of its non-
invasive and large-scale view on brain tumor properties. It may be sufficient to use
MRI only for tumor classification. In recent years, with the success of deep learning
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in many fields, such as computer vision [20-22], speech recognition [23], etc., deep
learning-based methods have also been applied to medical imaging processing [24—
26], including brain tumor detection, segmentation, tumor subtype classification,
and overall patient survival prediction. There is a need to study automated learning-
based automated methods for multiple tasks such as brain tumor segmentation,
tracking, subtype classification, tumor growth analysis, and patient survival
prediction simultaneously as each of these steps may affect multiple others.
Consequently, this chapter discusses a machine learning framework for longitu-
dinal brain tumor volume segmentation and tracking using multimodal MRI, and
combines brain tumor segmentation and tumor growth modeling. It comprises two
fusion methods: feature fusion and joint label fusion (JLF). The first method fuses
stochastic multi-resolution texture features with tumor cell density features to obtain
tumor segmentation predictions in follow-up MRI scans. The second method uti-
lizes JLF to combine segmentation labels obtained from (i) the stochastic texture
feature-based and the Random Forest (RF)-based tumor segmentation method, and
(ii) another state-of-the-art tumor growth and segmentation method, known as
boosted Glioma Image Segmentation and Registration (GLISTRboost, or GB). We
further discuss a context aware deep learning method (CANet) for brain tumor
segmentation, tumor subtype classification, and overall survival prediction.

Background Review

The section reviews the relevant information on tumor segmentation, tumor growth
modeling, longitudinal tumor tracking, the artificial neural network, and overall
patient survival prediction.

Brain Tumor Segmentation

A brain tumor has highly irregular properties, including multiple cell phenotype,
heterogeneous density, high intra-tumor pressure, and tortuous vasculature when
comparing to normal tissues [27]. Accurate brain tumor detection and segmentation
is critical for diagnosis, prognosis, and treatment planning. Brain tumors may
appear with a huge variation in size, shape, heterogeneity and location on MRI, as
shown in Fig. 11.1. Hence, it is very difficult to distinguish different abnormal
tumor tissues such as necrosis (NC), peritumoral edema (ED), non-enhancing tumor
(NE), and enhancing tumor (ET). There are many studies proposed for image-based
brain tumor segmentation in the literature. Conventional machine learning-based
methods, including K-nearest neighbors, support vector machine (SVM), and
AdaBoost are widely used [28-30]. In recent years, deep learning-based methods
outperform conventional machine learning-based methods for tumor segmentation.
However, longitudinal brain tumor tracking using deep learning methods may not
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ET s NC s ED Emmmm NE

Fig. 11.1 Four cases of tumor on MRI. Note that these pre-processed images are overlaid with
ground truth. All data obtained from BraTS Challenge. ET enhancing tumor, NC necrosis, ED
peritumorally edema, NE non-enhancing tumor

be feasible due to a lack availability of large volume of longitudinal tumor
tracking data.

Tumor Growth Modeling

Tumor growth modeling provides a trajectory of tumor changes over time. There are
some works proposed for brain tumor growth modeling in the literature. According
to the observation scales, it can be categorized into two groups: microscopic model
and macroscopic. The microscopic models take behavior of individual cell into
account for the subject, and consider the interaction between the cells and the
environment as well [15-17]. For macroscopic models, they are based on local
tumor cell density [9, 14]. Most of the macroscopic models employ a reaction-
diffusion equation. In this work, we utilize a reaction-diffusion equation to predict
brain tumor development over time as it takes both the microscopic proliferation
and the macroscopic diffusion into account. There are many benefits of tumor
growth simulation. First, it provides a better understanding of the physiology of the
tumor growth. Second, a tumor growth model may be used to quantify a tumor’s
aggressiveness for a given patient. Finally, using the growth model can improve
therapy planning (in surgery or radiotherapy) by better defining the tumor invasion
region based on the local estimation of the tumor cell density [14]. It can help in
predicting the tumor over time from a limited number of patient observations.

Longitudinal Brain Tumor Tracking

Longitudinal brain tumor segmentation prediction refers to brain tumor segmenta-
tion, and tumor growth development over time. Monitoring longitudinal brain tumor
changes is useful for treatment follow-up, and assessment of different types of
treatment response including surgery, radiation therapy, and chemotherapy. A
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reaction-diffusion equation is widely used for simulating brain tumor growth [10,
14, 31-34]. Hu et al. simulated one-dimensional tumor growth based on logistic
models [35]. Sallemi et al. predicted brain tumor growth based on cellular automata
and the fast marching method [36]. Clatz et al. proposed a GBM growth prediction
by solving a reaction-diffusion equation [37]. In addition, we recently proposed a
novel method for segmentation prediction by integrating with brain tumor
segmentation [12].

Integrating with tumor segmentation, tumor growth modeling is useful in under-
standing the tumor development changes over time. Bauer et al. proposed a tumor
growth model which is based on segmentation [38]. Boosted Glioma Image
Segmentation and Registration (GLISTRboost), a state-of-the-art method, is
developed for brain segmentation by incorporating a glioma growth model [39].
Brain Tumor Image Analysis (BraTumIA), another state-of-the-art tool, is used for
longitudinal brain tumor segmentation [40]. However, both these tools ignore
possible relationship between scans from different timepoints. Figure 11.2 illustrates
a longitudinal brain tracking example. It shows the brain tumor changes at the
second time scan (second row), comparing to the first-time scan (top row).

Artificial Neural Networks

Inspired by the biological neural networks of human brains, artificial neural net-
works (ANNs) are computing methods for estimating outputs based on the inputs.
The process consists of data collection, analysis and processing, network structure

ET

Fig. 11.2 A longitudinal brain tumor tracking example. Top row from left to right: T1, Tlc, T2,
T2-FLAIR, and ground truth (GT) at timepoint 1. Bottom row shows the corresponding images at
timepoint 2 (89 days after timepoint 1). ED edema, NE non-enhancing tumor, NC necrosis, ET
enhancing tumor
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design, the number of hidden layers, the number of hidden units, initializing, train-
ing the network, network simulation, weights/bias adjustments, and testing the net-
work [41]. ANNSs are considered as a universal approximators that have the ability
to approximate a given function distribution. Figure 11.3 illustrates a graphical rep-
resentation of a perceptron.

Deep Learning Method: Convolutional Neural Network

With the availability of large dataset and the improvement of hardware, convolu-
tional neural network (CNN) has been successfully applied in many domains, espe-
cially for visual imagery analysis. A typical CNN consists of a convolutional layer,
a pooling layer, an activation function, and a fully connected layer. The convolu-
tional layer determines the output of the neurons that are connected to the local
regions of the input through convolutional operation. The pooling layer reduces the
dimensionality of feature maps. The activation function is to add non-linear
properties to the network. The activation functions include sigmoid, tanh, rectified
linear unit (ReLU), and leaky-ReLU, among others. The fully connected layer
contains neurons that are directly connected to the neurons in the two adjacent
layers, without being connected to any layers within them [42]. It usually produces
class scores from the activations in a classification application. A handwriting
recognition application by using a CNN shown in Fig. 11.4.

Fig. 11.3 A graphical o Neuron
representation of a Xo —
perceptron. x; and @, are
inputs to the neuron and
the corresponding weight,
respectively. f{e) is an
active function. y is the Xo —wz’
final output

Ly

> 5=

[oX X JoX JoJoX X Jo)
©CONONRWN—=O

I IFeature maps @Convolution operation |:| Features in neuron

Fig. 11.4 A CNN application for handwritten digits recognition. Conv. convolutional, FC fully
connected
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In recent years, CNN-based methods have been successfully applied in brain
tumor segmentation. According to the input data, the CNN-based methods can be
generally categorized as patch-based [43], 2D slice-based [44], and 3D volume-
based [45]. Each method has advantages and disadvantages. The patch-based
method executes fastest in training phase, however, it may produce many
misclassifications in testing phase. The 2D slice-based method has a moderate
training time and generates a more accurate result than that of patch-based method
in the testing phase. The 3D volume-based method takes the longest training time,
yet provides the best performance in the testing phase, compared to the other two
methods. All the CNN architectures for brain tumor segmentation are composed of
encoding and decoding modules. The encoding module is to extract the high-dimen-
sional dense features, and the decoding module is to reconstruct the encoded fea-
tures to the corresponding segmentation. The trainable network minimizes the
difference between the segmentation and ground truth.

Patient Survival Prediction

Patient survival prediction may aid in treatment management for patients. There are
many studies in predicting the survivability of patients with brain tumors in the
literature. These studies can be grouped as machine learning-base and deep learning-
base methods. Using the machine learning-base method, handcrafted features, such
as shape and texture of the brain tumor are extracted and then is followed by
regression method to estimate the patient survivability. Zeina et al. propose a
feature-guide deep radiomics method for glioblastoma patient survival prediction
[18]. The authors extract volumetric and texture features, including piecewise
triangular prism surface area (PTPSA) and multi-fractional Brownian motion
(mBm) from segmented tumor tissues, and then XGBoost regression is applied on
these features for the survival prediction. Due to difficulty in extracting effective
handcrafted features, CNN-based deep learning method is an alternative way to
predict the patient survivability [46, 47].

Methodology

In this section, we discuss a machine learning pipeline for brain tumor growth mod-
eling, tumor segmentation and longitudinal brain tumor tracking, compromising of
two methods: feature fusion and joint label fusion (JLF). Then, we describe a deep
learning-based context-aware model known as CANet for brain tumor segmenta-
tion, tumor classification, and survival prediction, respectively.
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Machine Learning-Based Methods: Brain Tumor Growth
Modeling, Segmentation and Tracking

Biophysical Tumor Growth Model

Tumor growth refers to abnormal tissue development over time, which involves cell
proliferation, invasion, and mass effect to surround tissues. We build the tumor
growth model by solving a reaction-diffusion (RD) equation. The RD equation can
be expressed as [34]:

%=szns+pns(l—ns), (11.1)
t

DVn, iy, =0, (11.2)

where 7, is the tumor cell density, D is the diffusion coefficient while infiltrating,
and p is the proliferation rate. Equation (11.5) enforces Neumann boundary condi-
tions on the brain domain £2, and 7 is unit normal vector on the d€2 pointing inward
to the domain.

Feature Fusion-Based Tumor Segmentation Method

The proposed method employs novel feature obtained from tumor growth pattern to
improve tumor prediction in longitudinal MRI. The pipeline is shown in Fig. 11.5.
Starting from the raw mMRI, we extract both non-texture and texture features.
Meanwhile, based on the segmentation/ground truth at the baseline, we apply a
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Fig. 11.5 Pipeline of the proposed method
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tumor growth model by solving the reaction-diffusion equation using Lattice-
Boltzmann method (more details in [2]). The cell densities of the tumors are used as
novel features. Sequentially we fuse the novel features with the previous features.
Finally, we perform a Random Forest (RF) classifier on the fused features to achieve
prediction at the second time scan.

Joint Label Fusion-Based Tumor Segmentation

Comparing to a single-atlas based method, multi-atlas-based fusion offers a robust
result. However, different atlases may generate similar label errors. To overcome the
issue, a joint label fusion is proposed by Wang et al. [48]. Joint label fusion achieves
consensus segmentation given as,

n
~

L=Yw,(x)p(Ix1,), (11.3)

i=1

where w,(x) is individual voting weight, fﬂ is the n-th training image, and p(l Ix,fn)
is the probability that x votes for label /. The weight is determined by:

Ml
o, =——" 11.4
toUM]', (4
where 1,=[1;1;--+; 1] 1s a vector of size n and M, is the pairwise dependency matrix
that estimates the likelihood of two atlases both producing wrong segmentations on
a per-voxel basis for the target images.
The dependency matrix is computed as:

Ly

M, ()~ X

m=1

A7 (6(x(7) -1 (B ()

A7 (O(x(0)-17 (B()]). (119)

where m indices correspond to all modality channels, and
Al (U(x( j ))) -T7 (6(x))‘ is the vector of absolute intensity difference between

a selected atlas image and the target image over local patches U centered at
voxel x(j) and x, respectively. (s, ) is the dot product. Ly, is the total number of
modalities [48].

