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ABSTRACT

Primary central nervous system tumours account for 9-20% of all malignancies in 

the paediatric age group with astrocytoma being the most common tum our type 
and ependymoma the third. Little in known about the genetic aberrations that 

occur in paediatric glial tumours, and there are no definitive genetic markers that 
can determine outcome in children with these tumours. The aims of the present 

study were to identify consistent regions of genetic loss and gain in paediatric 
ependymoma and astrocytoma using comparative genomic hybridisation (CGH) 

and  to determ ine w hether any chromosome abnorm alities can be used as 

prognostic markers.

CGH was used to analyse 51 ependymoma and 64 astrocytoma from 110 patients 
for regions of genomic imbalance. A large proportion of the samples (65.5%) had 
normal karyotypes. In both ependymoma and astrocytoma, gain of 4q was the 
most frequent region of gain and loss of chromosome 19 was the most frequently 
deleted region. With a few exceptions loss of Ip  was seen independently of gain 
of Iq  in ependymoma, allowing the ependym oma to be classified into three 
groups based on CNAs. The study showed the alterations found in paediatric 

astrocytoma to differ from those seen in adult tumours, suggesting a different 
pathw ay leads to their formation. M D R l  expression was observed in 65% of 

ependym om a suggesting this gene m ay have a role in the d rug  resistant 

phenotype of some ependymoma.
A num ber of potential prognostic markers were identified, including increased 

survival in ependymoma patients with monosomy 19. Gain of 7q and loss of 12q 

w ere associated w ith recurrent ependym oma. Loss of 16q was seen more 
frequently in prim ary tum ours that had recurred than those w ith no tum our 

recurrence. The presence of a normal karyotype was associated w ith increased 
survival in patients with low-grade astrocytoma. Decreased survival was seen in 

astrocytoma patients with either gain of 2q, 5q and 7 or loss of 16p.
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CHAPTER 1 
INTRODUCTION

Incidence and classification of paediatric brain tumours
Primary central nervous system (CNS) tum ours are the most com m on 

solid tumour in childhood, accounting for 9-20% of all malignancies in  

the paediatric age group (Bigner and Schrock, 1997; Karnes and Raffel, 

1993; Packer, 1994). Approximately 300 children are diagnosed each year 

with a primary brain tumour in the United K ingdom  

(http://www.nottingham.ac.uk). The distribution of the different subtypes of 

brain tum our in children can be seen in Figure 1.1. In adults the m ost 

common brain tum ours are malignant gliomas, m eningiom a, 

schwannoma, pituitary tumours and métastasés, yet these tum ours are 

rare in the paediatric age group. Low grade astrocytoma and PNET 

account for a higher percentage of brain tum ours in children than  

adults (Pollack, 1999).

There is also a difference between adults and children in the location of 

tumours. In adults most neoplasms are located supratentorially 

whereas most paediatric CNS tumours arise in the posterior fossa. In 

adults the majority of tumours will arise w ithin the cerebral 

hemispheres, whereas approximately 50% of paediatric brain tum ours 

will arise infratentorially (Pollack, 1994; Pollack, 1999).
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Figure 1.1: Age distribution of paediatric brain tumours in the UK.
Data compiled from the Regional Cancer Registries of Scotland, 
N orthern Ireland, East Anglia, SouthEast England, N orth  W est 
England, West Midlands, Trent, North Yorkshire and Oxford for the 
years 1983 - 2000. Reported cases are split into three age groups: 0-4 
years, 5-9 years and 10-14 years and represent the num ber of reported 
cases of ependymoma, astrocytoma, PNET/medulloblastoma, other 
gliomas (including oligodendroglioma) and other 
intracranial/intraspinal lesions.
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Ependymoma
Ependymoma are tum ours that arise from the ependymal cells that 

line the ventricles of the central nervous system, the central canal of 

the m edulla and the filum terminale (Dohrmann et al, 1976; Verstegen 

et al, 1997). Although ependymoma may occur at any site in the 

ventricular system they most commonly present in the posterior fossa, 

followed by the lateral ventricle and the spinal cord (Schiffer and 

Wiestler, 1997). In children, ependym oma represents 6-12% of 

intracranial tum ours and 30% of these tum ours occur in children 

under three years of age (Schiffer and Giordana, 1998). In adults, 

ependym oma represents less than 3% of CNS tum ours (Allen et al, 

1998). For the age distribution of ependymoma see Figure 1.2. As m any 

as 90% of paediatric ependymoma are intracranial tum ours and only 

10% spinal (Allen et al, 1998). Ependymoma may show different grow th 

patterns, such as expansion toward the adjacent nervous tissue or 

infiltration from the solid tum our to the norm al nervous system. 

Isolated tum our islands may be found in adjacent tissue. The tu m o u r 

m ay spread via the cerebral spinal fluid (CSF) especially if it is located 

in the posterior fossa or if it is anaplastic (Pierre-Khan et al, 1983; 

Salazar, 1983). There have been reports of ependym om a m etastasizing 

to the lungs in several cases (Schiffer and Wiestler, 1997).

The WHO recognises five categories of ependym al tum ours: 

ependym oma, anaplastic or malignant ependymoma, myxopapillary 

ependym oma, subependymoma and ependymoblastoma (Gonzales, 

1995).
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Figure 1.2 Age distribution of ependymoma.
Data based on 298 cases (Schiffer et al, 1991).

Classic Ependymoma: Ependymoma occurs in all age groups. In 

children the mean age at manifestation is 6.4 years (Schiffer and 

Wiestler, 1997). These tum ours occur at any site in the ventricu lar 

system, with the most common being the posterior fossa, followed by 

the lateral ventricles and the spinal cord (Wiestler et al, 2001b). 

Ependymoma are classified as WHO grade II tumours. The current 

WHO classification recognises four histological variants of classic 

ependymoma: cellular, papillary, clear cell and tancytic (Schiffer and 

Wiestler, 1997).
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Anaplastic Ependymoma: Anaplastic (malignant) ependym om a is an  

aggressive tum our that corresponds histologically to WHO grade III. 

The incidence of these tum ours varies from institution mostly due to 

the uncertainty regarding the histological criteria for m alignancy 

(Wiestler et al, 2001a). Anaplastic ependym oma are more likely to occur 

intraventriculary than spinally. They account for 25% of all 

ependym oma and have a greater tendency to invade adjacent brain  

structures and metastasize via the CSF than lower grade tum ours 

(Schiffer and Wiestler, 1997). Anaplastic ependym om a are recognised 

by their increased cellularity, increased mitotic activity and the presence 

of endothelial proliferation (Applegate and M arymont, 1998; Lopes et 

al, 1995).

Myxopapillary Ependymoma: These are a distinct variant of 

ependymoma, limited to the region of the cauda equ ina /filum  

terminale. They rarely invade nerve roots and even more rarely erode 

sacral bone. They are occasionally found at other locations such as the 

cervical-thoracic spinal cord, the lateral ventricle and the brain 

parenchyma (Liu et al, 1976; Sonneland et al, 1985; W arnick et al, 1993). 

These slow growing tumours are biologically benign and correspond to 

WHO grade I. They are more commonly seen in adults (age 30-40 years) 

than in children, with the average age of incidence being 36.4 years. 

(Lopes et al, 1995; Schiffer and Wiestler, 1997).

Subependymom a: Subependymoma account for approximately 2% of 

ependym om a and correspond histologically to WHO grade I (Schiffer 

and W iestler, 1997). Subependymoma seldom gives rise to sym ptom s 

during life but is usually an incidental finding at autopsy (Verstegen et 

al, 1997). This type of tum our is relatively uncom m on in children and 

is seen most frequently in m iddle aged and elderly males. (Lopes et al, 

1995; Schiffer et al, 1991; Schiffer and Wiestler, 1997). The most frequent 

site is the fourth ventricle (50-60%) followed by the lateral ventricles 

(30-40%) (Schiffer and Wiestler, 1997). Other locations are the septum
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pellucidum , and foramen of Monro. Spinal cord subependym om a 

develop as either cervical intram edullary or extramedullary growths 

(Jallo et al, 1996).

Astrocytoma
Astrocytic tum ours are derived from astrocytes which are the m ost 

abundant cellular component of the connective tissue of the brain 

(Paulus et al, 1996). The W orld Health Organization (WHO) recognises 

five clinicopathological groups of astrocytic tumour.

Diffuse astrocytoma: Diffuse astrocytoma may arise anywhere w ith in  

the CNS but are most often located in the cerebral hem ispheres. 

Irrespective of histological grade these tum ours infiltrate adjacent and 

distant brain structures and have a tendency to progress to a m ore 

m alignant phenotype. Diffuse astrocytoma are the most frequent 

intracranial neoplasms, accounting for 60% of all prim ary brain  

tum ours (Whittle et al, 1989). They are more prevalent in adults th an  

children.

There are three distinct entities within diffuse astrocytoma:

•  Low grade diffuse astrocytoma: These tum ours are characterised by a 

high degree of cellular differentiation, slow growth and infiltration of 

surrounding brain structures. They correspond to WHO grade II and 

represent 25% of all astrocytoma occurring in the cerebral hem ispheres. 

The peak incidence is in young adults aged between 30 and 40 years (see 

Figure 1.3). These tum ours most commonly develop supratentorially 

in the cerebrum. This class of tum ours can be subdivided further in to  

fibrillary astrocytoma, gemistocytic astrocytoma and protoplasm ic 

astrocytoma (Lu et al, 2001).

24



200n

S
(0
(üo
o

£1
E
3

0 O) G i

OCN

G)COIO
CO

O i

o
O)mIoLO

0 5<ûIO
CO

1— 1
O ) 05 CD
1 ^ o p CD
CD CD 1
N 0 0 O

05

Age (years)

Figure 1.3: Age distribution of diffuse astrocytoma (WHO grade II).
Figures based on the biopsies of 529 patients from the Tum our Registry 
of the University of California, San Francisco, USA and the Institute of 
Neuropathology, University Hospital, Zurich (Kleihues et al, 2001).

• Anaplastic astrocytoma: Anaplastic astrocytoma can arise from low 

grade astrocytoma but can also be diagnosed at the time of first surgery. 

These tumours have a tendency to progress to glioblastoma 

multiforme (GBM). They correspond to WHO grade III. The age 

distribution of anaplastic astrocytoma is shown in Figure 1.4.
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Figure 1.4: Age distribution of anaplastic astrocytoma

Data based on the biopsies of 319 patients treated at the University 

Hospital, Zurich (Kleihues et al, 2001)

• Glioblastoma multiforme (GBM): This is the most m alignant of the 

astrocytic tumours and corresponds to WHO grade IV. These tum ours 

are composed of poorly differentiated neoplastic astrocytes with areas of 

vascular proliferation a n d /o r necrosis. GBM is more common in adults 

than children with a peak incidence between 45 and 70 years (see Figure 

1.5). In the adult population, such tumours may develop from diffuse 

or anaplastic astrocytoma. There are several variants of GBM: m u lti

focal GBM, primary GBM, and secondary GBM (Chakrabarty et al, 1999).
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Figure 1.5: Age distribution of glioblastoma multiforme
Data based on the biopsies of 1003 patients treated at the U niversity 
Hospital, Zurich (Kleihues et al, 1993a).

Primary GBM develop de novo without any evidence (clinical, 

radiological or morphological) of a less malignant precursor lesion. In 

comparison, secondary GBM arise through progression from low grade 

or anaplastic astrocytoma (Kleihues and Ohgaki, 1999). Primary GBM is 

characterised by a rapid development of clinical symptoms, with 50% of 

patients typically having a history of less than three months. In 

secondary GBM, the progression from a lower grade tum our varies 

from case to case, with time intervals of less than a year to more than  

ten years being reported (Ohgaki et al, 1999; Watanabe et al, 1997). One 

study has shown no difference in survival for patients with secondary 

GBM compared to those with primary GBM (Dropcho and Soong, 1996). 

In recent years strong evidence has accumulated for the existence of 

different genetic pathways in GBM pathogenesis (see Figure 1.6).
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Despite some overlapping features the pathogenesis of both types of 

GBM is markedly different, suggesting they are two different diseases. 

The most frequent genetic alterations in prim ary GBM are EGFR 

am plification/overexpression, MDM2 am plification/overexpression, 

CDKN2A/B  deletion and PTEN  m utations. In secondary GBM, p53 

m utations are the most common alteration. The m ain differences 

between the two kinds of GBM is shown in Table 1.1.

Primary GBM Secondary GBM
Preoperative clinical history 1.7 months 

(Watanabe et 
al, 1996)

53 months from low grade 
astrocytoma (Watanabe et al, 
1996)
25 months from anaplastic 
astrocytoma (Watanabe et al, 
1996)

Sex ratio (M/F) 1/4 (Watanabe 
et al, 1996)

0/8 (Watanabe et al, 1996)

Age at diagnosis (years) 55.5 (Kleihues 
et al, 1993b; 
Watanabe et al, 
1996)

40 (Kleihues et al, 1993b; 
Watanabe et al, 1996)

P53 mutation 2/19 (11%) 
(Watanabe et 
al, 1996)

20/30 (67%) (Watanabe et al, 
1996)

MDM2 amplification 8/104 (7.5%) 
(Biemat et al, 
1997;
Reifenberger et 
al, 1993)

0/27 (0%) (Biemat et al, 
1997)

EGFR amplification 11/28 (39%) 
(Klein, 1987)

0/22 (0%)

P16 deletion 10/28 (36%) 
(Biemat et al, 
1997)

1/23 (4%) (Biemat et al, 
1997)

PTEN mutation 9/28 (32%) 1/25 (4%)
Table 1.1: Synopsis of clinical and genetic data of prim ary and secondary 
GBM. Data from Kleihues & Ohgaki (1999).
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Differentiated astrocytes or pre  cursor cells

p53 mutation (>65%) 
PDGF-A, PDGFR-a
overexpression (-60%)

Low grade astrocytoma

LOH 19q (-50%)
RB alteration (-25%)

Anaplastic astrocytoma

LOH lOq
PTEN mutation (5%)
DCC loss of expression (-50%)
PDGFR-a amplification (<10%)

EGFR
amplification (-40%) 
overexpression (-60%)

MDM2
amplification (<10%) 
overexpression (-50%)

p ie  deletion (30-40%)

LOH lOp and lOq
PTEN mutation (-30%)

RB alteration

Secondary glioblastoma Primary glioblastoma
l1c novo

Figure 1.6: Genetic pathways operating in the evolution of GBMs

(Kleihues and Ohgaki, 1999).

Pilocytic Astrocytoma: This type of astrocytic tum our generally occurs 

in children and young adults (see Figure 1.7). The tum ours are 

composed of variable portions of spongy and compact tissue and 

correspond to WHO grade I. Pilocytic astrocytoma (PA) arise 

throughout the neuraxis, with the most common sites being the optic 

nerve, optic chiasm, thalamus and basal ganglia, cerebral hem ispheres 

and the brain stem (Burger, 1996; Clark et al, 1985; Hayostek et al, 1993; 

McGirr et al, 1987; Rodriguez et al, 1990). Spinal cord tum ours are less 

frequent but not uncom m on (Minehan et al, 1995). PA are slow
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growing tumours that may stabilise or even regress. These tum ours 

rarely prove to be fatal, although there are few long term follow up 

studies outlining the ultimate outcome of patients. PA are the m ain  

cerebral nervous system neoplasm associated with neurofibrom atosis 

type 1 (NFl). Approximately 15% of patients with NFl will develop PA, 

usually of the optic nerve (Burger et al, 1993; Gilles et al, 2000).
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Figure 1.7: Age distribution of pilocytic astrocytoma.
Data based on the biopsies from 205 patients treated at the U niversity 
Hospital, Zurich (Burger et al, 2001).

Pleomorphic Xanthoastrocytoma: This tum our is most often seen in  

children and young adults and 60% of patients are under 18 years of age 

(see Figure 1.8). Pleomorphic xanthoastrocytoma (PXA) account for less 

than 1% of all astrocytic tum ours (Rostomily et al, 1997). They have a 

superficial location in the cerebral hemispheres and there is often
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involvement of the meninges. The temporal lobe is the more favoured 

site, though there have been reports of spinal tum ours (Herpers et al, 

1994; Kepes et al, 1993). Most pleomorphic xanthoastrocytoma are 

classified as WHO grade II although some may have m alignant 

features, in particular marked nuclear pleomorphism. Some tum ours 

may undergo malignant transformation to high-grade glioma or GBM 

(Chakrabarty et al, 1999).
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Figure 1.8: Age distribution of patients with pleomorphic
xanthoastrocytoma (Kepes et al, 2000).

Desmoplastic cerebral astrocytoma of infancy (DCAI): These tum ours 

are often cystic and slow growing. They are rare neoplasms that are 

quite large and often involve the superficial cortex and leptom eninges 

where they attach to the dura. They are WHO grade I tum ours and 

have a good prognosis after surgical resection. DCAI occur m ore
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frequently in males than females, with a peak age incidence at 5-6 

months of age (Eberhart et al, 2002; Taratuto and Rorke, 1997).

Subependym al giant cell astrocytoma (SEGA): This form of astrocytoma 

is most often seen in the first two decades of life, usually in association 

w ith the tuberous sclerosis complex (TSC). SEGA is the m ost com m on 

CNS neoplasm  in TSC and the incidence ranges from 6% to 16% of 

confirmed cases of TSC (Shepherd et al, 1991). These tum ours are quite 

often nodular solid tum ours that can be well delineated from the 

underlying brain parenchyma. They most commonly arise from the 

wall of a lateral ventricle and less commonly from the third ventricle. 

Calcification and signs of previous haem orrhage can be present (Lopes 

et al, 1993; Wiestler et al, 1997).

Clinical Manifestations
Children w ith brain tum ours exhibit a num ber of clinical 

m anifestations, which may include irritability, listlessness, vom iting , 

failure to thrive, and progressive macrocephaly (Pollack, 1994). Such 

symptoms are due in part to raised intracranial pressure which m ay 

arise as a result of the mass effect of the tum our itself or from  

ventricular obstructions (Berger, 1996; Kadota et al, 1989).

Treatment
Progress in the treatm ent of brain tumours has been relatively poor 

compared to that achieved in other forms of childhood cancer. This is 

due in part to the differing tumour types occurring in different areas of 

the brain and also to the low incidence of these tum ours m aking it 

difficult for m eaningful therapeutic trials to be conducted (Einlay et al, 

1987). Historically the standard approach to the treatm ent of childhood 

brain tum ours has been either surgery alone or surgery followed by 

radiation therapy. If the tum our recurred following treatm ent w ith
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surgery and radiotherapy it was often felt there was no advantage to 

subjecting the child to unproven chem otherapeutic agents. Pioneering 

trials in the 1970's led to the use of vincristine and nitrosureas in the 

treatment of paediatric brain tumours and also led to the establishm ent 

of m ulticentre co-operative group trials for the testing of ad juvan t 

chemotherapy in the treatment of children w ith newly diagnosed brain  

tum ours (Rosenstock et al, 1976; Shapiro, 1975).

Surgery
The m ain aims of surgery are to establish a histological diagnosis, to 

restore the CSF pathway and reduce the tum our burden (Pollack, 1999; 

Punt, 1995; Tomita, 1998). Craniotomy provides the largest samples for 

pathological examination whereas stereotactic or ventriculoscopic 

biopsies are less invasive forms of surgery but have a lower diagnostic 

value for heterogeneous tumours (Tomita, 1998). For example, gliomas 

originating in the brain stem may be a mix of benign and m alignant 

astrocytoma therefore a small sample of tissue taken from one area of 

the tum our may not be representative of the entire tum our. Obtaining 

m axim um  cytoreduction and neural decompression enhances tu m o u r 

sensitivity to adjuvant therapy (either radiotherapy an d /o r 

chemotherapy) -  the smaller the tum our the greater the response to 

therapy. This also means a lower dose of radiation and less aggressive 

chemotherapy can be used (Tomita, 1998). Tum our resection is usually 

accomplished by ultrasonic aspiration, which aids internal debulking of 

the tumour. In most tum ours there is no well defined m argin betw een 

tum our and norm al brain and this infiltration of the su rround ing  

brain tissue is the limitation to complete resection (Pollack, 1999).

The increased use of CT and MRI techniques has allowed earlier 

diagnosis of tum ours and have provided the surgeon with a better 

delineation of the location and contours of the tum our and its relation 

to surrounding structures, effectively providing a "road m ap" to the 

tum our (Finlay et al, 1987). Stereotactic biopsy using the data provided 

by MRI and CT scans has become im portant in the neurosurgical
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m anagem ent of children with brain tum ours. It enables the 

pathological diagnosis of lesions within brain structures that were once 

considered to be inaccessible, such as the brain stem, basal ganglia, 

hypothalam us and pineal body (Finlay et al, 1987). The stereotactic 

aspiration of tum ours allows palliative m anagem ent of patients w ith  

recurrent tumours and can be repeated if necessary (Finlay et al, 1987).

Surgery is the most effective mode of treatm ent for prim ary 

ependymoma. Complete resection is associated with a five year 

progression free survival (PFS) of 60-80% compared to 0-30% in  

patients undergoing incomplete resection (Hukin et al, 1998; Pollack et 

al, 1995). Incomplete tum our removal is common among patients w ith  

4^ ventricle ependymoma. This is due to the infiltration of tu m o u r 

along the ventricle into the brain stem. In patients w ith supratentorial 

lesions the degree of resection is dependent upon the size and extent of 

the tum our. Total removal of tum our has been reported in up to 70% 

of intram edullary ependymoma and 90% of cauda equina tum ours 

(Kun et al, 1988). In a recent study ten patients with ependym om a have  

been treated with total surgical resection and no adjuvant therapy. Of 

these patients only one has experienced a recurrence (Tomita, 1998). A 

prospective study investigated survival in ten paediatric patients w ith  

intracranial ependym oma treated by surgery alone. All patients had 

radiologically confirmed gross total resection. Seven of the ten patients 

rem ained in remission 48 months after surgery and three patients 

underw ent repeat surgical resections for recurrent or residual disease. 

Seven of the eight supratentorial ependymoma were in rem ission 48 

m onths after gross total resection (Hukin et al, 1998). Twelve patients 

w ith supratentorial ependym oma were treated with radical surgery 

alone in an Italian study (Palma et al, 2000). Three of these patients 

suffered a recurrence, three patients died w ithin 11 m onths of surgery 

and the remaining patients were in remission. This study showed that 

true radical excision cannot always be achieved in supratentorial 

ependymoma. In most cases surgery is usually applied in conjunction
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with radiotherapy a n d /o r chemotherapy for the treatm ent of all grades 

of ependymoma.

Resection is the treatment of choice for patients w ith gliomas. C hildren 

with pilocytic astrocytoma who have undergone total surgical resection 

have 10-20 year survival rates of between 90 and 100% (Reddy and 

Packer, 1999). Three patients with pilocytic astrocytoma were treated 

with surgery alone and were free of disease at a mean of 37 m on th s 

postoperatively (Vinchon et al, 2001). In a study of thirty five children 

with low grade gliomas who had no postoperative treatm ent after 

surgical resection the overall survival at ten years was 97% and 75% of 

the patients were also disease free at ten years (Pollack et al, 1995). 

Twenty-four patients w ith glioma underw ent gross total resection. 

None of these patients developed a recurrence of their tum our and had  

a ten year survival of 83% (Fisher et al, 2001). Patients w ith benign 

astrocytoma of the cerebellum have excellent survival if there is no  

brain stem involvem ent. In a study involving 165 patients w ith this 

tum our type who underw ent surgical excision and had no  

postoperative treatm ent the ten year overall survival was 100% for 

patients with the cerebellar form and 80% for those patients w ith brain  

stem involvement (Pencalet et al, 1999).

Reduction of intracranial pressure using steroids and m annitol is the 

first step in the treatm ent of m alignant astrocytoma. Radical surgical 

resection of newly diagnosed anaplastic astrocytoma and GBM in  

children is a favourable predictor of outcome if followed by 

radiotherapy and chemotherapy (Finlay and Wisoff, 1999). One patient 

w ith anaplastic astrocytoma was treated with surgery alone and died 

postoperatively. Two patients with GBM underw ent surgery followed 

by chemotherapy. One patient died 12 m onths after diagnosis from  

recurrence and the other patient was alive and disease free 64 m on th s 

after diagnosis (Vinchon et al, 2001). Three patients w ith GBM and five 

w ith anaplastic astrocytoma were treated w ith surgery alone. M edian
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survival was 11 months for GBM and 15 m onths for anaplastic 

astrocytoma (Raco et al, 1997).

Radiotherapy
Im provem ents in imaging and dose planning techniques have m ean t 

that irradiation can be tailored to the geometry of a patient's ind iv idual 

tum our. The most controversial aspect of radiation treatm ent is the  

volume of tissue that should be irradiated. Radiation applied to the 

whole brain is known to be toxic in young children and can lead to 

serious intellectual deficit and emotional disturbance (Helseth et al, 

2001; Hukin et al, 1998; Tomita, 1998). Craniospinal irradiation can lead 

to short stature, due to impaired growth horm one secretion or the 

direct effects of radiation on the growing spine. Posterior fossa 

irradiation can lead to hearing impairments (Tomita, 1998). A quality of 

life study in children who had undergone radiotherapy for a brain  

tum our showed major focal neurological deficits in 33% of children 

less than 2 years of age compared to 22% in children aged 2-4 years. 

Major visual defects were present in 35% of children less than 2 years 

old compared to 18% of 2-4 year olds. Although uncom m on, blindness 

occurred more frequently in patients younger than age 2 (19%) than in  

2-4 year olds (4%). No difference was seen in hearing or schooling. 

Radiation treatm ent was associated with a cure in 1 of 3 patients, 

however quality of life for survivors was not good due to the focal 

neurological defects present from the time of first treatm ent (Jenkin et 

al, 1998).

In ependymoma radiotherapy is used to prevent subarachnoid seeding 

by eradicating tum our cells in the CSF and to prevent tu m o u r 

recurrence by rem oving the postoperative residual tum our and 

possible métastasés. The addition of postoperative irradiation has 

im proved 5-year survival from approximately 20% to the range of 35- 

60% when combined w ith maximum resection (Kun et al, 1988).
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Strategies are based on patient age, the tum our location and grade and 

the status of the subarachnoid space and CSF (Verstegen et al, 1997). A 

sum m ary of treatm ent protocols for paediatric ependym om a can be 

seen in Table 1.2. Even after tum our resection and ad juvan t 

radiotherapy there is nearly always recurrence at the prim ary tu m o u r 

site rather than distantly w ithin the neuraxis (Hodgson et al, 2001; 

Kovalic et al, 1993; McLaughlin et al, 1998; Paulino, 2001; Paulino and 

Wen, 2000; Stafford et al, 2000). A num ber of studies have show n 

survival to be increased using treatm ent doses of 45Gy or m ore. 

Paulino and Wen (2000) reported a 5 year survival of 71.5% in patients 

treated with 45Gy to the primary site. Survival of 46-70% was reported 

in a retrospective study of ependymoma treated w ith 45-55Gy to the 

prim ary site (Kun et al, 1988). Kovalic et al, (1993) reported superior 

survival in tum ours treated with cranial radiation doses of 50Gy. 

Treatment duration of less than 50 days was also reported to increase 

survival in patients treated with 45Gy (Paulino and Wen, 2000).

