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Abstract

Combined loss of chromosome arms 1p and 19q is considered the genetic hallmark of
oligodendroglial tumours. 1p/19q loss is associated with therapeutic response to initial
therapy, longer progression-free survival, response at recurrence and prolonged overall
survival. The biological basis for these clinical differences is not well understood, and while
much of the research effort has been addressed at a molecular level, less is known of the
comparative pathological and in vivo biology of these tumours in relation to genotype.
Therefore, the aims of this thesis were to determine whether oligodendroglial tumours with
or without 1p/19q loss could be differentiated on conventional and advanced MRI, and to
compare in vivo imaging with histopathology and proteomics characteristics to gain insight
into the biological features that may underpin differences in clinical behaviour.

Cases for study were drawn from an ongoing prospective study of oligodendroglial tumours.
The conventional MRI, MR spectroscopy, dynamic susceptibility contrast MRI (DSC-MRI)
and diffusion-weighted imaging (DWI) were assessed to determine pre-therapy tumour T1
and T2 features, tumour metabolites, relative cerebral blood volume (rCBV) and apparent
diffusion coefficient (ADC) in relation to tumour genotype and histopathology
characteristics. In a subset of cases, serial rCBV and ADC values were assessed following
administration of chemotherapy, and a feasibility study of image-guided proteomics was
undertaken.

Oligodendroglial tumours with or without 1p/19q loss showed solid, mixed and infiltrative
growth patterns, but infiltrative growth was more common in those with intact 1p/19q.
Transition in cellularity at the margin was similar irrespective of genotype; however tumours
with a sharp, smooth border and homogenous signal intensity were more likely to have intact
1p/19q. MR spectroscopy did not distinguish between tumour genotypes, but grade III
tumours had increased lipid and lactate metabolite ratios, Tumours with 1p/19q loss were
more likely to have an rCBV >1.59. rCBYV correlated with microvessel density. The -1p/-
19q genotype was predictive of response to chemotherapy, but high rCBV was not necessary
for response. Cases with high rCBV and intact 1p/19q had poor outcome. The rCBV
decreased in those tumours that showed a response to therapy, but increased again in those
that subsequently progressed. Tumours with 1p/19q loss were more likely to have a smaller
ADC transition coefficient (ATC), a lower maximum ADC, and a different histogram ADC
compared to those with intact 1p/19q. Tumours were equally likely to have low, moderate
and high cell density and there was no difference between genotypes. There was no
correlation between ADC and tumour cell density. Serial changes in advanced MRI
following therapy mirrored those seen on conventional MRI. Gel-based proteomics
techniques were feasible with tumour biopsy samples. Using saturation DIGE, multiple
protein spot differences were revealed in biopsies with solid or infiltrative growth patterns;
those taken from the tumour edge or core; in oligodendrogliomas or oligoastrocytomas; and
in biopsies categorised through image-fusion between dynamic and planning MRI as having
high or low rCBV. However, technical limitations prevented their identification.

This study identified several potentially useful non-invasive markers of tumour genotype,
namely high rCBV, a small ATC, a lower maximum ADC, and a different histogram ADC.
Imaging characteristics were unrelated to histopathology features, which suggests they are
unlikely to account for differences in clinical behaviour. Image-guided proteomics is
technically feasible using tumour biopsies but requires further methodological improvements
to be used in the identification of differentially expressed proteins in relation to advanced
imaging characteristics.
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CHAPTER 1 INTRODUCTION

Chapter 1

An introduction to oligodendroglial
tumours, magnetic resonance

imaging and proteomics

1.1 Tumours of the nervous system

Tumours of the nervous system can be defined as any tumour that arises within the
tissues of the nervous system. They account for ~1.1% of all tumours and the figures
for England in 2003 from the Office for National Statistics, show that per 100,000 of
the population, six males and four females have nervous system tumours

(http://www.statistics.gov.uk/downloads/theme health/MB1 34/MB1 34.pdf).

Tumours of the nervous system affect all age groups and are the second commonest
cause of cancer death in adults aged 35-45 years. Tumours can arise anywhere
within the nervous system, but the central nervous system (CNS), particularly the

brain, is the commonest location.