The proposed joint label fusion-based method for tumor segmentation prediction
is shown in Fig. 11.6. We utilize joint label fusion technique to fuse the label from
RF and another state-of-the-art tool, known as GB.
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Fig. 11.6 Pipeline of joint label fusion-based tumor segmentation prediction

Encoding module Context encoding module Decoding module Output

Fig. 11.7 CANet architecture for brain tumor segmentation

Deep Learning-Based Method: Brain Tumor Segmentation,
Subtype Classification and Patient Survival Prediction

CANet-Based Tumor Segmentation

Even though there are many works in brain tumor segmentation, tumor subtype
classification, and overall patient survival prediction in the literature, most of them
are studied separately. In this section, a deep learning- based context aware network
(CANet) for brain tumor analysis tasks is discussed that includes tumor segmentation,
tumor subtype classification, and overall patient survival prediction [25, 49]. The
CANet deep learning method for brain tumor segmentation is illustrated in Fig. 11.7.
The architecture is composed of encoding, context encoding, and decoding modules.
The encoding module extracts features from the input. The context encoding module
generate updated features and a semantic loss to regularize the model. The decoding
module reconstructs the extracted features to output prediction. Brain tumors have
necrosis (NC), peritumoral edema (ED), non-enhancing tumor (NE), and enhancing
tumor (ET).

CANet-Based Tumor Subtype Classification

Tumor subtype classification can be beneficial for treatment planning. The proposed
pipeline for tumor classification is shown Fig. 11.8. The segmented tumor uncer-
tainty in subregions from the above section are the inputs of tumor subtype classifi-
cation. In addition, we construct a regular CNN for the classification, which includes
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Fig. 11.8 Overview of CNN-based tumor classification. At the last convolutional layer, we apply
an average pooling layer to shrink the size
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Fig. 11.9 Pipeline of proposed method for overall survival prediction

several convolutional layer, pooling layers, and fully connected layers. The output
of the classification may be astrocytoma (A), oligodendroglioma (O), or glioblas-
toma (G).

CANet-Based Survival Prediction

The proposed pipeline for CNN-based survival prediction is shown in Fig. 11.9. We
utilize the encoding module of the CANet to extract features from the input, then
concatenate the age information. Subsequentially, we select features using Least
Absolute Shrinkage and Selection Operator (LASSO). Finally, we perform a
regression to estimate the survivability.

Experimental Setup

In this section, we describe experiment set-up, including dataset and evaluation
measurement.
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Dataset

As discussed, the data used for this work is taken from Multimodal Brain Tumor
Segmentation Challenge (BraTS 2015 and BraTS 2019) and Computational
Precision Medicine: Radiology-Pathology Challenge on Brain Tumor Classification
2019 (CPM-RadPath 2019). For longitudinal brain tumor tracking, we have nine
longitudinal brain tumor data from BraTS 2015. For the tumor segmentation using
CANet, we use data of BraTS 2019, including 335 cases, 125 cases, and 166 cases
for training phase, validation phase, and testing phase, respectively. For the tumor
subtype classification and survival prediction, there are 221, 35, and 73 cases from
CPM-RadPath 2019 for training data, validation data, and testing data, respectively.
Note that ground truths are only available for training data.

Brain Tumor Subregion

The evaluation in the work is based on the brain tumor subregions, including
enhancing tumor (ET), tumor core (TC), and whole tumor (WT). The TC consist of
enhancing tumor (ET) and necrosis (NC). The WT is the combination of all
abnormal tissues, including ET, NC, and TC.

Dice Score Coefficient (DSC)

The quantality of evaluation is based on the dice score coefficient between tumor
2:|AnB
4] +[8]
A and B represent the segmentation labels and the manually annotation (or ground
truth). The DSC value ranges in [0, 1], where 1 represents the regions are identical,

and 0 means no overlap between these two sets.

segmentation and ground truth, which can be described as DSC = , Where

Results and Discussions

The section reports the experimental results by using the proposed methods.
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Machine Learning-Based Method
Feature Fusion

We build the biophysical brain tumor growth model by solving the RD equation
using LBM. The parameters of diffusion coefficient D and proliferation rate p are
suggested within [0.02, 1.5] mm?*/day, and pe[0.002,0.2]day™" in the literature [34].
Figure 11.10 shows examples of tumor segmentation prediction by using the
proposed feature fusion-based method.

The performance comparison of tumor growth without cell density feature using
the proposed method is shown in Fig. 11.11. Furthermore, we statistically analyse
the significant improvement using paired t-test for all patients. The p-values for
segmentation prediction obtained with and without inclusion of the cell density fea-
ture showed statistical significance for WT, TC, and ET tissues (Table 11.1).

Prediction w/o cell density Prediction with cell density Ground truth

Fig. 11.10 Examples of tumor segmentation prediction by using the proposed method. (Left col-
umn) Without cell density feature, (middle column) With cell density feature, and (right column)
the ground truth of second time scan

DSC comparison of WT DSC comparison of TC DSC comparison of ET

0.6 0.5 - Without density 06
-s-  With density
0.4

0.3

[¢] (&) O
g g 2
0.2
0.2 0.2
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-s-  With density : -s-  With density
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Fig. 11.11 Comparison of tumor growth prediction segmentation using proposed method [10]
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Table 11.1 Paired t-test for comparison of the volume between without and with cell density by
using RF only to predict the tumor segmentation labels in timepoint 2, using data from time point 1

DSCyr DSCyc DSCgr
Result w/o cell density 0.251 = 0.08 0.229 = 0.08 0.311 +0.101
Result with cell density 0.314£0.16 0.332 £ 0.065 0.448 = 0.076
p-value 0.150 0.0002 0.0002

DSC comparison of WT

DSC comparison of TC

DSC comparison of ET

—— Result by GB —— Result by GB —— Result by GB
1.0q -=- Resultby JLF 1.0 -=- Resultby JLF 1.09 -=- Resultby JLF
—— Result by RF —— Result by RF —— Result by RF

DSC

Patients Patients Patients

Fig. 11.12 DSC comparison results among GB, RF, and proposed method (JLF) at time 2 [10]

Label Fusion

We apply the joint label fusion-based brain tumor segmentation prediction to all
nine patients at timepoint 2 (post-op scans). To evaluate the performance, we use a
Leave-One-Out cross-validation schema to compute the DSC of segmentations at
timepoint 2 from the proposed method and compare to the ground truth and to seg-
mentations generated by GB. We compare the performance among the RF result,
GB result, and the JLF result, as shown in Fig. 11.12. We further statistically anal-
yse the significant importance using ANOVA, as shown in Table 11.2. The statistical
analysis suggests that the joint label fusion offers significant improvement in WT
and ET, comparing to the result by GB. There is an example showing the joint label
fusion result in Fig. 11.13.

Furthermore, we compare the proposed work with the result using a state-of-the-
art method, BraTumIA [40]. The comparison shows that our proposed method
achieves much better result, as shown in Table 11.3.

Deep Learning Method
CANet-Based Tumor Segmentation
We apply the CANet for brain tumor segmentation using the validation and testing

dataset of BraTS 2019, which include 125 cases and 166 cases, respectively. We
then submit the segmentation for online evaluation, and performance is shown in
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Table 11.2 Performance of 3D brain tumor growth prediction segmentation

213

WT TC ET
Average DSC by GB 0.810 = 0.095 0.829 + 0.062 0.796 = 0.104
Average DSC by RF 0.852 +0.063 0.812 +0.074 0.851 = 0.083
Average DSC by JLF 0.850 = 0.055 0.836 +0.041 0.837 £ 0.0074
p-value (GB and JLF) 0.047 0.579 0.023

Modeality

Axial view

Sagittal view

Coronal view

T2-FLAIR

Fig. 11.13 An example of label fusion-based application. The first (top) row denotes the input
brain scans. Rows 2—4 illustrate shows the axial, sagittal, and coronal views, respectively, of the
Tlc input can overlaid with GB, RF, JLF and GT labels
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Table 11.3 Longitudinal tumor segmentation comparison of average DSC between BraTumlA

[40] and JLF

DSCyr DSCrc DSCyr
BraTumlIA [40] 0.761 £0.104 0.703 £ 0.186 0.732 £ 0.140
JLF .850 £ 0.055 0.836 £ 0.041 0.837 +£0.075

Table 11.4 Dice coefficient results for tumor segmentation in the validation and testing datasets

Phase Post-process Dice_ET Dice_ WT Dice_TC
Validation No 0.73856 0.90496 0.81496
Validation Yes 0.77273 0.90496 0.81496
Testing Yes 0.8133 0.8867 0.84031

Fig. 11.14 Comparison of tumor segmentation using the proposed method and ground truth. Top
row from left to right: T1ce image, segmented tumor overlaid with T1ce in axial view, in coronal
view, and in sagittal view. Bottom row from left to right: FLAIR image, ground truth overlaid with
Tlce in axial view, in coronal view, and in sagittal view

Table 11.4. There is an example showing the comparison between segmentation and
ground truth in Fig. 11.14.

CANet-Based Tumor Subtype Classification

We apply the proposed method to the validation data and testing data of the CPM-
RadPath 2019, which has 35 cases and 73 cases, respectively. In validation phase,
we submit the result for online evaluation. Note that in the testing phase, we wrap
the algorithm using Docker, and send to the challenge organizer. The organizer
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Table 11.5 Online evaluation of tumor classification on CPM-RadPath 2019 validation and

testing datasets

Phase Dice Average Kappa Balance_acc F1_micro
Validation 0.749 0.764 0.715 0.749 0.829
Testing 0.596 NA 0.39 0.596 0.603

Table 11.6 Survival prediction performance of the validation dataset obtained from online

evaluation

Phase Accuracy MSE medianSE stdSE SpearmanR
Validation 0.586 79,146 24,362 113,801 0.502
Testing 0.439 449,009 44,604 1,234,471 0.279

executes the wrapped algorithm and rank based the performance. Our result is
ranked second place in the testing phase. The tumor subtype classification perfor-
mance is listed in Table 11.5.

CANet-Based Survival Prediction

We apply the proposed method to the BraTS 2019 validation and testing data for
survival prediction, which contains 29 cases and 107 cases, respectively. According
to the period length, the survivability can be categorized as short-term (<10 months),
mid-term (between 10 and 15 months), and long-term (>15 months). The online
evaluation is shown in Table 11.6.

Discussion

For longitudinal brain tumor segmentation and tracking, we discuss a novel machine
learning based method comprising of feature fusion-based and joint label fusion.
The feature fusion-based method shows significant prediction improvement of TC
and ET abnormal tissue segmentation, while there is no significant improvement for
WT tissue. On the other hand, the joint label fusion using RF and GB labels shows
improvement on WT and ET abnormal tissue segmentation over that of the GB
labels alone. Moreover, the performances using the method have significant
improvement comparing to BraTumlA, a state-of-the-art for longitudinal brain
tumor segmentation. This shows the promising application using the machine learn-
ing-based method for longitudinal tumor segmentation and tracking. However, due
to availability of limited number of longitudinal tumor growth patient cases used in
this study, the segmentation prediction performance is not optimal for all possible
types of abnormal tissue.
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For tumor classification and survival prediction using the CANet, lack of data is
the main issue, which is also a limitation by using deep learning-based method.
Even though we apply data augmentation to increase training sample size, 221 cases
may still be insufficient number for deep learning.

Conclusion

This Chapter discusses learning-based methods for automated brain tumor growth
modeling, tumor segmentation, tumor tracking, tumor subtype classification, and
patient survival prediction using mMRI. Brief background is discussed for each task
to introduce readers with the appropriate context. We then report a machine learning
framework for brain tumor growth modeling, tumor segmentation and tracking in
longitudinal mMRI scans, comprising two methods: feature fusion and joint label
fusion. We further discuss a novel deep learning pipeline, known as Context-Aware
Convolutional Neural Network (CANet), for tumor segmentation, tumor subtype
classification and patient survival prediction. We evaluate the methods using mMRI
dataset BraTS 2015, and BraTS 2019, and the Computational Precision Medicine:
Radiology-Pathology Challenge on Brain Tumor Classification 2019 (CPM-
RadPath), respectively. The evaluation results show the learning methods achieve
state-of-the-art in longitudinal brain tumor tracking and tumor subtype classifica-
tion. The performances also suggest that the methods offer promising results in
tumor segmentation and overall survival prediction.