In the treatm ent of low grade astrocytoma radiotherapy can result in  

shrinkage of the tum our and may improve the duration of disease free 

survival in children who have undergone partial tum our resection 

(Reddy and Packer, 1999). The use of irradiation is often reserved for 

children w ith recurrent or symptomatic astrocytoma (Tarbell and  

Loeffler, 1996). The role of radiotherapy in preventing recurrence of 

cerebellar astrocytoma is controversial. Some studies suggest that 

postoperative radiotherapy is beneficial after incomplete resection in  

m aintaining local tum our control, delaying the time to recurrence and  

therefore im proving the survival time (Dewit et al, 1984; Dirven et al, 

1997; Ilgren and Stiller, 1986). In comparison, other studies have show n 

a recurrence rate of around 34% in spite of radiation doses of 40Gy 

(Garcia and Fulling, 1985; Marsa et al, 1973; Wallner et al, 1988).
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No.
Patients

Diagnosis Dose Area Survival Reference

14 Ependymoma 35-40Gy Craniospinal 
axis + boost to 
posterior fossa

10 year = 35% (Evans et al, 
1996)

9 PF ependymoma 39-40Gy
18-36Gy

Local RT 
Craniospinal

5 year = 28% (Helseth et 
al, 2001)

1 ST ependymoma 51Gy
30Gy

Local RT 
Craniospinal

5 year = 0%

3 IS ependymoma 54Gy
32-54Gy

Local RT 
Spinal

5 year = 100%

47 Ependymoma 33Gy
35Gy

Spinal 
Whole brain

5 year = 46% (Goldwein et 
al, 1990)

20 Ependymoma 45-54Gy Primary site 5 year = 64% (Robertson et
12 AE 23-36Gy Craniospinal al, 1998)
8 Ependymoma 36-45Gy Partial brain 4-lOyears = (Salazar et
9 Ependymoma 36-45Gy Whole brain 12% al, 1983)
7 AE 36-45Gy Partial brain 3-lOyears
7 AE 36-45Gy Whole brain =67%

20 AE 30-40Gy Craniospinal 5 years = 8% 
5 years = 8% 

5 years = 47%

18 Sp AE 50Gy Entire CNS 5 years = 68% (Whitaker et
25 Sp

Ependymoma
50-55Gy Spinal RT al, 1991)

22 IT Ependymoma 51Gy
32Gy

Primary site 
Craniospinal

10 years = 45% (McLaughlin 
et al, 1998)

10

9

ST
Ependymoma

Sp
Ependymoma

35-58Gy
36Gy

45-52Gy

Primary site
Craniospinal
Spinal

10 years = 20%

10 years = 
100%

12 RT
Ependymoma

12-24Gy Primary site 
(SRS)

3 year = 68% (Stafford et 
al, 2000)

35 IT Ependymoma 36Gy
39Gy
54Gy

Craniospinal 
Whole brain 
Primary site

5 year = 71% 
5 year = 60% 
5 year = 80%

(Paulino and 
Wen, 2000)

53 IT Ependymoma 35Gy
20Gy

Neuroaxis 
PF boost

3 year = 75.6% (Timmermann 
et al, 2000)

28 Ependymoma 12.5Gy Primary site 
(SRS)

3 year = 29% (Hodgson et 
al, 2001)

30 Ependymoma 47.5Gy
50.8Gy

Local field 
Whole brain

10 year = 75% 
10 year = 28%

(Kovalic et 
al, 1993)

Table 1.2: Summary of radiotherapy protocols used in the treatm ent of 
paediatric ependymoma. PF = posterior fossa; IT = intracranial; ST = 
supratentorial; Sp = spinal; AE = anaplastic ependymoma; SRS = 
stereotactic radiosurgery; RT = recurrent
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Chemotherapy
Since the early 1990s chemotherapy has been widely used in the 

m anagem ent of brain tum ours in young children. Vincristine was the 

first agent to have clinical efficacy in childhood brain tu m o u rs  

(Rosenstock et al, 1976). It was originally used as a single agent but is 

now more often used in combination with other agents to treat 

astrocytoma. Other single agent treatments have included carboplatin 

in the treatm ent of progressive or low-grade astrocytoma (Friedman et 

al, 1992), high dose cyclophosphamide for the treatm ent of 

dissem inated pilocytic astrocytoma (McCowage et al, 1996) and oral 

etoposide for the treatm ent of recurrent cerebellar pilocytic astrocytoma 

(Chamberlain, 1997).

The majority of children with intracranial ependym oma will die from  

tum our progression despite treatm ent with surgery and radiotherapy 

(Bouffet and Foreman, 1999). The poor prognosis for these patients has 

led to the use of chemotherapy in the m anagem ent of children w ith  

ependym oma. A num ber of protocols have been used to treat children 

with ependymoma, a summary of these can be seen in Table 1.3. M ulti

agent chem otherapy (carboplatin, procarbozine, etopside, cisplatin, 

vincristine and cyclophosphamide) has been used in the treatm ent of 

children w ith both posterior fossa and supratentorial ependym om a 

(Grill et al, 2001). Progression or relapses were diagnosed in fifty-three 

patients 2 to 45 months after the initiation of chemotherapy. The 4 year 

PFS was 22%, with an overall survival rate of 59%. This study suggests 

that a proportion of children with ependymoma m ay be able to avoid 

treatm ent w ith radiation by the adm inistration of ad juvan t 

chemotherapy. Deferring irradiation did not appear to compromise the 

overall survival of the patient population in this particular study, but 

survival was not that different from that seen in studies using surgery 

and radiotherapy. The Children's Cancer Study Group initiated a study 

to assess the value of adjuvant chemotherapy (using v incristine
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followed by maintenance chemotherapy consisting of CCNU, 

vincristine and prednisone) in children w ith posterior fossa 

ependym oma after treatm ent with radiotherapy. A control group was 

treated with radiotherapy alone. There was no difference in outcom e 

between the two groups, suggesting chemotherapy is not effective in  

im proving the outcome in children w ith ependym om a (Evans et al, 

1996). The eight-drugs-in-l-day regimen has been used to treat children 

w ith ependymoma and anaplastic ependymoma (Robertson et al, 1998). 

The eight agents used were m ethylprednisone, vincristine, CCNU or 

BCNU, procarbozine, hydroxyurea, cisplatin, cytarabine, and 

cyclophosphamide given in two courses, fourteen days apart, followed 

by the initiation of craniospinal irradiation. PFS was 45% after a m ean  

follow up of 24.7 months.

No.
patients

Diagnosis Agents No.

cycles

Survival Reference

22 E Vincristine
CCNU

Prednisone

8 10 years 40% (Evans et al, 
1996)

20
12

E
AE

Vincristine 
CCNU 

Prednisone or 
8-drugs-in-l-day

8

10

5 year 64% (Robertson et 
al, 1998)

48 E Vincristine
Cyclophosphami

de
Cisplatin
Etoposide

2 2 years 74% (Duffner et al, 
1993)

60
13

AE
E

Carboplatin
Procarbozine

Etoposide
Cisplatin

Vincristine
Cyclophosphami

de

7 4 year 59% (Grill et al, 
2001)

11 AE Ifosfamide
VP16

Carboplatin

10 10 years 39% (Fouladi et al, 
1998)

Table 1.3: Summary of chemotherapy protocols used in the treatm ent 
of paediatric ependymoma. E = ependymoma; AE = anaplastic 
ependym om a

40



The impact of adjuvant chemotherapy on the survival of patients w ith  

anaplastic ependymoma has been investigated. Eleven patients w ith  

anaplastic ependymoma underw ent surgical resection followed by 

chemotherapy (Fouladi et al, 1998). The regimen, known as ICE, 

consisted of ifosfamide, VP-16 and carboplatin for two cycles prior to 

radiotherapy and eight cycles after radiation. Patients less than 2 years 

of age did not undergo radiotherapy and had 10 cycles of ICE only. 

Patients undergoing adjuvant ICE chemotherapy had a seven year 

survival of 39%. This regimen did not confer an overall su rv iva l 

advantage. A recent study investigated the use of pre-irradiation 

"sandwich" chemotherapy in children w ith anaplastic ependym om a 

(Timmermann et al, 2000). Fifty-five patients were treated; fifteen w ith  

m aintenance chemotherapy and forty with sandwich chem otherapy. 

M aintenance chemotherapy was started during irradiation w ith the 

adm inistration of vincristine once a week. Six weeks after the end of 

irradiation eight cycles of chemotherapy were given every six weeks 

comprising cisplatin, CCNU and vincristine. Sandwich chem otherapy 

consisting of ifosfamide, etoposide, methotrexate, citrovorum -factor 

(CF rescue), cisplatin and cytarabine was adm inistered 14 days after 

surgery. If there was progression of disease during chem otherapy 

radiotherapy was started immediately. Children having m aintenance 

chemotherapy had a 3 year PFS rate of 61.9% and those on the sandwich 

chemotherapy regimen had a 3 year PFS of 63.7%. The adm inistration  

of chemotherapy to the patients in this study did not alter their 

prognosis. Sixty children with anaplastic ependym om a were treated 

according to a protocol described by Grill et al. (2001). The four-year 

overall survival for these patients was 61%. No data was available on  

PFS for these patients. The data on the effects of chem otherapy on  

survival in patients w ith ependymoma is comparable to that reported 

for patients who have received radiotherapy and no chem otherapy 

(Goldwein et al, 1990; Nazar et al, 1990; Shum an et al, 1975). This 

suggests that chemotherapy does not increase outcome compared to 

that achieved with surgery and radiotherapy.

41



Various combinations of chemotherapeutic agents have been used in  

the treatment of children with astrocytoma, a sum m ary of which can be 

seen in Table 1.4. Carboplatin and etoposide have been used to treat 

nineteen patients with incompletely resected astrocytoma and resulted 

in an overall survival of 58% at 60 m onths post-diagnosis (Gastello et 

al, 1998). Cisplatin and vincristine have been used to treat both pilocytic 

and diffuse astrocytoma and resulted in PFS of 87.5% at 96 m onths post

diagnosis (Strojan et al, 1999).

No.
patients

Diagnosis Agents No.

cycles

Survival Reference

22 GBM Trofosf amide 
Etoposide

2 4 years 22% (Wolff et 
al, 2000)

7
3

AA
GBM

Carboplatin
Ifosfamide
Etoposide

4 53 months 70% (Lopez- 
Aguilar et 
al, 2000)

13 LGA Etoposide
Carboplatin

4 5 years 58% (Castello 
et al, 1998)

8 LGA (ST) Cisplatin
Vincristine

1-3
1-7

10 years 87.5% (Strojan et 
al, 1999)

14 BSA Cyclophosphamide
Vincristine
Cisplatin
Etoposide

2 2 years 42% (Duffner et 
al, 1993)

18 MA Cyclophosphamide
Vincristine
Cisplatin
Etoposide

2 2 years 65% (Duffner et 
al, 1993)

13
15

AA
GBM

CCNU
Vincristine
Prednisone

9 5 year 46% (Sposto et 
al, 1989)

6
3
9

GBM
AA

HGA

Vincristine
Cyclophosphamide
Cisplatinum
VP16

2 5 year 43% (Duffner et 
al, 1996)

Table 1.4: Summary of chemotherapy protocols used in the treatm ent 
of paediatric astrocytoma. LGA = low grade astrocytoma; BSA = brain 
stem astrocytoma; MA = malignant astrocytoma; ST = supratentorial; 
AA = anaplastic astrocytoma; GBM = glioblastoma multiforme.
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Surgery for treatm ent of high-grade astrocytoma is ineffective because 

of the infiltrative nature of the tum our over neural tissue. 

Chemotherapy is used routinely in the post operative treatm ent of 

children with malignant brain tumours and un-resectable low grade 

astrocytoma (Nazar et al, 1990; Pollack, 1999). A study in 1976 by the 

Children's Cancer Study group (CCSG) was the first to dem onstrate the 

efficacy of chemotherapy in the treatment of high-grade astrocytoma of 

childhood. This study involved the use of CCNU, vincristine and 

prednisone in addition to radiotherapy. Five year survival for patients 

receiving both chemotherapy and radiotherapy was 43% compared to 

18% for those only receiving radiotherapy (Sposto et al, 1989). A 5 year 

survival rate of 50% was seen in children w ith m alignant astrocytoma 

treated with prolonged postoperative chem otherapy (two cycles of 

cyclophosphamide and vincristine) and delayed irradiation (Tassi et al, 

2001). Another early study investigated the use of vincristine as a single 

agent to treat recurrent paediatric malignant astrocytoma (Rosenstock 

et al, 1976). Nine patients were treated with vincristine for a period of 

12 weeks and survival was 37.5% at 72 m onths post-diagnosis. Lopez- 

Aguilar et al. (2000) used ifosfamide, carboplatin, and etoposide, w hich 

enhances the effect of carboplatin, to treat eleven paediatric patients 

w ith anaplastic astrocytoma and GBM. This treatm ent resulted in  

partial response in 60% of patients and complete response in 30% of 

patients. Patient survival was also increased (survival at 53 m on ths 

was 70%). Patients in this study with brain stem tum ours still had a 

very poor survival rate. Twenty-two patients w ith newly diagnosed 

GBM were treated postoperatively with irradiation and chem otherapy 

(Wolff et al, 2000). The treatment protocol involved the adm inistration  

of trofosfamide and VP-16. The four year overall survival rate was 22% 

and the progression free survival at four years was 4%. None of the 

surviving patients were free of disease. This study did not show a 

relevant benefit for patients treated with this combination of agents. In 

another study patients with anaplastic astrocytoma and GBM were 

treated w ith postoperative radiotherapy and chem otherapy (Held-
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Feindt et al, 2002). The chemotherapy adm inistered was vincristine, 

carboplatin and CCNU started within 48 hours of surgery and repeated 

every 6-8 weeks for 18 months. The m edian survival was 22 m on ths 

for GBM and 30 months for AA. In this case chem otherapy did n o t 

im prove survival compared to patients treated w ith surgery and 

radiotherapy. Eighteen patients with GBM and anaplastic astrocytoma 

and five patients with brain stem glioma were treated w ith  

postoperative chemotherapy, using a combination of v incristine, 

cyclophospahamide, cisplatin and etoposide, started 2 to 4 weeks after 

surgery (Duffner et al, 1993). None of the patients w ith brain stem  

gliomas responded to the treatment whereas 60% of the GBM and 

anaplastic astrocytoma patients showed either a complete or partial 

response. The 2 year PFS for the brain stem gliomas was 28% com pared 

to 54% for patients with anaplastic astrocytoma and GBM. This 

chemotherapy regimen allowed radiotherapy to be delayed and 

therefore resulted in a reduction in neurotoxicity. A study by the '"Baby 

Pediatric Oncology Group" investigated the response of eighteen 

patients, aged less than three years, with m alignant astrocytoma (6 

GBM, 3 AA and 9 w ith unclassified m alignant glioma) to treatm ent 

w ith vincristine, cyclophosphamide, VP-16 and cisplatinum (Duffner et 

al, 1996). Children less than 2 years received 24 m onths of 

chemotherapy and children aged 2-3 years received chem otherapy for 1 

year. PFS at 5 years was 43%, with an overall survival at 5 years of 50%. 

This study suggests that malignant astrocytoma in infants may be 

sensitive to chemotherapy and these patients will have a good 

prognosis.

Recently there has been an interest in the use of high dose, 

myeloablative chem otherapy using autologous stem cell rescue for the 

treatm ent of patients with poor risk tumours such as PNET, high grade 

glioma and relapsing tumours of any type (Bouffet and Foreman, 1999; 

Kalifa et al, 1999; Pollack, 1999). The use of high dose chem otherapy 

(HDCT) can increase the distribution of anticancer agents in the brain.
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and thus the tum our. Stem cell rescue is used to overcome the 

myelosuppression associated with HDCT. Bone m arrow in v o lv em en t 

is rare in patients with brain tumours and there is, therefore, a low risk 

of tum our contamination of re-infused bone m arrow cells. This m akes 

myeloablative chemotherapy an attractive agent for investigation in  

CNS tum ours (Kalifa et al, 1999). Two patients with GBM, one w ith  

anaplastic astrocytoma and two with ependym oma were treated w ith  

HDCT followed by bone marrow transplant (Busca et al, 1997). Patients 

with GBM and ependym oma showed no evidence of disease 3-67 

m onths (mean 20 months) after bone m arrow transplantation. The 

patient w ith anaplastic astrocytoma died 15 m onths after treatm ent 

from disease progression. This preliminary study suggests that HDCT 

and bone m arrow transplantation may be effective in children w ith  

malignant brain tum ours (Busca et al, 1997).

Tamoxifen, a protein kinase C inhibitor, is currently being investigated 

for use in the treatm ent of CNS tum ours (Couldwell et al, 1996; 

M astronardi et al, 1998). A num ber of studies have used tamoxifen to 

treat progressive, low grade gliomas, myxopapillary ependym om a w ith  

promising results (Madden et al, 2001; Walter et al, 2000).

Prognostic Indicators.

Therapy

Tumours with a smaller postoperative volume have a reduced risk of 

regrowth and extent of resection is critical in prolonged PFS (where the 

patient remains free of disease) (Smoots et al, 1998).

Although histological grade and radiation dose are im portan t 

prognostic indicators in ependymoma, the findings of m ost studies 

suggest that the extent of resection in the most im portant. Extent of 

resection (gross total versus subtotal) was found to be highly statistically
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significant in the prediction of 5-year PFS (51% v 21%) in a study of 80 

patients w ith ependymoma. Similar results have been found in other 

studies (Fouladi et al, 1998; Healey et al, 1991; Mohri et al, 2000; N itiss 

and Beck, 1996; Robertson et al, 1998; Sutton et al, 1990-1991).

A num ber of studies investigating the role of radiation dose on  

survival in ependym oma have found that survival is im proved w hen  

the tum our site is irradiated with 45 Gy (Dohrm ann et al, 1976; 

Goldwein et al, 1990; Lyons and Kelly, 1991; Pierre-Khan et al, 1983; 

Salazar et al, 1983; W allner et al, 1988). A lthough the most com m on 

cause of failure in ependymoma is recurrence at the prim ary site, 

increasing the radiation dose is prohibited by an increase in long-term  

side effects (McLaughlin et al, 1998; Salazar et al, 1983).

The use of whole brain irradiation for ependym om a and craniospinal 

irradiation for anaplastic ependymoma has resulted in 10 year 

survivals of 67% and 47% respectively (Salazar et al, 1983). This form of 

radiation results in an improved survival compared to using partial 

brain fields for ependymoma and just cranial irradiation for anaplastic 

ependym oma, which yielded 10 year survivals of 13% and 8% 

respectively (Salazar et al, 1983).

D uration of RT was shown to be an im portant prognostic factor in  

patients treated with radiation doses less than 45Gy. Survival at 10 

years was 78.9% in patients with a treatm ent duration of less than 50 

days compared to 36.4% in patients with a treatm ent duration of greater 

than 50 days (Paulino and Wen, 2000).

Patients with astrocytoma located in the cerebellum who underw en t 

complete resection were less likely to have tum our recurrence th an  

those patients who had an incomplete resection (Pencalet et al, 1999). 

Total removal of tum our offers long term survival even to patients 

w ith malignant astrocytoma (Vinchon et al, 2001).

46



The use of chemotherapy as a standalone treatment does not offer a 

convincing survival advantage to patients with ependymoma or 

astrocytoma (Evans et al, 1996; Fouladi et al, 1998; Held-Feindt and 

Mentlein, 2002; Robertson et al, 1998; Wolff et al, 2000).

Tumour location

Survival differences attributable to tum our location may be explained 

by variations in the ability to resect the tum our from various sites. The 

main sites of brain tumours can be seen in Figure 1.9. Supratentorial 

tumours exhibit infiltrative growth into the brain parenchym a 

compared with infra tentorial tumours which grow exophytically, often 

filling the ventricle (McLaughlin et al, 1998).

l a t a r a l

A b o v e  m e  
t e n t o n u m  

■ s u p r e t e m o f i a l "

B e l o w  t h e  
t e n t o r i u m  

• t n f r e t e n t o r i e l "  

O f
• p o e t e n o r  f o s s a

t t v r d  v e n t r i c l e

c e r e b e l l u m  

f o u r t h  v e n t r i c l e

T h e  T e n to r iu m

Figure 1.9: Regions of the brain where neoplasms can be located (taken 
from American Brain tum our Association, A primer of brain 
tum ours).

Surgery is easier in patients with infratentorial tum ours compared to 

those with supratentorial tumours, resulting in a better prognosis for 

these patients. Five year survival for patients with intracranial 

ependymoma has been reported at 45-62% compared to 22-38% in  

patients with supratentorial ependymoma (Lyons and Kelly, 1991). 

However some studies have found no difference in survival between
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these two sites in patients with ependym oma (Salazar et al, 1983). 

Despite the fact that anaplastic ependymoma are more likely to be 

supratentorial lesions, a better prognosis has been observed in som e 

studies for these patients than those w ith infratentorial anaplastic 

ependym om a (Dohrm ann et al, 1976; Goldwein et al, 1990; Kovalic et 

al, 1993; Pierre-Khan et al, 1983). Several studies have reported a worse 

prognosis for children with posterior fossa (infratentorial) 

ependym oma than those with supratentorial tum ours (Grill et al, 2001; 

Rawlings et al, 1988; Timmermann et al, 2000). A study of seventy three 

patients w ith ependym oma showed a 4 year PFS of 50% in posterior 

fossa ependym oma compared to 100% in patients with supratentorial 

ependymoma (Grill et al, 2001). A second study reported a 3 year PFS of 

53% in posterior fossa tum ours compared to 72% in supratentorial 

tum ours in a study of 55 patients (Timmermann et al, 2000). A five year 

overall survival rate for spinal ependymoma has been reported at 

approximately 100% (Helseth et al, 2001; McCormick et al, 1990; 

Rawlings et al, 1988).

There is little evidence to support an association between tu m o u r 

location and survival in patients with low grade astrocytoma (Pollack 

et al, 1995; Undjian et al, 1989).

The most common reason for incomplete resection is brainstem  

involvem ent. Many studies have documented the adverse prognostic 

effect of brainstem invasion (Pencalet et al, 1999; Schneider et al, 1992). 

Glial tum ours of the brainstem  comprise 10% of childhood CNS 

tum ours (Packer et al, 1999) and can be assigned to one of two categories 

(Fisher et al, 2000). The first, fibrillary astrocytoma, is the most com m on 

and has an exceedingly poor prognosis. The second category is pilocytic 

astrocytoma, which has a more favourable prognosis. The 

involvem ent of the brain stem in children w ith cerebellar astrocytoma 

has been found to be the sole unifying factor that has both a direct and 

indirect influence on prognosis with respect to survival, recurrence
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and long-term outcome (Pencalet et al, 1999). Patients w ith brainstem  

astrocytoma have a 3 year survival rate of only 10%, w ith 80% of 

patients dying of disease w ithin 18 months of diagnosis (Albright et al, 

1986; Berger et al, 1983; Freeman et al, 1993; Kretschmar et al, 1993; 

Littman et al, 1982; Packer et al, 1993; Packer et al, 1994; Strange and 

W ohlert, 1982). The prognosis for patients w ith brainstem  astrocytoma 

is dependent on the location and growth characteristics of the tu m o u r 

(Pollack et al, 1993). Brainstem tum ours, particularly those located in  

the pons and medulla oblongata have been shown to have a poorer 

prognosis than other brain stem locations (Eifel et al, 1987; Littman et 

al, 1982). A four year survival rate of 100% has been reported for 

patients w ith cervicomedullary astrocytoma (Robertson et al, 1994). A 

nine year survival of 94% has been reported for patients w ith exophytic 

astrocytoma (Pollack et al, 1993). There have been reports of children 

w ith pilocytic astrocytoma of the brainstem that have long periods of 

survival (Edwards et al, 1994). Six patients w ith pilocytic astrocytoma of 

the pons or fourth ventricle have been followed up for a m ean time of 

4.6 years after diagnosis, with all patients still alive after this time. Four 

patients were free of disease, one had stable disease and the rem ain ing  

patient had a 50% reduction in tum our size after treatm ent w ith  

radiotherapy. Several authors suggest that the adverse risk associated 

with tum ours that infiltrate the brainstem can be explained by the 

volum e of the residual tum our after resection (Schneider et al, 1992; 

Smoots et al, 1998).

Age

Historically infants w ith brain tum ours have had the worst prognosis 

of any age group,(Duffner et al, 1986; Evans et al, 1990). The poor 

outcome may reflect the limitations of treatment: surgery is difficult in  

young patients and radiation is known to be toxic in young children 

(Gebhart and Liehr, 2000).
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The influence of age on outcome in patients with ependym om a is 

controversial. Some studies have reported no difference in outcom e 

between young children and older children (McLaughlin et al, 1998; 

Paulino and Wen, 2000; Robertson et al, 1998; Salazar et al, 1983). In 

contrast, age has been shown to be a significant prognostic factor in  

other studies (Chiu et al, 1992; Goldwein et al, 1990; Nazar et al, 1990; 

Paulino et al, 2002; Pierre-Khan et al, 1983). In one study patients, 24 

m onths or younger had a 5 year survival of 43% compared to 71% for 

older patients (Healey et al, 1991). Age was shown to be a weak 

determ inant of outcome in childhood intracranial ependym om a 

(Sutton et al, 1990-1991). The 5 year PFS for 23 patients aged 3 years and 

under was 26% compared to 51% in children aged 4 years and older. 

Older children were also seen to be at a smaller risk of disease 

progression than the younger children in this study (Sutton et al, 1990-

1991). Children aged over 3 years have been reported as having 5 year 

PFS of 67% compared to 31% in children aged less than 3 years (Chiu et 

al, 1992). In one study, survival in children with ependym om a was 

analysed according to three age groups, less than 2 years, 2 to 6 years and 

over 6 years (Nazar et al, 1990). The youngest children had the worse 

survival, 18% at 5 years. The middle age group had a 5 year survival of 

40% and the older age group had a 5 year survival of 60%. The 5 year 

survival for children aged 3 and under has been reported as 41.7% and 

for children over 3 years as 74.5% in a recent study (Paulino et al, 2002). 

The survival at 15 years was very similar for both age groups (42% 

versus 52%).

The influence of age on the prognosis of paediatric astrocytoma is also 

controversial. Tum our progression has been found to be associated 

with infant patients (Vinchon et al, 2001) and some studies h ave  

reported earlier recurrences in children younger than 5 years of age 

(Davis and Joglekar, 1981; Ilgren and Stiller, 1987). Other studies h ave  

shown no difference in survival or the risk of progression betw een
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infants and older children (Fisher et al, 2001; Pollack et al, 1995; Sm oots 

et al, 1998).

Tum our histology

In ependym oma there is controversy regarding the prognostic 

significance of histologic grade. This is due in part to disagreem ent 

between pathologists as to how ependymoma should be graded because 

of heterogeneous histologic patterns within the tum our (Chiu et al, 

1992; Goldwein et al, 1990; Healey et al, 1991). Several studies have  

shown survival differences between patients w ith ependym om a and 

anaplastic ependymoma (Kovalic et al, 1993; Liu et al, 1976; Nazar et al, 

1990; Salazar et al, 1983). Grade has been shown to independently affect 

overall survival in children with ependymoma: 76% at 10 years for 

patients with ependym oma compared to 24% for those with anaplastic 

ependym oma (McLaughlin et al, 1998). Patients w ith subependym om a 

have been seen to have a longer survival than patients w ith o ther 

grades of ependym oma (Schiffer and Giordana, 1998). One study has 

shown that histologic grade has no prognostic value in infratentorial 

ependymoma, whereas in supratentorial ependym oma the anaplastic 

variant is associated w ith a higher risk of recurrence (Chiu et al, 1992). 

The rate of survival beyond five years has been found to be 

significantly different for patients with ependym oma (39%) com pared 

to those with anaplastic ependymoma (26%) (Salazar et al, 1983). A 

num ber of other studies have not been able to identify histology as a 

major prognostic variable in paediatric ependym oma (Goldwein et al, 

1990; Healey et al, 1991; Sutton et al, 1990-1991). These discrepancies 

may be due to the relative rarity of the anaplastic variant of 

ependym om a.

Histology may also have an im portant role in the determ ination of 

outcome in children w ith astrocytoma. Juvenile pilocytic astrocytoma 

have been associated with a better prognosis than other types of low 

grade astrocytoma (Gjerris and Klinken, 1978). In a study comparing the
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survival of children with pilocytic astrocytoma and those w ith diffuse 

astrocytoma, 92% of the patients w ith pilocytic astrocytoma surv ived  

15-40 years postoperatively compared to 55% of patients w ith diffuse 

astrocytoma (Gjerris and Klinken, 1978). Pilocytic astrocytoma has an  

excellent prognosis, with long term  survival of almost 100% being 

reported in several studies (Fisher et al, 2001; Pollack et al, 1995; 

Vinchon et al, 2001; W allner et al, 1988). Pilocytic astrocytoma w ith a 

small postoperative volume have the best prognosis (Smoots et al,

1998). In a recent study only one of fourteen patients w ith pilocytic 

astrocytoma showed any progression of disease 22 years after in itial 

diagnosis (Fisher et al, 2001). Children with anaplastic astrocytoma and 

GBM have a poorer prognosis than those w ith low-grade astrocytoma. 

In one study of paediatric malignant astrocytoma, the 2 year su rv ival 

was only 33% compared to 100% in pilocytic astrocytoma (Vinchon et 

al, 2001). In another study the mean time to death in a study of five 

patients w ith m alignant astrocytoma was 6.8 m onths (Shinoda et al, 

1989). A fibrillary histology has been associated with a poor prognosis in  

a num ber of studies (Davis and Joglekar, 1981; Gjerris and K linken, 

1978; Hayostek et al, 1993). One study has shown fibrillary astrocytoma 

to be associated with an increased risk of progression (Smoots et al,

1998). However a num ber of other studies have shown no difference in  

survival between pilocytic and fibrillary astrocytoma (Pencalet et al, 

1999; Sutton et al, 1990-1991; Szénâsy and Slowik, 1983).