1.1.1 Classification

Tumours of the nervous system can be broadly classified into primary lesions, which
originate from cells of the nervous system and secondary lesions (i.e. metastasis),
which arise from non-nervous system tissues including lung, breast and skin. The
latest guidelines from the World Health Organisation (WHO) [1] define seven broad

categories:

tumours of neuroepithelial tissue
tumours of peripheral nerves

tumours of meninges

lymphomas and haemopoitic neoplasms
germ cell tumours

tumours of the sellar region

=S Wy deniha s fa e

metastatic tumours.
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CHAPTER 1 INTRODUCTION

These categories encompass over one hundred different types of tumour, but within

the brain, intrinsic gliomas account for the majority [1].

1.1.2 Intrinsic gliomas

Gliomas are a heterogeneous group that account for ~86% of all brain neoplasms [2]
and include astrocytic and oligodendroglial tumours. They are so named because
their cells resemble normal glia, but they differ in their location, epidemiology,
pathology, growth potential, invasive capabilities, clinical course and molecular
genetics. Whilst astrocytic and oligodendroglial tumours are the most common
intrinsic gliomas, a variety of other histopathology types, for example,

ependymomas, gangliogliomas and gangliocytomas, are less frequently encountered.

1.1.3 Astrocytic tumours

Several clinicopathological entities are recognised within this group, including

diffusely infiltrating astrocytomas and pilocytic astrocytomas.

1.1.3.1 Diffusely infiltrating astrocytomas

Diffusely infiltrating astrocytomas are defined by several characteristics: (i) they can
arise anywhere within the CNS (usually cerebral hemispheres); (ii) they occur
preferentially in adults; (iii) they show marked histopathological and biological
heterogeneity; (iv) they are diffusely infiltrating into normal brain (hence their name)
and; (v) they display an inherent tendency to undergo malignant transformation. As
a group they account for 60% of all primary brain tumours, and have an annual
incidence of 5-7 new cases per 100,000 of the population [1]. They can present with
focal neurological deficits depending on tumour location as well as non-localising
signs, such as seizures and headache. Diffusely infiltrating gliomas are classified by
histopathology into three malignancy grades; low-grade diffuse astrocytomas,

anaplastic astrocytomas and glioblastomas multiforme.

1.1.3.1.1 Low-grade diffuse astrocytoma (WHO grade II)

These are slow growing tumours that show diffuse infiltration of surrounding normal
brain. They account for 10-15% of all astrocytic brain tumours and have a peak
incidence in adults aged between 30 and 40 years [1]. Macroscopic inspection

reveals poor delineation of the tumour boundary, which reflects the infiltrative nature
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CHAPTER 1 INTRODUCTION

of these tumours. On histopathology examination these tumours are composed of
well-differentiated fibrillary or gemistocytic astrocytes on a background of loose,
often microcystic matrix. There is a moderate increase in cellularity with occasional
nuclear atypia (figure 1.1a). There is no microvascular proliferation or necrosis.
Diffuse astrocytomas correspond to WHO grade II. Median survival ranges from 6-8
years. Despite medical intervention these tumours almost inevitably progress to
more malignant phenotypes with an increase in the tumour grade. Median time to

progression is 4-5 years [3, 4].

1.1.3.1.2 Anaplastic astrocytoma (WHO grade I1I)

These are diffusely infiltrating tumours that may arise from malignant transformation
of grade II astrocytomas, or de novo without evidence of previous tumour. They are
more common in adults between ages 40 and 50 years [1]. Macroscopically they
may be difficult to distinguish from grade II astrocytomas, but on histopathology
examination they show increased cellularity, marked nuclear atypia and mitosis
(figure 1.1b). There is no microvascular proliferation or necrosis. Anaplastic
astrocytomas correspond to WHO grade III. Despite medical intervention with
mascoscopic resection followed by radiotherapy, these tumours inevitably recur as a
more malignant phenotype. Median time to progression is ~2 years, and median

overall survival ~3 years [3, 4].