Acknowledgements This work was partially funded through NIH/NIBIB grant under award
number ROIEB020683.
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Chapter 12
Rodent Brain Tumor Models
for Neuro-Oncology Research

Yoshihiro Otani, Ryan McCormack, and Balveen Kaur

Introduction

Glioblastoma (GBM) is the most common primary malignant brain tumor with
approximately 12,000 new diagnoses each year in the United States [1]. Despite
advances in surgical techniques, adjuvant chemoradiation, and novel tumor treating
interventions GBM prognosis continues to be grim with a median overall survival
(OS) of less than 2 years [2—7]. Molecular profiling of GBM has unveiled several
targets for molecular interventions, and despite the preclinical success of targeted
therapies, the clinical experience has been largely disappointing. To aid in better
translation of preclinical drug development to patients availability of preclinical
models to evaluation of the mechanisms and interactions become critical to the
development of successful therapeutics. Rodents are the choice species for these
studies, for many different reasons as outlined below. Here we will discuss the util-
ity and limitations of the different rodent models commonly utilized in neuro-
oncology research.

Carcinogen Induces Rodent Brain Tumor Models

Rat GBM models were initially developed in the early 1970s and have been the
mainstay of neuro-oncology for much of the last 50 years. Over time, these models
have provided significant insight into the GBM progression as well as the

Y. Otani - R. McCormack - B. Kaur (<)

The Department of Neurosurgery, McGovern Medical School, The University of Texas Health
Science Center at Houston, Houston, TX, USA

e-mail: Balveen.Kaur@uth.tmc.edu

© The Author(s), under exclusive license to Springer Nature 219
Switzerland AG 2021

J. J. Otero, A. P. Becker (eds.), Precision Molecular Pathology of Glioblastoma,

Molecular Pathology Library, https://doi.org/10.1007/978-3-030-69170-7_12


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-69170-7_12&domain=pdf
https://doi.org/10.1007/978-3-030-69170-7_12#DOI
mailto:Balveen.Kaur@uth.tmc.edu

220 Y. Otani et al.

biological mechanisms regulating GBM including chemotherapy, anti-angiogenic
therapy, proteasome inhibitors, toxins, radiation therapy, photodynamic therapy,
oncolytic viral therapy, and gene therapy [8—16]. Despite the limited translational
success of these advances, rat brain tumor models continue to provide a wealth of
information regarding the in vivo responses to GBM and different therapeutic
modalities. All syngeneic rat GBM models were chemically induced by treating
pregnant rats with carcinogens such as N-nitroso compounds [17-19]. Commonly
utilized chemically induced rat brain tumor models include 9L, C6, F98, and
CNS-1 (for in-depth review please see Barth and Kaur [20]). One additional caveat
to these chemically induced brain tumors is that the tumor characteristics are quite
different from human gliomas prompting frequent reference to “gliosarcomas” or
“glioma-like tumors.” This is probably a reflection of the artificial chemical-
induced brain tumor development in these animals [21, 22]. Chemically induced rat
glioma models have additional drawbacks when assessed histologically. Rat mod-
els do demonstrate some invasion; however, there is a lack of single-cell infiltration
to the contralateral hemisphere as well as the microvascular involvement typically
of human GBM. Even “invasive xenografts” in BT4C, F98, and RG-2 tumors
exhibit various ranges of local invasion rather than single-cell invasion in both
hemispheres [23, 24].

The major advantage of chemically induced cell lines grafted into syngeneic
animals is an intact immune system permitting for studies that involve the assess-
ment of the tumor microenvironment, microglial polarization, and interaction with
the adaptive immune response [25, 26]. However, the innate and adaptive priming
also has a potentially significant limitation with the inherent immunogenicity of
some models resulting in a spontaneous tumor rejection. This is exemplified in stud-
ies where the C6 rat model resulted in increased rejection of tumors with reducing
tumor cell inoculum such that a 30% rejection rate is observed in rats implanted
with ten thousand tumor cells [27]. Later MHC allele-typing demonstrated that the
C6 line was originally derived from an outbred strain and are thus not syngeneic
with BDIX, Sprague-Dawley, or Wistar rats contributing towards the observed
immunogenicity of this model [28].

Nevertheless, the rat GBM models have been used to provide excellent informa-
tion regarding the interaction between tumor vs adaptive and innate immunity. The
primary advantage of rat models lies in the significantly increased size of the rat
brain when compared to that of a mouse (~1200 mg vs ~400 mg). The larger size
permits a more precise tumor implantation as well as a significantly larger volume
of injection. The increased brain size also provides for a larger tumor size before
mortality enabling an easier opportunity for tissue analysis. While these advantages
are significant, the advancements in genetic engineering have enabled the develop-
ment of genetically engineered murine models that better recapitulate human
disease.



12 Rodent Brain Tumor Models for Neuro-Oncology Research 221
Chemically Induced Murine GBM Models

Immunocompetent murine glioma models are powerful tools allowing one to inves-
tigate the therapeutic effect and interaction between tumor cells and the TME
including immune cells, vasculature, neurons, and glial cells. The need for immune-
competent animal models is highly significant with the increased development in
immune-modulating experimental drugs being evaluated for use in brain tumor
patients. Apart from the rat models described above, several chemically-induced
murine glioma models have been described and are frequently utilized. GL261 was
established in 1970 via chemical induction with methylcholanthrene [29].
Intracranial inoculation of GL261 cells forms reliable and reproducible tumors that
have activating mutations in the Ras pathway along with loss of tumor suppressors
like p53 similar to human GBM. This model has been used extensively in research
to study both glioma stem cells and response to therapies.

The recent advent of biological therapies like oncolytic HSV requires a human
receptor for viral entry. GL261 cells transduced with the herpes virus entry receptor
nectin 1 (GL261-N4) have been created to facilitate evaluation of HSV based thera-
peutics. This allows the use of immune-competent GBM model to be used to evalu-
ate the immunological benefit of HSV based therapies [30]. CT-2A was also created
by chemical induction with 20-methylcholanthrene [31]. Those tumors are deficient
in PTEN and have a dysregulated PI3K pathway and are thus useful to evaluate
PTEN loss and/or activated PI3K signaling associated effects [32].

Genetically Induced Murine Glioma Models

During the last decade, advances in sequencing technology have increased our
understanding of the genomic landscape of glioma [33, 34]. With this understand-
ing, there have also been explorations into targeted therapeutics necessitating the
development of models with specific tumor driver mutations similar to human
GBM. To better recapitulate the biology of GBM, mice have been genetically engi-
neered with specific alterations in tumor suppressors and oncogenes introduced in a
tissue-specific manner using different approaches [35]. This has enabled the cre-
ation of genetically engineered mouse (GEM) models. These models have various
favorable characteristics including (i) temporal and sequential induction of onco-
gene or depletion of tumor-suppression genes in the specific cell of origin in a spe-
cific time frame to investigate tumor development, (ii) temporal and sequential
depletion of specific gene for a therapeutic feasibility proof-of-concept study, (iii)
lineage-specific tracing of tumor subpopulations during tumor development and
treatments, and (iv) specific induction or depletion of target genes in TME to under-
stand the importance of such genes in TME for tumor-TME interaction.
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These models dramatically changed the experimental models available for
Neuro-Oncology preclinical research. The different strategies used to generate these
include different recombination, transposon, and virus mediated gene transduction
strategies such as: Cre/LoxP recombination, flippase/flippase recombination (Flp/
FRT), avian leukosis virus (ALV)-based replication-competent ALV long terminal
repeat with a splice acceptor (RCAS), transposon system (Sleeping Beauty (SB),
piggyBAC, Tol2), and the CRISPR/Cas9 system. Here, we will describe some of the
molecular technologies utilized to develop genetically-engineered mouse models
(GEMMs) (Fig. 12.1).
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Fig. 12.1 Examples of different strategies utilized to generate genetically engineered murine gli-
oma models. (a). Tissue specific Cre-expressing mice are crossed with transgenic mice engineered
to have loxp sites flanking a target gene. F1 generation then generates heterozygote mice which
have floxed out one allele of the gene. Subsequent mating results in homozygous mice with tissue
specific loss of the target gene in both the alleles. (b) The RCAS-TVA system. RCAS retroviruses
produced in DF1 chicken fibroblasts can enter mammalian cells expressing RCAS receptor, TVA,
but not TVA-negative mammalian cells. (¢) Transposon system. Co transfection of transposases
with a genetic element that contains target gene to be inserted flanked by transposon specific ter-
minal inverted repeats (TIRs). Transposase results in integration of the target gene into into a new
target site in the mammalian genome. (d) CRISPR-Cas9 system. Cas9 enzyme mediated DNA
incision at sequences guided by RNA (gRNA). Target genes are edited by deleting or inserting new
DNA at the cut position
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Cre/LoxP Site Specific Recombination Driven Murine Models

Cre-Lox is a site-specific recombinase technology derived from bacteriophage P1
[36]. This system consists of a Cre recombinase enzyme and a pair of short target
sequences called Lox sequences. Lox sequence includes asymmetric 8 bp core
spacer sequence and two symmetric 13 bp sequence, and Cre recombinase mediates
recombination between two LoxP sites. If two LoxP sites are opposite orientation,
the floxed sequence (sequence flanked by two LoxP sites) is inverted. However, if
two LoxP sites are the same direction, the floxed sequence is excised.

The exact cellular origin of human GBM is still unclear; however, the best
approximations of tumor initiating cells based on gene expression are utilized to
generate GEM glioma models. Tissue-specific Cre transgenic mouse lines enable
genomic alteration to be introduced in particular subsets of cells expressing mark-
ers of stem cell-like population. GFAP which is a specific marker for astrocytes, is
also present on neural progenitor and glioma stem cells, and thus GFAP positive
cells are frequently used to express tumor driving mutations [37]. A landmark study
from Dr. Prada’s laboratory reported the generation of mouse strains that lack p53
and harbor a conditional floxed allele of the NF1 tumor suppressor [38]. Cross-
breeding of these mice with mice expressing Cre under a GFAP promotor thus
generated p53 and NF1 knockout mice in GFAP+ cells. One hundred percent of
these mice developed spontaneous astrocytomas that histologically resembled
GBM. In another study, a pTomo-H-RasV12 plasmid that contains a human cyto-
megalovirus immediate-early promoter (CMV)-loxP-red fluorescent protein (RFP)-
loxP-Flag-H-RasV12 and a mutant Ras, followed by internal ribosomal entry site
(IRES)-GFP, was injected along with an Akt expressing lentivirus in the hippocam-
pus or subventricular zone of adult GFAP-Cre Tp53*~ mice [39]. In this model,
GFAP* tumor cells express GFP which indicates GFAP-specific Cre-recombination.
Isolated tumor cells (005 tumor cells) from this model are highly tumorigenic in
C57Bl/6 mice and relatively non-immunogenic, lacking expression of co-stimula-
tory molecules (CD80 and CD86) and major histocompatibility complex I (MHCI)
[40]. Thus murine 005 cells implanted in mice develop tumors with some charac-
teristics that are similar to human GBM including tumor heterogeneity, invasion,
angiogenesis, and an immunosuppressive TME [41-46]. Apart from GFAP* cells,
Nestin* cells are also frequently exploited to be the initiating cells that harbor
genetic alterations to drive GBM in mice. Nestin is a 38-kDa intermediate filament
protein, initially identified in neural stem cells. Shingu et al. reported a conditional
knockout of Qki, a STAR-family RNA-binding protein, using Nes-CreER™ line
(tamoxifen-inducible Cre under Nestin promoter) which increased gliomagenesis
combining with Pten™™ and Tp53“t [47]. Bardella et al. also used conditional
expression of the IDH1R!3H allele in an adult SVZ using Nes-Cre, with resultant
gliomagenesis [48].
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Flp/FRT

FIp/FRT is another site-directed recombination technology, analogous to Cre-Lox
recombination that was derived from a yeast 2 p plasmid [49]. Flp recombinase
recognizes the gene flanked by Flp recombinase recognition target (FRT) sites with
excision by homologous recombination. Although Flp/FRT and Cre/Lox are similar
recombinase systems, FLP-FRT is not efficient at recombining genes in mammals
since Flp has an optimal temperature of 30 degree Celsius concordant with its yeast
origin [50]. Later, researchers identified an altered Flp recombinase, Flpe [51] and
Flpo [52], which have an optimal temperature of 37 degrees Celsius and whose
recombination efficacy is comparable to that of Cre/lox. Using the Flpo system,
Hara et al. generated glioma in mice utilizing GFAP-Flpo mice to generate GFAP
positive cells expressing mutant Hras®'?Y and silenced for Tp53 using an U6-shTrp53
[53]. This mouse model enabled additional manipulation of the mouse genome by
Cre/Lox, which provided for further understanding of the cellular and molecular
mechanism of glioma genesis.