Race

A surprising finding in one study was that Caucasian patients w ith  

ependym oma had a better survival rate than non-Caucasian children. 

Survival at 5 years was 43% and 14% respectively (Goldwein et al, 1990). 

Another study could find no correlation between patient race and 

survival (Robertson et al, 1998). There are no other reports of race as a 

prognostic indicator in paediatric brain tumours.
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Genetic markers

Genetic prognostic markers are scarce in children with glial tum ours. 

Gain of Iq  has been associated with patient survival, tum our histology 

and recurrence in some studies of paediatric ependym oma (Carter et al, 

2002; Dyer et al, 2002; Sainati et al, 1996).

In a study of low-grade astrocytoma the presence of CNAs was seen to 

have a positive effect on patient survival (Orr et al, 2002). Gain of Iq 

has been associated with shorter survival in children w ith anaplastic 

astrocytoma (Rickert et al, 2001).

M utations of p53 have been found to have no impact on survival in  

children with astrocytoma. Children with m utations have been found  

to have a mean survival time of 19 m onths compared to 23 m onths in  

children with no p53 m utation (Bhattacharjee and Bruner, 1997; 

Pollack et al, 1997; Sung et al, 2000). Patients w ith overexpression of p53 

have a shorter PFS than those children with low p53 expression levels 

(Pollack et al, 2002). Deletions of PTEN  have been associated w ith  

poorer survival in children with malignant astrocytoma (Raffel et al,

1999).

Tum our Cell Biology

Cancer occurs as a result of genetic aberrations that disrupt the balance 

that regulates norm al cell growth and development. Such aberrations 

occur in two classes of interacting genes: those that facilitate cell grow th 

and tum our form ation (oncogenes) and those that inhibit these 

processes (tumour suppressor genes) (Sager, 1989).

Cells that die either in vitro or in situ do so as a result of the in itia tion  

of apoptosis (programmed cell death). Apoptosis can act as a final 

defense m echanism against the expression of deleterious m utations, 

and its inhibition may increase the risk of disease in some instances. 

Apoptosis may be an im portant factor when considering how  cells 

escape normal controls, resulting in m alignant growth. Cancerous cells
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are regarded as those that have evaded cellular growth controls and are 

proliferating at an increased rate. The ability to do this has been 

associated w ith altered expression of proto-oncogenes such as myc and 

ras, as well as with the loss of tum our suppressor genes (Hunter T, 

1991; Klein, 1987; Levine and Momand, 1990).

Oncogenes
Oncogenes are dominantly-acting growth enhancing genes w hose 

transform ation by m utation, deletion, amplification or rearrangem ent 

leads to uncontrolled cell proliferation (Cogen and McDonald, 1996). 

They were discovered as a result of studies of oncogenic RN A  

retroviruses by Rous (1911) and Shope (1932). All oncogenes are 

derived from normal cellular genes, known as proto-oncogenes. Proto

oncogenes appear to have a role in normal cellular physiology and are 

often involved in the regulation of norm al cell growth and 

proliferation (Friend et al, 1988). Proto-oncogenes are converted to 

active oncogenes by aberrations which cause novel or increased activity 

of the proto-oncogene by altering the structure of a norm al protein or 

by inappropriately increasing the levels of a norm al protein in the cell 

(Friend et al, 1988).

There are four separate mechanisms of proto-oncogene activation 

which are demonstrated in Figure 1.10 (Land et al, 1983):

> The translocation of an oncogene from an untranscribed site to a 

position adjacent to an actively transcribed gene. Examples of this 

m echanism  include translocation of the c-abl gene from  

chromosome 9 to chromosome 22 resulting in the form ation of the 

Philadelphia chromosome, expression of abnormally hyperactive c- 

abl gene product in chronic myeloid leukaemia, and translocation of 

the c-myc oncogene from chromosome 8 to chromosome 14, w here 

its expression is assured by juxtaposition w ith one of the 

im m unoglobulin genes which will be actively transcribed in the B-
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cell. This mechanism  is the origin of Burkitt's lym phom a 

(Underwood, 1992).

> The rearrangem ent of sequences within the genome following 

chromosomal translocation. The oncogene may undergo a po in t 

m utation resulting in a gene product, such as a protein kinase, w ith  

increased or inappropriate activity.

> Over-expression due to amplification of the proto-oncogene or 

oncogene. Examples of this mechanism include myc am plification 

in promyelocytic leukaemia and Ki-ras amplification in colon 

cancer.

> Over-expression of a proto-oncogene following acquisition of a 

novel transcriptional promotor.

Oncogenes can be classified into five groups according to the function

of the gene product (Ruley, 1993; Sherley, 1991; Underwood, 1992):

• Nuclear binding oncoproteins involved in regulating cellular

proliferation (e.g. myc)

• Tyrosine kinases (e.g. src)

• Growth factors (e.g. sis coding for PDGF)

• Growth factor receptors (e.g. erB coding for EGER)

• Oncoproteins with cyclic nucleotide binding activity (e.g. ras and

GTP) that disrupt intracellular signalling
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Figure 1.10 iMechanisms of oncogene activation.

A. Translocation of an oncogene from an un transcribed site to a 
position adjacent to an actively transcribed gene. B. Point m utation in  
which the substitution of a single base in the oncogene is translated 
into an amino acid substitution in the oncoprotein causing it to be 
hyperactive. C. Amplification by the insertion of m ultiple copies of the 
oncogene resulting in cellular proliferation stimulated by excessive 
quantities of the oncoprotein. D. Increased oncogene expression by gene 
insertion (insertional mutagenesis) resulting in proximity of an 
oncogene to a promotor or enhancing gene (Underwood, 1992).
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Tumour Suppressor Genes
Tumour suppressor genes have a negative growth regulatory function. 

They act recessively as both copies of the gene need to be inactivated 

(Raffel, 1996). The first tum our suppressor gene to be characterised was 

the RBI gene, which is associated with retinoblastoma. Retinoblastom a 

is a m alignant tum our derived from the retina, which occurs alm ost 

exclusively in children. In some cases, they are hereditary and occur 

bilaterally. In other cases, they are sporadic and occur unilaterally w ith  

no familial association. Knudsen suggested that the clinical pattern of 

retinoblastoma could be the result of as few as two genetic events, if 

each one of these events lead to the inactivation of one copy of a gene 

whose function is to control cellular proliferation. The loss of both 

copies of the gene would result on the form ation of a tu m o u r 

(Knudsen, 1971). According to this hypothesis the first inactivation  

w ould occur in the germline of patients w ith the hereditary form of the 

disease and would therefore be present in all the cells of the ind iv idual. 

The second event would target the somatic cells (in this case the 

retinoblasts) resulting in the formation of a tum our. Patients w ith the 

sporadic form of the disease would also develop a tum our after the two 

"hits', but both events would only be present in the somatic tissues 

(Cogen and McDonald, 1996).

There are four mechanisms of tumour suppressor gene inactivation:

> Loss of one copy of the gene, followed by m utation of the rem ain ing  

copy of the gene. e.g. p53

> Homozygous deletion e.g. CDKN2A/B

> Méthylation of the CpG island in the 5' region of the gene e.g. 

CDKN2A/B

> Point m utation e.g. p53 in erythroleukaemia cells
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The Pathogenesis of Brain Tumours
The majority of genetic studies have been carried out on adult brain  

tum ours with relatively few studies of paediatric CNS tum ours being 

published. Studies of paediatric brain tumours have been hindered by a 

num ber of factors (Bhattacharjee et al, 1997; Karnes et al, 1992). These 

include:

> Clinical and pathological heterogeneity of paediatric brain tum ours

> The low incidence of each histological subtype of tum our and the  

small num ber of centres treating large num bers of patients

> Difficulties in generating short term cultures of paediatric biopsy 

samples. Paediatric brain tumours are more difficult to grow in  

vitro than adult tum ours and established tum our cell lines are rare. 

Paediatric cell cultures have a low mitotic index and m etaphases are 

usually of poor quality.

> Deep seated neurological location of the tum ours. A large num ber 

of paediatric CNS neoplasms are located in functionally im portan t 

areas of the brain, making it extremely difficult to remove large 

pieces of tissue for analysis.

Studies of adult brain tum ours have been better docum ented and have  

shown consistent cytogenetic abnormalities (Bigner et al, 1990; Leon et 

al, 1994). In comparison to adult tumours, paediatric brain tum ours are 

more frequently prim itive tumours and have different clinical 

behaviours. These biological differences suggest that the genetic 

alterations in paediatric tumours might be different from those seen in  

adult tum ours (Bhattacharjee et al, 1997).

Genetic analysis of Ependymoma
The cytogenetic analysis of both paediatric and adult ependym om a has 

failed to identify consistent patterns of genetic abnormality. In fact, as 

m any as 50% of ependymoma have no detectable cytogenetic 

aberrations. The most commonly reported abnorm ality is loss of 

chromosome 22, which has been observed in 30% of tum ours
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(Mazewski et al, 1999). Less frequent losses are seen on chromosomes 6, 

9, 10, 13,17 and 19 (Bijlsma et al, 1995). Structural rearrangem ents of 

chromosomes 2, 4, 10, 11, 16 and 17 and gains of almost all autosom es 

have also been reported in ependymoma (Bhattacharjee et al, 1997; 

Debiec-Rychter et al, 1995; Griffin et al, 1988; Hirose et al, 2001; 

N eum ann et al, 1993; Reardon et al, 1999; Scheil et al, 2001; Shlomit et 

al, 2000; Stratton et al, 1989; Vagner-Capodano et al, 1992; Vagner- 

Capodano et al, 1999).

Chromosome 22 and the NF2 gene

To date the most consistent finding in ependym oma has been loss of 

chromosome 22. Monosomy 22 has been observed in up to 40% of 

ependym oma (Kramer et al, 1998; N eum ann et al, 1993; Ransom et al, 

1992; Vagner-Capodano et al, 1992; Vagner-Capodano et al, 1999). The 

incidence of monosomy 22 in adults is approximately twice that seen in  

paediatric cases, and has been reported in 56% of adult cases com pared 

to 31% of paediatric cases. (Mazewski et al, 1999). In contrast, several 

studies have shown loss of 22 to be infrequent in paediatric sam ples 

and have suggested this abnormality may be age dependent (Kramer et 

al, 1998; Von Haken et al, 1996; Zheng et al, 2000).

Neurofibromatosis 2 (NF2) is an autosomal dom inant disease 

characterised by the neoplastic growth of cells derived from the neu ra l 

crest (Mautner et al, 1993). NF2 patients develop acoustic neurom as, 

schwannomas and m ultiple meningiomas and also have a h igher 

incidence of gliomas, particularly ependymoma and to a lesser extent 

astrocytoma (Rubio et al, 1994). Familial ependym al tum ours are rare 

but the analysis of several afflicted families have eliminated NF2 as the 

target of chromosome 22 loss in ependymoma. A five year old boy w ith  

an anaplastic ependym oma was found to have a constitutional 

t(l;22)(p22;qll.2). This breakpoint is between both the DiCeorge locus 

and BCR which are distal to the NF2 gene and the EWS gene (Park et al, 

1996). Another family study involved four members of the same fam ily
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with anaplastic ependymoma. One affected member of the family 

showed loss of chromosome 22 in the tum our sample, but not the 

normal blood control. No mutations of NF2 were found (Nijssen et al,

1994). A study by Roberts et al, (2001) identified an ependym om a w ith  

t(X;22)(p22.1;qll). This region is the site of a putative tu m o u r 

suppressor gene identified by Hulsebos and colleagues (1999). A 

segregation analysis of four cousins with ependym om a revealed a 

susceptibility gene locus proximal to marker D22S941 in 22pter-22qll.2. 

The absence of affected individuals in the first two generations of this 

family and the developm ent of ependymoma in the third generation 

cannot be explained by simple Mendelian inheritance of a single 

ependymoma-susceptibility gene. This family data suggests 

multifactorial inheritance in which ependym om a developm ent is 

determined by two or more loci. The chromosome 22 loci contributes 

significantly to the disease phenotype and both copies of the gene h ave  

to be inactivated for tum our formation to occur (Hulsebos et al, 1999).

LOH analysis of the region spanning the NF2 gene has shown loss in  

2/15 tumours (Rubio et al, 1994; Slave et al, 1995). NF2 m utations m ay 

be specific to intram edullary spinal ependymoma as these m uta tions 

are most commonly found in tumours at this location (Ebert et al,

1999). NF2 m utations were detected in 6/14 in tram edullary  

ependym oma but in 0/15 intracranial ependym oma (Ebert et al, 1999). 

LOH of chromosome 22 was also seen to be associated w ith  

intram edullary tum ours rather than intracranial tum ours. Six out of 20 

adult intram edullary ependymoma have been reported w ith NF2  

m utations compared to 0/25 intracranial ependym om a (Lamszus et al, 

2001). Comparative genomic hybridisation (CGH) experiments h ave  

also shown loss of 22q to be more frequent in spinal tum ours th an  

intracranial ependymoma (Hirose et al, 2001). Lack of NF2 m utations in  

intracranial ependym oma suggests the presence of a second tu m o u r 

suppressor gene on 22q or that mutations of the NF2 gene may occur in
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non-exonic portions of the gene, such as prom otor regions, introns or 

alternatively spliced regions (Rubio et al, 1994).

Chromosome 1

Cytogenetic changes of chromosome 1 are frequent occurrences in  

ependym oma (Kramer et al, 1998; N eum ann et al, 1993). CGH analysis 

has shown gain of Iq  to be a frequent event in paediatric ependym om a, 

occurring in 21/70 (30%) of tumours (Hirose et al, 2001; Scheil et al, 

2001; Shlomit et al, 2000; Zheng et al, 2000). Gain lpl3-22 has been seen 

in 1 /8  ependymoma (Zheng et al, 2000). Loss Ip  is a less frequent event, 

being seen in 5/67 (7%) tumours (Hirose et al, 2001; Reardon et al, 1999; 

Scheil et al, 2001; Zheng et al, 2000). Structural alterations include 

add(l)(pl2), t(l;20)(q21;ql3), t(l;2)(p33;q21), t(l;8)(p31;q22), del(l)(p22), 

i(lq) and dup(l)(pl3p32), (Bigner et al, 1997; Griffin et al, 1988; 

N eum ann et al, 1993; Roberts et al, 2001; Sainati et al, 1996). LOH 

analysis has shown loss of markers on Ip  and Iq in 2 /9  ependym om a 

(Blaeker et al, 1996; Von Deimling et al, 2000).

Chromosome 6

Abnormalities of chromosome 6 occur quite frequently in paediatric 

ependymoma. Structural abnormalities include i(6p), del(6)(ql5), 

der(6)t(6;16)(qll,pll) (Neum ann et al, 1993; Vagner-Capodano et al,

1992). Alterations of 6q as sole abnormalities have been reported in 5 

ependymoma (Kramer et al, 1998; Mazewski et al, 1999; McLendon et al, 

1996). LOH for alleles on 6p has been observed in 2/8 ependym om a 

(Blaeker et al, 1996; James et al, 1990).

CGH analysis has revealed a variety of chromosome 6 alterations. G ain 

in the 6qll-25 region has been seen in 3/19 tum ours (Shlomit et al, 

2000; Zheng et al, 2000). Gain has also been seen at 6p21.3-p25 in 1/12 

ependym oma (Scheil et al, 2001). Losses of chromosome 6 appear to be 

more frequent than gains. Loss from 6p has been seen in 5/26 tum ours 

(Hirose et al, 2001; Shlomit et al, 2000). Loss of 6q has been observed in
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13/67 tumours (Hirose et al, 2001; Reardon et al, 1999; Scheil et al, 2001; 

Zheng et al, 2000).

Chromosome 7

Alterations of chromosome 7 in ependymoma have only been reported 

in a relatively small number of cases. Structural alterations of 

chromosome 7 have been reported including i(7)(ql0), t(3;7)(q21;q34) 

(Bigner et al, 1997; Sainati et al, 1996; Stratton et al, 1989; Vagner- 

Capodano et al, 1992). Gains of chromosome 7 have been reported in  

7/35 ependym oma (Bhattacharjee et al, 1997; Griffin et al, 1992; Hirose 

et al, 2001) and trisomy 7 has been reported in four cases (Bhattacharjee 

et al, 1997; Griffin et al, 1992; Vagner-Capodano et al, 1992).

CGH analysis has shown gain of 7q in 6/67 (Hirose et al, 2001; R eardon 

et al, 1999; Scheil et al, 2001; Zheng et al, 2000).

Chromosome 9

Numerical alterations of chromosome 9 include both gains and losses 

whereas structural alterations of chromosome 9 have not been 

reported. Gain of chromosome 9 has been reported in 9/71 

ependym oma (Bhattacharjee et al, 1997; Griffin et al, 1992; Hirose et al, 

2001; N eum ann et al, 1993; Reardon et al, 1999). Loss of 9p has been 

seen only in paediatric cases of ependymoma (Hirose et al, 2000). 

Monosomy 9 has been reported as a sole abnorm ality in one 

ependym oma and two anaplastic ependymoma (Bigner et al, 1997; 

Hirose et al, 2001). Monosomy 9 in conjunction with gain of Iq  has also 

been seen in four ependymoma (Hirose et al, 2001).

CGH analysis has shown loss of 9p in 11/36 ependym om a (Hirose et al, 

2001; Scheil et al, 2001). More specifically, loss 9p has been seen in 1/5 

anaplastic ependym oma (Reardon et al, 1999). Loss of chrom osome 9 

has been reported in 6/10 recurrent ependymoma (Hirose et al, 2001). 

Loss of 9q32-qter has been seen in 1/8 ependym oma (Zheng et al, 2000). 

Gain of 9 has also been seen in 8/59 ependymal tum ours (Hirose et al, 

2001; Reardon et al, 1999; Scheil et al, 2001).
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Chromosome 10 alterations

Loss of chromosome 10 has been reported in 9% of ependym om a 

(Hirose et al, 2001; Reardon et al, 1999; Vagner-Capodano et al, 1992). 

LOH analysis of chromosome 10 showed loss for every in form ative 

marker in 1/13 ependymoma suggesting loss of the w hole 

chromosome (Blaeker et al, 1996). A second study found LOH for 

chromosome 10 markers in 2/11 ependym oma (Rasheed et al, 1994). 

CGH analysis showed loss of chromosome 10 spanning lOp and lOqll- 

25 in 2/8 paediatric ependymoma as well as gain of 10q26 in an 

anaplastic ependym oma (Scheil et al, 2001; Zheng et al, 2000). N o 

m utations of PTEN were detected in a series of 62 ependym om a, 

indicating that it is unlikely to play a role in their developm ent (Ebert 

et al, 1999).

Chromosome 11 abnormalities and the folate receptor

Abnormalities of chromosome 11 have been seen occasionally in glial 

tum ours but may be of more importance in ependym om a th an  

astrocytoma. It has been suggested that the m ultiple endocrine 

neoplasia type 1 (MENl)  gene, a putative tum our suppressor gene that 

maps to llq lS , may be involved in the pathogenesis of ependym om a 

(Lamszus et al, 2001). Spinal ependymoma have been reported as part 

of the m ultiple endocrine neoplasia type 1 syndrome, which is 

characterised by an inherited predisposition to hyperparathyroidism , 

endocrine pancreatic-duodenal, pituitary, adrenal gland tum ours and 

tum ours of the thymus and bronchi (Calender et al, 1998; Giraud et al, 

1997; Kato et al, 1996). LOH for llq lS  has been reported in a spinal 

ependym oma in a patient with MENl (Giraud et al, 1997). A n  

ependymoma from a 3 year old female with no family history of M EN l 

has been reported w ith a translocation involving l lq l3  and a deletion 

of 4bp from exon 3 of the MENl  gene (Urioste et al, 2002). This 

m utation leads to truncation of the menin protein and m ay indicate 

that inactivation of M EN l  might contribute to the tum ourigenesis of

63



sporadic ependymoma. Translocations involving l lq  have been 

observed in other ependymoma. A t(ll;17)(ql3;q21) was reported as a 

sole abnormality in an anaplastic ependym oma and t(ll;18)(ql3;q21) 

has been seen in an ependymoma (Neum ann et al, 1993; Sainati et al, 

1996). An add(ll)(p l5) has been reported as a sole abnorm ality in a 

grade II ependym oma (Kucerova et al, 2000). Gains of chrom osome 11 

have been reported in 3/33 cases and five cases of chromosome 11 

abnormalities as sole aberrations have been reported (Mazewski et al, 

1999; Vagner-Capodano et al, 1999). LOH for markers on l l q  was seen in  

1 /9  ependymoma (Lamszus et al, 2001). CGH analysis has show n loss of 

l i p  in 1/10 recurrent ependymoma (Hirose et al, 2001) and gain of 11 in  

2 /2  myxopapillary ependymoma (Reardon et al, 1999; Scheil et al, 2001). 

Gain Hq23-qter has been reported in 1/8 anaplastic ependym om a 

(Scheil et al, 2001).

The folate receptor is a membrane glycoprotein that initiates the 

cellular accumulation of 5-methyltetrahydrofolic acid and m ethotrexate 

in epithelial cells in vitro. The gene for the folate receptor has been 

localised to l lq l3  (Ragoussis et al, 1992). It has been suggested that som e 

malignant cell lines have higher levels of receptor expression th an  

norm al epithelial cells or fibroblasts. Using western and northern  blot 

analysis ovarian and renal cell carcinomas have been shown to have  

overexpression of the folate receptor, suggesting that receptor synthesis 

or turnover is altered in some malignancies. The cerebrum, cerebellum  

and spinal cord have all been found to be im m unologically  

nonreactive. It has been suggested that overexpression of the folate 

receptor may lead to a potential therapeutic advantage in treating 

patients with cancer. Some of the newer chemotherapeutic agents (such 

as CB-3717 and ICI-198) bind to the receptor w ith the same affinity as 5- 

methyltetrahydrofolic acid. A study several years ago analysed folate 

receptor expression in biopsies from twenty-three children w ith  

primary brain tum ours. The most notable expression was observed in
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anaplastic ependymoma, with 2/3 tum ours showing positive 

expression (Weitman et al, 1994).

Chromosome 16

Loss of 16 has been reported in ependym oma (Griffin et al, 1988). 

Structural alterations involving chromosome 16 include 

t(6;16)(qll;pll), and der(16)t(16;?)(q23;?) (Griffin et al, 1992; N eum ann et 

al, 1993). LOH analysis of chromosome 16 showed one ependym om a to 

have loss for every informative 16p and 16q m arker, indicating loss of 

the entire chromosome (Blaeker et al, 1996). Loss of chromosome 16q 

was seen in conjunction with gain of chromosome Iq  in 3/3 grade II 

ependym oma (Shlomit et al, 2000). CGH analysis showed loss on both  

arms of chromosome 16 in 11/58 ependym oma (Hirose et al, 2001; 

Reardon et al, 1999; Shlomit et al, 2000; Zheng et al, 2000). Gain of 16 

has also been reported in 1/7 ependymoma (Vagner-Capodano et al,

1992).

Chromosome 17 and the p53 gene

Loss of chromosome 17 has been reported in 8 - 50% of paediatric 

ependym oma (Bijlsma et al, 1995; Reardon et al, 1999; Stratton et al, 

1989; Von Deimling et al, 2000; Von Haken et al, 1996). S tructural 

alterations of chromosome 17 have been reported including i(17q), 

translocation t(ll;17) (ql3;q21) and alterations involving 17pll.2 and 

17pl3 (Kramer et al, 1998; Sainati et al, 1996; Stratton et al, 1989).

Chromosome 17 is the location of both the p53 gene (17pl3.3) and the 

NFl  gene (17q). M utations of the p53 gene in ependym om a are rare 

(Fink et al, 1996; Nozaki et al, 1998; Tong et al, 1999) (Orellana et al, 

1998), though some m utations have been reported in anaplastic 

ependymoma. These include a silent m utation in exon 6, a germ line 

mutation resulting in an amino acid substitution in a highly conserved 

site of exon 7 and a base pair change in exon 5 (Metzger et al, 1991; 

Ohgaki et al, 1991; Tominaga et al, 1995). One anaplastic ependym om a
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showed LOH at all informative loci on both arms of chrom osome 17, 

consistent with monosomy, although no m utations were found in p53 

transcripts from this tumour (Phelan et al, 1995).

MYC genes

The n-myc gene is located at 2p23-24. Amplification of n-myc  is 

uncommon in paediatric brain tumours but has been reported in som e 

paediatric PNETs (James et al, 1990). Amplification of the region 

containing n-myc was observed in two anaplastic ependym om a in a 

CGH study (Scheil et al, 2001), and low accumulation of the n-myc  

transcript has been found in 1 ependymoma (Fujimoto et al, 1989). 

Three other studies did not find any amplification of n-myc (James et 

al, 1990; Kucerova et al, 2000; Wasson et al, 1990). Amplification of c- 

myc has been reported in 3/3 ependymoma (Kucerova et al, 2000). In  

30-60% of the cells examined there were five or more copies of this 

gene. Amplification of c-myc occurred w ithout any num erical gains of 

chromosome 8 being reported in the same tumours.

Resistance to chemotherapy and the M D R l  gene

Resistance to chem otherapeutic drugs is a major problem  in the 

treatm ent of hum an cancer. One type of resistance often seen in  

tum our cells is m ultidrug resistance (MDR). MDR is characterised by 

the sim ultaneous resistance of cancer cells to a variety of structurally 

and functionally unrelated cytotoxic drugs (Noonan et al, 1990). These 

drugs are usually of natural origin or semi-synthetic derivatives of 

natural product drugs (Lehnert, 1994). M ultidrug resistant cells have  

been shown to overexpress a membrane glycoprotein, P-glycoprotein 

(P-GP) (Georges et al, 1990). This protein has a molecular mass of 

170kDa and functions as an energy-dependent drug efflux pum p, 

decreasing intracellular cytotoxic drug concentrations to sublethal 

levels (Horio et al, 1988; Thiebaut et al, 1989). P-GP is the product of the 

M DRl  gene, which is located on chromosome 7q21.1. Expression of P- 

GP is not restricted to transformed cells, but is also expressed in m any 

hum an cells such as the epithelial cells of the adrenal glands, liver.
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colon and kidney (Becker et al, 1991). P-GP is localised in the lu m in a l 

m embrane of the endothelial cells that form the blood vessels of the 

brain (Thiebaut et al, 1989) and may contribute to drug resistance by 

expelling drugs from the endothelial cells into the circulation in  

addition to extruding them from tum our cells (Beaulieu et al, 1997). 

The expression of P-GP in capillary endothelial cells of the blood brain  

barrier may also act to prevent the influx of cytotoxic drugs into the 

brain parenchyma (Becker, 1997; Geddes et al, 1994). M D R l  

overexpression has been observed in a variety of tum our types 

including sarcoma, retinoblastoma, neuroblastoma, lym phom a and 

leukaemia (Billson et al, 1994). Recently, the expression of M D R l  has 

been investigated in hum an brain tumours. As m any as 40% of PNET 

have M D R l  mRNA expression (Tishler et al, 1992), and the presence of 

M DRl  mRNA has also been shown in m eningiom a, lym phom a, 

metastatic adenocarcinoma and meningeal sarcoma (Henson et al, 1992; 

Nabors et al, 1991). P-GP expression has been shown in all grades of 

astrocytoma (Abe et al, 1998; Becker et al, 1991; Henson et al, 1992; 

Kirches et al, 1997; Nagane et al, 1999; Toth et al, 1996; von Bossanyi et 

al, 1997). Oda et al. (1997) have shown that 76% of paediatric solid 

tum ours express M DRl,

Norm al ependymal cells do not express P-GP but the finding that as 

many as 95% of ependym oma show expression of P-GP suggests that 

expression occurs along with cellular transformation (see Table 1.5). A n 

increase in P-GP expression in one ependym om a has been 

demonstrated, suggesting MDRl  expression may be induced by 

chemotherapy (Billson et al, 1994).
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N um ber of Tumours % with P-GP expression Reference
10 70 (Geddes et al, 1994)
34 100 (Korshunov et al, 1999)
35 94 (Chou et al, 1996)
8 75 (Billson et al, 1994)

Table 1.5: Reported expression of P-GP in paediatric ependymoma

Adult Astrocytoma
An extensive body of research has identified some of the genetic 

alterations in adult astrocytoma. There is strong evidence that the 

progression from low-grade to anaplastic astrocytoma and GBM is 

associated with the cumulative acquisition of m ultiple genetic 

alterations (Kleihues and Ohgaki, 1999). There is little overlap betw een 

the two pathways, suggesting that genetically, prim ary and secondary 

GBM may be two separate diseases (Kleihues et al, 2000).