1.1.3.1.3 Glioblastoma multiforme (WHO grade IV)

These are the most malignant type of astrocytoma and may arise from malignant
transformation from lower grade tumours or de novo. They have a peak incidence
between ages 45 and 70 years, and have an incidence of 2-3 new cases per 100,000
of the population per year [3]. Macroscopically these tumours have a variable colour
with evidence of necrosis, haemorrhage and cysts (figure 1.1c). Histopathology
reveals poorly differentiated tumour cells, marked nuclear atypia and mitoses.
Microvascular proliferation and necrosis are pre-requisites for a positive diagnosis
(figure 1.1d). Glioblastoma multiforme (GBM) correspond to WHO grade IV.
These tumours are incurable and historically median survival with surgery,
radiotherapy and chemotherapy was 9-11 months. New therapeutic strategies using

combined chemo-radiotherapy have produced a median survival and a two year
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survival rate of 14.6 months and 26.5% respectively, compared to 12.1 months and
10.4% in the radiotherapy only group [5].

1.1.3.2 Pilocytic astrocytoma (WHO grade I)

These are slow growing, circumscribed tumours that occur primarily in children and
young adults. In children they account for 10% of cerebral and 85% of cerebellar
astrocytomas [1]. They can present with focal neurological deficit depending on
tumour location as well as non-localising signs. Imaging typically reveals a well-
defined, uniformly contrast-enhancing tumour. Macroscopically these tumours are
soft, grey and discrete from normal brain; histopathology reveals low cellularity and
few mitoses, though microvascular proliferation and meningeal infiltration are often
present but not a sign of malignancy. Pilocytic astrocytomas correspond to WHO

grade I. Complete surgical excision is often curative.

Figure 1.1

Histopathology and macroscopic appearance of diffuse astrocytomas. a. grade II
astrocytoma with low cellularity and minimal nuclear atypia. b. grade III
astrocytoma with marked nuclear atypia and mitoses. ¢. macroscopic appearance of
a left frontal lobe GBM with invasion of the corpus callosum. d. GBM with extensive
ischaemic necrosis (right) (Images from Kleihaus & Cavenee [1])

MD JENKINSON — PhD THESIS: BIOLOGY OF OLIGODENDROGLIAL TUMOURS -4 -



CHAPTER 1 INTRODUCTION

1.1.4 Oligodendroglial tumours

Oligodendroglial tumours are typically located in the cerebral hemispheres and
comprise two distinct entities: pure oligodendrogliomas and mixed
oligoastrocytomas. Oligodendrogliomas were first described in 1936 [6]; they are
well-differentiated, diffusely infiltrating tumours composed of cells that have similar
morphological features to oligodendrocytes. Oligoastocytomas were first recognised
as a separate entity in 1935 [7]; they are mixed gliomas composed of two distinct

neoplastic cell phenotypes resembling oligodendroglioma and diffuse astrocytoma.

1.1.4.1 Epidemiology

Historically oligodendrogliomas comprise 2% to 7% of all primary brain tumours
and 5 -18% of all intracranial gliomas [1, 8-12]. Recently, there has been an increase
in the reported incidence of these tumours [9, 13, 14] though it is unclear whether
this reflects a real increase, under-reporting in the past or increased reporting now in
recognition that these tumours are chemosensitive [15-17]. Despite increased
reporting, oligodendrogliomas are relatively uncommon. The central brain tumour
registry of the United States reported an incidence of 0.3 per 100,000 per year [10]
and the latest reported annual incidence for the World Standard Population is 0.25
per 100,000 per year [18]. The incidence of oligoastrocytomas is more difficult to
define because of the high variability in the reporting of mixed gliomas [14] and
should therefore be interpreted with caution. A review of six French cancer
registries between 1983 and 1990 estimated an annual incidence of 0.25 per 100,000
individuals for both oligodendrogliomas and oligoastrocytomas [19].  Other
population-based studies have reported an annual incidence of 0.089 per 100,000
individuals for oligoastrocytomas for the World Standard Population [18], which is
similar to the estimated annual incidence in the United States population of 0.1 [1].
Oligodendrogliomas and oligoastrocytomas have a similar age and gender
distribution with a peak incidence in the fifth decade and a slight predominance in
males [8-12, 18, 19]. The variation in incidence reflects that fact that some of these
studies pre-date the most recent revision of the WHO histopathology criteria
published in 2000 by which tumours may be classified as oligodendroglial [1], whilst

others span the revised criteria date.
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1.1.4.2 Clinical features