RCAS Avian Sarcoma Leukosis Virus Mediated GEM Model

The RCAS system is a somatic gene transfer system, derived from a family of avian
sarcoma leukosis viruses (ASLVs). This virus depends on the TVA receptor for
entry. Since mammalian cells do not natively express TVA, tissue specific expres-
sion of TVA is used to drive infection specificity of ASLV derived viral vectors to
transport genetic cargo to a chosen cellular populations. Dr. Holland’s laboratory
created GEM models that developed brain tumors utilizing the RCAS system [54].
In this GBM mouse model, mice expressing the TVA receptor under the governance
of a nestin promotor were used to ensure infection of only nestin positive TVA
expressing cells with RCAS. Treatment of these mice with RCAS virus encoding
for KrasG'?P a constitutively active form of Akt resulted in the development of
GBM like brain tumors [54]. Further the transduction of RCAS-PDGFB in Ntv-a,
Ink4a-ARF~~ mice spontaneously developed brainstem glioma [55]. According to
the current WHO classification of tumors of the central nervous system (CNS),
previously termed diffuse intrinsic pontine glioma (DIPG) is defined as midline
glioma, H3 K27M-mutant which harboring K27M mutation in the histone H3 gene
H3F3A or HIST1H3B. Further investigation by Hoeman et al. revealed transduction
of RCAS-ACVR1 R206H with H3.1K27M in the brainstem of Ntv-a;Tp53¥® mice
developed diffuse midline glioma [56]. Some of the limitations of the RCAS model
is the need to prepare specific TVA-expressing mouse strains, and that the RCAS
vector can only carry ~2.5 kb.
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Transposon Derived GEM Models

While a majority of genes are stable entities arranged in an orderly linear pattern on
definite loci on chromosomes the identification of transposons or “mobile genetic
elements” facilitated the discovery of the transposon system that drives inter
genomic migration. Transposon systems discovered to date include the Sleeping
Beauty (SB), piggyBac (PB), Tol2, Frog Prince, Himar1, and passport. These trans-
poson systems have not only different phylogenetic origin but also different biologi-
cal properties (including cargo size and DNA sequence preference for transposition)
that cause different activities. Among these transposon systems, SB and PB are
widely used to develop GEMMs as well as treatment for GBM [57, 58].

SB is a two-part DNA transposon system that is used to insert tumor driver gene
alteration in mouse models in several cancers including glioma. SB transposons are
derived from the Tcl-mariner family that are widely encoded across all animals but
silenced in vertebrates during evolution. This system is comprised of 2 components:
SB transposase and a transposon containing the gene cassette that can translocate
within the genome [59]. Within cells, transposase recognizes the inverted repeats of
the transposon (IR/DR; inverted terminal repeat, direct repeat) and excises it from
the genome, and then that transposon can be inserted at a TA dinucleotide region
(~200 million potential sites in mammalian genome [60]) elsewhere in the genome.
SB28 is a genetically engineered model induced by SB transposon-mediated intra-
ventricular transfection of NRAS, PDGF, and short hairpin 7p53 in neonatal
C57Bl/6 mice [61]. This SB28 model shows less immunogenic phenotype and less
number of the predicted MHC-I binding neoepitopes than the spontaneous astrocy-
toma model SMA-560 and the methylcholanthrene-induced GL261 models.
Therefore, SB28 is resistant to ICBs [62, 63], while SMA-560 and GL261 models
are responsive to checkpoint blockade immunotherapy [64—67] with unclear effi-
cacy in human GBM [68]. Koschmann et al. investigated the role of loss of ATRX
which is often concurrent with 7P53 mutation in glioma using SB system. In this
model, addition of SB-mediated shATRX to sh7p53 and NRAS (NP) model signifi-
cantly reduced survival of tumor-bearing mice and increased genetic instability
[69]. PB is another transposon system that is isolated from the cabbage looper moth
(Trichoplusia ni). While the original PB transposase demonstrated higher trans-
posase activity than SB [70], subsequent efforts to improve transposon efficiency
resulted in the generation of hyperactive PBase and SB100X, with better transposon
efficiency [71].

Izsvak et al. found that larger elements transposed less efficiency with SB trans-
posase, and with each kb increase in transposon length the efficiency of transposi-
tion decreased by approximately 30% [72], and cargo size limitation in SB is ~5 kb
[73]. In contrast, PB elements can carry up to 9.1 kb of foreign sequence without
significantly reducing integration efficiency [74]. Another advantage of PB is that
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PB tolerates overproduction inhibition (OPI), permitting a tolerance to its induced
expression. Thus, PB is a viable option for developing GEMMs as well as gene
delivery treatment in vitro and in vivo. Chen et al. developed glioma GEMM by in
utero electroporation of piggyBAC transposon harboring HRasV12 and AKT with
GLAST-PBase into radial glial progenitors [75]. Histologically, the tumors dis-
played diffuse infiltration into neighboring tissues and had cells with a highly pro-
liferative and necrotic area.

CRISPR-Cas9

As described above the goal is to create GEMMs expressing tumor drivers, how-
ever, the deletion of tumor suppressors with above techniques is a tedious time-
consuming process involving homologous recombination in embryonic stem cells.
Clustered regulatory interspaced short palindromic repeats (CRISPRs) were first
identified in E.coli in 1987 [76], which play a key role in adaptive immunity as the
antiviral defense. CRISPR-associated protein 9 (Cas9) is an enzyme that recognizes
CRISPR sequences as a guide to cleave specific strands of DNA. This technology
can be modified to cleave DNA in a sequence-specific manner leading to a very
powerful technology that can result in precise gene editing without the need for
cumbersome recombination strategies. This technology has revolutionized current
gene editing and for this reason, Dr. Jennifer Doudna and Emmanuelle Charpentier
were awarded the 2020 Nobel Prize in chemistry.

To date, several brain tumor GEMMs have been generated by CRISPR-Cas9
technology. For example, Zuckermann et al. developed sonic hedgehog (SHH)
medulloblastoma, one of the childhood brain tumors with the poorest prognosis, by
depleting the Ptchl gene [77]. Furthermore, they utilized gRNAs targeting Nf1,
Trp53, and Pten, and were able to induce highly aggressive tumors similar to human
GBM. Yu et al. developed a murine glioma model by in utero electroporation of
CRISPR/Cas9 vectors targeting Nfl, Trp53, and Pten with different variants of
Pik3ca mutations [78].

Spontaneous Tumor Derived Implantable Murine Models

Initial attempts to develop a spontaneous murine glioma model failed until 1971,
despite murine, canine, and feline development of primary brain tumors [79]. In
1971, Fraser developed a spontaneous murine astrocytoma (SMA) cell line from the
inbred VM/DKk strain, however, over time this model lost tumorigenicity with suc-
cessive in vitro passages [80]. A decade later Dr. Bigner’s laboratory established 5
cell lines (P492, P496, P497, P540, and P560) from the intracranial passaged SMA
and generated five cell lines with astrocytic features that retained tumor take. Of
these SMA-560 is the most highly used and has been exploited to investigate the
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testing of immune therapies when implanted in the VM mouse strain [81-83]. 4C8
cells also represent a non-chemically induced transplantable tumor model. These
cells were originally derived from MOCH-1 glial transgenic mouse and form highly
cellular tumors upon implantation into F1 generation of mice crossed between
C57BL/6]J (B6) female x DBA/2J (D2) male and are hence heterozygous for all
strain-specific loci in their genome [84]. Lentivirus mediated transduction of H-Ras
and AKT in GFAP-Cre Tp53~~ mice has also been used to induce spontaneous
tumors in mice. As described above, primary tumor cell cultures from these tumors
resulted in the isolation of 005 that formed neurosphere-like structures, and retained
self-renewal and tumorigenicity upon subsequent implantation in mice. Tumors
derived from the implantation of these cells are also more frequently being used
[39]. Cells derived from genetic models with inactivation of NF1 and heterozygous
for p53 with or without PTEN inactivation have also been used in several studies.
However, it is important to note that these cells were originated from a mixed
genetic background of C57/BL6, Sv129, and B6/CBA mice and will not be com-
pletely syngenic in any murine inbred strain. RNAseq analysis of end-stage tumors
showed that only Mut3 tumors had an expression profile that was distinct from
CT2A, GL261, or 005 murine glioma cells. Differentially expressed gene ontology
pathways related to immune signaling were more enriched in the GI261 and 005
relative to Mut3 and CT2A derived tumors [46].

Human Glioma Xenograft Models

Xenografts of human glioma derived cells implanted in immune-deficient mice are
perhaps the most widely used animal model to study GBM growth and response to
therapeutics. These cell lines were developed from patient-derived samples and then
cultured in vitro to create a stable clonal population and engrafted orthotopically
into immune-deficient mice and rats. Among these established cell line models, U87
cells derived from a glioblastoma patient is perhaps the most widely utilized model.
Years of growth in vitro in tissue culture has evolved the U87 cells to undergo a
clonal selection that permits rapid growth in vitro and in vivo. Stable transduction
of these cells with luciferase also permits tracking of tumor growth in live animals
with bioluminescence imaging [85, 86]. This cell line was developed by Dr. Ponten
and Dr. Mclntyre in the 1960s at the University of Uppsala, Sweden [87]. These
cells were widely distributed among brain tumor researchers and were eventually
deposited in the American Type Culture Collection (ATCC). Interestingly, decades
later short tandem repeat sequence (STRS) profiling of these cells revealed that the
U87 cells widely used and distributed by ATCC did match the profile of the patient
tumor from whom these cells were originally supposed to be derived. Transcriptional
profiling of the US7MG cell lines from ATCC did confirm that the cells were of
CNS origin and postulated to be a human GBM cell line; however, the exact patient
origin is unknown [88]. While these established human cell lines implanted into the
brains of immunocompromised rodents provide a model with predictable and
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reliable tumor growth; they do not display histological hallmarks of GBM such as
infiltrating tumor growth characteristics of invasive tumor edge, necrotic foci within
tumors, and microvascular proliferation. Given the lack of histologic characteristics
common to GBM, the favored xenograft models are changing to primary patient-
derived stem cell-like cells maintained in vitro under conditions that do not permit
differentiation or passaged in mice as xenografts [89].

Tumors derived from these traditional glioma cell lines that are maintained in
serum do not fully reflect the genetic and histologic features of human GBM and the
use of PDX or genetically engineered glioma models is gaining favor [90] as these
models retain both the genetic and histological features of human GBM, in an
immune-competent environment. The most widely used resource for GBM patient-
derived cell lines is the Brain Tumor Patient-derived xenograft (PDX) National
Resource at the Mayo Clinic, which has characterized and annotated a series of
brain tumor PDX models with levels of multi-omic characterizations comparable to
those provided for primary patient tumors by The Cancer Genome Atlas (TCGA).
Unlike traditional serum grown cell lines like U87, these models more accurately
mimic the histological characteristics of the human disease and express known
GBM molecular alteration such as mutant TERT, EGFR amplification, PTEN LOH,
mutant /DH] etc. Gene expression studies have uncovered that these models fre-
quently also reflect different molecular subtypes identified in GBM patients. Similar
to human patients these models also represent both MGMT methylated and un-
methylated tumor types with MGMT expression mediated resistant to temozolo-
mide observed in vitro and in vivo [6]. Integrated molecular profiling of
patient-derived models has uncovered that these tumors reproduce most of the
tumor driving mutations reported in patients [91]. While these models provide an
excellent conduit for evaluating tumor-specific responses, these models are main-
tained in immuno-deficient animals and so cannot be used to evaluate immunothera-
peutic responses. The additional requirement for passaging in mice, also makes
these cumbersome and expensive.