EGFR

The epidermal growth factor gene is located at 7pl2 and is involved in  

the control of cell proliferation. EGFR has been associated w ith cancer 

for three reasons. Firstly, it is the cellular homolog of the v-erbB 

oncogene found in the transforming avian erythroblastosis v irus. 

Secondly, when is expressed in cells it is capable of setting up  a 

transform ing autocrine loop so that cellular transform ation is ligand- 

dependent, and thirdly, it has been shown to be amplified in several 

tum our types, with an increased copy num ber that can be directly 

correlated to an increase in the num ber of cell surface receptors 

(Cavenee et al, 2000). This gene has been found to be amplified and 

overexpressed in more than a third of GBM (Bigner et al, 1988; H urtt et 

al, 1992; Wong et al, 1992). In about 50% of GBM w ith EGFR 

amplification, the event is coupled with gene rearrangem ent, resulting 

in a variant form of EGFR, known as m utant EGFR. M utant EGFR
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bestows enhanced tumourigenecity through increased cellular 

proliferation and reduced apoptosis in GBM (Nagane et al, 1996). 

Amplification and overexpression of EGFR are a hallm ark of prim ary 

GBM, w ith more than 60% of tum ours showing upregulated 

expression GBM (Watanabe et al, 1996). Overexpression of EGFR occurs 

independently of m utations of the p53 gene suggesting these are 

m utually exclusive events in the formation of prim ary and secondary 

GBM (Watanabe et al, 1996). Amplification of EGFR often occurs in  

association with a loss of chromosome 10 (Von Deimling et al, 1992). 

EGFR amplification is also associated with deletions of CDKN2A  

(Hayashi et al, 1997).

LOH on chromosome 17p and m utations of the p53 Gene

Cytogenetic evidence for loss of chromosome 17 has been docum ented 

in a variety of hum an neoplasms and is frequently associated w ith the 

presence of point m utations in the p53 gene (Frankel et al, 1992). The 

p53 gene has been localised to 17pl3.1 and encodes a nuclear 

phosphoprotein involved in the regulation of cell proliferation. The 

wild-type p53 gene acts as a tum our suppressor gene and some p53 

m utations not only cause loss of tum our suppressor function but also 

may activate p53 to an oncogenic state in a dom inant-negative fashion 

(Ohgaki et al, 1993). The p53 gene is altered in m any hum an cancers 

and in cell cultures expression of wild-type p53 can suppress both the 

transform ation of prim ary cells by other oncogenes and the growth of 

transform ed and tum our derived cell lines (Sherley, 1991). p53 is 

involved in at least four critical cellular pathways: arrest of the cell 

cycle in Gj phase, initiation of DNA repair, induction of apoptosis and 

prom otion of cellular differentiation (Louis, 1994).

W ild-type p53 accumulates in the nucleus in response to either DNA 

damage or deregulated proliferation (Kastan et al, 1991; Lowe and 

Ruley, 1993). Accum ulation of p53 results in G  ̂ arrest and deregulated 

proliferation and replication of damaged DNA. Once a cell has been
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arrested in it must either repair its DNA before entering S-phase or, 

if the damage is irreparable, instigate a suicidal, apoptotic response. p53 

is necessary for the induction of the growth arrest and DNA damage- 

inducible (GADD) DNA repair enzymes, which stimulate a DNA repair 

cascade (Kastan et al, 1992). (Wang et al, 2002). Induction of wild-type 

p53 expression in exponentially growing cells inhibits cell cycle 

progression, suggesting a negative role for p53 in growth regulation 

(Mercer et al, 1990). p53 has also been implicated as a crucial element in  

program m ed cell death (apoptosis) (Lane, 1993). Apoptosis in response 

to radiation and chemotherapy does not occur in the absence of wild- 

type p53 (Lowe et al, 1993).

p53 plays a central role in cellular responses to aberrant growth signals 

and cytotoxic stresses such as DNA damage, by enhancing the 

transcription of genes that regulate a variety of cellular processes 

including cell cycle progression, apoptosis, genetic stability and 

angiogenesis (Irwin and Kaelin, 2001). Under the conditions of no rm al 

cell growth, p53 is a short lived protein, which is very tightly regulated. 

p53 turnover is regulated by ubiquitin and ubiquitin ligase MDM2. 

MDM2  itself is a p53-inducible gene, and therefore activation of p53 

establishes a negative feedback loop where MDM2 limits p53 

accumulation (Barak et al, 1993). The stabilization and accum ulation of 

p53 can be induced by a num ber of cellular oncoproteins including c- 

myc, El A, Ras and E2F1. This can be attributed to the induction of the 

protein ARE, which binds directly to MDM2 inhibiting the E3-ligase 

activity of MDM2 and interfering with the nucleocytoplasmic shu ttling  

of MDM2 that is necessary for p53 degradation (Tao and Levine, 1999; 

Zhang et al, 1998). p53 can also repress the activity of certain prom oters, 

although the mechanism for this action is not understood (Ginsberg et 

al, 1991).

The most common genetic abnormality in astrocytoma is LOH on  

chromosome 17p, reported in 65% of low grade astrocytoma and in a 

similar frequency of anaplastic astrocytoma (Kleihues et al, 2000).
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Positive p53 imm unoreactivity has been reported in 44% of anaplastic 

astrocytoma and 46% of GBM (Kirla et al, 2000).

Allelic losses of genes on chromosome 17 and m utations of the p53 

gene have been reported to be associated w ith all grades of astrocytoma 

and inactivation of p53, usually with m utation of one copy and 

chromosomal loss of the remaining allele, occurs in approximately a 

third of astrocytoma. Mutations of p53 have been seen in  

approximately 45% of diffuse astrocytoma (Kraus et al, 1994; Ohgaki et 

al, 1993). The p53 pathway has been seen to be disrupted in 82% of 

m alignant gliomas, either by m utation of the p53 gene (32%) or by 

pl4^^^ deletion (54.5%) (Fulci et al, 2000). In high-grade astrocytoma, 

m utations of p53 have been found in 62% of anaplastic astrocytoma 

and GBM that exhibit LOH for alleles on 17p (Fults et al, 1992). 

M utations usually occur in the form of mis-sense m utations and target 

the conserved domains in exons 5, 7 and 8. These m utations affect the  

p53 residues that are essential for DNA binding and result in the loss of 

p53-mediated transcriptional activity (Louis, 1997). M utations outside 

of these exons are rare in astrocytoma, but have been reported in exons 

4, 9 and 10, and in introns 4 and 6 (Chung et al, 1991; Frankel et al, 1992; 

Fults et al, 1992; Mashiyama et al, 1991). No m utations have been 

described in exons 2, 3 or 11 or in the 5' prom otor region. M utations 

that occur in exons 5 - 8  will most often be in the conserved dom ains 

II, III, IV and V, and 95% of the m utations will occur in codons that 

have been highly conserved. The hot spots of m utation in adult 

astrocytoma appear to be codons 130-142, 151-164, 171-181, 193-200, 213- 

223, 234-258 and 276-286 (Cavenee et al, 2000).

Overexpression and amplification of MDM2

The MDM2  (murine double minute 2) gene has been localised to 

chromosome 12ql4.3-ql5. The MDM2 protein binds to both m utant and 

wild type p53, inhibiting the ability of wild type p53 to activate 

transcription (Zauberman et al, 1995). The transcription of the MDM2 

gene is induced by wild type p53. Amplification or over expression of
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MDM2  is an alternative mechanism for escaping the p53 regulated 

control of cell growth (Kleihues et al, 2000). MDM2  has been show n to 

be amplified an d /o r overexpressed in prim ary GBM that lack p53 

m utations (Biernat et al, 1997; Reifenberger et al, 1993; Waber et al,

1993). Amplification of MDM2 has been found in 10% of anaplastic 

astrocytoma and GBM, although overexpression of MDM2 has been 

found in 50% of prim ary GBM and only 10% of secondary GBM 

(Biernat et al, 1997; Reifenberger et al, 1993). A splice variant of MDM2  

has been identified in 70% of GBM w ithout correlation w ith p53 status, 

suggesting MDM2  may have a role in the developm ent of m alignant 

astrocytoma independent of the p53 regulatory pathway (M atsumoto et 

al, 1998).

The pl6/pl5/CDK4/CDK6/RB  pathway

The p l6  and p l6  tum our suppressor genes are encoded by CDKN2A/B  

respectively and exerts growth control by the inhibition of the cyclin- 

dependent kinases CDK4 and CDK6. This reduces the ability of the 

cyclins to phosphorylate the RB protein in conjunction w ith cyclin D 

and allows G^/S phase transition of the cell cycle to occur. Loss of cell 

cycle control may therefore be a result of altered expression of any of 

these genes, i.e. loss of p l6 /p l5  expression, 

overexpression/ amplification of CDKs or loss of RB function (Kleihues 

et al, 2000).

CDKN2A/B  maps to 9p21, a site associated w ith interstitial and  

hom ozygous deletions in high-grade astrocytoma and 60% of gliom a 

cell lines (Olopade et al, 1992). Deletions involving pl6  have been 

found to occur more frequently in primary GBM than secondary GBM 

(Biernat et al, 1997). Homozygous deletions of pl6  occur in a third of 

prim ary GBM but rarely occur in secondary GBM, and a third of GBM 

have normal p l6  expression and accumulate MDM2 protein (Biernat et 

al, 1997; Newcomb et al, 2000). A proportion of m alignant astrocytoma 

with intact CDKN2A/B genes do not express the protein and have been 

shown to have hyperm ethylation of the CpG island in the 5' region of
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the gene. This causes structural changes in the chrom atin and silences 

gene transcription (Costello et al, 1996).

pl4  is another gene encoded by CDKN2A  and increases p53 stability 

by sequestering MDM2 in the nucleolus and preventing MDM2-  

m ediated ubiquitin ligase activity of p53 (Fulci et al, 2000). A recent 

study has shown p53 mutations and deletions of pl4  to be m utua lly  

exclusive in GBM (Fulci et al, 2000). Recent data suggests that the loss of 

the Ink4a-Arf locus (which encodes the proteins p l6  and p l4  "^) 

might have a role in the sensitising astrocytes to transform ation  

thorough dedifferentiation in response to the appropriate oncogenic 

stimuli (Uhrbom et al, 2002).

The gene encoding CDK4 maps to chromosome 12ql3-14 and the gene 

encoding CDK6 to 7q21-22. Both CDK4 and CDK6 are proteins w ith  

catalytic kinase activity that can form complexes w ith members of the 

cyclin D family, and are both inhibited by p l6  and pl5. Overexpression 

of either protein can mimic m utation of the p l6 /p l5  inhibitors and 

over-ride their function. CDK4 is amplified in approximately 15% of 

high-grade astrocytoma, especially those w ith no CDKN2A/B  

alterations (Nishikawa et al, 1995; Reifenberger et al, 1994). A few 

tum ours w ithout CDKN2A/B  mutations or CDK4 amplification have  

been shown to have amplification of CDK6 (Costello et al, 1997). This 

suggests the two proteins can functionally compensate for one another.

Phosphorylation of RB allows the release of the transcription factor 

E2F, which in turn activates the genes necessary for cell proliferation. 

The RBI  gene is located at 13ql4, a region which is altered in about a 

third of high-grade astrocytoma (Flenson et al, 1994; James et al, 1988). 

LOH of RBI  is not found in grade II astrocytoma and is present in  

approximately 20% of anaplastic astrocytoma and 30% of GBM. 

Mutations of RBI were seen in 3/23 anaplastic astrocytoma and 17/100 

GBM and in no diffuse astrocytoma (Henson et al, 1994; Ueki et al,

1996). Mutations of the RBI gene have the same functional
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consequences as amplification of CDK4/CDK6 or loss of CDKN2A  

/CDKN2B. These events occur exclusively of one another in  

astrocytoma and a large proportion of anaplastic astrocytoma and GBM 

have alterations in one or other component of the pathway (see Figure 

1 .11).

G1 P hase

Mitosis

CDK4/6

CDK2

Cyclin A X  CDK2

G2 P hase
S  P hase

Figure 1.11: The C l phase of the cell cycle as a target for m utations in  
glioma. The proteins required for progression through the mitotic cycle 
are shown in the region where they exert their effects. The proteins in  
circles are checkpoint accelerators while those in squares are inhibitors 
(taken from (van Dekken et al, 2001).
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Loss on Chromosome 10, PTEN and DMBTl
Deletions of chromosome 10 are the most frequent genetic abnormality in GBM 
(Albarosa et al, 1996; James et al, 1988; Von Deimhng et al, 1992). Deletion 
mapping has identified three distinct regions of loss, implying the presence of 
multiple loci involved in gHal tumouiigenesis (Steck et al, 1999). A putative 
tumour suppressor gene (PTEN) was cloned from lGq23 in 1997 and suggested 
as a possible tumour suppressor gene for gliomas (Ichimura et al, 1998). PTEN 
encodes an enzyme with phosphatase activity towards both acidic protein 
substrates and the lipid second messenger, PIP3. PTEN also regulates ceU 
motility and invasion by the dephosphorylation of the focal adhesion kinase 
(FAK) and the adapter protein She (Torres et al, 2001). Loss of an entire copy of 
chromosome 10 has been reported in GBM as well as extensive loss of the PTEN 
region (Steck et al, 1999; Zhou et al, 1999). Loss of alleles for chromosome 10 
have been found in 93% GBM, 66% anaplastic astrocytoma and 35% of grade H 
astrocytoma (Steck et al, 1999). Mutations in exons 1-8 of the PTEN gene have 
been reported in 1/14 anaplastic astrocytoma and 21/78 GBM. These mutations 
consisted of silent mutations, frameshift mutations and deletions (Teng et al, 
1997; Zhou et al, 1999).
DMBTI  has been m apped to the lGq25 region and has been proposed as 

candidate tum our suppressor gene for m edulloblastom a and gliomas 

(Mollenhauer et al, 1997). This region was found to be frequently lost in  

GBM (8/10) and in anaplastic astrocytoma (15/18) (Steck et al, 1999).

The M X Il  gene has been mapped to lQq24-25 (Wechsler et al, 1994). This 

gene encodes a 228-amino acid protein that shares hom ology w ith c- 

Myc, Max and members of the Mad family (Wechsler et al, 1997). MXIl  

is thought to function in a regulatory network w ith Max and m em bers 

of the myc family, in which myc activates transcription and stim ulates 

cell proliferation and MXIl  negatively regulates these actions. 

Polymorphic microsatellite repeat analysis has shown 7/11 inform ative 

GBMs to have MXIl  loss suggesting it may have a role in GBM 

developm ent (Wechsler et al, 1997).

Paediatric Astrocytoma
Pilocytic astrocytoma accounts for around 68% of all paediatric 

astrocytoma (Roberts et al, 2001). Anaplastic astrocytoma and GBM are
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less common and comprise about 25% of astrocytic tum ours (Roberts et 

al, 2001). Cytogenetic studies have shown that as m any as 70% of 

pilocytic astrocytoma have normal karyotypes (Agamanolis and 

Malone, 1995; Bhattacharjee et al, 1997; Bigner et al, 1997; Griffin et al, 

1992; Kames et al, 1992; Kucerova et al, 2000; Roberts et al, 2001; 

Sanoudou et al, 2000; Shlomit et al, 2000). Norm al karyotypes have also 

been reported in 55% of diffuse astrocytoma, 38% of anaplastic 

astrocytoma and 25% GBM (Agamanolis and Malone, 1995; 

Bhattacharjee et al, 1997; Bigner et al, 1997; Fujii et al, 1994; Griffin et al, 

1988; Karnes et al, 1992; Kucerova et al, 2000; N eum ann et al, 1993; 

Rickert et al, 2001; Roberts et al, 2001; Sainati et al, 1996; Schrôck et al, 

1996; Vagner-Capodano et al, 1992; Warr et al, 2001). A num ber of 

num erical and structural chromosomal abnorm alities have been 

observed in paediatric astrocytic tum ours but definitive non-random  

aberrations have not been identified. Some tum ours h ave  

abnormalities that are present in adult astrocytoma, such as gains of 7 

and loss of chromosome 10, but the pattern of alterations in paediatric 

tum ours appears to be vastly different to those seen in adult tum ours. 

(Agamanolis and Malone, 1995; Blaeker et al, 1996; Cheng et al, 1999; 

Griffin et al, 1992; Karnes et al, 1992; Neumann et al, 1993; Schrôck et al, 

1994; Vagner-Capodano et al, 1992). Structural changes of chrom osom es 

1, 7, 9,17 and 22 have been observed but no consistent breakpoints have  

been identified. (Agamanolis and Malone, 1995; Bhattacharjee et al, 

1997; Fujii et al, 1994; Griffin et al, 1988; Griffin et al, 1992; Kames et al, 

1992; N eum ann et al, 1993; Sainati et al, 1996; Sawyer et al, 1992; 

Vagner-Capodano et al, 1992).

Comparison of adult and paediatric astrocytoma

EGFR

Gains of chromosome 7 have been reported in all grades of paediatric 

astrocytoma at low frequencies (Agamanolis and Malone, 1995; Bigner 

et al, 1997; Griffin et al, 1988; Karnes et al, 1992; Roberts et al, 2001;
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Schrôck et al, 1994; Vagner-Capodano et al, 1992). The frequency of 

chromosome 7 gains increases with tum our grade: 9.7% in pilocytic 

astrocytoma, 18% in diffuse astrocytoma, 31.5% in anaplastic 

astrocytoma and 47% in GBM (Agamanolis and Malone, 1995; 

Bhattacharjee et al, 1997; Bigner et al, 1997; Karnes et al, 1992; Kucerova 

et al, 2000; Orr et al, 2002; Roberts et al, 2001; Sainati et al, 1996; Vagner- 

Capodano et al, 1992). Gain of 7q31 has been reported in 1/8 pilocytic 

astrocytoma (Shlomit et al, 2000). Gain of chromosome 7 was also the 

most frequent alteration in a genetic study of pleom orphic 

xanthoastrocytoma using CGH (Yin et al, 2002). CGH analysis has 

identified a region of amplification in high grade astrocytoma that is 

localised to 7q21-qter (Rickert et al, 2001; W arr et al, 2001). The target of 

this amplification is as yet unknown. Structural aberrations of 

chromosome include t(7;22)(q21;ql3.2), der 7 t(7;7), der 7 t(7;?)(pll;?), 

t(7;17)(q22;q21) (Agamanolis and Malone, 1995; Griffin et al, 1992; 

Roberts et al, 2001).

In contrast to adult astrocytoma EGFR alterations are rare in paediatric 

astrocytoma. Three studies have found no evidence for alterations of 

EGFR in anaplastic astrocytoma and GBM (Cheng et al, 1999; Raffel et 

al, 1999; Sung et al, 2000). Other studies have found some alterations of 

EGFR in paediatric astrocytoma. EGFR amplification has been reported 

in 31/105 (29.5%) paediatric GBM (Bredel et al, 1999; Rasheed et al, 1994; 

Von Deimling et al, 2000). Positive im m unoreactivity has been 

observed in approximately 80% of paediatric high-grade astrocytoma 

(Bredel et al, 1999; M aruno et al, 2000) suggesting that expression of 

EGFR may be enhanced by a mechanism other than a simple alteration 

in gene copy number.

LOH on chromosome 17p and m utation of the p53 gene

There is some evidence that loci on chromosome 17 m ay contribute to 

the pathogenesis of paediatric astrocytoma. Loss of 17p has been 

detected in all grades of paediatric astrocytoma, suggesting the presence
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of a tum our suppressor gene (Cheng et al, 1999; Orellana et al, 1998; 

Von Deimling et al, 2000; Warr et al, 2001; W illert et al, 1995). CGH 

analysis has also confirmed loss of 17p in high grade astrocytoma 

(Schrôck et al, 1994; Warr et al, 2001). Loss of 17p has been reported 

through i(17q) or unbalanced translocations in paediatric m alignant 

astrocytoma (Griffin et al, 1988; Rasheed et al, 1994). LOH analysis has 

revealed regions of loss at 17pl3.1 and 17pl3.3 (Cheng et al, 1999; 

Orellana et al, 1998; Von Deimling et al, 2000; W illert et al, 1995). The 

only structural alteration of 17p reported is dic(12;17)(pll,pll) (Roberts 

et al, 2001).

A lthough there have been many studies of p53 im m unoreactivity and 

p53 gene m utations in astrocytic tum ours in adults, there have been 

few studies in childhood astrocytoma. p53 im m unoreactivity has been 

reported in 5 /7  pilocytic astrocytoma, 6/18 diffuse astrocytoma, 19/35 

anaplastic astrocytoma and 7/13 GBM (Bhattacharjee and Bruner, 1997; 

Drach et al, 1996; Lang et al, 1994). This incidence of p53 

im m unoreactivity is similar to that reported in adult high-grade 

astrocytoma. However, there has been a wide variation in p53 

m utation rates reported in paediatric astrocytoma. M utation rates of 0% 

to 80 % have been reported in pilocytic astrocytoma and 0% to 20% in  

diffuse astrocytoma (Chozick et al, 1994; Hayes et al, 1999; Lang et al, 

1994; Phelan et al, 1995). In malignant astrocytoma, p53 m utations have  

been reported in between 0% and 50% of cases (Bhattacharjee and 

Bruner, 1997; Cheng et al, 1999; Frankel et al, 1992; Phelan et al, 1995; 

Pollack et al, 2001; Pollack et al, 2002; Pollack et al, 1997). A sum m ary of 

p53 m utations in paediatric astrocytoma can be seen in Table 1.6. There 

appear to be five hot spots of mutation, compared to seven in adult 

astrocytoma: codons 151-164, 171-181, 213-223, 234-258 and 276-286. p53 

m utations in paediatric high grade astrocytoma appear to be age related, 

w ith m utations being less common in tum ours from children 

diagnosed before 3 years of age than in older children (Pollack et al,

1997). The data reports a p53 m utation rate of 7% in children aged
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younger than three years and 31% in children aged 4 -18 years 

(Bhattacharjee and Bruner, 1997; Cheng et al, 1999; Chozick et al, 1994; 

Dam et al, 2000; Frankel et al, 1992; Lang et al, 1994; Pollack et al, 2001; 

Pollack et al, 1997; Rasheed et al, 1994; Sung et al, 2000). This suggests 

that infant high grade astrocytoma may differ on a biological and 

molecular basis from similar tumours in older children (Pollack et al, 

2001). Two mis-sense m utations of the p53 gene have been reported in  

pleomorphic xanthoastrocytoma (Brunner et al, 2000). These m uta tions 

were unusual in that they were located outside the conserved dom ain  

of the p53 gene. Mutations of codons 220 and 292 have not been 

reported previously in brain tumours, but have been observed in  

carcinoma and lymphoma. One of the m utations was present in a 

benign recurrence of a PXA but not in the prim ary tum our. This data 

suggests p53 m utations may occur after establishm ent of PXA but are 

not associated with malignant progression.
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Grade No. cases No with mutation (%) Reference
PA 28 1 (3.5) (Rasheed et al, 1994)
PA 7 1(14) (Lang et al, 1994)
PA 10 4(40) (Orellana et al, 1998)
PA 6 1(16) (Willert et al, 1995)
PA 1 1 (100) (Dam et al, 2000)
PA 20 17 (85) (Hayes et al, 1999)
DA 5 1(20) (Lang et al, 1994)
DA 20 12 (60) (Von Deimling et al, 2000)
AA 2 1(50) (Rasheed et al, 1994)
AA 30 14 (47) (Von Deimling et al, 2000)
AA 8 2(25) (Pollack et al, 1997)
AA 35 9 (25.7) (Pollack et al, 2001)
AA 6 1(16) (Willert et al, 1995)
AA 7 2 (28.5) (Sung et al, 2000)
AA 17 4 (23.5) (Raffel et al, 1999)
AA

GBM
24 9(38) (Cheng et al, 1999)

GBM 4 0(0) (Rasheed et al, 1994)
GBM 76 15 (20) (Von Deimling et al, 2000)
GBM 19 9(50) (Pollack et al, 1997)
GBM 42 17 (40) (Pollack et al, 2001)
GBM 15 7(45) (Raffel et al, 1999)
GBM 22 8(36) (Sung et al, 2000)
GBM 13 3(23) (Bhattacharjee and Bruner, 

1997)
Table 1.6: Summary of p53 m utations reported in paediatric 
astrocytoma.

In adults only 10% of primary GBM have p53 m utations, whereas the 

data in paediatric GBM suggest that mutations may occur in as m any as 

50% of tumours, a rate approaching that seen in adult secondary GBM. 

The types of m utation are also similar to those reported in adult 

tumours. The finding that tum ours from children under 3 years of age 

have a lower frequency of p53 m utations than older children suggests 

there might by different pathways leading to the form ation of GBM in  

children in the same way as in adult astrocytoma. The fact that 

m utations appear to be frequent in the higher grade tum ours in  

children suggests that p53 m utation is a late event in the form ation of 

these tumours.
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Overexpression and amplification of MDM2

No m utations of MDM2 have been found in twenty-nine paediatric 

high-grade astrocytoma. However, around 60% of the tum ours show ed 

positive immunoreactivity for MDM2 (Sung et al, 2000). Southern blot 

analysis detected no amplifications in six high-grade astrocytoma and 

fourteen pilocytic astrocytoma (Willert et al, 1995). Two anaplastic 

astrocytoma (11%) have been reported w ith amplification of MDM2  

(Raffel et al, 1999). The low frequency of MDM2  amplification in  

paediatric high grade astrocytoma does not account for the 

overexpression of MDM2 protein that is observed in these tum ours. 

The p l4 ^^  protein encoded by the INK4a-ARF  locus may regulate 

MDM2 protein expression. Homozygous deletions of this locus have  

been reported in 10% of paediatric high-grade astrocytoma (Sung et al, 

2000).

The pl6lpl5ICDK4ICDK6IRB  pathway

LOH for loci on chromosome 9p have been reported in 2/24 diffuse 

astrocytoma, 5/30 anaplastic astrocytoma and 31/89 GBM (Blaeker et al, 

1996; Von Deimling et al, 2000). In a recent study, 10% of paediatric 

astrocytoma were shown to have homozygous deletions of pl6^^^  

(Newcomb et al, 2000). Deletions of CDKN2A  have been reported in  

2/25 pilocytic astrocytoma, 2/18 diffuse astrocytoma, 6/26 anaplastic 

astrocytoma and 40/81 GBM (Raffel et al, 1999; Von Deimling et al, 

2000).

Amplification of CDK4 has been reported 4/43 anaplastic astrocytoma 

and 7/66 GBM.

Loss of chromosome 13 has been reported in all grades of astrocytoma 

(Agamanolis and Malone, 1995; Bhattacharjee et al, 1997; Bigner et al, 

1997; Kucerova et al, 2000; Rickert et al, 2001; Roberts et al, 2001; 

Shlomit et al, 2000). The highest frequency of loss was seen in GBM 

(22.5%) (Agamanolis and Malone, 1995; Bhattacharjee et al, 1997; Bigner 

et al, 1997; Rickert et al, 2001; Roberts et al, 2001), w ith the other grades 

of tum our having a similar frequency of approximately 10% (Bigner et
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al, 1997; Kucerova et al, 2000; Rickert et al, 2001; Roberts et al, 2001; 

Shlomit et al, 2000). LOH for loci on 13q have been reported in 7/28 

anaplastic astrocytoma and 22/81 GBM (Von Deimling et al, 2000). 

Twenty-two out of twenty-nine paediatric high-grade astrocytoma have  

shown positive immunoreactivity for the RBI  gene (Sung et al, 2000).
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Loss on chromosome 10, PTEN and DMBTl

Loss of chromosome 10 has been reported in all grades of paediatric 

astrocytoma at similar frequencies: 11% in pilocytic astrocytoma, 17% in  

anaplastic astrocytoma and 16% in GBM (Agamanolis and M alone, 

1995; Bigner et al, 1997; Griffin et al, 1992; Karnes et al, 1992; N e u m an n  

et al, 1993; Roberts et al, 2001; Shlomit et al, 2000; W ernicke et al, 1997). 