The presenting features of all intracranial tumours can be divided into non-specific
findings related to raised intracranial pressure (ICP), and those secondary to tumour
location. In both oligodendrogliomas and oligoastrocytomas, seizures are the
commonest presenting feature affecting up to 88% of cases, although seizure type is
not related to tumour grade or location [11, 12, 20]. The high incidence of seizures
as the main presenting complaint may be due to tumour infiltration of the cerebral
cortex. Patients may have a long history of seizures prior to investigation, and
intervals up to sixteen years have been reported [11]. The time delay between onset
of symptoms and diagnosis is likely to fall with the increased availability of
computed tomography (CT) and magnetic resonance imaging (MRI). In the current
era of modern medical imaging, several authors have reported median seizure
duration of around two years [9, 11, 20]. Other presenting symptoms include
headache, cognitive deficits, nausea, and focal neurological deficits [1, 9, 11]. There
are no specific clinical features that discriminate oligodendrogliomas from

oligoastrocytomas or grade II from grade III tumours.

1.1.4.3 Macroscopic appearance

Although oligodendroglial tumours may arise anywhere within the CNS, they are
predominantly located in the cerebral hemispheres, where the frontal lobe is favoured
[9, 11, 12]. Oligodendroglial tumours are usually well-defined lesions with a
greyish-pink colour. Meningeal infiltration may be present and calcification is
frequently found. Cystic and haemorrhagic regions may also be present, and in grade
III tumours there may be areas of necrosis. Oligoastrocytomas may also exhibit

many of the same macroscopic features.

1.1.4.4 Histopathology characteristics of oligodendrogliomas

The WHO classifies oligodendrogliomas into two grades. WHO grade II
corresponds to well-differentiated tumours and WHO grade III to anaplastic tumours
[1]. Accurate grading is important as it has been shown to be a predictor of survival
[21, 22]. In tumours that do not display the classical oligodendroglioma features,
diagnosis based on histopathological features is frequently difficult, and the lack a
specific stain or immunohistochemical marker [23] has led to significant inter- and

intra-observer variability [24].
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1.1.4.4.1 Grade II oligodendroglioma

Oligodendrogliomas are moderately cellular tumours. A ‘honeycomb’ or ‘fried egg’
appearance seen in fixed tissues describes the rounded homogenous nuclei with
swollen, clear cytoplasm (figure 1.2a). Additional features of micro-calcification,
which are sometimes associated with blood vessels, may be seen within the tumour
as well as in the invaded brain. Oligodendroglioma tumour vasculature is often
described as having a ‘chicken-wire’ appearance. Marked nuclear atypia and
occasional mitosis are compatible with WHO grade II. In keeping with the
infrequent mitosis, the proliferation index marker Ki67 is typically low (<5% in
grade II tumours).

1.1.4.4.2 Grade III oligodendroglioma

In addition to the features of grade II oligodendrogliomas, anaplastic tumours also
exhibit malignant changes. These include increased cellularity, marked cytological
atypia, and high mitotic activity. Microvascular proliferation and necrosis may also

be present (figure 1.2b).

1.1.4.5 Histopathology characteristics of oligoastrocytomas

Oligoastrocytomas are mixed gliomas and can be divided into two distinct types:
biphasic and intermingled. In the biphasic type there are distinct areas of
oligodendroglial and astrocytic differentiation adjacent to each other and in the
intermingled variety both components are intimately admixed. There is no
consensus on what the minimum astroglial component should be with proposals
ranging from 1-50% [1], which inevitably leads to variation in reporting practices
[14, 24]. Accurate diagnosis is paramount since unlike pure astrocytomas, tumours
with an oligodendroglial component tend to have a better prognosis [25, 26]. The
WHO defines two grades of oligoastrocytoma: grade II and III [1].

1.1.4.5.1 Grade II oligoastrocytoma

Oligoastrocytomas are by definition composed of two histopathologically different
neoplastic glial components. They exhibit mild to moderate cellularity with no or
low mitotic activity. Microcalcifications and microcystic degeneration may also be

present but microvascular proliferation and necrosis are absent. Occasionally
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tumours may have a biphasic appearance with distinct oligodendroglial and
astrocytic components (figure 1.2c).