Humanized Mouse Models

Development of improved xenograft models in PDX improves the reliability of
tumor model characteristics; however, despite these advancements, the tumor-host
interaction remains defective owing to the need for these models to be developed
within immunocompromised animals. Even with immunocompetent rodent models
as described above, one major drawback remains in the fact that these models rely
on the rodent immune system, which does not always recapitulate the human
immune response. This need has led to the development of different humanized
mouse models that rely on the following pillars of an immunodeficient host mouse,
populated with human immune cells, and human tumor cells.

The initial description of the possibility of engraftment of human immune cells
in an immunodeficient mouse was in the nude mouse that lacks T cells (athymic
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nude mice) [92]. Based on this seminal characterization, it has become clear that the
more immunodeficient the mice, the better the engraftment efficacy [93].
Engraftment improved with the development of scid mice deficient in T and B cell
lymphocytes and crossing these animals with the nonobese diabetic (NOD) mouse
background with deficiencies in NK cells, macrophage activity, and the comple-
ment system [94, 95]. Final improvements occurred through the elimination of the
gamma chain of the IL-2 receptor, leading to the loss of murine NK cells and a
nonfunctional IL-2, IL-4, IL-7, IL-9, IL-15, and IL-21 due to common receptor
interactions [96, 97]. The final advancement in the mouse background occurred
with the work of Takenaka and others with the identification of signal-regulatory
protein alpha (Sirpa) that strongly interacts with human CD47 [98]. These advance-
ments have created a framework allowing for a high level of engraftment following
implantation of human cells.

The next major component within the humanized mouse framework is the cells
used for engraftment. The first described model consisted of human PBMC recon-
stitution in a SCID background. This model provides for efficient T cell engraft-
ment; however, corresponding with low levels in PBMC with lack of HSC
engraftment this model has virtually no human B cells and myeloid-derived cells
[99, 100]. Furthermore, utilization is limited by the development of lethal graft-
versus-host-disease (GVHD) within approximately 4-6 weeks following engraft-
ment [101, 102]. Given the robust GVHD response limiting experimental
time-frames and potentially confounding results, an alternative methodology was
created with engraftment of CD34+* HSC [103, 104]. In general, these models pro-
vide for the development of human T cells with the selection of human MHC mol-
ecules with limited GVHD response. CD34* HSC models are predominantly limited
by the degree of engraftment with the success of engraftment based on the recipient
mouse selection (age, sex, strain), source of CD34* cells, and route by which
engraftment occurs [96, 97, 105, 106]. The CD34" model success is also contingent
on the depletion of the mouse HSC compartment with sub-lethal gamma-irradiation
to facilitate human HSC engraftment. Optimization of these variables enables
human engraftment to approach >90% in many immune compartments including
the peripheral blood lymphocytes (PBL), spleen, thymus, and gut [103]. However
due to the lack of cross reactivity between murine and human cytokines, all of these
models provide a hostile environment for the maturation of the injected human
PBMC or CD34+ stem cells and thus hinder an efficient repopulation into a mature
immune system. This can be overcome by either repeat injections of human cyto-
kines, or gene encoding plasmids in mice which can be cumbersome. The use of
transgenic mice that also express human cytokines instead of murine cytokines
ensures appropriate dosage and tissue specificity show improved maturation and
population of mature human T, macrophage and NK cells.

While these models are not allogenic, they do permit the usage of defined HLA
types with reconstitution allows for monitoring and tracking epitope-specific
responses. These models summarized in a recent review [107] provide an advance-
ment over currently used models however the high costs of these transgenic mice
limits their wide spread usage.
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In this chapter, we have summarized the different rodent animal models frequently
utilized for Neuro-oncology research. While some of the first animal models relied
on carcinogen induced spontaneous tumors that were then used to generate tumori-
genic cells to create implantable models these models did not frequently have the
genetic alterations seen in human tumors. Current deep sequencing and single-cell
technologies has uncovered the multiple genetic alterations in tumor biology to
develop novel treatments. The emergence of GEMMs with fast and reliable tech-
niques to genetically engineer cells in a tissue and cell type specific manner acceler-
ated the utility of these models to ask key questions about molecular drivers that led
to oncogenesis. Mice with these specific genetic alterations also provided a resource
to evaluate targeted therapies designed to precisely treat a cell population with a
specific genetic target. However these murine models do not replace the need for
testing human tumors, something made highly essential for species specific bio-
therapies like viruses and antibodies. Drug development efforts for such biothera-
pies are thus for the most part limited to immune deficient models that can harbor a
human tumor graft. The development of human cell lines from brain tumors started
decades ago and these cells grown in serum formed reproducible homogenous
tumors but lacked the heterogeneity observed with GBM. The advent of the devel-
opment of primary patient derived neurosphere cultured cells or cells routinely pas-
saged through mice as PDX models was the next improvement, although still
suffered from being limited to usage in immune deficient mice. The gold standard
to study human tumors in an intact tumor microenvironment is perhaps in the
humanized mouse models that can accept human tumors and develop a mature
human immune system. These models while cutting edge are extremely costly to
use which limits their wide spread utility. More research to generate cost effective
and possibly isogenic humanized murine models is needed to facilitate translation
of targeted drug development efforts in the future.
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Chapter 13
Stem Cell Based Modelling

of Glioblastoma

Abigail A. Zalenski, Miranda M. Tallman, and Monica Venere

Introduction

Curative treatment options for glioblastoma (GBM) continue to be elusive for a
myriad of reasons, including the extensive intratumoral cellular heterogeneity that
exists within these tumors. Of critical clinical importance is the presence of a sub-
population of cells inherently more resistant to current treatment options, referred to
as cancer stem cells (CSCs) or alternatively called GBM CSCs (GSCs) [1, 2]. CSCs
have been identified in many different tumor types, and were first discovered in the
context of leukemia [3, 4]. This cell population harbors unique characteristics cen-
tered on the ability to initiate tumor formation, self-renew, and maintain the bulk
tumor by giving rise to the non-GSCs, or more differentiated cells, within the tumor
[5, 6]. Importantly, GSCs are radio-resistant and chemo-resistant [ 1, 2]. Additionally,
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they are highly invasive and can migrate away from the bulk tumor into the sur-
rounding, non-neoplastic tissue. Treatment resistance, along with the invasive
nature that precludes removal by surgical resection, allows for GSCs to contribute
to tumor recurrence [7]. Hence, it is imperative to study this subpopulation of cells
when considering new therapeutics for GBM patients. In this chapter, we will cover
the many aspects and techniques that go into studying the GSC population in
GBM. We will first discuss how to identify and isolate GSCs from a bulk tumor by
using cell surface markers. Then we will cover how to grow and expand these cells
in culture. Lastly, we will talk about the ways we can validate that a given cell actu-
ally is a GSC, as well as techniques to determine if experimental treatments can
compromise the GSC phenotype.

Studying Glioblastoma Cancer Stem Cells

Isolating GSCs

The cellular heterogeneity present in tumors such as GBM is driven by the tumor
microenvironment (TME). These tumors interact with their surrounding microenvi-
ronment, and this close relationship between the tumor and TME is what drives the
presence of GSCs and non-GSCs. With this in mind, the ideal scenario to study
GSCs would be to do so in their inherent TME to keep all microenvironmental cues
and dynamics intact. However, as there are technical limitations in doing so, the
GSC field has developed other methods to enrich for the GSC population in a given
tumor so that it can be further evaluated experimentally. Typically, this is accom-
plished by using cell surface markers that have higher expression on GSCs.

CSCs in GBM were first identified using a marker called CD133, which is
enriched on the cell surface of GSCs [5, 8]. CD133 is an extracellular glycosylated
antigen and is most commonly identified on GSCs by a monoclonal antibody to the
AC133 epitope (also known as CD133/1). It is important to note that the glycosyl-
ated surface epitope is what marks GSCs, not just the protein associated with
CD133 called prominin-1 (PROM1) [9]. mRNA for this gene can be found in many
cell types, while the surface epitope is present on GSCs and other CSCs and some
non-neoplastic stem cells [9]. One of the first publications to demonstrate the pres-
ence of GSCs sorted the cells from a patient-derived tumor based on CD133-
positive and CD133-negative, and showed that the CD133-positive cells reliably
formed tumors, with as few as 100 cells orthotopically injected into a mouse brain,
while CD133-negative cells did not form tumors. In years since this initial publica-
tion identifying GSCs by the use of CD133, many other markers have been identi-
fied. Furthermore, some of these markers have been shown to not only mark GSCs,
but may be important in maintaining the GSC-phenotype and malignant
characteristics.

LICAM is a cellular adhesion molecule that is involved in neurodevelopment,
and because of this role, was investigated as a possible GSC marker. It was
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demonstrated that LICAM was found on CD133-positive cells, and that depleting
L1CAM had the ability to decrease tumor cell proliferation in vitro, as well as
decrease tumor growth in an orthotopic mouse model [10]. Another marker that has
been identified and verified is integrin a6. Integrin a6 was investigated as it was
enriched in the perivascular niche in patient GBM specimens (a region where GSCs
are thought to be preferentially located). Upon further investigation, it was shown
that integrin o6 enriched for GSCs and was found on CD133-positive cells. Similar
to LICAM, depleting integrin a6 slowed tumor cell proliferation and also inhibited
self-renewal [11].

The actual practice of sorting GSCs based on cell surface markers is accom-
plished by the use of flow cytometry or magnetic sorting. First, a patient tumor
biopsy or patient-derived xenograft passaged (PDX) tumor is dissociated in tissue
culture using enzymatic digestion to create a single cell suspension. PDX tumors
are either grown orthotopically or in the flank of an immunocompromised mouse,
but for GSC enrichment the flank model is more routinely used. The removed PDX
tumor or the patient biopsy is digested into a single cell suspension, and then the
cells are incubated with an antibody for one of the GSC cell surface epitopes that is
either fluorescently or magnetically labeled. Then the cells are sorted by either fluo-
rescence activated cell sorting (FACS) or magnetic activated cell sorting (MACS),
respectively. The cells that do not bind to the antibody are collected as the negative,
or surface receptor low, population and kept as the non-GSCs. At the end of this
process, the tumor cells are effectively sorted for study of GSCs and matched non-
GSCs. It should be noted that there are many stem cell genes (e.g., NANOG, SOX2,
and others) that are specifically expressed by GSCs but these are all internal pro-
teins [12—15]. Hence, due to the need to prospectively label these cells while keep-
ing them alive, a cell surface marker must be used as opposed to an intracellular
protein.

Despite their necessity, there are significant caveats to using these markers that
must be considered. For example, fluctuation in cell surface protein expression
linked to the cell cycle and receptor turnover can both create temporal challenges to
efficiently capturing all of the positive cells and hence can create false positives or
false negatives [16]. Additionally, some markers are not highly specific for GSCs,
and can lead to false-positives as well. Careful attention must also be paid to the
enzyme used for tumor dissociation to ensure it does not cleave the surface marker
of choice. Despite these limitations, markers currently used for enrichment of GSCs
have led to numerous insights into tumor biology that were not previously appreci-
ated from bulk tumor evaluation.

Alternative Approaches to Isolating and Studying GSCs

While using markers to sort GSCs and studying them in culture has been standard
practice for many years, scientists have begun to explore new ways to study this
elusive cell population. These advances in the GSC field are beginning to address
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some of the short-comings in the traditional method of sorting GSCs by cell surface
markers. Scientists are now considering ways to isolate GSCs without using mark-
ers, or to not isolate the GSCs at all, and study them within their
microenvironment.