Some studies have suggested deletions of chromosome 10 are restricted 

to GBM (Agamanolis and Malone, 1995; Roberts et al, 2001; Vagner- 

Capodano et al, 1992). Monosomy 10 has been observed in a third of 

both anaplastic astrocytoma and GBM (Agamanolis and Malone, 1995; 

Bhattacharjee et al, 1997; Bigner et al, 1997; Roberts et al, 2001; Vagner- 

Capodano et al, 1992). There has only been one report of m onosom y 10 

in diffuse astrocytoma (Kucerova et al, 2000) and no reports of 

chromosome 10 loss in pilocytic astrocytoma. CGH analysis has show n 

loss of chromosome 10 to be confined to the 10q22-25 region in  

paediatric malignant astrocytoma (Rickert et al, 2001; Schrôck et al, 1994; 

W arr et al, 2001), and has also shown loss from lOp in two cases of 

malignant astrocytoma (Warr et al, 2001). LOH analysis has shown loss 

of m arkers from the 10q23-25 region in 4/5 anaplastic astrocytoma and 

3/10 GBM (Blaeker et al, 1996; Cheng et al, 1999). LOH of m arkers for 

lOp have been reported in 1/5 GBM (Blaeker et al, 1996). There is only 

one report of a structural alteration involving chromosome 10 which is

der(lO) t(10:?:l)(qter—>pl5::?::pll-qter) in a case of anaplastic astrocytoma 

(Karnes et al, 1992).

Deletions of PTEN  have been observed in approximately 10% of 

paediatric GBM but not in other grades of astrocytoma (Cheng et al, 

1999; Sung et al, 2000). PTEN m utations have been reported in 1/28 

anaplastic astrocytoma and 7/33 GBM (Cheng et al, 1999; Raffel et al, 

1999; Teng et al, 1997). These m utations included deletions, insertions, 

nonsense m utations, two splicing variants and base changes (Cheng et 

al, 1999; Raffel et al, 1999; Raffel et al, 1999; Von Deimling et al, 2000).
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One GBM had a double mutation: a mis-sense m utation at exon 6 and a 

nonsense mutation at exon 8 that was expected to lead to the form ation  

of a truncated protein (Cheng et al, 1999). This data is consistent w ith  

results of PTEN  alterations in adult high-grade astrocytoma that 

indicate that PTEN m utations are associated w ith increasing 

malignancy. There have been no reports of m utations of DMBTl  or 

M X Il  in paediatric astrocytoma.

Other non-random genetic alterations 
Chromosome 1

Alterations of chromosome 1 have been reported in all grades of 

astrocytoma (Agamanolis and Malone, 1995; Bigner et al, 1997; Karnes 

et al, 1992; Schrôck et al, 1994; Vagner-Capodano et al, 1992). Sim ple 

num erical gain of chromosome 1 has only been reported in anaplastic 

astrocytoma (9%) and GBM (25%) (Agamanolis and Malone, 1995; 

Bigner et al, 1997; Bobola et al, 2001; Kames et al, 1992; Vagner- 

Capodano et al, 1992). CGH has also identified gain of chromosome 1 in  

m alignant astrocytoma (Rickert et al, 2001; Schrôck et al, 1994; W arr et 

al, 2001). A region of amplification at lp21-22 has been reported in 1/10 

GBM (Warr et al, 2001). High level gains of Iq have also been reported 

in 3/10 anaplastic astrocytoma and 3/13 GBM (Rickert et al, 2001; W arr 

et al, 2001).

84



Monosomy of chromosome 1 has been reported in one m alignant 

astrocytoma (Bhattacharjee et al, 1997), one recurrent diffuse 

astrocytoma (Wernicke et al, 1997) and one recurrent m alignant 

astrocytoma (Bigner et al, 1997). CGH analyses has also shown loss of 

lp32-pter and lq23-32 in pilocytic astrocytoma and m alignant 

astrocytoma (Shlomit et al, 2000; W arr et al, 2001). LOH for loci on Ip  

have been reported in 6/25 anaplastic astrocytoma and 4/70 GBM (Von 

Deimling et al, 2000). LOH for loci on Iq  have been reported in 2/76 

GBM (Von Deimling et al, 2000).

A wide variety of chromosome 1 structural abnormalities have been 

reported in paediatric astrocytoma (see Table 1.7).

Chromosome 8 and c-myc

The c-myc gene has been is localised to 8q24.1 and gains of 8q have been 

reported in 3/10 paediatric m alignant astrocytoma (Warr et al, 2001). 

Elevated expression of c-myc has been shown to be a common feature 

of paediatric anaplastic astrocytoma and GBM (Orian et al, 1992). In 

comparison two studies have shown c-myc and n-myc  am plifications 

to be infrequent events in all types of paediatric astrocytoma, including 

pleom orphic xanthoastrocytoma, cerebellar astrocytoma, anaplastic 

astrocytoma and GBM (Hurtt et al, 1992; Wasson et al, 1990).

Chromosome 17

There have also been reports of loss of 17q in paediatric anaplastic 

astrocytoma and GBM (Agamanolis and Malone, 1995; Bigner et al, 

1997; Roberts et al, 2001). Structural alterations of chromosome 17q 

include i(17q), t(9;17)(q34;q21), der(17) and t(7;17)(q22;q21),

t(l,T7)(q21;q25), and t(17;20)(qll;pl3) (Agamanolis and Malone, 1995; 

Bigner et al, 1997; Fujii et al, 1994; Griffin et al, 1988; Roberts et al, 2001). 

LOH on 17q has been reported in low grade astrocytoma and anaplastic 

astrocytoma (Blaeker et al, 1996; Phelan et al, 1995; Von Deimling et al, 

2000).
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Gains of chromosome 17 have also been reported in all grades of 

astrocytoma (Agamanolis and Malone, 1995; Bhattacharjee et al, 1997; 

Karnes et al, 1992; Roberts et al, 2001; Schrôck et al, 1994; W hite et al,

1995). Agamanolis et al, (1995) observed dup 17(q21qter) in a cerebral 

astrocytoma. Gain of this region was also observed using CGH in a 

GBM (Schrôck et al, 1994).

Structural alteration Grade Reference
add(l)(p ll) PA (Roberts et al, 2001)
del (l)(p ll) rec

AA
(Wernicke et al, 1997)

inv(l)(p llp36) GBM (Fujii et al, 1994)
del(l)(pl3.3) LGA (Bhattacharjee et al, 1997)
dic(l;3)(pl3;q29) MA (Bhattacharjee et al, 1997)
del (l)(p21) GBM (Sainati et al, 1996)
del (l)(p22) LGA (Orr et al, 2002)
del (l)(p32) PA (Bigner et al, 1997)
t(l;22)(pl2;ql3) MA (Bhattacharjee et al, 1997)
t(l;14)(p36;q24) DA,

GBM
(Griffin et al, 1988)

r(l)(?p36?q42) PA (Neumann et al, 1993)
del(l)(qlO) GBM (Roberts et al, 2001)
del(l)(q41) AA (Vagner-Capodano et al, 1992)
der(l)t(l;3)(q21^p36::q21—>qter) AA (Karnes et al, 1992)
der(l;13)(ql0;ql0) DA (Roberts et al, 2001)
i(l)(qlO) AA (Kucerova et al, 2000)
add (l)(q21) rec

GBM
(Wernicke et al, 1997) 
(Dam et al, 2000)

der(l)t(l;19)(qll;ql3) GBM (Bigner et al, 1997)
del(l)(q ll) GBM (Bigner et al, 1997)
der(l)t(l;21)(q21;pll.2) GBM (Agamanolis and Malone, 

1995)

Table 1.7: Reported chromosome 1 structural alterations in  paediatric 
astrocytoma. PA = pilocytic astrocytoma, DA = diffuse astrocytoma, A A 
= anaplastic astrocytoma, GBM = GBM, LGA = low grade astrocytoma, 
MA = malignant astrocytoma, rec = recurrent tumour.
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Chromosome 22

Both deletions and gains of chromosome 22 have been reported in  

paediatric astrocytoma. Gains of chromosome 22 have been reported in  

pilocytic astrocytoma (Agamanolis and Malone, 1995; Roberts et al, 

2001), anaplastic astrocytoma (Karnes et al, 1992) and GBM (Agamanolis 

and Malone, 1995). Gain of 22 has also been reported in a low grade 

spinal astrocytoma (Neumann et al, 1993). A region of amplification at 

22ql2 has been found in a GBM using CGH (Schrôck et al, 1994). 

Deletions of chromosome 22 are more common than gains and h ave  

been reported in all grades of tum our (Agamanolis and Malone, 1995; 

Griffin et al, 1988; Kames et al, 1992; Neum ann et al, 1993). Deletions of 

22q have been detected by CGH in pilocytic astrocytoma and high grade 

astrocytoma (Schrôck et al, 1996; Shlomit et al, 2000; W arr et al, 2001). 

Structural alterations of chromosome 22 include add(22)(pl3), 

add(22)(ql3), t(18;22)(qll;pll), t(l;22)(pl2;qll), t(15;22)(q22;ql3),

del(22)(qll-qter) (Agamanolis and Malone, 1995; Bhattacharjee et al, 

1997; Griffin et al, 1988; Karnes et al, 1992; Kucerova et al, 2000; 

N eum ann et al, 1993). LOH for loci on 22q have been reported in 2/22 

grade II astrocytoma, 9/30 anaplastic astrocytoma and 16/67 GBM (Von 

Deimling et al, 2000).

Oncogenic viruses
H um an polyoma viruses JC, BK and the simian polyom a virus (SV40) 

have been shown to induce brain tum ours in experimental anim als 

(Cheng et al, 1999; Weggen et al, 2000). SV40 and BK DNA have been 

found in a range of hum an tumours including lung, bone and brain  

tumour, and the JC virus has been isolated from hum an glial tum ours 

(Caldarelli-Stefano et al, 2000). There is evidence that different JCV 

strains have different pathogenic potential, due to rearrangem ents in  

their transcriptional control regions (TCR) generating m utated strains.
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Mad-4 is one m utated strain that has been shown to have oncogenic 

potential in experimental animals. Caldarelli-Stefano et al. 2000 have  

observed 1 astrocytoma and 1 ependymoma with rearranged Mad-4 in  

the viral TCR suggesting that JCV could have played a role in the 

pathogenesis of these tumours. SV40 has the ability to transform  

norm al cells into cells with a neoplastic phenotype. The transform ing 

ability is dependent on the expression of the early region gene product 

know n as large tum our antigen (Tag), which has m ultiple biological 

and biochemical properties. SV40 Tag forms complexes w ith p53, pRb, 

pl07, pl30, p300 and p400 inactivating their functions. W hen these 

proteins are inactivated, cells can enter the cell cycle unrestricted. This 

leads to an alteration in the integrity and stability of the host cell 

genome, resulting in numerical and structural chrom osom al 

aberrations (Zhen et al, 1999). The complex form ation of Tag-p53 and 

Tag-pRb may be another method to inactivate p53 and pRb at the 

protein level in addition to gene mutation.

Studies involving SV40 large T antigen gene sequences showed 10/11 

ependym om a to have amplification products that hybridised 

specifically to SV40 probes. SV40 Tag has been shown to be expressed in  

most histologic types of brain tumours, including ependym om a (8/8), 

choroid plexus papilloma (2/2), pituitary adenom a (9/10), astrocytoma 

(9/11), anaplastic astrocytoma (2/4), GBM m ultiform e (4/8), 

m eningiom a (7/10) and medulloblastoma (2/6), but not in no rm al 

brain (Zhen et al, 1999). This suggests that SV40 or a related virus m ay 

play a role in the development of ependymoma and that inactivation  

of p53, p lW ^,  or both is important in the genesis of these tum ours 

(Raffel, 1996). Although SV40 does not naturally infect hum ans, it was 

a major contaminant in a polio vaccine given to children between 1955 

and 1963. The finding of the SV40 early region gene in peripheral blood 

samples and sperm  fluids from healthy individuals indicates a possible 

m anner of transmission of SV40 from person to person in the no rm al 

population (Zhen et al, 1999).
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Comparative Genomic Hybridisation
For m any years analysis of metaphase chromosomes has been the 

cornerstone of cancer genetics. G-banding analysis has proved to be 

useful in identifying chromosome abnormalities in leukaemias and 

lym phom as but has been less successful in studying solid tum ours 

because of the difficulty in obtaining good quality m etaphases 

preparations (Gray and Collins, 2000). CGH was first developed by 

Kallioniemi and colleagues in 1992 and has allowed the entire genom e 

to be studied in a single experiment from just a few nanogram s of 

starting DNA, w ithout the need for cell culture (Forozan et al, 1997). It 

enables the screening of tum ours for DNA copy-number changes and 

provides a map of chromosomal regions that are lost or gained, w hich 

can help in locating specific chromosomal regions that might play a 

role in the pathogenesis or progression of tum ours. Once results from  

CGH have been obtained, more specific molecular genetic techniques, 

such as FISH, LOH analysis and sequencing can be used in order to 

identify oncogenes an d /o r tum our suppressor genes in these regions 

(Weiss et al, 1999).

CGH is based on a modified in situ hybridisation m ethod w here 

differentially labelled test (tumour) and reference (normal) genomic 

DNA are co-hybridised in the presence of hum an Cot-1 DNA to no rm al 

hum an metaphase chromosome spreads. The relative am ounts of test 

and reference DNA that bind at any given chromosome locus are 

dependent on the abundance of those sequences in the test and 

reference DNA samples. Copy num ber differences between the two 

samples can be seen as greenired fluorescence intensity differences on  

m etaphase chromosomes. Ratios of the signal intensities can be 

quantitated using a digital image analysis system which calculates 

intensity profiles for both colours and the green:red ratio along each 

chromosome (Kallioniemi et al, 1992). Cains and amplifications in the 

test DNA are seen as chromosomal regions w ith an increased 

fluorescence ratio (>1) whereas losses and deletions show a reduced
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fluorescence ratio (<1) (Forozan et al, 1997; Weiss et al, 1999). The m ain  

lim itations of CGH are its resolution (10-20Mb), it does not provide 

quantitative information about gene dosage and it is insensitive to 

structural aberrations that do not result in a DNA sequence copy 

num ber change (Gray and Collins, 2000). However it is sensitive 

enough to detect amplification events (e.g. 5-10 fold amplifications of 

Imb regions). The technique cannot be used to detect balanced 

rearrangem ents such as inversions and translocations, and deletions 

within a chromosomal band (Biegal, 1999; Forozan et al, 1997).

CGH has helped identify the androgen receptor (AR) gene located in a 

region of increased copy number at Xql2 in hormone refractory prostate 

cancers (Koivisto et al, 1997) and the PIK3CA gene located at 3q26 in  

ovarian cancer (Shayesteh et al, 1999). Several genes have been 

identified in regions of amplification at 20q, including AlB l  a steroid 

receptor co-activator (Anzick et al, 1997), ZNF217 a putative Zn-finger 

transcription factor associated with instability and im m ortalisation  

(Collins et al, 1998) and STK15 a centrosome-associated 

serine/threonine protein kinase (Zhou et al, 1998).

CGH has been used to study brain tum ours in both children and adults 

and has identified six new regions of amplification at lq32, 4ql2, 7q21.1, 

7q21.2-3, 12p and 22ql2, as well as amplification of the EGFR gene at 

7pl2 in m alignant gliomas. Gain of chromosome 7 and loss of 

chromosome 10 were the most common events in this group of 

tum ours (Schrôck et al, 1994). The work of Brunner et al. (2000) also 

showed gain of 7 and loss of 10 to be the most common aberrations in  

adult GBM. They also observed a novel amplification at 20pll-12 in an  

oligoastrocytoma. CGH has identified two major sub-groups of high- 

grade oligodendroglial tum ours, 1 group with -lp /-1 9 q  and the other 

group with +7/-10 (Jeuken et al, 1999).
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The first group to publish work on CGH analysis of ependym om a 

identified losses of 6q and 22q as the most common aberration in  

prim ary ependym oma in paediatric patients (Reardon et al, 1999). Loss 

of 22q was the most frequent abnormality in a mixed group of adult and 

paediatric ependymoma studied by Zheng et al, (2000). Gains of Iq  have  

been seen to occur exclusively in paediatric ependym om a (Scheil et al, 

2001). Loss of 13q was a frequent observation especially in  

myxopapillary ependymoma. Shlomit et al, (2000) showed gain of Iq 

and loss of 16q to be the most frequent alterations in paediatric low  

grade ependymoma. Gain of Iq  and loss of 9 were the most frequent 

alterations in intracranial ependymoma in a study by Hirose et al, 

(2001), whilst gain of 7 was seen exclusively in spinal ependymoma. A 

recent study showed isochromosome Iq to be an early genetic event in  

a case of prim ary and recurrent ependym oma from a child with an  

intracranial ependymoma (Vinchon et al, 2001).

Only a handful of studies have investigated the genetic alterations in  

paediatric astrocytoma using CGH. Only a small num ber of ju v en ile  

pilocytic astrocytoma have been found to have detectable alterations. 

The tum ours that did show alterations had gains of a single 

chromosome, the most common being gain of 7 (Sanoudou et al, 2000). 

These findings are in agreement with an earlier study that found no  

consistent changes in paediatric low grade astrocytoma (Schrôck et al,

1996). Another study also showed juvenile pilocytic astrocytoma to 

have a low num ber of copy num ber aberrations. The most com m on 

alterations were gain of 6q and loss of 9q (Shlomit et al, 2000). In 

paediatric high grade astrocytoma the most common imbalance was 

loss of 16p and high copy num ber amplifications were seen at Ip, 2q22, 

7q22-23, 8q21-22,12q and 13qll-14 (Warr et al, 2001). A recent CGH study 

identified loss of 8p as a sole abnormality in a case of paediatric 

pleomorphic xanthoastrocytoma (Yin et al, 2002).
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The application of CGH has been expanded through combination w ith  

tissue microdissection and PGR amplification using a universal prim er. 

This allows test DNA to be obtained from m inute subregions and even  

from individual cells (Forozan et al, 1997). The combination of 

microdissection and CGH allows the detection of cytogenetic 

aberrations from clones that may be missed w hen analysing DNA 

extracted from large cell populations (Aubele et al, 1999). Degenerate 

oligonucleotide-primed polymerase chain reaction (DOP-PCR) has been 

reported to be a reliable method to produce a representation of sm all 

am ounts of DNA (Cheung, 1996; Huang et al, 2000; Kuukasjarvi et al, 

1997; Speicher et al, 1993). DOP-PCR allows the analysis of less than Ing  

of DNA and is useful for amplifying DNA from microdissected tissue.

Aims of this Research
Tumors of the central nervous system are significant cause of 

neurological morbidity and mortality in children, yet few genetic 

investigations have focused on the events that lead to the form ation of 

these tum ours. A large proportion of ependym oma and astrocytoma 

have been found to have normal karyotypes. A num ber of 

chromosomes appear to be non-randomly associated with glial tu m o u r 

development, including deletions or rearrangements of 6q, 17 and 22 in  

ependym om a and gain of 7, loss of 10 and structural abnormalities of 

9p in a small subset of astrocytoma. At present, the only significant 

prognostic factors are age at diagnosis and extent of tum our resection. 

W ith these facts in mind, this study aimed to:

> Identify consistent chromosome abnormalities in paediatric 

ependym oma and astrocytoma using comparative genomic 

hybridisation in order to determine candidate genes that might be 

involved in the developm ent/or progression of these tum ours. By 

defining m inim um  regions of gain/loss it m ight be possible to 

identify target genes in these regions that are involved in the
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genesis of these tum ours and have been reported to have a role in  

other malignancies.

> From the characterization of genetic alterations that occur in  

paediatric astrocytoma, identify the m ain differences or sim ilarities 

between paediatric and adult astrocytoma.

> Identify chromosome abnormalities that could be used as potential 

prognostic markers. CGH analysis would identify copy num ber 

aberrations (CNAs) that are associated w ith clinicopathological 

features such as tum our histology, location and recurrence as well 

as patient age and sex that might prove useful as diagnostic m arkers. 

From the clinical data available for the patients in this study it 

should be possible to identify clinicopathological features as well as 

genetic aberrations (identified by CGH) that influence patient 

surv ival.

> Ependymoma are known to respond poorly to treatm ent w ith  

chem otherapeutic agents and this is often due to the developm ent 

of m ultidrug resistance in some tum our cells. Recent research has 

suggested a role for the m ultidrug resistance gene, M DRl, in the 

chemoresistance of paediatric ependymoma. This study w ill 

investigate the expression of MDRl  in a panel of ependym om a in  

order to determine whether overexpression of this gene may be a 

factor in the failure of chemotherapy in these tumours.

> The num ber of samples available for analysis is quite small and it 

w ould therefore be advantageous to utilize archival m aterial in the 

form of paraffin embedded tissue sections. Such m aterial often 

results in small quantities of DNA that are of a poor quality. One 

technical aim of this study is to analyse different techniques 

available for the extraction of DNA from archival m aterial and
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m ethods that can be used to amplify and label this DNA for use in  

CGH experiments.
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CHAPTER 2 
MATERIALS & METHODS

Origin of samples

Paired blood and biopsy samples were kindly provided by W. Harkness, R. 

Haywood and B. Harding (Great Ormond Street Hospital), DOT Thom as 

(Queen Square) and N. Kitchen and P. W ilkins (Atkinson Morley 

Hospital) between 1981 and March 2002. Tum our samples were rem oved 

at the time of surgery and were obtained from m aterial not required for 

diagnostic purposes, which would otherwise have been discarded. Also 

taken at the time of surgery was a 10ml venous blood sample from each 

patient. These procedures and the present study were approved by the 

Joint Medical Ethics Committee of the National Hospital for N eurology 

and Neurosurgery and the Institute of Neurology. The samples were used 

fresh (received straight from the hospital) or from older samples stored in  

liquid nitrogen (LN2). Ependymoma patient inform ation can be seen in  

Table 2.1 and astrocytoma patient inform ation in Table 2.2. A total of 54 

ependym oma and 64 astrocytoma samples were obtained from 110 

patients. The age range of the ependymoma patients was 7 m onths to 17 

years w ith a mean age of 5.2 years. The male to female ratio was 16:11. 

There were 9 anaplastic ependymoma, 41 ependym om a and 4 

subependymoma. The age range of the astrocytoma patients was 8 m on ths 

to 33 years with a mean age of 10.36 years. The male to female ratio was 1:1. 

The histological breakdown of astrocytoma samples was 11 glioblastoma 

m ultiforme, 6 anaplastic astrocytoma, 18 diffuse astrocytoma and 29 

pilocytic astrocytoma.

Details of reagents and buffers

All instructions for the preparation of the buffers and reagents used in this 

study, along with the names and addresses of the companies w hich 

supplied them, can be found in Appendix II. All primers were synthesised 

by Amersham Pharmacia Biotech.
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IN’ Age’ Sex’ Grade* P/R’ Location Treatment* Survival’
Prim ary Sam ples

1932 2 M SE P Posterior Fossa Macroscopic removal. 4(D )
113 Unknown F E P Unknown Unknown Unknow n
959 Unknown M E P Unknown Unknown U nknow n

1594 1.67 M E P Posterior Fossa Partial removal, radiotherapy, chem otherapy 18(D)
1638 1.4 M E P Posterior Fossa Macroscopic removal, chem otherapy 49(D)
2186 12.5 F E P Posterior Fossa Macroscopic removal, radiotherapy 118 (A)
2242 2 F E P Posterior Fossa Macroscopic removal. 17(D)
2511 13 F E P Posterior Fossa Partial excision, radiotherapy 35(A)
2536 7 F E P Supratentorial Macroscopic removal, radiotherapy 51 (A)
2628 17 M E P Unknown Unknown 9(D )
2699 11.5 F E P Posterior Fossa Macroscopic removal, radiotherapy 2(A )
2752 2.25 M E P Posterior Fossa Partial removal, chem otherapy (BB) 62(A)
2776 6 F E P Posterior Fossa Macroscopic removal, radiotherapy 71(A)
2871 1.3 F E P Posterior Fossa Macroscopic removal, chem otherapy (BB) 63(A)
2891 1.9 F E P Posterior Fossa Sub-total removal, chem otherapy (BB) 20(A)
2922 2.75 M E P Posterior Fossa Macroscopic removal, radiotherapy 47 (A)
2931 0.58 F E P Posterior Fossa Macroscopic removal, chem otherapy (BB) 18(D)
2935 2.58 M E P Posterior Fossa Macroscopic removal, radiotherapy 39(A)
2939 11.5 F E P Posterior Fossa Macroscopic removal, radiotherapy 38(A)
2941 5.5 M E P Posterior Fossa Macroscopic removal, radiotherapy 24(A)
2944 10.5 M E P Supratentorial Partial removal, radiotherapy 37(A)
3008 2.25 M E P Posterior Fossa Macroscopic removal, chem otherapy (BB) 27(A)
3014 6.75 M E P Supratentorial Macroscopic removal, radiotherapy 23(A)
3022 1.75 F E P Posterior Fossa Macroscopic removal, chem otherapy (BB) 18(A)
3029 1.75 M E P Posterior Fossa Macroscopic removal, chem otherapy (BB) 23(A)
3071 4 M E P Posterior Fossa Macroscopic removal, radiotherapy 4(A )
3087 3.5 M E P Posterior Fossa Macroscopic removal, local field radiotherapy 5(A )
U36 3 M E P Posterior Fossa Unknown U nknow n
U38 1.5 F E P Posterior Fossa Unknown U nknow n
U40 3 M E P Posterior Fossa Unknown U nknow n
2443 4.5 M AE P Posterior Fossa Partial removal, radiotherapy, chem otherapy 64(D)
2767 1.8 F AE P Posterior Fossa Macroscopic removal, chem otherapy (BB) 72(A)
2827 9.25 M AE P Supratentorial Macroscopic removal, radiotherapy 69(A)

Recurrent Sam ples
2798 15 F SE R Posterior Fossa Unknown U nknow n
1258 2.5 F E R Posterior Fossa Partial removal, radiotherapy 36(A)
1497 1.25 M E R Posterior Fossa Macroscopic removal, radiolherapy, chem otherapy 45(D)
2923 1.3 M E R Posterior Fossa Surgery (extent unknown) 20(D)
2855 12 F AE R Posterior Fossa DebuUdng surgery, chemotherapy 26(A)
2886 5.25 M AE R Posterior Fossa Partial removal, radiotherapy 21 (D)
2929 9.33 F AE R Supratentorial Surgery (extent unknown), palliative radiotherapy 14(D)

Paired sam ples
772 4 M SE P Supratentorial Partial removal, radiotherapy, chem otherapy 72(D)

1134 5.5 M SE R Supratentorial Partial removal, chemotherapy 72(D)
1231 7 F E P Supratentorial Macroscopic removal, radiolherapy 64(D)
U37 7 F AE R Supratentorial Macroscopic removal 64(D)
1759 10 M E P Posterior Fossa Partial excision, radiotherapy 98(A)
2376 15 M E R Posterior Fossa Excision (extent unknown), chem otherapy 98 (A)
2638 1.9 M E P Posterior Fossa Partial removal, chem otherapy (BB) 91 (A)
2887 4.5 M E R Posterior Fossa Excision (extent unknown), radiotherapy 91 (A)
2682 0.66 F E P Posterior Fossa Macroscopic removal, chem otherapy (BB) 11(D)
2766 2 F E R Posterior Fossa Excision (extent unknown) 11(D)
2904 7 M E R Posterior Fossa Surgery (extent unknown), radiotherapy 97 (D)
2970 8 M E R Posterior Fossa Surgery (extent unknown), palliative chem otherapy 97 (D)
3037 2 M AE P Posterior Fossa Macroscopic removal, chem otherapy (BB) 21 (A)
3108 4 M AE R Posterior Fossa Surgery (extent unknow n) 21 (A)

TABLE 2.1: C linical and pathological data for ependym om a patients
Key to table: IN’ : Institute of Neurology assigned num ber

Age^ : Age in years at diagnosis 
Sex’: M = male; F = female
Grade‘: SE = subependym om a; E = ependymoma; AE = anaplastic ependym om a 
P /R ’: P = prim ary sample; R = recurrent sample 
Treatment*:BB = baby brain protocol (see Appendix 1)
Survival survival in m onths from date of diagnosis A = alive; D = deceased
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IN' Age' Sex’ Grade* P/R’ Location* Treatment' Survival*
17/81 14 F PA P L.temporal Unknown Unknown