1.1.4.5.2 Grade Il oligoastrocytoma

Anaplstic oligoastrocytomas exhibit all the features of grade II oligoastrocytomas
with additional features of anaplasia (nuclea atypia, cellular pleomorphism, high
cellularity, high mitotic activity) and these features may be present in either the
oligodendroglial or astrocytic component. Microvascular proliferation and necrosis

may also be present (figure 1.2d).

Figure 1.2

Histopathology appearance oligodendroglial tumours. a. grade 11
oligodendroglioma with classical ‘fried egg' appearance. b. grade III
oligodendroglioma with marked microvascular proliferation. c. grade II
oligoastrocytoma with biphasic appearance of oligodendroglioma (left) and
astrocytoma (right). d. grade III oligoastrocytoma with marked microvascular
proliferation. (Images from Kleihaus & Cavenee [1])

1.1.5 Molecular genetics of gliomas

As with all cancer, the formation of brain tumours involves the accumulation of

genetic defects that results in loss of normal cell cycle control and uncontrolled cell
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proliferation. Two types of genes have been associated with cancer development
namely tumour suppressor genes and oncogenes. Tumour suppressor genes are
involved in normal cell cycle control; they act to prevent unregulated cell
proliferation. Inactivation can lead to uncontrolled growth and tumourigenesis.
Oncogenes are involved in normal cell cycle control; over-expression of their protein
products may result in accelerated cell growth and tumourigenesis. The molecular
genetic alterations in diffusely infiltrating astrocytomas and oligodendroglial
tumours have been extensively studied and several cellular pathways have been
identified that exhibit abnormalities. These genetic alterations can be used as part of
a potential molecular classification of tumours, for example, oligodendrogliomas
were the first primary brain tumours in which it was recognised that genotype may
be more important than histopathology subtype and clinical features in determining

therapy and prognosis [27].

1.1.5.1 Genetic alterations in diffusely infiltrating astrocytomas

The genetic alterations arising in diffusely infiltrating astrocytomas are legion and

are summarised in figure 1.3 [1, 28].

1.1.5.1.1 Diffuse astrocytoma

The commonest genetic aberration in diffuse astrocytomas are a gain of chromosome
7 [28], and TP53 gene mutation accompanied by loss of heterozygosity (LOH) of
chromosome 17 [1]. Platelet derived growth factor receptor-alpha (PDGFRa) over-

expression is also seen [29].

1.1.5.1.2 Anaplastic astrocytoma

The genetic alterations in anaplastic astrocytomas represent an intermediate stage
between diffuse astrocytoma and glioblastoma multiforme. In addition to the
chromosome 7 gain and p53 loss, deletions on chromosomes 6, 9p, 11p, 19q and 22q
have been reported [28].

1.1.5.1.3 Glioblastoma multiforme

Glioblastoma multiforme exhibit a large array of genetic alterations and fall into two
distinct categories with different genetic alterations. Primary GBM arise de novo,
whilst secondary GBM transform from an earlier grade II or III astrocytoma.

Malignant transformation to a secondary GBM is frequently accompanied by 10q
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loss, alteration in the retinoblastoma (Rbl) pathway and over-expression of
PDGFRa. Primary GBM typically display epidermal growth factor receptor (EGFR)
over-expression, and MDM?2 amplification. Loss of 10p and 10q is seen in ~70% of

cases [1, 28] and Rbl pathway alteration is also seen.

Astrocytes or glial progenitor cells

Ch7 gain EGFR amplification /

over-expression
TP53 mutation o

PDGFRa over-expression TPS3 mutation
\J
. MDM2 or MDM4
Diffuse astrocytoma amplification / over-
(WHO grade II) e s
CD4K, CD6K
LOH 19q amplification / over-
CDNK2A homozygous bl
deletion / hypermethylation
LOH 10p and 10q
Anaplastic astrocytoma Rbi mikation !
(WHO grade III) homozygous deletion
PTEN mutation
LOH 10q
CDKN2A homozygous
Rb1 hypermethylation deletion
PDGFRa amplification CCND1, CCND3
amplification / over-
PTEN mutation expression
! Y
Secondary GBM Primary GBM
(WHO grade V) (WHO grade V)
Figure 1.3

Molecular genetic changes in diffusely infiltrating astrocytomas (adapted from
Reifenberger & Collins [28] and Kleihaus & Cavenee [1])
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