While sorting GSCs based on cell surface markers is an important and effica-
cious technique for many experiments, there are other ways to enrich for the GSC
population. For example, it has been shown that GSCs and non-GSCs can be sorted
based on their differential abilities to regulate iron within the cell [17]. It was
recently demonstrated that GSCs have higher transferrin and ferritin levels and are
able to uptake and store more iron than non-GSCs [18]. Because of this difference
in iron uptake and storage, when GSCs and non-GSCs were exposed to iron and
then subsequently exposed to magnets, the two cell types had different magnetic
susceptibilities. In the first publication to explore this phenomenon, iron-exposed
GSCs and non-GSCs were successfully separated by a quadrupole magnetic separa-
tor (QMS) which is used to separate cells based on different magnetic susceptibility
[17]. While this method does not get rid of the caveat that these cells must be
removed from their microenvironment to sort, it is an alternative to using the tradi-
tional cell surface markers.

In addition to finding new ways to isolate GSCs, there have also been advances
which allow for study of GSCs in a pseudo-microenvironment in culture. As previ-
ously mentioned, the heterogeneity of GBM is due to the interaction of the tumor
cells with their microenvironment. Further, the TME is responsible for maintaining
the stem-phenotype and associated characteristics present in GSCs [19]. To study
GSCs in their TME, scientists are beginning to use new culturing conditions, such
as growing GSCs in microfluidic devices and 3D scaffolds. Microfluidic devices
contain a network of microtubes, and can be used to study tumor cell invasion while
maintaining a consistent gradient of nutrients and/or chemoattractants. They can
also be coated with different ECM components such as hyaluronic acid (HA), which
is highly expressed in the GBM TME [20]. Another strategy is to use a 3D scaffold
system, which is composed of ECM components that mimic the TME in the brain
[21]. These types of models can also incorporate co-cultures of cells found in the
TME, and can contain essential TME proteins such as HA. It has even been shown
that changing the coating in these 3D scaffolds can change the rates of invasion and
migration for patient-derived GBM cells, as well as change gene expression in the
cells [21]. This highlights the need to consider the TME when studying GSCs and
GBM as a whole, and demonstrates that studying isolated GSCs may be missing
crucial information in some cases.

In addition to growing tumor cells in these engineered culture systems, other
groups have begun studying GSCs in an organoid culture. Organoids can be derived
from a patient-tumor and are grown for months in culture to create a 3D tumor
model that closely mirrors a patient tumor [22]. These tumor organoids can retain
the cellular heterogeneity of GSCs and non-GSCs, as well as contain a hypoxic
core. Additionally, the non-GSCs within these organoids will succumb to radio-
therapy, while the GSCs will not — a hallmark of GSCs and a phenomenon that is
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seen in patients [22]. Another way to employ organoids in the study of GSCs is to
create a cerebral organoid derived from human embryonic stem cells, and then plac-
ing patient-derived GBM cells in with the organoid. It has been demonstrated that
in this model, the GBM cells will invade the cerebral organoid and create tumors
that reflect patient tumors [23]. These tumors will invade and proliferate into the
surrounding cerebral organoid, mimicking the actions of patient GBM tumors. Both
of these approaches, microfluidic devices and organoids, allow for study of the com-
plex and critical interactions between the GSCs and their environment, and are a
welcome addition to the current repertoire of studying GSCs sorted by cell surface
markers.

Expanding Isolated GSCs

After GSCs and non-GSCs are sorted, they are then ready for direct evaluation (e.g.,
mRNA analysis) or expansion in tissue culture for experiments that require larger
cell numbers (e.g., viability studies). The culture conditions for GSCs initially
stemmed from knowledge established in the normal neural stem cell/neural pro-
genitor (NSC/NPC) field. For NSCs/ NPCs, cells are grown in suspension as neuro-
spheres and without the addition of serum in what is known as “defined media”.
Serum causes NSCs/NPCs to differentiate into downstream lineages (e.g., astro-
cytes). GSCs can also be differentiated into a state similar to non-GSCs using serum
but these non-GSCs are only a surrogate as they were not prospectively enriched
from the same tumor as the GSCs. Culture conditions for GSCs as tumorspheres, or
gliomaspheres, were confirmed by studies that demonstrated that cell lines grown
with serum do not match the genetic abnormalities typically found in patient-derived
GBM, and also often harbor mutations not found in patients [24, 25]. Furthermore,
these studies showed that GSCs grown in defined media (without serum) more
closely reflect the patient tumor genotype [24, 25]. Defined media maintains the
cancer stem-like state of the cells and prevents the cells from differentiating as there
is no serum present. However, because these are serum-independent conditions,
B27 (a mix of growth supplements), basic fibroblast growth factor (bFGF), and
epidermal growth factor (EGF) are added to provide growth stimuli to the cells. To
keep the non-GSCs locked into the more differentiated state following FACS or
MACS sorting, they are grown in media containing serum should they need to be
expanded in tissue culture.

It is not always experimentally desirable to culture GSCs as floating spheres, so
researchers have also determined a method to grow GSCs adherently [26]. Typically,
adherent cells need serum to grow, which cannot be used in the maintenance of
GSCs. However, it has been shown that GSCs can be grown on an extracellular
matrix-coated plate (such as laminin), while using the same media as GSCs grown
as tumorspheres [26].
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Validating GSCs Functionally

Markers are obviously a crucial part in identifying and studying GSCs. As previ-
ously discussed, the CSC state is microenvironmentally driven and this state is
dynamic. Therefore, functional validation is central to confirming GSCs have been
isolated by any given marker. To do this, self-renewal and tumor initiation proper-
ties are evaluated by a technique called a limited dilution assay (LDA). LDAs can
be done in vitro or in vivo, but it is important to note that functional validation using
an in vivo LDA and orthotopic injection is considered by the field the gold standard
for GSC confirmation. To perform an in vivo LDA, cells are sorted based off a GSC
marker, and then both GSCs and matched non-GSCs are orthotopically injected into
the brain of immunocompromised mice at lower and lower cell numbers to see if a
tumor forms (e.g., 100,000 cells, 10,000 cells, 1000 cells, 100 cells, and 1 cell). In
theory, one GSC should be sufficient to grow a patient-like tumor in an orthotopically-
injected mouse whereas not even 100,000 non-GSCs, in this example, would form
a tumor. An in vitro LDA is technically a surrogate for self-renewal, but is more
manageable to employ in a study. It also does not necessarily recreate the tumor
microenvironment or tumor heterogeneity. The premise is similar to an in vivo LDA,
where cells are plated at lower and lower cell numbers, down to one cell per well in
a 96-well plate (Fig. 13.1). After approximately 10-14 days, each well is scored for
whether or not a tumorsphere formed and then a stem-cell frequency can be calcu-
lated using a freely available webtool called ELDA (extreme limiting dilution anal-
ysis) [27]. These methods allow the determination if a given marker or other sorting
method can reliably mark cells that will behave with GSC-characteristics when
placed into the tumor microenvironment.

Another way to confirm that a given marker does reliably enrich for GSCs is to
evaluate if cells sorted by this marker consistently form tumors over the non-GSCs.
The ideal way to demonstrate consistent tumor formation would be to take the
sorted GSCs and perform an in vivo serial transplantation. This refers to a method
where the GSCs would be orthotopically injected in a mouse model, and once the
tumor forms, remove it, sort for the GSCs, and then reinject in a new mouse
(Fig. 13.2). In theory, this serial transplantation could go on infinitely, with the
GSCs forming tumors in every new mouse, and non-GSCs never forming tumors.
This is not necessarily done in practice, but is a way to confirm that a marker has
reliably marked a continually self-renewing population of GSCs. Additionally, this
assay could be performed in an in vitro setting, where sorted GSCs should repeat-
edly form tumorspheres, whereas non-GSCs will not.

Evaluating Changes in the Stem Cell State

Enriching, expanding, and validating GSCs are critical to be able to study this cell
type. After these steps, experiments can be designed to understand unique charac-
teristics of GSCs, as well as test potential therapeutics. This includes understanding
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Fig. 13.1 Protocol for enriching for GSCs from a bulk tumor. The tumor is removed and dissoci-
ated into a single cell suspension. The cells are exposed to a GSC-specific cell surface antibody
which will fluorescently label GSCs. Fluorescence-activated cell sorting (FACS) is then used to
sort the GSCs at lower and lower numbers into a 96 well plate, from 20-100 cells per well down
to 1 cell per well. After approximately 10 days, wells are scored based on the presence of a sphere
so that a stem-cell frequency can be calculated. Created with BioRender.com

when GSCs have lost the stem cell phenotype, colloquially known as a “loss or a
shift in stemness”. There are several strategies to evaluate changes in the stem cell
state, starting with an in vitro LDA on GSCs that have been exposed to a given drug
or other treatment either in tissue culture or exposed while growing as a flank
xenograft.

To use an in vitro LDA to investigate how a therapy impacts the GSC population
when exposed while growing within an in vivo xenograft, the first step is to inject
GBM cells into mice. The flank is chosen over orthotopic for technical feasibility of
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Fig. 13.2 Model of in vivo serial transplantation. A bulk tumor is sorted into GSCs and non-GSCs,
and these two separate populations are each orthotopically injected into a mouse model. No tumor
will form from the non-GSCs, but a tumor will form in the GSC-injected mouse. This new tumor
is removed, sorted, and reinjected to another mouse model. The GSCs will again form a tumor,
while non-GSCs do not. In theory, this process could go on indefinitely. Created with BioRender.com

harvesting just tumor tissue. Once the tumors form, mice are either treated with a
vehicle or the experimental therapeutic. After treatment, the tumors are removed
and dissociated, and then each tumor is sorted into stem/nonstem cells based off one
of the GSC markers. Then, cells that are positive for the GSC marker are plated at
decreasing dilutions, down to one cell per well, as described above. These LDAs are
scored for both vehicle and experimental conditions, and the stem cell frequencies
of different conditions can be compared. In other words, if results indicate that the
stem cell frequency decreased following a given treatment it would indicate that that
treatment is able to target the GSC subpopulation by either directly killing the GSCs
or by shifting them to a more differentiated, non-GSC phenotype.

In addition to the in vitro LDA, flank or orthotopic tumors can be removed from
vehicle control and experimental mice and processed for immunofluorescence to
evaluate for a shift in stemness by immunolabeling the tumors with antibodies to
stem cell genes followed by quantification. For example, tumors can be immunola-
beled and quantified for the number of Sox2 positive cells, a known stem cell gene
that is also used to identify GSCs [12]. This method allows for the visualization of
the presence or absence of GSCs and also allows for the evaluation of where within
the tumor GSCs are located.

While the previous two methods are examples that allow for in vivo administra-
tion of a therapy, there are also ways to evaluate changes in the stem cell fate entirely
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in an in vitro system. One such way is to use a GBM cell line where a fluorescent
reporter is driven by the promoter of a cancer stem cell gene. For example, a cell
line that has a GFP reporter driven by the Sox2 promoter could be used [28, 29]. If
there is one cohort of cells that are treated with vehicle, and another cohort treated
with a drug, as stemness shifts, so should the levels of stem cell gene expression,
and therefore GFP expression. Cells can be treated and then immunolabeled for
GFP and imaged to quantify the percentage of GFP-positive cells, or cells could be
quantified through FACS. Similar to this approach, it is also possible to take popula-
tions of treated versus non-treated cells, and examine mRNA or protein levels of
GSC genes, such as Sox2, NANOG, and OCT4.