168 15 M PA P Unknown Unknown Unknown
324 15 M PA P Supratentorial Unknown 190 (D)
1133 5.5 M PA P Posterior Fossa Macroscopic removal 1(A)
1533 1.75 F PA P Posterior Fossa Macroscopic removal 143 (A)
1950 4 M PA P Posterior Fossa Macroscopic removal 26 (A)
1953 2.5 F PA P Posterior Fossa Partial excision 159 (A)
2017 7 M PA P Posterior Fossa Macroscopic removal 24(A)
2110 2.5 M PA P Posterior Fossa Macroscopic removal 124 (A)
2356 4 M PA P Posterior Fossa Macroscopic removal 106 (A)
2368 8 F PA P Posterior Fossa Macroscopic removal 87(A)
2466 3.5 F PA P Posterior Fossa Partial excision 103 (A)
2576 4.8 M PA P Posterior Fossa Macroscopic removal, radiotherapy 68(A)
2596 4.5 F GCA P in Ventricle Partial excision 45(A)
2775 9.5 F PA P Posterior Fossa Macroscopic removal 75(A)
2788 9 M PA P Posterior Fossa Macroscopic removal 39(A)
2797 6.5 M PA P L.temporal Macroscopic removal 59(A)
2825 2.75 F PA P Posterior Fossa Incomplete removal 67(A)
2826 7 M PA P Posterior Fossa Macroscopic removal 54(A)
2893 11.6 M PA P Posterior Fossa Macroscopic removal, LGG (wait & see) 47 (A)
2921 3 M PA P Posterior Fossa Macroscopic removal, LGG (wait & see) 2(A)
2940 3 M PA P Posterior Fossa Macroscopic removal, LGG (wait & see) 39(A)
2946 9 F PA P Posterior Fossa Macroscopic removal, LGG (wait & see) 28(A)
2969 2.5 F PA P Posterior Fossa Macroscopic removal, LGG (wait & see) 34(A)
2977 5 F PA P Posterior Fossa Macroscopic removal 1(A)
3002 6 F PA P Posterior Fossa Sub total removal 13 (A)
3017 8.25 F PA P Posterior Fossa Sub total removal, LGG (wait & see) 25(A)
3066 0.75 M PA P Posterior Fossa Sub total removal, chemotherapy (LGG) 12(A)
3085 9 F PA P Posterior Fossa Macroscopic removal, LGG (wait & see) 8(A)

18 33 M DA P Unknown Unknown 12(D)
276 4.5 F DA P Thalamic Macroscopic removal 120 (A)
380 1.8 F DA P Posterior Fossa Macroscopic removal, radiotherapy 92(D)
699 15 M DA P R.Thalamus Stereotactic biopsy Unknown
1145 11 M DA P Midline Cerebellar Macroscopic removal 60(A)
1382 10 F DA P Posterior Fossa Partial excision, radiotherapy Unknown
1520 7 M DA P Supratentorial Partial excision, radiotherapy 110(A)
1524 13 M DA P Posterior Fossa Macroscopic removal 13(A)
1805 3 F DA P Thalamus Stereotactic biopsy, radiotherapy 2(A)
1859 3 F DA P Brainstem Partial excision, radiotherapy 139 (A)
1930 13 F DA P R. Temporal Temporal lobectomy 60(A)
2003* 9 F DA P R. Temporal Macroscopic removal 117(A)
2591* 12 F DA R Supratentorial Radiotherapy 117(A)
2102 8 M DA P Brainstem Partial excision, radiotherapy 67 (A)
2122 10 F DA P Optic Chiasm Partial excision, radiotherapy 78(A)
2355 19 M DA P Unknown Unknown Unknown
2587 13 F PXA P L.temporal Macroscopic removal 44(A)
2698 9.33 M DA P Brainstem Partial excision 80(A)
2988 26 F DA P L.Frontal Unknown 14 (A)
3032 9.5 F GA P L.Thalamic Partial excision, radiotherapy 12(D)
1651 2.5 M AA P Midbrain CT biopsy Unknown
2538 21 M AA P L.Frontal Stereotactic biopsy 3(A)
2563 24 F AA P L.Parietal Stereotatic biopsy, radiotherapy 45(A)
2758 31 F AA P R.Frontal Stereo ta tic biopsy, radiotherapy 132 (A)
2774 30 M AA P L.Frontal Stereotatic biopsy, radiotherapy Unknown

146/81 27 M GBM P Unknown Unknown 100 (D)
178 13 M GBM P Unknown Unknown 3(D)
1180 8 M GBM P R.Parietal-occipital Macroscopic removal, chemotherapy (BB) 4(D)
1262 14 M GBM P L.Parietal Removal (extent unknown), radiotherapy 12 (A)
1419 8.5 F GBM P Supratentorial Partial excision, radiotherapy 12 (D)
1495 6 F GBM P Supratentorial Removal (extent unknown) 80 (A)
1566 6.4 F GBM P Posterior Fossa Partial removal 7(A)
1786 27 M GBM P L.temporal Stereotatic biopsy, radiotherapy 120 (A)
2240 14 F GBM P Unknown Unknown 4(D)
3046 15.9 M GBM P L.Frontal Partial excision, radiotherapy 14 (D)

TABLE 2.2: Clinical and pathological data for astrocytoma patients
Key to table: IN' : Institute of Neurology assigned number

Age' : Age in years at diagnosis 
Sex': M = male; F = female
Grade*: PA = pilocytic astrocytoma; CCA = giant ceU astrocytoma; DA = diffuse astrocytoma 

PXA = pleomorphic xanthoastrocytoma; GA = gemistocytic astrocytoma 
AA = anaplastic astrocytoma; GBM = glioblastoma muldforme 

P/R': P = primary sample; R = recurrent sample 
Location ‘: L = left; R = right
Treatment': LGG = low grade glioma protocol, BB = baby brain protocol (see Appendix 1) 
Survival ': survival in months from date of diagnosis A = alive; D = deceased
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Tissue Culture Techniques 

Preparation of Biopsy Material

In the operating theatre, tum our specimens were immediately placed in  

sterile 30ml universals (Scientific Laboratory Supplies, N ottingham ) 

containing Hams FIG media (Invitrogen Ltd., Inchinan, Renfrewshire) 

supplem ented with kanamycin (50^g/ml), penicillin /streptom ycin 

( 1 OOlU/ m l/1 OOjLfg / ml) and amphotericin B (2.5jug/ml). Samples were 

processed immediately upon arrival in the laboratory, although they 

rem ained viable for up to 5 days in the transport media. Venous blood 

samples were collected in sterile 30ml universals containing EDTA and 

stored at -70°C.

All handling of the biopsy and blood samples was carried out in a Class 11 

lam inar air flow cabinet (ICN Pharmaceuticals, Costa Mesa, CA). The 

biopsy was removed from the universal containing transport media and 

placed in a sterile petri dish (Helena Biosciences, Sunderland, UK).

A sample of the biopsy weighing approximately 25mg was rem oved for 

DNA extraction. As much tissue as possible was frozen down in LN^ to 

allow for subsequent extractions. The rem aining tissue (approximately 

lOmg) was sliced using crossed sterile scalpels (size 10 blades) until it was 

fine enough to be pipetted. The minced tissue was then pipetted into a 

sterile universal and 2ml Hams FIO culture media, containing 10% foetal 

calf serum  (FCS) (Labtech International, Sussex), and 1ml collagenase 

solution (Sigma Aldrich, Gillingham, Dorset) were added. The tissue was 

incubated at 37°C to allow the tissue structure to be broken dow n by the 

action of the collagenase. After 30 minutes incubation, 7ml culture m edia 

(Hams FIO + 10% FCS) was added to the universal and the sam ple 

centrifuged for 5 m inutes at lOOOrpm. The supernatant was rem oved and 

the sample resuspended in 10ml culture media and transferred to a 25cm^ 

tissue culture flask (Triple Red, Thame, Oxfordshire). The sample was 

incubated at 37°C and checked daily for growth.
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Thawing Frozen Cell Stocks

A small beaker was filled with water at approximately 37°C. A vial of cells 

was removed from LN^ and placed into the beaker to thaw. The cells were 

pipetted out of the vial and slowly allowed to drip down the side of a 

25cm^ flask containing 9ml media. The cells were then incubated at 37°C 

and the media changed after 24 hours to allow the cells time to attach to 

the flask.

Feeding Cells.

Cells were fed once a week or when the m edia had changed from dark 

pink to yellow in colour, depending on which was sooner. The absorption 

of nutrients from the media by the cells results in the presence of waste 

products which turn the media acidic and cause the media to become 

yellow in colour. The media was aspirated from the flasks using a sterile 

glass pipette and replaced with new media: 10ml for 25cm^ flasks; 20ml for 

75cm^ flasks and 35ml for 150cm^ flasks.

Passaging Cells

Cells were passaged w hen they had reached confluence, in the following 

way:

1 X 25cm^ flask transferred into 1 x 75cm^ flask 

1 X 75cm^ flask split into 3 x 75cm^ flask 

1 X 75cm^ flask transferred into 1 x 150cm^ flask 

1 X 150cm^ flask split into 3 x 150cm^ flask

The old m edia was aspirated using a sterile glass pipette. The cells were 

washed twice with sterile Hanks Buffered Saline Solution (HESS) 

(Invitrogen). In order to detach the cells from the bottom  of the flask, 3m l 

of trypsin solution (Sigma Aldrich) were added to the flask and the cells 

incubated at 37°C for 15-30 minutes. To inactivate the trypsin, 7ml of 

m edia were added to the cells and the flask contents pipetted into a sterile
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universal. The cells were then centrifuged at lOOOrpm for 5 minutes. The 

supernatant was removed and the cells resuspended in 10ml of media.

Each time the cells were treated with trypsin solution the passage num ber 

was increased by 1.

Freezing Cells

Any cells that were not required for experimentation were frozen. A 0.4ml 

sample of the cell suspension was added to 19.6ml of Isoton II (Counter 

(Beckman Coulter UK Ltd., High Wycombe, Bucks) and the cells counted 

using a Coulter Counter (Beckman Coulter). The rem aining cells were 

centrifuged at lOOOrpm for 5 minutes and the supernatant rem oved before 

the cell pellet was resuspended in FCS containing 10% dim ethyl 

sulphoxide (Sigma Aldrich) to a final concentration of 1 million cells per 

1ml. The cell suspension was pipetted into a cryovial (1ml suspension per 

vial) and stored at -70°C for 24 hours. The frozen cells were th en  

transferred to LN2 storage tanks.

DNA Extraction Techniques

Extraction of genomic DNA from short term cell cultures

DNA was extracted from short term cell cultures using the Qiagen 100/G 

tips (Qiagen, Hilden, Germany). Once the cells in 3 x 150cm^ flasks were 

confluent, they were trypsinised as previously described, using 4ml of 

trypsin solution. The cells were resuspended in PBS to a final 

concentration of 1 x 10  ̂ cells per ml in a 50ml polypropylene tube (Helena 

Biosciences, Sunderland, Tyne & Wear). One volum e of ice-cold buffer Cl 

and 3 volum es of ice cold dH^O were added to the sample and mixed by 

inverting the tube several times. The cells were then incubated on ice for 

10 minutes to allow the cells to lyse. The lysed cells were centrifuged for 15 

m inutes at 1300 x g and the supernatant discarded. The cell pellet was 

resuspended in 1ml of ice-cold buffer Cl and 3ml ice-cold dH^O before 

being centrifuged at 1300 x g for 15 minutes. The supernatant was discarded
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and 5ml of buffer G2 added to the cell pellet. The nuclei were completely 

resuspended by vortexing. The nuclei were incubated at 50°C for 60 

m inutes in the presence of 95^1 of proteinase K stock (20mg/ml) (ICN 

Biochemicals, Basingstoke, Hampshire) until the lysate became clear. A 

Genomic 100/G tip was equilibrated with 4ml buffer QBT and allowed to 

empty into a 50ml Falcon tube by gravity flow. The sample was vortexed 

before being applied to the genomic tip and allowed to enter the resin by 

gravity flow. The genomic tip was washed twice with 7.5ml of buffer QC in  

order to remove contaminants from the sample. The DNA was eluted in to  

a clean 50ml polypropylene tube with 5ml of buffer QF, prew arm ed to 

50°C. Isopropanol (0.7 volumes) (Sigma Aldrich) was added in order to 

precipitate the DNA. The sample was then centrifuged at SOOOrpm for 15 

m inutes to pellet the DNA. The supernatant was removed and 1ml of 70% 

ethanol added to the tube. The tube was vortexed and the contents 

transferred to a 1.5ml eppendorf tube (Alpha Laboratories, Eastleigh, 

Hants). The sample was centrifuged for 15 m inutes at ISOOOrpm before the 

supernatant was removed and the DNA pellet dried in a Speed Vac 

(Savant Instrum ents Inc, Holbrook, NY) for 10 minutes. The DNA was 

resuspended in 200jul TE buffer (pH 8.0) and left overnight to dissolve 

before being sheared with a 19 gauge needle. The DNA concentration was 

determ ined fluorimetrically using a Hoefer Dynaquant (A m ersham  

Pharmacia Biotech, Little Chalfont, Bucks).

Extraction of genomic DNA from blood

N orm al blood DNA was required as a control for CGH experim ents. 

Venous blood samples were taken from 10 healthy female volunteers. A 

small am ount of EDTA (Sigma Aldrich) was added to each blood sample to 

prevent it clotting. To lyse the cells, 3ml of each blood sample were 

pipetted into separate 50ml Falcon tubes along w ith 3ml ice-cold Cl and 

9ml of ice-cold water and incubated on ice for 10 minutes. The lysed cells 

were centrifuged at 3000 rpm  for 15 m inutes and the supernatant 

removed. The protocol for extraction of DNA from short term  cell cultures 

was then followed to the point of the precipitation of the DNA w ith
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isopropanol. The tubes were gently shaken to allow the DNA to spool. The 

liquid was stirred gently with a glass rod to allow the DNA to collect on the 

rod. The DNA from all the samples was placed into a single eppendorf 

tube and resuspended in 1ml TE buffer (pH 8.0). The DNA was dissolved at 

room  tem perature overnight before being sheared w ith a 19 gauge needle. 

The DNA concentration was determined fluorimetrically.

Extraction of genomic DNA from biopsy material

Genomic DNA was extracted from fresh or frozen biopsy samples using a 

Qiagen QiAmp Kit (Qiagen Ltd) which contained pre-prepared buffers and 

extraction columns.

The tissue was allowed to equilibrate at room tem perature before a 25mg 

piece was rem oved and placed in a sterile petri dish. The tissue was th en  

cut up  into small pieces using crossed scalpel blades (size 10) and 

transferred to a 1.5ml Eppendorf tube, where ISOjul buffer ATL and 20^1 

proteinase K stock solution (20mg/ml) were added and mixed by 

vortexing. The tissue was incubated at 55°C until it had completely lysed, 

usually around 2-3 hours. Some samples were incubated overnight at 55°C 

to allow complete lysis to occur. When lysis was complete, 200jul buffer AL 

was added to the sample and mixed thoroughly by vortexing. The sam ple 

was incubated at 70°C for 10 minutes and 200^1 absolute alcohol was added 

to the sample and mixed thoroughly by vortexing. A QIAmp spin co lum n 

was placed in a 2ml collection tube and the sample mixture carefully 

applied to the column w ithout moistening the rim. The cap was closed 

and the sample centrifuged at SOOOrpm for 1 m inute. The filtrate was 

discarded and the column placed in a clean collection tube. The co lum n 

was washed by the addition of 500^1 AWl and centrifugation at SOOOrpm 

for 1 m inute. The filtrate was discarded and the colum n placed in a clean 

collection tube prior to a second wash with SOOjul AW2. The colum n was 

centrifuged at 1500rpm for 3 minutes to remove all traces of AW from the 

colum n before elution. The collection tube containing the filtrate was 

discarded and the column placed in a clean collection tube. To elute the 

DNA, 200^1 buffer AE was added to the column and the column incubated
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at room temperature for 1 m inute before being centrifuged at SOOOrpm for 

1 m inute. The eluted DNA was pipetted into a sterile 1.5ml Eppendorf 

tube. The elution step was repeated twice. The eluted DNA was quantified 

fluorim etrically.

Extraction of DNA from paraffin embedded tissues 

Method 1: QIAamp DNA mini kit

Six 5^m m ounted sections of each tum our sample were used. Each section 

was carefully scraped off the microscope slide into a 1.5ml eppendorf tube 

using a sterile size 10 scalpel blade and 1200^1 of xylene (Fisher Chemicals, 

Loughborough, Leicestershire) was added to the tube. The sample was 

vortexed vigorously and centrifuged at 1500rpm for 5 m inutes at room  

tem perature. The superanatant was removed by pipetting and 1200jul of 

ethanol added to the sample to remove any remaining xylene. The sam ple 

was gently vortexed before being centrifuged at 1500rpm for 5 m inutes. 

The ethanol was then removed by pipetting and the alcohol step repeated. 

After the ethanol had been removed, the open tube was incubated at 37°C 

for 15 m inutes to allow any remaining ethanol to evaporate. The tissue 

pellet was resuspended in ISOjul of buffer ATL (Qiagen) and the procedure 

for extracting DNA from biopsy samples followed from this point. After 

the extraction procedure had been completed a 10^1 sample for each 

tum our was electrophoresed at lOOv for 1 hour on a 1% agarose gel in  

order to determine the fragment size.

Method 2: Personal communication from Jeuken, University Hospital 

Nijmegen, The Netherlands (2001)

Six 20jum unm ounted sections of each tum our were used. The sections 

were placed in a 50ml polypropylene centrifuge tube and 30ml of xylene 

was added. The samples were incubated at room tem perature for 10 

m inutes and then centrifuged at 3000rpm for 15 minutes. The supernatant 

was rem oved and the xylene step repeated at least twice until all the 

paraffin had been removed. The pellet was washed twice in ethanol, air 

dried and then incubated in 10ml IM sodium thiocynate (Sigma Aldrich)
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at 80°C for 1 hour. The sample was centrifuged at SOOOrpm for 15 m inu tes 

and the supernatant removed. After washing in dH 20, the pellet was 

resuspended in 3ml lysis buffer, 300^1 10% SDS and 25jul 20m g /m l 

proteinase K and then incubated at 37°C overnight. In order to remove any 

contam inating RNA, 50^1 5m g/m l RNase (Sigma Aldrich) was added to 

the sample and incubated at 37°C for 1 hour. The sample was cooled to 

room  tem perature and 1ml 6M NaCl added. The sample was shaken 

vigorously by hand in order to precipitate the proteins and th en  

centrifuged at 4000rpm for 15 minutes. The supernatant was transferred to 

a 15ml polypropylene centrifuge tube and the shaking step repeated u n til 

the supernatant was clear. W hen the supernatant was clear it was 

transferred to a 50ml polypropylene centrifuge tube and 2 volum es of 

ethanol were added. The supernatant was stirred gently with a glass rod 

and the spooled DNA transferred to a sterile 1.5ml eppendorf tube. The 

DNA was then air dried and dissolved in 200^1 dH20 . If the DNA could 

not be rem oved by spooling the tubes were incubated at -20°C overn igh t 

and then centrifuged at 3000rpm for 15 minutes. The pellet was washed in  

70% ethanol to remove any co-precipitated salt and air dried before being 

dissolved in 150^1 dH 20 . A 10^1 sample from each tum our was 

electrophoresed at lOOv for 1 hour on a 1% agarose gel in order to 

determ ine the fragment size. The concentration of the DNA was m easured 

fluorim etrically.

Fluorimetric quantification of DNA

The DyNAQuant Fluorimeter (Amersham Pharmacia Biotech) accurately 

quantitates DNA concentrations using Hoechst 33258 dye (Bisbenzimide). 

The Hoechst 33258 dye binds to DNA and the light from the mercury lam p 

excites the DNA-dye complex causing light at 458nm to be emitted. The 

m easured fluorescence is a direct indicator of the DNA concentration. A ll 

DNA concentrations were m easured using the Capillary Cuvette m ethod, 

which allows the detection of DNA concentrations ranging from 0 to 

lOOng/^1 depending on the capillary assay solution used.
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A blank was prepared by mixing 100//1 IX TNE with 100^1 Capillary Assay 

solution (CAS). The standard was made to give a final concentration of 

lOOng/jul by mixing 10^1 CAS with lOjul 200ng//il Calf Thymus DNA 

(Sigma Aldrich). To measure the sample 2^1 of the test DNA was m ixed 

w ith 2jul CAS. The DNA was measured twice and an average of the two 

readings taken to give the final concentration in ng/jul.

Comparative Genomic Hybridisation

DNA Labelling

SpectrumGreen dUTP (Vysis, Downers Grove, IL) was incorporated in to  

between 500ng and lOOOng of each tumour sample or normal control DNA 

by nick translation.

SOOng-lOOOng genomic DNA, 2.5jul 0.2mM SpectrumGreen dUTP, 5ii\ 

O.lmM dTTP, lOjul O.lmM dNTP mix and 5^1 nick translation buffer 

(Vysis) were added to a 0.5ml eppendorf and cooled on ice. 5^1 or 10^1 nick 

translation enzyme (Vysis) were added and the volum e made up to 50jul 

w ith nuclease free water (Vysis). The tubes were vortexed briefly before 

being incubated on a Techne PHC-3 Thermal Cycler for 2 hours at 15°C. 

The reaction was stopped by incubating at 70°C for 10 minutes. The 

samples were then chilled on ice.

Determining the probe size

The probe size was estimated by running lOjul of each Spectrum G reen 

labelled sample on a 1% agarose gel immersed in 1 x TAB buffer 

containing 30]ul lOm g/m l ethidium  bromide at lOOV for 1 hour w ith 1 .̂1 

Lambda DNA/£co911 (MBI Fermentas, Vilnius, Lithuania) as a size 

marker. Probes were visualized on a UV transilluminator.

Samples were used for hybridisation if the majority of the DNA smear was 

in the range of 300-3000bp. For samples in which the probe size was too
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large, DNA was re-labelled and incubated for 4 hours at 15°C with 10^1 

nick translation enzyme. A lOjul aliquot was electrophoresed on a 1% 

agarose gel for 1 hour to check the probe size. If the fragment size was still 

too large the labelling procedure was repeated with a 6 hour incubation.

None of the samples in this study required longer than 6 hours.

CGH procedure

In order to produce a hybridisation signal with equivalent intensities, a 

ratio of 2:1 SpectrumGreen to SpectrumRed labelled DNA was used.

The hybridisation mix consisted of 400ng SpectrumGreen labelled test 

DNA, 200ng SpectrumRed labelled total genomic reference DNA (Vysis) 

and lO^g Human Cot-1 DNA (Vysis). After precipitation with 3M sodium  

acetate (Sigma Aldrich) and ethanol, the pellet was resuspended in 10^1 

hybridization buffer and denatured at 73°C for 5 minutes.

Normal metaphase target slides were purchased from Vysis. These slides 

had been prepared using phytohaemaglutin (PHA) stim ulated 

lymphocytes derived from a karyotypically normal male donor. The 

lymphocytes were cultured UUprodlicelLchtitoyiaOmiéj JJèrigthsUof J40QrQ50JUUUto 

bands. Slides U U U umcubeted in dénaturation solution at 73°C for 5 

m inutes and dehydrated through an alcohol series prior to hybridisation.

The denatured probe mix was applied to the slide and a coverslip was 

immediately applied and sealed with cow gum. The slides were then  

incubated in a sealed, humidified chamber at 37°C for 72 hours.

Following stringency washes of 0.4x SSC/0.3% NP-40 at 73°C for 2 m inutes 

and 2x SSC/0.1% NP-40 at room temperature for 1 minute, the slides were 

air dried and mounted in 4,6-diamidinophenylindole (DAPI II) 

counterstain (Vysis).

106



Digital Imaging and Analysis

M etaphase images w ith uniform  hybridisation were acquired using a 

Zeiss Axioscope epifluorescent microscope equipped with a triple bandpass 

filter (Vysis) designed to sim ultaneously excite and emit light specific for 

DAPI, SpectrumGreen and SpectrumRed, and a cooled charge-coupled 

device camera (Photometries, Tuscon AZ). The hybridisations were 

evaluated by eye prior to digital image analysis as a high quality 

hybridisation ensures an accurate interpretation of data both w ithin and 

across experiments. Metaphases used for analysis had low and un ifo rm  

background fluorescence around each chromosome, m in im al 

surrounding cytoplasm and balanced red and green fluorescence. M ean 

ratios of SpectrumGreen to SpectrumRed signal intensities were calculated 

using Quips karyotype software (Vysis). Between 8-20 m etaphases were 

analysed and averaged in order to obtain CGH profiles for each tum our. 

Upper and lower threshold values of 1+0.2 were used to in terpret 

chromosomal gains and losses. High level amplifications were determ ined 

using an upper threshold of >1.4. For norm al blood controls, the m ean  

green to red rations rem ained between 1.2 and 0.8 along the whole length 

of all the chromosomes. The CGH procedure is illustrated in Figure 2.1.
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Figure 2.1: Schematic diagram of comparative genomic hybridisation.

Digital images of DAPI counterstain (A), SpectrumGreen tum our (B) and 
SpectrumRed normal (C) are combined to produce a composite image (E). 
The DAPI counterstain also produces a pseudo G-banding pattern to enable 
identification of each individual chromosome (D,F). A region of 
amplification (green) can be seen in the composite image of chrom osom e 
12 (G) and in the fluorescence ratio profile (H).
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CGH Control experiments

A control hybridisation was included in each set of experiments. This was 

either a norm al control or an MPE 600 control. The hybridisation m ix 

contained 200ng SpectrumGreen labelled MPE 600 DNA (Vysis) or 200ng 

SpectrumGreen labelled normal blood DNA with lOOng Spectrum Red 

reference DNA and lO^g Cot-1 DNA. The controls were hybridised u n d er 

the same conditions as the tumour samples.

MPE 600 DNA has been extracted from an im m ortalized female breast 

cancer cell line with pre-defined genetic abnormalities, which are:

• a small deletion near Ipter; gain of Iq

• loss of 9p

• distal deletion of l lq

• loss of 16q

• normal chromosomes 2 and X

In order to establish that any alterations observed are a result of true 

genetic change and not labelling or hybridisation artifacts, hybridisation of 

each tum our was repeated at least twice. An example of the reproducibility 

of the technique can be seen in Figure 2.2.
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Figure 2.2: Paediatric ependymoma IN2376, hybridised in two separate 
experiments (A and B). The same alterations can be seen in the CGH 
profiles of both hybridisations, and include gains of Iq, 2q,7q, 9p, 11 and 13, 
and loss of Ip, 12q, 16q, 19q, 20q and 22.
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Verification of patient sex using Y-PCR

PCR amplification using Y chromosome specific primers was used to 

verify the sex of the patient samples used for CGH. Two sets of prim ers 

were used. Y1.7 and Y1.8 were designed to amplify a single-copy sequence 

(DYS14) and produced a 198bp product (Isaka, Takei et al, 2000), and SRY 

prim ers were designed to amplify the sex determ ining region of the Y 

chromosome and produced a product 470-472bp in size 

(http: / / www.ncbi.nlm.nih.gov). The primer sequences were as follows:

Y1.7 5' CAT CCA GAG CGT CGC TGG CTT 3' (forward)

Y1.8 5' CTT TCC ACA GCC ACA TTT GTC 3' (reverse)

SRYF 5' GAA TAT TCC CGC TCT CCG GA 3' (forward)

SRYR 5' GCT GGT GCT CCA TTC TTG AG 3' (reverse)

Normal male blood DNA was used as a positive control in all reactions.

PCR amplifications were carried out in a 20jul reaction volum e containing 

200ng template DNA, 1.25jumol of each dNTP, Ipm ol each of forward and 

reverse primer, 2mM MgCl^, lOx PCR buffer and 1.5U Tfl^^-polymerase. A n  

initial dénaturation step at 94°C for 1 min was followed by 40 cycles of 

dénaturation at 94°C for 1 min, annealing at either 60°C (Yl.7/1.8) or 57°C 

(SRY) for 30 sec and extension at 72°C for 30 sec, followed by a final 

extension step at 72°C for 7 min.

The presence of the amplified sequences was confirmed by running 10^1 of 

each product on a 3% agarose gel immersed in Ix TAB buffer containing 

30jul lOm g/m l ethidium  bromide for 1 hour at lOOV. Products were 

visualized using a UV transilluminator. The presence of a band on the gel 

showed the sample came from a male patient, the absence of a band 

indicated the sample was from a female patient.

DNA from biopsies or short term  cell cultures were used for analyses, 

along with the matched norm al blood control for each patient w here 

available.
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RNA Techniques

Isolation of total RNA from biopsy samples and cell cultures

The Qiagen RNA /D NA buffer kit and Qiagen-tip 100 was used to extract 

RNA from biopsy samples and short term cell cultures.

Preparation of cell lysate

Three confluent 150cm^ tissue culture flasks of cells (3 1 x 10^) were 

required. The media was aspirated from the flasks and the cells w ashed 

with 10ml HBSS before 4ml of trypsin was added. The cells were incubated 

at 37°C until they had detached from the bottom of the flasks at w hich 

point 6ml of PBS was added to the cells and the total volume transferred to 

a 30ml universal. The cells were pelleted by centrifugation lOOOrpm for 5 

minutes. The supernatant was aspirated and 2ml of buffer QRLl added to 

the cell pellet. The lysate was then passed 3 or 4 times through an 18 gauge 

needle to homogenise the cells which were then transferred to a 50ml 

polypropylene tube.

Preparation of tissue lysate

Fresh tissue or thawed biopsy tissue (^25mg) was finally chopped w ith  

crossed scalpel blades (size 10) before being transferred to a 50ml 

polypropylene tube containing 2ml of buffer QRLl. The tissue was 

homogenised by drawing it through an 18 gauge needle 3 or 4 times.

RNA isolation

The lysate was mixed with 2ml of buffer QRVl and centrifuged for 20 

minutes at 3000rpm. The supernatant was carefully decanted into a sterile 

15ml polypropylene centrifuge tube (Helena Biosciences) and 3.2ml of ice- 

cold isopropanol added. The tube was then incubated on ice for 5 m inu tes 

before being centrifuged at 3000rpm for 30 minutes. Meanwhile 3ml of 

buffer QRE was pipetted onto a Qiagen tip 100 to equilibrate it. The co lum n 

was allowed to empty by gravity flow. The supernatant was discarded and
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the pellet resuspended in 1ml of buffer QRLl. The pellet was vortexed 

until it had dissolved. The sample was mixed with 9ml of buffer QRV2 

and pipetted on to the Qiagen tip. The sample was allowed to enter the 

resin by gravity flow before 12ml of buffer QRW was added to the tip. 

W hen the buffer had passed though the tip was placed over a clean 15ml 

polypropylene centrifuge tube and 6ml of preheated (75°C) buffer QRU was 

added to the tip. The RNA was eluted by gravity flow. One volum e of ice- 

cold isopropanol was added to the elute and incubated for 10 m inutes on  

ice before being centrifuged for 30 m inutes at 15,000 x g i n  order to 

precipitate the RNA. The supernatant was discarded and 5ml of 70% 

ethanol added to the pellet. The sample was vortexed and centrifuged at 

SOOOrpm for 15 minutes. The supernatant was rem oved and this step 

repeated. The RNA pellet was air dried for approximately 10 m inu tes 

before being resuspended in 200^1 of DEPC water and pipetted into a 1.5ml 

polypropylene tube for storage at -70°C. Each RNA extract was 

electrophoresed on a sodium phosphate gel to determine its quality.

Agarose gel analysis of RNA

All electrophoresis equipm ent was cleaned w ith detergent solution, rinsed 

in water, dried with ethanol and then filled/covered with a 3% solution of 

hydrogen peroxide. After 10 m inutes at room tem perature the equipm ent 

was then rinsed thoroughly with DEPC treated water.

A 1% agarose gel was prepared using IX sodium  phosphate buffer. Ten 

microlitres of each RNA sample was electrophoresed for 1 hour at lOOV in  

IX sodium phosphate buffer containing 30jul lOm g/m l ethidium  brom ide. 

A 0.24-9.5Kb RNA ladder (Invitrogen Ltd) was used to determ ine the size 

of the RNA sample. Products were visualized using a UV 

transillum inator.

Expression of M D R l  gene in  ependymomas using RT-PCR

The Qiagen OneStep RT-PCR kit was used to investigate the expression of 

the M DRl  gene in RNA samples from paediatric ependymomas. The
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protocol for the Qiagen OneStep RT-PCR kit allows reverse transcription 

and PCR amplification to be carried out sequentially in the same tube. The 

primer sequences for each primer used are detailed in Table 2.3. RNA was 

extracted from a sample of normal hum an brain tissue, as previously 

described, taken during routine operation and used as a control in all RT- 

PCR amplifications. A negative control was included w ith all reactions, 

which consisted of a reaction containing no template RNA. No product 

should be detected after amplification unless there has been cross 

contamination during the set-up of the reaction.

Primer Name Primer Sequence Size Reference

MDRIF F 

R

5' GGG ACC GCA ATG GAG GAG 3'

5' GAG ATT CAT GAA GAA CGC TG 3'

308bp (Sugawara, Watanabe 

et al, 1992)

MDRIE F 

R

5' GGG ACC GCA ATG GAG GAG 3' 

5' TCC AGC CGC ATG GAT GA 3'

179bp (Sugawara, Watanabe 

et al, 1992)

P2MG F 

R

5' ACC CGC ACT GAA AAA GAT GA 3' 

5' ATC TTC AAA GCT CCA TGA TG 3'

120bp (Noonan, Beck et al, 

1990)

Table 2.3: MDRl primer information

PCR amplifications were carried out in a total volum e of 50jul containing 

5jul of RNA solution. The reaction mix consisted of 400jum of each dNTP, 

0.6/im of each forward and reverse primer, lOjul of 5 X RT-PCR buffer 

containing 12.5mM MgCl2 and 10^1 5 X Q-solution. For reverse 

transcription the samples were incubated at 50°C for 30 minutes. For PCR 

amplification the samples were heated at 95°C for 15 minutes on a therm al 

cycler followed by 35 cycles of dénaturation at 94°C for 1 minute, annealing 

at 55°C for 1 minute and extension at 72°C for 1 m inute. A final extension 

step consisted of incubation at 72°C for 10 minutes.

After amplification lOjul of each sample was electrophoresed on a 2% 

agarose gel containing 5^1 lOm g/m l ethidium  bromide for 1 hour at lOOv 

in 1 X TAB buffer. A lOObp DNA ladder (MBI Fermentas) was used to size
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the PCR products. Images of the gel were captured using the GeneG enius 

Bio-imaging system and Gene snap software (Syngene, Cambridge, UK). 

Photographs of each gel were also taken using a polaroid direct screen 

instant camera fitted with polaroid black and white film. M DRl  m R N A  

was judged to be present in the tum our sample if a band could be clearly 

seen on the gel image. If no band was present for M DRl  but a band could

be seen for p2MG, that tum our was judged not to express MDRl.  

Expression was graded according to band intensity: +++ to samples w ith a 

strong band, ++ to samples with an obvious band and + to samples w ith a 

faint positive band.

Modification of labelling technique

Degenerate oligonucleotide primed polymerase chain reaction

The standard CGH protocol requires 1/xg of genomic tum our DNA for 

labelling by nick translation. However in some cases in this study sm aller 

am ounts of tum our DNA were available for analysis. One way of 

overcoming a low DNA concentration is to use universal or w hole 

genome amplification using the degenerate oligonucleotide-prim ed 

polymerase chain reaction (DOP-PCR). This technique allows the 

amplification of small DNA samples resulting in the production of 

severalfold more DNA for genetic analysis (Sanchez-Cespedes, Cairns et al, 

1998). In this study six different DOP-PCR protocols were investigated to 

determine the most efficient way of amplifying and labelling sm all 

quantities of DNA for use in CGH. All DOP-PCR protocols were perform ed 

on a PTC 200 DNA engine (MJ Research, Inc) in 0.5ml thin walled PCR 

tubes using the UNI prim er sequence:

5' - CCG ACT CGA CNN NNN NAT GTG G-3' (where N= A, C, G or T 

in approximately equal proportions).

115



Following DOP-PCR amplification, lOjul of product was electrophoresed 

through a 1% TAB agarose gel containing 5jul of lO m g/m l e th id ium  

bromide for 1 hour at lOOv. The molecular weight marker Lambda 

DNA/£co911 was used to size the amplification products. Products were 

visualized using a UV transilluminator.

M ethod (1) was taken from (Cheung, 1996) and was a one step protocol. 

The reaction was carried out in a 50^1 reaction volume consisting of 2jum 

UNI Primer, 200/im dNTP, lOmM Tris.Cl (pH 9.0), 50mM KCl, 1.5mM 

MgClj 0.1% Triton X-100, 0.01% gelatin and 50ng template DNA. After an  

initial dénaturation step of 8 min at 96°C, 2.5U Amplitaq DNA polymerase 

(Perkin Elmer, W arrington, Cheshire) was added. This was followed by 8 

cycles of dénaturation at 93°C for 1 min, 1 m inute annealing at 30°C and 3 

minute extension at 72°C and 28 cycles of 1 m inute dénaturation at 93°C, 1 

minute annealing at 60°C and 3 minute extension at 72°C.

M ethod (2) was taken from (Speicher, du Manoir et al, 1993) and was also a 

one step reaction. The 50^1 reaction volume consisted of 2mM MgCl2, 

50mM KCl, lOmM TrisHCl pH 8.4, lO^fg/ml gelatine, 200//m each dNTP, 

1.7^m U N I primer, 2.5U Ta^^-polymerase and 50ng tem plate DNA. A n  

initial dénaturation step for 10 minutes at 93°C was followed by five cycles 

of 1 min at 94°C, 1 m in 30 sec at 30°C, 3 min transition 30-72°C and 3 m in  

extension at 72°C and 35 cycles of 1 minute at 94°C, 1 m in at 62°C and 3 

m in at 72°C, with an addition of 1 sec/cycle to the extension step and a 

final extension of 10 min.

M ethod (3) was taken from (Kuukasjarvi, Tanner et al, 1997). This protocol 

was a two step reaction, w ith the option to incorporate a fluorescent label 

in the second step. Four cycles of the preamplification step were carried ou t 

in a 5^1 reaction volume containing lOx high salt buffer, 2mM dNTP, 

lOjuM UN I primer, 2U ThermoSequenase (Amersham Pharmacia Biotech) 

and 50ng sample DNA. The reaction consisted of 1 m inute dénaturation at 

94°C, 1 m inute annealing at 25°C, 3 minute ram p from 25 to 74°C and 2
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m inute extension at 74°C. The preamplification step was followed by 30 

cycles of PCR in degenerate conditions. The reaction was carried out in a 

30III reaction volume containing lOx low salt buffer, 2mM each dATP, 

dCTP and dCTP, 0.5mM dTTP, 3nmol 12-dUTP FITC (A m ersham  

Pharmacia Biotech), lOO^M UNI primer, 2.5U Ta<^-polymerase and 5/il 

preamplification product.

M ethod (4) was a personal communication from James, University of 

Manchester, UK (1998) and was a two step reaction incorporating a 

labelling step. The first step 50jul reaction mixture consisted of lOx PCR 

buffer, 0.5^M each dNTP, 13.5ng UNI primer and 50ng template DNA. A n  

initial dénaturation step of 5 min at 96°C was followed by the addition of 

2.5U Tflfj-polymerase and nine cycles of dénaturation at 92°C for Im in , 

annealing at 30°C for 1 min, 30-72°C ramp for 3 m in and extension of 72°C 

for 3 min. This was followed by 30 cycles of dénaturation at 92°C for 1 m in , 

annealing at 62°C for 1 min and extension at 72°C for 3 min.

The labelling reaction was carried out in a final volum e of lOOjul 

containing 4jul of product from the first round PCR, lOx PCR buffer, O.SjuM 

dATP, dCTP and dGTP, 0.25^M dTTP, 13.5ng UNI prim er and 1.5mM 

SpectrumGreen dUTP. After an initial dénaturation step of 5 m in at 96°C 

the samples were cooled to 92°C for 5 min and 2.5U of Ta^-polymerase 

added. This was followed by 40 cycles of dénaturation at 92°C for 1 m in , 

annealing at 60°C for 1 min and extension at 72°C for 3 min.

M ethod (5) was taken from (Huang, Schantz et al, 2000) and consisted of 

two steps with the option to incorporate a fluorescent label in the second 

step. The first step reaction was carried out in a final volum e of 10^1 

containing ThermoSequenase buffer, 2mM each dNTP, ljum UN I prim er, 

4U ThermoSequenase and 50ng template DNA. An initial dénaturation  

step of 95°C for 3 m in was followed by 4 cycles of 1 m in at 94°C, 1 m in at 

25°C, 3 min transition at 25-74°C, 2 min extension at 74°C and a final 

extension at 74°C for 10 min.
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The second reaction was carried out in a final volum e of SOjul containing 

lOfil step 1 product, lOx PCR buffer, 2mM each dATP, dCTP and dGTP, 

0.5mM dTTP, 1.5mM SpectrumGreen dUTP, 1.2jum UNI prim er and 5U 

Tfl^j-polymerase. An initial dénaturation step of 95°C for 3 m in was 

followed by 35 cycles of 1 min at 94°C, 1 m in at 56°C, 2 m in extension at 

72°C and a final extension of 10 min.

M ethod (6) was a personal communication from Feuerstein, University of 

California, San Francisco, USA (2000). This was a three step protocol that 

enabled the incorporation of a fluorescent label in the third step. The first 

step used the Thermosequenase enzyme and was carried out in a 5^1 

reaction volume. The reaction mix consisted of 300//m each dNTP, l u m  

UNI primer, 5x Sequenase reaction buffer and 50ng template DNA. A n 

initial dénaturation step of 96°C for 10 min was followed by five cycles of 

30°C for 5 min, 37°C for 2 min and 96°C for 2 min. The reaction was paused 

at the start of the 30°C incubation in each cycle for the addition of 1.6U 

Thermosequenase. After the low stringency reaction 200]um each dNTP, 

1.4jum UNI primer, 2.5U Ta^-polymerase, lOx PCR buffer and 14.9fil dH^O 

were added to the first step product. The amplification consisted of an  

initial dénaturation at 95°C for 5 min, followed by 35 cycles of dénatu ration  

at 94°C for 1 min, annealing at 56°C for 1 min, extension at 72°C for 2 m in  

with auto-extension of 1 sec/cycle. A final extension of 72°C for 10 m in  

completed this reaction step. A 5^1 aliquot of each reaction product was 

run on a 1.5% TAB agarose gel for 1 hour at lOOv to check the efficiency off 

the reaction. For the labelling reaction, lOO^m of each dNTP, 1.4^m U N I 

primer, 1.5mM MgCl2, 5x Sequenase reaction buffer, 1.5U Ta^y-polymerase, 

1.5nmol 12-dUTP FITC and 10.4jul dH20 were added to 5^1 of step 2 

reaction product to give a total reaction volume of 50/xl. The labelling 

reaction consisted of an initial dénaturation of 95°C for 10 min, followed 

by 25 cycles of dénaturation at 94°C for 1 min 10 sec, annealing at 56°C for 1 

m in 10 sec, extension at 72°C for 3 min with auto-extension of 1 sec/cycle 

and a final extension step of 72°C for 10 min completed the reaction.
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In order to test the efficiency of the DOP-PCR protocols, DNA from  

samples that had been analysed previously by conventional CGH were 

used as controls. 1N859 and IN1265 had been analysed by Andrew Ellsm ore 

(Institute of Neurology), 1N2809 and 1N2675 had been analysed by Dr Tracy 

W arr (Institute of Neurology) and 1N2376 is included in the analysis of 

ependym om a in this study. The protocol that resulted in similar CGH 

profiles being produced for these samples as were obtained from  

conventional CGH were then used to amplify and label tum our samples.

Universal linkage system

The second problem encountered in this study was that the DNA isolated 

from formalin-fixed, paraffin-embedded material was often too degraded 

to be labelled enzymatically by standard nick translation. The size of 

archival DNA after nick translation is often smaller than 300bp, w hich 

w ould produce a CGH with very low signal intensity. The un iversal 

linkage system (ULS) uses a platinum compound that has two free binding 

sites, one of which is used to bind to a marker group, such as biotin or 

digoxigenin. The other site is used to link the p latinum /m arker complex 

to the DNA molecule where it will bind preferentially to guanine groups. 

As there is no enzymatic action there should be no reduction in size of the 

DNA and a successful CGH should be achievable. The ULS kit and 

reagents were obtained from Kreatech Diagnostics, Amsterdam, The 

N etherlands.

Labelling of paraffin section derived DNA with d-Green ULS

500ng of tum our DNA was aliquoted into a 0.5ml eppendorf tube and the 

volum e adjusted to 15jul with ULS labelling buffer before 5]ul (0.5U) of d- 

Green ULS was added. The samples were incubated at 65°C for 15 m inu tes 

on a Techne Progene therm al cycler. The eppendorf was then centrifuged 

briefly at 1 SOOOrpm to collect the sample at the bottom  of the tube and 

200^1 buffer PN (Qiagen) added to the tube before the DNA was purified 

according to the QlAquick nucleotide removal protocol.
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Labelling of normal blood DNA with Rhodamine-ULS

In order for successful labelling with ULS, the DNA fragments m ust be 

smaller than 2kb, preferably between 500 and lOOObp. Genomic DNA from  

norm al blood has a much larger fragment size (> 8Kb). A 300^1 sample of 

norm al blood DNA was sonicated for 3 x 20 seconds. A 10^1 sample was 

electrophoresed at lOOv for 1 hour on a 1% TAB agarose gel containing 5^1 

lO m g/m l ethidium  bromide to check the size range and if it was in the 

range of 500 -  1500bp it was used. ljUg of DNA was pipetted into a 0.5ml 

eppendorf and 1^1 5m g/m l RNase (Sigma Aldrich) was added for each 5jLil 

of sample. The sample was then incubated in a water bath at 37°C for 1 

hour in order to destroy any residual RNA in the sample.

500ng of DNA was pipetted into a 0.5ml eppendorf and the v o lu m e  

adjusted to 15/il w ith ULS labelling buffer before 5.0jul (0.5U) of 

Rhodam ine ULS was added to the tube. The samples were labelled 

according to the protocol described for d-Green ULS.

QlAquick Nucleotide Removal Protocol.

This protocol is designed to remove primers <10 bases, enzymes, salts, and 

unincorporated nucleotides from labelled DNA.

After the addition of 10 volumes of buffer PN the sample was pipetted 

onto a QlAquick spin column placed on a 2ml collection tube and 

centrifuged for 1 m inute at bOOOrpm to bind the DNA. The flow th rough  

was discarded and the column placed back in the collection tube. The DNA 

was washed by the addition of 750^1 PE buffer to the colum n and 

centrifugation for 1 minute at bOOOrpm. To remove residual ethanol from  

the column it was centrifuged for 1 minute at 13000 rpm. The colum n was 

placed in a sterile 1.5ml eppendorf and the DNA eluted by the addition of 

lOOjul buffer EB and centrifugation for 1 min at 13000 rpm.

CGH of ULS Labelled DNA

The hybridisation mix consisted of 500ng d-Green labelled tum our DNA, 

500ng Rhodamine labelled reference DNA and 20jug hum an Cot-1 DNA in
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a 0.5ml eppendorf tube. The DNA was precipitated and denatured as 

previously described.

Statistical Analysis

Fishers exact test (Rees, 1994), using two-way contingency tables was used 

to compare the incidence of chromosomal gains and losses betw een 

different histologic and clinical subgroups of tum ours. Associations 

between different CNAs were analysed using Fishers exact test.

The software package GraphPad Prism® (GraphPad Software Inc, San 

Diego, GA) was used to produce Kaplin-Meiyer survival curves in order to 

analyse survival rates amongst the different tum our groups.

The Mantel-Haenszel test (Kirkwood, 1998) was used to identify large 

groups of CNAs that occurred together.

A p value of <0.05 was considered to be statistically significant at the 95% 

confidence level.
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CHAPTER 3 

RESULTS OF ALTERNATIVE LABELLING METHODS

A num ber of the samples available for analysis in this study had  DNA 

concentrations that were too low to enable the sample to be labelled using the 

conventional nick translation method. In order to use this m aterial for CGH 

analysis the DNA had to be labelled using non-enzymatic methods. Several 

different protocols have been published utilising the degenerate oligonucleotide 
prim ed PCR method. A number of these protocols were evaluated in this study 

in order to identify a method that produced DNA fragments of the optimum size 
for efficient labelling and subsequent CGH analysis. There were also a num ber of 

tum our samples that had been fixed in formalin and then em bedded in paraffin. 
The DNA from these samples is too degraded to be labelled by nick translation. 

The Universal linkage system provides a means of labelling small DNA 
fragments non-enzymatically and this method was analysed to determine its 

suitability for the labelling of degraded DNA samples.

DOP-PCR Methods 

Amplification of normal DNA
Six different methods were used to amplify genomic DNA. In the first instance 
DNA from pooled norm al reference DNA was used to optimise each m ethod 

before any tum our DNA was used. Concentrations ranging from Ing, lOng, 50ng 
and lOOng were used as a representation of the low concentrations of DNA 

available in some of the tum our samples. Two methods, Cheung (1996) and 
Kuukasjarvi et al. (1997) did not successfully amplify norm al DNA and a 

decision was made not to continue the evaluation of these methods. The methods 

of Speicher et al. (1993), James (personal communication), Feuerstein (personal 

communication) and Huang et al. (2000) were all successful in the amplification 
of norm al DNA. A comparison of the fragment sizes produced can be seen in 

Figure 3.1. and Table 3.1.
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1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25

8.4kb

2.3kb

702bp

Figure 3.1: DOP-PCR amplification of normal blood DNA.
For each method analysed Ing, lOng, 25ng, SOng, 75ng and lOOng starting DNA 
were used. Lane 1 is Lambda DNA/£co911 marker; Lanes 2 - 7  DNA amplified 
using Feuerstein's method; Lanes 8 - 1 3  DNA amplified using James' method; 
Lanes 14 -19 DNA amplified using H uang's m ethod; Lanes 20-25 DNA 
amplified using Speicher's method.

Feuerstein James Huang Speicher

Ing <702bp <702bp -  3.6Kb <702bp -  2.3Kb <702bp -  1.2Kb

lOng <702bp <702bp -  3.6Kb <702bp-2.3Kb <702bp -  1.3Kb

25ng <702bp <702bp -  3.6Kb <702bp -  3.6Kb <702bp -  1.9Kb
50ng <702bp <702bp-4.3Kb <702bp -  6.3Kb <702bp -  2.3Kb

75ng <702bp <702bp -  8.4Kb <702bp -  6.3Kb <702bp -  8.4Kb
lOOng <702bp <702bp -  8.4Kb <702bp -  8.4Kb <702bp -  8.4Kb

Table 3.1: Comparison of fragment sized produced by four DOP-PCR 
methods. The amount of starting DNA is given in the left-hand column.

Feuerstein's method resulted in the smallest fragments of DNA being produced. 

Regardless of the amount of starting DNA used, the fragments produced were 

always less than 702bp in size. With all the other methods the fragment size 
increased when the am ount of starting DNA was increased. The methods of
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James and Huang both resulted in a large volume of DNA in the 702bp -  2.3Kb 
size range being produced. This was seen with all starting concentrations using 

H uang 's method, but only with starting concentrations of 50 -  lOOng using 
James' method. The DNA in this size range is optimal for use in CGH. It was 

decided to use 50ng of DNA in all subsequent DOP-PCR experiments, as this 

was a fair representation of the samples available for analysis and produced 

DOP-PCR fragments within the size range required for CGH.

Am plification of tum our DNA
Tumour samples that had been analysed previously by Tracy Warr and Andrew 

Ellsmore using standard CGH protocols were used as controls to determine the 
sensitivity of each DOP-PCR protocol for amplifying tum our DNA. Tumours 

IN2809 and IN2675, were used as controls in experim ents using James', 
Feuerstein's and Speicher's protocols, and IN859, IN I265 and IN2376 were used 

as controls in experim ents using H uang's protocol. A sum m ary of the 
aberrations found in these tumours can be seen in Table 3.2. Each protocol 
resulted in the successful amplification of each of the control DNA samples (data 
not shown).

IN Source Amplicons Gains Losses

859 CC Ip 7p 20p 14 16 17p 22q

1265 CC 3q 6q 7p 9p 4

2376 FF lq 2  7q 9p l i p  13 12q 16q

2675 FF 2q 4q 5q 6q 12q 13q 18q 16p 17 20 22q

2809 FF Ip  7q 12p Ip  2p 2q 7 8q 12p X 15 22

Table 3.2: Summary of copy number aberrations in the tum ours used as controls 
for DOP-PCR experiments. CC = short term cell culture, FF = fresh frozen biopsy 
material

Labelling of normal DNA for use in  CGH experiments
After the successful optimisation of the DOP-PCR for amplification of norm al 

DNA, a labelling step was incorporated into the reaction in order to assess the
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effects of fluorochrome incorporation on the DNA fragment size. In each instance 
50ng DNA was amplified and lOmM SpectrumGreen dUTP incorporated into the 

DNA. Norm al DNA was labelled using Feuerstein's, James' and H uang's 
methods. DNA amplified using Speicher's m ethod was labelled using the 

labelling steps from the other three methods. In each instance an identical 
reaction was perform ed with no fluorochrome added. Figure 3.2 shows the 

fragment sizes produced using each method, and Table 3.3 gives a summary of 
the fragment sizes produced using each method.

1 2 3 4 5 6 7 9 10 11 12 13

1.9kb

1.2kb

702bp

Figure 3.2: Comparison of product sizes from different DOP-PCR labelling 
methods. Lane 1 shows the Lambda DNA/Eco911 marker. Lanes 2 & 3 show 
DNA amplified and labelled using James' method. Lanes 4 & 5 show DNA 
amplified by Speicher's method and labelled using James' method. Lanes 6 & 7 
show DNA amplified and labelled using H uang's method. Lanes 8 & 9 show 
DNA amplified using Speicher's method and labelled using Huang's method. 
Lanes 10 & 11 show DNA amplified and labelled using Feuerstein's method and 
Lanes 12 & 13 show DNA amplified by Speicher's method and labelled using 
Feuerstein's method.
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Labelling m ethod
Am plification method
James

James Huang Feuerstein
702bp -  1.9Kb

Huang 702bp -1 .3  Kb
Feuerstein 702bp -  1.1Kb
Speicher 702bp -1 .3  Kb 702bp -1 .3  Kb 702bp -  1.9kb

Table 3.3; Summary of fragment sizes produced during DOP-PCR labelling of 
50ng normal DNA. Speicher's protocol did not include a labelling step therefore 
DNA amplified by this method was labelled using the other three methods.

The labelling step resulted in reduction in DNA fragment size to between 702bp 

and 1.9Kb. Fragments of this size are suitable for use in CGH experiments. The 
addition of the fluorochrome resulted in fragments of equal size to the reactions 
where no fluorochrome had been added.

CGH experiments
In the first experiments using SpectrumGreen DOP-PCR labelled tum our DNA, 
the DNA was co-hybridised with normal reference DNA that had been labelled 
w ith SpectrumRed dUTP by the nick translation method. The resulting CGH 
profiles were not always smooth and it was decided to label the normal DNA in 
the same manner as the tum our DNA. These "homo-hybridisations" resulted in 
smoother CGH profiles. Figures 3 .3 -3 .1 0  show examples of the CGH profiles 

produced from the various DOP-PCR protocols. After evaluating these methods, 
the method described by Huang et al. (2000) was used for the amplification and 

labelling of tum our DNA for use in CGH experiments as this method resulted in 
the smoothest profiles and produced profiles consistent w ith those obtained by 

conventional CGH methods.

126



I

I eiz
Figure 3.3a: IN2809 labelled by nick translation. There are nine CNAs. There are 
two regions of high copy number amplification on 7q and 12p, as well as regions 
of gain on Ip, 2p, 7q, 8q and X. There are regions of loss on chromosome 15 and 
22 .
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Figure 3.3b: IN2809 amplified and labelled using Feuerstein's method. This 
composite shows four CNAs. The regions of high copy number amplification on 
7q and 12p can be observed as well as the region of gain on 8q and region of loss 
on 22q. The regions of gain on lp  and 2p are much smaller than seen with nick 
translation
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Figure 3.3c: IN2809 amplified and labelled using James' method. This method 
did not identify any of the alterations observed using nick translation or 
Feuersteins method.
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Figure 3.4a: IN2675 labelled by nick translation. This tum our has eleven CNAs. 
There are gains on chromosomes 2q, 4q, 5q, 6q, 12q, 13q and 18q, and regions of 
loss on chromosomes 16p, 17, 20 and 22q.
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Figure 3.4b: IN2675 amplified and labelled using Feuerstein's technique. The 
composite shows none of the alterations seen with nick translation.
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Figure 3.4c: IN2675 am plified and labelled using James' technique. The 
composite shows none of the alterations seen with nick translation.
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Figure 3.5a: IN859 labelled by nick translation. This tum our has seven CNAs. 
There are gains on Ip, 7p and 20p and regions of loss on chromosomes 14, 16, 
17p and 22q.
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Figure 3.5b: IN859 amplified and labelled using H uang 's technique. The 
composite shows three CNAs, which are gain of chromosome 1, gain of 7p and 
gain 20p. The regions of loss were not seen in this composite.
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Figure 3.6a: IN1265 labelled by nick translation. This tum our has five CNAs. 
There are regions of gain on chromosomes 3q, 6q, 7p and 9p and monosomy of 
chromosome 4.
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Figure 3.6b: IN1265 amplified and labelled using H uang's technique. The 
composite shows regions of gain on chromosome 6q, 7 and 9p. The alterations on 
chromosomes 3 and 4 could not be detected.
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Figure 3.7a: IN2376 labelled by nick translation. This tum our has seven CNAs. 
There are regions of gain on 2q, 7q, 9p, l ip  and 13q, a region of loss on 12q and 
monosomy of chromosome 16.
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Figure 3.7b: IN2376 amplified and labelled using H uang’s technique. The 
composite shows six CNAs. The regions of gain on chromosomes 2, 7, 9p, 11 and 
13q as well as the loss from 16q can be observed, but not the region of loss on 12q 
or loss from 16p.
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Figure 3.8: IN1265 amplified by Speicher's method and labelled by Feuerstein's 
method. The profiles are relatively smooth but none of the five CNAs seen in 
DNA labelled by nick translation (Figure 3.6a) can be seen.
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Figure 3.9: IN2376 amplified by Speicher's method and labelled by Feuerstein's 
method. Some of the CNAs observed in experiments with nick translated DNA 
(Figure 3.7a) can be seen in this composite. These include gain 2q, gain 9p, loss 
16p, loss 17q and loss 22. However this method did not prove sensitive enough 
to correctly detect the patient's sex - as the patient is in fact male the X 
chromosome should show loss, i.e. only 1 copy.
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Figure 3.10: IN859 amplified by Speicher's m ethod and labelled using 
Feuerstein's method. The profiles are not very smooth. None of the alterations 
seen in nick translated experiments (Figure 3.5a) can be seen in this composite. 
There appear to be regions of loss on chromosomes 3, 6 and 11 that were not seen 
in previous experiments, but this are probably CGH artefact.