Conclusions and Future Directions

The cancer stem cell field has rapidly expanded over the past few decades, and the
ways in which GSCs are evaluated continues to evolve. Despite these changes in
how GSC are studied, the underlying motive for investigating this population
remains the same. These cells are resistant to current therapies, and to make sub-
stantial progress in the way that GBM patients are treated, therapies that target this
elusive population of cells must be identified.
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Introduction

Unrelenting cell growth is a hallmark of all cancers [1], and some of the major driv-
ers of this growth are mitogenic pathways which govern cell proliferation and sur-
vival in the non-disease state. Over the past several decades we have observed that
synaptic activity and neurotransmitter signaling can exhibit a trophic effect, sug-
gesting that synaptic activity may be important in the regulation of cell prolifera-
tion and survival, expanding their role beyond cell-cell communication [2]. This
proposes an interesting question of whether cancers can hijack the neurotrophic
properties of synapse biology to drive the aforementioned, unrelenting cell growth.
The compartmentalization of the central nervous system (CNS) and specificity of
synaptic structures to neuronal cells has necessitated and facilitated the develop-
ment of specialized tools to answer neuroscience-related questions [3]. Using these
tools to probe the relationship between synapse biology and cancer cell growth has
ushered in a new area of research where the concepts and techniques of neurosci-
ence are applied to the topics and models of brain cancer. This nuanced approach
also provides a molecular perspective on how cancers in the brain are associated
with common comorbidities, specifically neurological disorders. With this in mind,
in this chapter we will focus two major themes: (1) the interaction of the synaptic
microenvironment and glioma and (2) the molecular connection between glioma
and epilepsy. While synapses are present elsewhere, their abundance in the brain
make CNS tumors the prime system to study this phenomenon. Additionally, gli-
oma constitutes about 80% of malignant brain tumors, glioblastoma is among the
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deadliest of cancers, and there have been no significant improvements in patient
outcomes; thus, there are critical knowledge gaps in molecular pathology for future
therapeutic development. Lastly, while there are other potential comorbidities
(depression, motor coordination deficits, cognitive changes), the molecular and
pathological connections between synapses and epilepsy have been more clearly
defined.

Synapses Drive Glioma

As introduced earlier, cancers will repurpose existing non-disease pathways for
their growth, and we propose synapse biology as one such path. In this section, we
will categorize the evidence for the neurotrophic and mitogenic effect of synapses,
focusing primarily on the subventricular zone (SVZ) and dentate gyrus (DG), two
stem cells pools that persist into adulthood [4]. We will focus on these pools because
gliomas are thought to be derived from them, and cancers as a whole can be
described as a dedifferentiation into a more stem-like state [5]. We will then present
the evidence for potential correlative mechanisms in glioma, concluding with an
exploration of evidence that gliomas may be increasing synaptic activity in or
around the tumors to promote their growth.

During embryogenesis and postnatal development, neurotransmitters play a crit-
ical role in the cellular proliferation, growth, survival, differentiation, and migration
of neural precursor/progenitor cells (NPCs) into mature neurons/glia [2]. In the
mature adult brain, there are two distinct pools of NPCs: one in the SVZ along the
lateral ventricle and another in DG of the hippocampus [4]. NPCs in the SVZ dif-
ferentiate into neuroblasts which migrate to the olfactory bulb along the rostral
migratory stream and integrate into olfactory synaptic networks. The subgranular
zone cells of the DG generate granule cells, which are DG specific neurons critical
for many aspects of learning and memory. Research for over 20 years demonstrates
that synaptic activity and neurotransmitter release can influence the proliferation,
growth, migration, and survival of these NPCs into neurons and glia in the
mature brain.

Glutamate functions as the principle excitatory neurotransmitter in the CNS,
interacting with ionotropic receptors NMDA and AMPA/kainate, or with metabo-
tropic glutamate receptors (mGluRs). While mGluR binding results in secondary
messaging cascades, glutamate binding to NMDAR and/or AMPAR results in mem-
brane voltage change by increasing intracellular Na+ and Ca®* [6]. When cultured
with glutamate, NPCs from the DG [7] and SVZ [8] both demonstrated increased
survival, proliferation, and differentiation. /n vivo pharmacological treatments that
increase intracellular Ca?*, result in similar increases in neurogenesis in the hippo-
campus [7]. Additionally, increasing the excitability of olfactory bulb neurons
improved the integration and survivability of newborn neurons from the SVZ [9].
These studies reveal that excitatory glutamate signaling is sufficient for NPC prolif-
eration. But they beg the questions: to what range can other neurotransmitter
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activities elicit a similar effect? Is there a necessary dependence on these activities?
What are the molecular mechanisms driving these cellular behaviors?

To this end, many studies have demonstrated both common and individual modes
by which specific neurotransmitters affect NPC proliferation. Gamma aminobutyric
acid (GABA) functions as the major inhibitory neurotransmitter in the CNS. The
majority of adult neurons derived from the SVZ are inhibitory. As such, if any brain
region required GABA for cell viability, one would suspect it be between the SVZ
and olfactory bulb. However, in adulthood GABA, secreted from the migrating neu-
roblasts, appears to suppress this proliferation of NPCs through nonsynaptic signal-
ing [10]. Additionally, genetic manipulation of DBI (Diazepam Binding Inhibitor),
which reduces GABA activity, revealed that DBI is necessary and sufficient for
neuroblast proliferation from the SVZ [11]. These studies reveal a suppressive
mechanism of inhibitory neurotransmitter signaling towards NPC proliferation.

While GABA appears to suppress adult NPC proliferation, most other neu-
rotransmitters demonstrate a positive effect similar to glutamate. This includes
dopamine (associated with the brain’s pleasure pathways), where direct brain infu-
sion of dopamine receptor agonists promotes NPC proliferation and differentiation
into neurons [12]; and depletion of dopaminergic fibers, which mimics dopamine
depletion, reduces SVZ proliferation. Additionally, this same study reveals that
EGF acts downstream of dopamine signaling [13]. The mood modulating neu-
rotransmitter serotonin also promotes NPC proliferation. Treatment with serotonin
agonist and antagonist generally increases and decreases, respectively, NPC prolif-
eration in the SVZ [14] and DG [15]; however, the specific effects may be nuanced
as different serotonin receptors may elicit different effects. Acetylcholine [16] and
its agonist nicotine also appear to promote proliferation; however, the neurotrophic
effects of nicotine appear to be prominent in the SVZ over the DG, acting in part
through FGF2 and FGFR1 [17]. Collectively, these studies highlight a mitogenic
effect of various neurotransmitters and interestingly reveal that some of the down-
stream pathways include receptor tyrosine kinase (RTK) components.

The extended evidence that neurotransmitters are necessary and sufficient for
some degree of NPC proliferation leads to the question whether it is the action of the
synapses that contributes to NPC behavior. We already mentioned it is a nonsynap-
tic function of GABA that suppresses NPC proliferation [10], and nonsynaptic roles
for other neurotransmitters have been reviewed [18]. Over the last two decades, a
specialized set of genetically encoded optic tools have been developed in neurosci-
ence. Among these optogenetic tools are channelrhodopsins, a family of light-gated
ion channels which are transgenically expressed at the presynaptic terminal. These
channels can be activated by light signals (photostimulation) sent through fiber-
optic cables implanted into rodent brains. The photostimulation opens these chan-
nels, forcing ionic exchange and synaptic communication. Genetic or stereotaxic
control can restrict which cell populations are forcefully activated upon photostimu-
lation. Use of these approaches has demonstrated an increase in NPC proliferation
from the SVZ [16] to the olfactory bulb, as well as an increase in glia (specifically
oligodendrocytes) within activated regions [19]. Given the extensive evidence that
neurotransmitters and synaptic activity have mitogenic roles in the CNS, we now
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ask if gliomas could utilize these mechanisms for their own growth, and if so, where
and how does this mechanism begin?

To this end, a series of studies over the past decade have revealed a parallel phe-
nomenon and molecular mechanisms governing this process. Similar to normal,
healthy glia [19], channelrhodopsin stimulation of neurons increases the prolifera-
tion of surrounding glioma cells in patient derived xenograft (PDX) models [20].
This observation suggests that gliomas may utilize similar trophic mechanisms
from enhanced neuronal communication. To identify candidate molecules, the same
study combined optogenetic activation with ex vivo and in vitro culture systems.
Culture media from photostimulated ex vivo brain slices expressing channelrhodop-
sin increased the proliferation of primary glioma cells in vitro. Of note, the chan-
nelrhodopsin is restricted to neurons, thus it is a consequence of the neuronal
activity that drives this tumor growth. Proteomics analysis revealed the neuronal
protein Neuroligin3 (NLGN3) as a secreted mitogen for glioma. Along with a sub-
sequent study, it was found that the absence of NLGN3 greatly reduced PDX
growth, NLGN3 activated a number of known glioma driver pathways including
PI3K-AKT-mTOR and Ras-Raf (among others), and glioma cells will upregulate
their own NLGN3 production in a positive feedback loop [21].

Clearly gliomas respond to microenvironmental synaptic activity to potentiate
their growth, but could tumors bypass these cell-extrinsic mechanisms and intrinsi-
cally form synapses? Recent studies suggest this may be the case [22, 23]. In these
studies, primary patient derived samples were found to express neurotransmitter
receptors. Electron microscopy imaging reveals synapse like structures between
PDX and surrounding neurons. Electrophysiological recordings demonstrate that
these synapses are functionally active. All these data support the notion that gliomas
can form functional synapses. But to address whether these synapses can promote
glioma growth, PDX expressing channelrhodopsin were activated and changes in
tumor growth were assayed. These differ from the previously mentioned studies in
that channelrhodopsin in expressed in glioma cells instead of microenvironmental
neurons [20]. Photostimulation of PDX results in increased glioma growth, and
overexpression of a dominant negative glutamate receptor (thereby decreasing a
cells glutamate sensitivity) on PDX decreased glioma growth and slowed tumor
associated death [22, 23]. In sum, these data begin to paint a picture where gliomas
will not only hijack the neurotrophic effects of surrounding synaptic activity but
will also reprogram themselves to mimic some neuronal behavior for their
own growth.

The complexities of healthy synapse biology is further complicated by glial con-
tributions. While synapses are neuronal structural, they are supported by astrocytes
in a structure known as the tripartite synapse [24]. Astrocytes are the support glial
cells of the CNS, and their progenitors are thought to be a potential lineage for the
glioma cell of origin [5, 25]. Among their multiple functions, astrocytes are critical
for proper synaptogenesis. Given this inherent trait of astrocytes and the advantages
it could convey towards their malignant cancerous analogous, could gliomas also
directly influence the synaptic microenvironment to promote their own growth?
Several key studies suggest this is a likely scenario.
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Recent studies have validated that a subpopulation of astrocytes that can specifi-
cally promote the formation of synapses [26, 27]. One mechanism they do so, is
through secreted proteins including Glypicans (GPCs), Thrombospondins (THBSs),
SPARC, and SPARCLI1 [28]. Interestingly, these same secreted factors appear to
promote different aspects of glioma growth. GPC3 is present in human tumors,
GPC3 overexpression accelerates tumor-associated death, and GPC3 loss can slow
it [29]. Members of the THBS family are highly expressed in human gliomas [30].
Lastly, SPARC and SPARCLI have been found to complex with Pleiotrophin and
HSP90 to promote glioma growth and invasion [31]. While these pro-synaptogenic
astrocyte factors function for gliomagenesis, is it through modulating synapses? As
this is a relatively new topic, it has not been heavily explored, but work with GPC3
appears to indicate that this is the case. GPC3 overexpression in mouse gliomas
increases the number of excitatory and inhibitory synapses at the peritumoral mar-
gins. Additionally, the disruption of proper synapse number may also contribute to
seizures (discussed later), and the overexpression or knockout of GPC3 in a mouse
glioma model increases or decreases seizure activity, respectively [29].

Together, these recent studies provide an interesting perspective into cancer
biology that are ideally addressed by neuroscience approaches and in the brain.
Research in other cancers reveals a similar phenomenon in other tissue types, where
cancers will preferentially undergo growth at innervation of the peripheral nervous
system [32]. Yet the abundance of synapses and decades of tool development and
expertise make the brain the ideal place to study this phenomenon. Recent work has
also demonstrated that metastases of other primary cancers into the brain may be
governed by similar mechanisms [33]. These topics were avoided for this chapter
but further highlight the contributions of these mechanisms towards
tumorigenesis.

How Gliomas and Seizures Interact

Among cancer comorbidities, epilepsy is particularly associated with cancers in the
brain. One of the more apparent mechanism brain tumors induce epilepsy is through
the destruction of a stable neural network. While smaller or shorter-lived tumors
may have a reduced effect, as tumors persist longer and grow larger, they do so at
the expense of non-tumorous, healthy tissue. This would view seizures as a conse-
quence of a destabilized neural network from tumor growth. However, we described
previously that enhanced synaptic activity can promote glioma growth and how
gliomas will modulate the neuronal milieu to this end. Therefore, is it possible that
the same mechanisms that promote seizures can drive glioma? We will first describe
the resting state of a healthy brain and then propose how tumors alter these systems
to promote a hyperexcited brain state. We will also summarize evidence of what
effects seizures may have on the glioma. Lastly, we will explore what pathways and
mechanisms may preferentially promote a more hyperexcited brain state in gli-
oma brains.
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The connection between seizures and glioma is complex. Many glioma patients
will experience seizures as the presenting symptom drawing them into clinic for
their dreadful diagnosis. While headaches are the most common symptom, they are
too ubiquitous, and brain cancer is not primarily assumed as the cause. However,
unless a patient has a history of epilepsy, a sudden seizure will cause most to seek
out a neurological consultation. In general, patients with lower grade gliomas more
frequently present with seizures, and presenting with seizures associates with more
favorable prognosis for both low and high grades patients [34-37]. Despite the
stronger association with lower grades, seizures do affect a significant amount of
high grade patients (ranging from 30% to 80%) [35, 38]. However, these clinical
trends do not describe the underlying biology of this phenomenon. Work in the last
decade using preclinical research models has provided greater illumination to the
molecular changes which may be driving this comorbidity, particularly in the
higher grades.

One rudimentary way to view seizures or network hyperexcitability, is through
the lens of synaptic imbalance, as a net increase in excitatory and/or decrease in
inhibitory brain profile. While oversimplified (as excitatory and inhibitory neurons
can synapse onto others like themselves and each other), there is still some value to
this perspective. In the non-disease state astrocytes play a critical role in maintain-
ing excitatory-inhibitory homeostasis. As mentioned previously, glutamate is the
principal excitatory neurotransmitter of the CNS, and after release into the synaptic
cleft, astrocytes will uptake extracellular glutamate through excitatory amino acid
transporters (EAATs). Through a glutamine intermediate, glutamate will be recy-
cled and repackaged into synaptic vesicles in the presynaptic terminal [24]. This
process is critical for maintaining homeostasis, as high extracellular glutamate lev-
els are toxic for neurons in a phenomenon called excitotoxicity. Continuous binding
to ionotropic receptors lead to deadly intracellular Ca®* levels [6]. Thus healthy
astrocytes are contributing to, if not maintaining, synaptic balance and cellular sur-
vival in the neuronal network. In fact, models of chronically reactive astrocytes
(which are associated with disease or injury) can lead to hyperexcitability [39].

Given the importance of astrocytes towards extracellular glutamate and the con-
tributions of glutamate towards NPC proliferation, could glioma cells directly mod-
ulate extracellular glutamate levels to potentiate their own growth? More simply, are
there astrocytic mechanisms that increase extracellular glutamate independent of
neurons, and is there evidence that gliomas utilize these systems? One system is the
cystine/glutamate exchanger xCT, encoded by SLC7A11, is the transporter subunit
which catalyzes the 1:1 exchange of cystine intracellularly and glutamate extracel-
lularly [40]. Cystine can then be reduced to cysteine for glutathione synthesis, an
intracellular antioxidant [41]. In a study comparing nearly a dozen primary human
glioblastoma samples, tumors with the highest xCT level demonstrated higher glu-
tamate release, a decrease in peritumoral neurons (suggestive of excitotoxicity),
increased brain hyperexcitability, and poorer survival based on PDX and human
genomics data [42]. Treating mice bearing PDX tumors [43] and an endogenous
mouse model of glioblastoma [44] with sulfasalazine, an xCT antagonist, signifi-
cantly reduced hyperexcitability by reducing extracellular glutamate. Moreover,
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Fig. 14.1 The vicious cycle within the tumor microenvironment. The synaptic activity of neurons
promotes glioma growth while the glioma will increase the synaptic activity of microenvironment
neurons. This cyclic pathway contributes to peritumoral neuronal death by excitotoxicity, making
room for glioma invasion, which further extends this poisonous behavior in the brain

higher grade gliomas demonstrate decreased EAAT! and EAAT2 expression com-
pared to lower grade [45], together suggesting that more pathogenic tumors not only
lose the ability to clear, but actively contribute to extracellular glutamate levels.
Unsurprisingly, as dysregulation of glutamatergic mechanisms are associated with
epilepsy [46], glioma patients that suffered seizures also demonstrated tumors with
high glutamate, decrease EAAT?2, and increased xCT [47].

Collectively, this poses an interesting model (Fig. 14.1) where microenviron-
mental increased extracellular glutamate increases synaptic activity. In response to
this enhanced activity, glioma cells proliferate (in response to molecules such as
NLGN3). This phenomenon is further exacerbated (or possibly initiated) by mole-
cules secreted from gliomas such as GPCs and THBSs which increase peritumoral
synaptic activity, feeding back into this vicious cycle. As the extracellular glutamate
level increases and crosses the threshold from hyperexcitable to excitotoxic, neu-
rons die thereby making space for glioma to invade into. As the tumor grows, more
of the neuronal network is destabilized by its destruction in combination with the
excessive glutamate levels which increase the excitatory profile of the peritumoral
microenvironment. These insults compound to levels detectable by electroencepha-
lograms, manifesting in interictal spikes and seizures.

This proposed model suggests seizures are largely a consequence of molecular,
cellular, and physiological activities driven by tumors. However, is it possible that
seizures feed back into the system to promote growth? Analysis of seizures induced
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in rodent brains through pilocarpine administration (which activates cholinergic
receptors) or perforant path induction reveal an increase in NPC proliferation and
differentiation into neurons and glia [48-50]. Kainic acid (an AMPAR agonist)
induced seizures also increases NPC proliferation from the DG [51]. These studies
could suggest an indirect effect of seizures towards glioma growth (likely through
similar pathways governing synapse-associated proliferation mentioned prior), and
this may be further hinted at by conserved molecular pathway between glioma and
epilepsy (discussed later). Inversely, a study longitudinally tracked an endogenous
mouse glioblastomas model generated in a seizure-protective genetic background,
which could be viewed as a “seizure knockdown” model. Along with decreased
hyperexcitability, there was a modest (non-significant) increase in the survival of
these “seizure knockdown” glioma mice [44]. While these studies might suggest
that seizure-suppressive mechanisms may slow glioma growth, they contend against
clinical trends where patients that present with seizures have better prognosis [34,
35, 38]. Perhaps it is simply serendipitous, that in those individuals, the tumor grew
in a more network-sensitive brain region, thus seizures revealed the disease at an
earlier, more treatable state.

As the sensitivity of specific brains regions has not been heavily investigated,
what is known about the factors driving glioma-associated epilepsy? One possibility
is that seizures are inherent to glioma progression. As the tumor grows, it alters the
environment to better supports its growth, molding it into a more hyperexcitable
state. Eventually, all glioma brains would eventually develop seizures without inter-
vention, thus different patients are simply at different points along the same disease
trajectory. There may be some evidence to support this view of glioma-epilepsy
pathogenesis. PDX studies comparing low and high xCT lines reveal that even low
xCT models eventually demonstrate seizures but at later time points [42]. Studies in
an endogenous mouse glioblastoma model reveal that tumor brain hyperexcitability
increases over time [26, 44]. Additionally, there is a concomitant increase in the
constituency of a pro-synaptic subpopulation in these mouse tumors, and there is an
increase of XCT levels in the whole brain (tumoral, peritumoral, and distally away
from the tumor). This supports the notion that seizures are a pathological conse-
quence of gliomas. However, with the birth of cancer genomics, we have demon-
strated there is great inter-tumoral heterogeneity across patients. Are there
differences across patient genomics that could also address the heterogeneity of this
pathophysiology?

The advent of cancer genomics has revealed an enormous amount of information
concerning glioma, as glioblastoma was among the first solid tumors to be system-
atically characterized [52]. A subsequent question that followed was whether the
annotated information were of functional drivers for tumorigenesis or non-functional
passengers. This theme lies at the heart of cancer functional genomics. In a recent
functional genomics study utilizing both endogenous mouse and PDX glioblastoma
models, a group characterized different mutations in PIK3CA [29], a known driver
gene mutated in 11% of glioblastomas. Mutations in the RTK-PI3K-ATK pathway
are found in 90% of glioblastoma patients. Researchers found that different muta-
tions demonstrated different effects on gliomagenesis. One means by which
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variants exerted different effects on tumor growth was altering the synaptic milieu
of the microenvironment. More precisely, transcriptomic analysis of tumors driven
by 2 mutations, those encoding for the C420R and H1047R variants, demonstrated
dysregulated synapses. Electroencephalogram analyses revealed that these two
tumors brains demonstrated enhanced hyperexcitability. There was also a concomi-
tant increase in excitatory and decrease in inhibitory synapses at the peritumoral
margins. Additionally, C420R driven tumors, which demonstrated even more pro-
nounced synapse dysregulation compared to H1047R, exhibited a greater abun-
dance of GPC3. This suggests that differences in tumor genetics can differentially
alter the tumor-synaptic microenvironment to promote glioma growth. More
broadly, it implicates that unique genetics may contribute to more excitable
tumor brains.

This study hints at the immense complexity and value of functional genomics,
that even single residue differences can have drastically different effects on tumori-
genesis with immense implications towards patient specific therapies. Interestingly,
the same study revealed that outside the context of tumors, HI047R can induced
epileptiform activity more potently than C420R, further emphasizing differential
mechanism across these variants. Genomics approaches have been applied to other
diseases such as PI3K Related Overgrowth Spectrum (PROS) disorders, a pediatric
disorder driven by mutations in the PI3K-AKT-mTOR pathway. Patients demon-
strate segmental overgrowth phenotypes in body regions that mosaically carry
mutations. Many PIK3CA mutations that drive PROS are also found in cancer [53—
55]. When restricted to the brain, patients present megalencephaly, cortical dyspla-
sia (both which correspond with cancer’s unrelenting cell growth), and epilepsy
[56-58]. It is difficult to distinguish in each patient whether the epileptiform activity
is a consequence of the megalencephaly/dysplasia-mediated network disruption or
if the hyperexcitability is independent of these morphological changes. However,
work in genetic mouse models reveals that the PIK3CA®/*’R mutation can induce
hyperexcitability independent of tissue morphology defects [29, 59]. Given that the
same mutations can induce seizures with and without tumorigenesis, this supports
the notion of glioma-independent mechanisms towards hyperexcitability. These
mechanisms may work in parallel with glioma-specific mechanism to increase the
excitability of the tumor microenvironment and brain, potentiating tumor growth.
Collectively, it further supports the possibility that specific tumors genetics may
promote hyperexcitability microenvironmentally and network-globally.

Concluding Thoughts

Collectively we stand in the early days, wading in the shallow waters of cancer
neuroscience [60], emerging from the collaboration between cancer biology and
neuroscience research. In compiling this chapter, we aimed to highlight how path-
ways familiar to neuroscience are utilized by glioma for its own growth. Due to the
scope of the chapter and space considerations, many topics were not addressed but
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are critically important in considering, moving forward in, and growing this hybrid
field. How conserved are these molecular mechanisms in other cancer systems with
respect to the peripheral nervous systems? What are the contributions of neuro-
immunology as it is involved in the tumor microenvironment, synaptic pruning, and
epilepsy? What other technologies can collaborate just as optogenetics and electro-
encephalograms have? Can therapeutics be repurposed between neurological disor-
ders and glioma?

As we continue to fill the knowledge gaps of the molecular pathology of glio-
blastoma, we hope this advances therapeutics for this incurable disease. The ques-
tions and answers that lie ahead are countless. The ocean before us is vast.
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