Paraffin DNA & Kreatech Universal Linkage System (ULS)
DOP-PCR amplification of DNA extracted from paraffin embedded material 
often resulted in DNA that was too small to be labelled using nick translation or 
PCR labelling methods. The Kreatech universal linkage system offered a non- 
enzymatic alternative. DNA from normal pooled blood and IN2809 were used as 
controls to optimise the technique. The DNA samples were sonicated for 3 x 20 
seconds before being labelled with d-Green. The labelled DNA was initially co
hybridised w ith SpectrumRed-labelled normal reference DNA to norm al 
metaphase slides. As "homo-hybridisations" had produced better results in the 
DOP-PCR experiments it was decided to co-hybridise d-Green ULS-labelled 
tum our with rhodam ine ULS-labelled normal DNA. Despite a num ber of 

attem pts a successful hybridisation could not be produced. After m uch 
discussion with the technical departm ent at Kreatech a problem w ith the 

reagents was discovered, which resulted in new packaging being produced for 
the ULS reagents. The problem arose because plasticisers were being leeched 

from the plastic used to manufacture the lids of the tubes the reagents were
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packaged in, and contaminating the labelling reagents. This led to inhibition of 
the labelling step. Even after new reagents had been provided successful results 

could not be obtained. IN859 & IN1265 were also used to evaluate the method, 
but the hybridisation nearly always resulted in "normal" CGH profiles being 
obtained (see Figures 3.11 and 3.12).
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Figure 3.11: IN859 sonicated and labelled with d-Green ULS. The red reference 
DNA was normal pooled blood DNA sonicated and labelled with rhodamine 
ULS. This method did not show any of the CNAs seen with the nick translation 
technique.
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Figure 3.12: IN1265 sonicated and labelled with d-Green ULS. The red reference 
DNA was normal pooled blood DNA sonicated and labelled with rhodamine 
ULS. This method did not show any of the CNAs seen with the nick translation 
technique.

After personal communications with Judith Jeuken in Nijmingen, Holland it was 
felt the reaction could be inhibited by contaminating RNA in the sample or by 
DNA cross links. A new extraction method was used which is based on a salting 
out procedure and incorporated sodium thiocynate treatment to destroy cross 
links and RNase treatment to destroy residual RNA. This technique resulted in 
DNA that was large enough to be nick translated. DNA that had been extracted 
by earlier methods was treated with RNase before being labelled with ULS as 

before.

U38 was pre-treated with RNase before being labelled with d-Green ULS and co
hybridised with rhodamine ULS -labelled normal DNA. The resulting profile can 

be seen in Figure 3.13a. There appeared to be a lot of CGH artefact and no real 
chromosome alterations. Though the profiles appeared to be quite smooth all 
regions of "alteration" showed loss and no regions of gain. The regions of loss 
were present at chromosomal positions where previous nick translation
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experiments of other ependymoma had shown gain or amplification, e.g. Iq, 4 
and 7q. This patient is also female and the X chromosome is approaching the 0.8 

threshold (indicating loss) rather than being on the 1.0 threshold which is what 
would be expected for a sample from a female patient. A CGH experiment using 

U38 DNA labelled by nick translation resulted in a CGH profile w ith no 
aberrations (see Figure 3.13b)

■gif

Figure 3.13a: U38 labelled with d-Green ULS and co-hybridised with rhodamine 
ULS labelled normal pooled blood DNA. The profiles show what appears to be a 
large amount of genomic loss from chromosomes 1, 4, 6, 7, 12, 15, 16, 17, 19 and 
20. However these alterations were not seen in DNA that had been labelled by 
the nick translation technique and were taken to be artefacts of the hybridisation.
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Figure 3.13b: U38 labelled by nick translation and co-hybridised with nick 
translated normal reference DNA. The profile shows a normal karyotype. The X 
chromosome profile is centred along the 1.0 threshold line indicating the patient 
is female.

AMH97/590 DNA was extracted from paraffin em bedded sections using 
jeuken's method. The DNA was considered too large to label using the ULS 
procedure and was labelled by nick translation. The resulting profile can be seen 
in Figure 3.14. No CNAs could be seen in this tumour but as the X chromosome 
was consistent with the patient's sex (male) this was taken to be a true 

representative composite for this tumour.
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Figure 3.14: AMH97 / 590 labelled with SpectrumGreen dUTP by nick translation 
and co-hybridised with SpectrumRed labelled normal DNA. There are no CNAs 
but the X chromosome is true to the patient's sex so this composite was taken to 
be a true representation of the tumour.

DISCUSSION

The standard protocol for CGH requires l-2^g of DNA from each tum our 
sample. In some cases in this study smaller amounts of DNA were available for 
analysis. This is a common problem in laboratories around the world and being 
able to produce non-specific amplification of the whole genome from a small 
am ount of starting material is of great value. The degenerate oligonucleotide 
primed polymerase chain reaction (DOP-PCR) was developed by Telenius et al. 

in 1992, and is an efficient and reliable means of amplifying the whole genome. 
DOP-PCR-CCH analysis of tum our DNA has been reported by a num ber of 

investigators (Aubele, Mattis et al, 1999; Griffin, Sanoudou et al, 1998; Huang, 
Schantz et al, 2000; Speicher, du Manoir et al, 1993; Speicher, Howe et al, 1995; 
Zitzelsberger, Kulka et al, 1998).
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This study evaluated the reliability of six different DOP-PCR protocols to 
amplify tum our DNA to use for CGH. Two of the protocols (Cheung, 1996; 

Kuukasjarvi, Tanner et al, 1997) did not produce any amplification products and 
were disregarded from further evaluation. The rem aining four protocols all 

resulted in amplified DNA that could be used in CGH experiments. All of the 
protocols resulted in successful CGH hybridisations, in that a signal could be 

detected. In most instances, copy number aberrations could be detected but these 
did not always m irror the aberrations seen w ith DNA labelled by nick 

translation. For example, IN 2809 is a glioblastoma that has a num ber of CNAs. 
The protocols described by James and Feuerstein (personal communications) did 

not result in the detection of all of these aberrations. In fact, James' protocol did 
not identify any of the aberrations and Feuersteins method only identified two 

regions of high copy number amplification and two of the regions of low level 
gain, though the regions of gain on Ip  and 2p could be deemed to be present but 
covered a smaller region than seen with nick translation. The method described 
by H uang et al. (2000) was a m odification of the protocol developed by 
Kuukasjarvi et al. (1997). This protocol appeared to be m ore reliable at 
identifying chromosomal gains than losses. This protocol produced CGH profiles 
with results similar to those seen with nick translated DNA and for this reason 
this method was used to amplify and label DNA from tumours to be included in 
the CGH analysis. All the protocols seemed to have difficulty in correctly 
identifying the sex of the patients, in that quite often the X chromosome 

registered as normal when it should have been below the normal threshold level 
in male patients. This may be due to a high level of background caused by 

inefficient labelling of the DNA probes.
In agreement w ith the findings of other published data (Huang et al, 2000), 

homo-hybridisations, where tumour and normal DNA were both labelled under 
the same conditions, generated the most reproducible results w ith relatively 

good quality of hybridisation. Hetero-hybridisations, where the tum our DNA 
was labelled using a DOP-PCR protocol and the reference DNA was labelled 

using nick translation, were associated with uneven hybridisations and high 
levels of background.
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One explanation for the poor reliability of this technique lies in the use of a 
partially degenerate primer, which binds during several low -tem perature 

annealing cycles at many sites throughout the genome. After the low stringency 

cycles, the annealing temperature is then increased to allow amplification of the 

fragments that are tagged with the specific part of the prim er sequence (Kittler et 
al, 2002). For optimal efficiency, these numerous different binding sites would in 

reality require equally numerous different specific PCR conditions, which would 
be impossible to achieve in a single reaction. The DOP-PCR procedure is very 

sensitive to contamination, as the degenerate primers in the reaction will amplify 
DNA from any source present in the tube. The low tem peratures in the reaction 

can result in primers attaching to one another and fusing to form  a double 
stranded product (Verhagen et al, 2000). It many instances this can also lead to 

the formation of short length products.
Recently a method has been described that produces long DOP-PCR products 

(0.5 to Tkb) allowing the amplification of long sequence targets in the subsequent 
PCR. This m ethod has been further adapted to produce long amplification 
products from picogram quantities of genomic DNA by using a proof-reading 
enzyme and an increased annealing and extension time during the PCR. This 

protocol has been called LL-DOP-PCR (long products from low DNA quantities) 
and has been found to have enhanced sensitivity and coverage com pared to 
other DOP-PCR protocols (Kittler et al, 2002). This m ethod can also amplify 
degraded DNA if the DNA fragments contain two prim ing sites. One way of 

improving the coverage of DOP-PCR for degraded DNA samples m ight be to 
increase the amount of template in the reaction, thereby increasing the num ber of 

tem plates w ith two prim ing sites. This m ethod m ight be useful for the 
amplification of DNA from paraffin embedded material, which is often of poor 

quality.

One way to overcome the multiple binding site problem in conventional DOP- 

PCR would be to completely digest the entire genome with a restriction enzyme 
such as Msel. This results in the whole genome being transferred to a high 

complexity representation with a fragment size < 2 kilobases. The DNA is then 
amplified using ligation mediated PCR, where the amplification conditions are 

nearly optimal for all adapter-ligated sequences selected. This m ethod has been

141



utilised  to am plify DNA isolated from archival form alin-fixed paraffin  

embedded tissues. As this protocol has allowed the amplification of a single cell 

for use in CGH, it has been termed SCOMP (single cell comparative genomic 
hybridisation) (Stoecklein et al, 2002). One surprising finding of this protocol was 

the increased sensitivity and higher resolution of the CGH experiments with 

smaller cell numbers. This suggests that in some cases where CGH profiles have 

been norm al, alterations may be m asked by clonal heterogeneity  or by 
contaminating DNA from normal cells.

Extraction of DNA from archival material

Due to the interactions of formalin between DNA and proteins, formalin fixation 
is a major limiting factor in the analysis of DNA extracted from archival material. 

Often fixation has been carried out with unbuffered formalin and exact fixation 
times are unknown. There have been a number of reports in which tissues fixed 
w ith unbuffered formalin have shown severe degradation. Once tissues have 
been em bedded in paraffin, the DNA integrity of the tissues is well preserved 
even after long periods of storage (Speicher et al, 1993). We evaluated two 
different m ethods for the extraction of DNA from form alin fixed paraffin 
em bedded material. One method used a salting out procedure and the second 
used a commercially available kit. The salting out procedure resulted in high 
molecular weight DNA. The Qiagen kit also resulted in high molecular weight 
DNA being extracted but there was a larger proportion of contaminating low 

molecular weight DNA. The high proportion of low w eight DNA makes it 
difficult to determine the concentration of high molecular weight DNA that is 
suitable for labelling. Several attempts were made to label the DNA by nick 

translation but due to the difficulties in determining the exact concentration of 

the DNA the majority of these hybridisations failed. A num ber of samples that 
had been extracted using the Qiagen kit had DNA within a size range where it 
was possible to label the DNA using nick translation. In order that the DNA did 

not become over-digested by the nick translation enzyme, these samples were 

incubated w ith the enzyme for one hour instead of the usual two hours. A 
control experiment using DNA from IN2376 that had been incubated w ith the 

enzym e for one hour was included in order to determ ine that enough
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fluorochrom e had been incorporated into the DNA to allow the tum ours 

alterations to be detected. This period of incubation gave results comparable to 

those achieved with longer incubation times and was therefore utilised for the 
labelling of the samples that had been extracted using the Qiagen kit. In order to 

used DNA extracted using the salting out m ethod of Jeuken for CGH it is 

necessary to determine the concentration of the high molecular weight DNA 

alone. This could be achieved using serial dilutions of the DNA m easured 
against a molecular w eight m arker w here the bands correspond to known 

quantities of DNA. Due to the small volum es of DNA extracted using this 
method it was not possible to do this for this study.

It has been shown that DNA from 2000 cells, and in some cases as little as 5 to 10 
cells (in the case of paraffin embedded material) are sufficient for reproducible 

DOP-PCR and subsequent CGH (Hirose et al, 2001; Speicher et al, 1993). These 
findings combined with the data from Stoecklein et al. (2002) suggest that it may 
in fact be of benefit to use DNA extracted from a small num ber of sections for 
DOP-PCR and subsequent CGH.

Universal Linkage System

Degradation of DNA is a major hindrance to the use of archival DNA in CGH. 
Quite often the bulk of the DNA is in the 400-750bp range. Enzymatic labelling of 
this DNA by nick translation results in further reduction of the fragment size. 
The size of archival DNA labelled by nick translation is often <300bp, resulting in 

CGH with too low a signal intensity. A commercial kit has become available 
(Universal Linkage System, ULS) that uses a special platinum compound that has 

two free binding sites, one of which is used to bind a m arker group. The other 

site is used to link the platinum  / marker complex to the DNA, where it binds 

preferentially to guanine groups. The resulting labelled probes can be used in a 
variety of techniques, including in situ hybridisation and filter hybridisation. In 

the literature, there have been two reports of the use of the ULS for labelling 

archival DNA to be used in CGH (Alers et al, 1999; van Dekken et al, 2001). This 

study attem pted to utilise the ULS to label archival DNA for use in CGH 

analysis. As the system requires DNA fragments to be < Ikb in  size DNA from 

the blood of a normal healthy donor was sonicated to produce fragments of the
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required size. In contrast there was usually only a small volume of the paraffin 
DNA available for analysis and this was too small to sonicate. It was difficult to 

get successful hybridisations using archival DNA, and there was quite often a 

large am ount of background noise and large fluorescent spots on the 

chromosomes. The high background interfered with the image analysis of the 
samples. This was also a frequent finding in the report of ULS by Alers et al. 

(1999). It has been suggested that this is caused by the presence of labelled DNA 
corresponding to the largest fragments of DNA. Nick translation w ould reduce 

these fragm ents to a size that would not hinder the hybridisation. It w ould 

appear that this system would be ideal for archival DNA that is in the range of 

300bp to Ikb but not for samples larger than this. Treating archival DNA with 
RNase to remove any contaminating RNA that might have been co-extracted and 
w ith  sodium  thiocynate, to remove any DNA cross links may enhance the 
efficiency of the hybridisations using ULS labelled DNA.
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CHAPTER 4 

GENETIC ANALYSIS OF EPENDYMOMA

Interpretation of CGH Profiles
Each profile is composed of an average of individual ratio profiles from between 

eight and seventeen metaphase spreads. Each chromosome is represented in the 
form of a graph where the central black line represents a ratio of 1. Profiles that 

run  along or very close to this line have an equal amount of tum our and normal 
DNA. A threshold value of 1+0.2 was used in order to determine loss and gain 

and this is indicated by the red and green lines on either side of the black line. 
The areas of the profiles that are outside this range represent regions of change in 

DNA sequence copy num ber. The bold green lines on the right of the 
chromosome ideogram  show regions where the am ount of tum our DNA is 

greater than the amount of normal DNA, and the bold red lines to the left of the 
ideogram  show where there is less tum our DNA than norm al DNA. High copy 
num ber amplification is represented by a threshold of 1 + 0.4. The Y chromosome 
is not included in the analysis due to it being a heterochromatic region and 
therefore will show up on the profile as above the 1.2 threshold level. This would 
make it difficult to determine if there had been gain of Y in the male patients, as 
even the female samples will register with gain of Y.

Control experiments
For each hybridisation experiment a control hybridisation using either normal 

DNA as both test and reference or MPE 600 DNA as test was conducted. The 

MPE 600 is a breast cancer cell line with known abnormalities. An example of a 

CGH profile for this cell line can be seen in Figure 4.1 and for the normalinormal 
control experiments in Figure 4.2. Experimental evidence has show n that in 

control experiments using normal DNA as both test and reference there is a high 
rate of apparently abnormal ratios at lp32-pter, 16p, 19 and 22 (Kallioniemi, 

Kallioniemi et al, 1994). Caution should be used in interpreting ratio changes at 
these regions in composite profiles of tumours. Ratio changes at or near these 
regions have only been included as positive aberrations w hen the alteration is 

not confined to these regions. Other regions that should be interpreted with care 

include peri-centromeric and heterochromatic regions. DNA sequences in these 
regions are highly polymorphic in copy number
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Figure 4.1: CGH composite of breast cancer cell line MPE600. The composite is compiled from the average of the individual ratios 
from nine metaphases. There are six regions of alteration: amplification of Iq, gain of llq l3 , gain of 17q, loss of 9p and 16q, and a 
smaller region of deletion at llql4-qter.
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Figure 4.2: CGH composite of normal DNA labelled with SpectrumGreen co-hybridised with normal DNA labelled with 
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between individuals and are blocked to some extent in CGH experiments by the 

use of Cot-1 DNA. Fluorescence ratios tend  to decrease at chrom osome 
telomeres. W hen the absolute intensities start to approach the background 

fluorescence unreliable ratio changes m ay occur (Kallioniemi et al, 1994). Ratio 
changes at chromosome telomeres have only been included if the change is not 
confined to the telomere and is part of a larger region of alteration.

Sample details
CGH profile were obtained for fifty-one paediatric ependymoma samples. There 

were three subependymoma, forty ependymoma and eight anaplastic tumours. 

Thirty-seven of the samples were prim ary tumours and the remaining fourteen 
tum ours were recurrent cases. There were six prim ary and recurrent paired 

samples and two recurrent samples from the same patient. Forty-one samples 
were located in the posterior fossa and ten supratentorially. The age at diagnosis 

ranged from 6 months to 17 years (average 5.48 years) and the male: female ratio 
was 26:18. There were twenty-two samples from patients aged <3 years and 

twenty-nine samples from patients aged >3 years. In forty cases analysis was 
performed using DNA extracted from biopsy samples. In seven cases the DNA 
was extracted from short term  cell cultures at low passage (4 -  9) and the 
remaining four cases used DNA extracted from paraffin embedded material.

A summary of the copy num ber aberrations observed in these tum ours can be 

see in Table 4.1 and Figure 4.3. CGH composite profiles for individual tum ours 
showing copy num ber aberrations can be seen in Figures 4.4 -  4.28. In total 25 

tum ours (49%) showed detectable regions of alteration. These ranged from 1 to 
20 per tum our (mean = 7.6). Four tum ours had single copy num ber aberrations, 

involving whole chromosomes or individual chromosome arms. IN2944 showed 
monosomy 9 as a sole abnormality, U40 showed monosomy 19, IN1497 showed 

loss of 6q and IN2929 showed gain of 7q (see Figures 4.29 & 4.30). All 
chromosomes except for chromosomes 14, 15 and 21 demonstrated imbalance in 

at least one tumour. The most frequent aberration observed was loss of 19q, seen 
in 14 samples (27%). Other common abnormalities were monosomy 22, gain of 4q 

and 13q, each seen in twelve cases (23.5%), loss of Ip  and 19p, and gain of Iq, 

each seen in eleven cases (21.5%), and gain of 2q and 6q, and loss 16p, each seen 

in ten cases (19.6%). High copy num ber amplification was observed at lq21-31 
(IN2904, IN2970 and IN2939), 8q21.1-23 (IN2939 and IN2970) and 9p24-ql2
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IN AGE SEX HISTOLOGY F/R| l o c a t i o n  1 s u r v iv a l  1 SURGERY SOURCE 1 LABELLING AMPLICONS GAINS LOSSES
Primary Samples
1932 7 M subependvmomi P posterior fossa 4(D) Macroscopic remoyal FF DOP-PCR IqX 9p
1594 1.67 M benign P posterior fossa 18(D) Partial excision CC NT
1638 1.4 M benign P posterior fossa 49(D) Macroscopic removal FF NT
2186 12.5 F benign P posterior fossa 118(A) Macroscopic removal CC NT
2242 2 F benign P posterior fossa 17(D) Macroscopic removal FF NT
2511 13 F benign P posterior fossa 35(A) Partial excision CC NT
2536 7 F benign P supratentorial 51 (A) Macroscopic removal FF NT 4q6q 13q l p l9  22
2628 17 M benign P supratentorial 9(D) Unknown FF NT Iq 2 3 q 7 8 q 9
2699 11.5 F benign P posterior fossa 2(A) Macroscopic removal FF NT
2752 2.25 M benign P posterior fossa 62(A) Partial excision FF DOP-PCR lq 6 q lOq
2776 6 F benign P posterior fossa 71 (A) Macroscopic removal FF NT Iq 16q 19
2871 1.3 F P posterior fossa 63(A) Macroscopic removal FF NT
2891 1.9 F P posterior fossa 20(A) Sub total removal FF NT 2q 4q 5q 6q 9p 12 13q 18q lp l7 1 9
2922 5.5 M P posterior fossa 47(A) Macroscopic removal FF NT Ip  2q 4q 5q 6q 13q 18q Ip  16p 19 20q 22
2931 1.3 F P posterior fossa 18(D) Macroscopic removal FF NT
2935 9.33 M P posterior fossa 39(A) Macroscopic removal FF NT 4q 5q 6q 13q I p l6 p l9 q  20 22
2939 0.58 F P posterior fossa 38(A) Macroscopic removal FF NT lq21-44 8q21.I-23 lq 8  9 p l l p l l q 12ql9
2941 2.58 M benign P posterior fossa 24(A) Macroscopic removal FF NT
2944 11.5 M benign P supratentorial 37(A) Partial excision FF NT 9
3008 10.5 M benign P posterior fossa 27(A) Macroscopic removal FF NT
3014 6.75 M benign P supratentorial 23(A) Macroscopic removal FF NT 4 q 5 q 6 q I3 q Ip  9q 12q 16p 17q 19q22
3022 1.75 F benign P posterior fossa 18(A) Macroscopic removal FF NT
3029 1.75 M benign P posterior fossa 23(A) Macroscopic removal FF NT
3071 4 M benign P posterior fossa 4(A) Macroscopic removal FF NT
3087 3.75 M benign P posterior fossa 5(A) Macroscopic removal FF NT
U36 3 M benign P posterior fossa Unknown Unknown PEM NT 4q5q6q 16p 19 20q 22
11.38 1.5 F P posterior fossa Unknown Unknown PEM NT
U40 3 M P posterior fossa Unknown Unknown PEM NT 19
2443 4.5 M anaplastic P posterior fossa 64(D) Partial excision FF NT
2767 1.8 F anaplastic P posterior fossa 72(A) Macroscopic removal FF NT
2827 9.25 M anaplastic P supratentorial 69(A) Macroscopic removal FF NT

Recurrent Samples
1258 2.5 F R posterior fossa 36(A) Partial excision FF NT Ip  6q 18q 22
1497 1.25 M R posterior fossa 45(D) Macroscopic removal CC NT 6q
2886 5.25 M benign R posterior fossa 21 (D) Partial excision FF NT
2923 7 M benign R posterior fossa 20(D) Unknown FF NT 2q 4 5q 6q 12q 13q I p 9 q l2 q l6 p l7  19 20q 22
2855 12 F anaplastic R posterior fossa 26(A) Macroscopic removal FF NT Iq 2 7 18q 22
2929 2.75 F anaplastic R supratentorial 14(D) Sub total removal FF NT 7q

Faired Sam
772 4 M subependymom; P supratentorial 72(D) Partial excision CC NT 4 Ip  16p
1134 5.5 M subependymom: R supratentorial 72(D) Partial excision CC NT
1231 7 F benign P supratentorial 64(D) Macroscopic removal CC NT
U37 7 F anaplastic R supratentorial 64(D) Macroscopic removal PEM NT
1759 10 M P posterior fossa 98(A) Partial excision FF NT l q 2 7 9 p l l  13 16q
2376 15 M R posterior fossa 98(A) Partial excision FF NT I q 2 7 9 p l l p l 3 12q 16 19p
2638 1.9 M P posterior fossa 91 (A) Partial excision FF NT Ip  Iq 2q 4 5q 6q 7q 8q 9p 12q 13q IS Ip  9q 12q 16 17 19 20q 22
2887 4.5 M R posterior fossa 91(A) Partial excision FF NT 2q 4 5q 8q 9p 13q Ip  12q 19 20q 22
2682 0.66 F P posterior fossa 11(D) Macroscopic removal FF NT
2766 2 F R posterior fossa 11(D) Macroscopic removal FF NT
2904 11.5 M R posterior fossa 97(D) Macroscopic removal FF NT lq22-31 Iq 4q 6q 8q 9p 13q Ip  9q 12q 16p 22
2970 5.5 M R posterior fossa 97(D) Macroscopic removal FF NT Iq ll-44  8ql2-23 9p24-ql2 2q 4q 5q 7 9q 13q lp 8 p  1 0 1 1 q l2 q l6  1719 20 22
3037 2 M anaplastic P posterior fossa 21 (A) Macroscopic removal FF NT
3108 4 M anaplastic R posterior fossa 21 (A) Macroscopic removal FF NT

ON

Table 4.1: Summary of chromosomal abnormalities detected in 51 Paediatric Ependymoma using CGH.
Key to table: Age in years

M= Male; F = female
A -  alive; D -  deceased
P = primary sample; R = recurrent sample
FF = fresh frozen material, CC = short term cell culture; PEM = Paraffin embedded material 
NT= Nick translation; DOP-PCR = degenerate oligonucleotide primed PCR
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Figure 4.3: Summary of chromosomal imbalances detected in 51 paediatric ependymoma. Green lines to right of chromosomes 
indicate regions of gain; red lines to the left of the chromosome indicate regions of loss. Bold green blocks indicate regions of 
amplification.
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Figure 4.4: CGH composite of IN1932, a subependymoma. The composite is compiled from the average of the individual 
ratio profiles from fifteen metaphases. This tumour has three CNAs, gain of the entire X chromosome, gain of Iq and loss 
of the short arm of chromosome 9.
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Figure 4.5: CGH com posite profile of IN2536, an ependym om a. The com posite is com piled from the average of the
individual ratio profiles of sixteen metaphases. Thee are six CNAs. There are large regions of gain at 4q ll-32 , 6q ll-22  and
13q21-32. There is m onosom y of chromosomes 19 and 22, and a smaller region of deletion at lp33-36.
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Figure 4.6: CGH composite of IN2628, an ependymoma. The composite is compiled from the average of the individual 
ratio profiles of nine metaphases. This tumour has six CNAs. There are gains of whole chromosomes (2, 7 and 9), as well 
as gains of individual chromosome arms (Iq and 3q). There is also a smaller region of gain at 8q21-23. There are no 
genomic losses in this tumour.
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Figure 4.8: CGH composite of IN2776, an ependym oma. The composite is compiled from the average of the individual
ratio profiles from nine metaphases. This tumour has three CNAs. There is gain of lq22-32, m onosom y 19 and loss of 16q.
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Figure 4.9: CGH composite of IN2891, an ependymoma. The composite is compiled from the average of the individual 
ratio profiles from eleven metaphases. This tumour has thirteen CNAs. There is gain of individual chromosome arms (4q, 
9p and 18q), and smaller regions of gain at 2q22-32, 5ql4-23, 6qll-23, 12pl2-q21 and 13q21-31. There is monosomy of 
chromosomes 17 and 19 and a smaller region of loss at lp32-36.
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Figure 4.10: CGH composite of IN2922, an ependymoma. The composite is compiled from the average of the individual 
ratio profiles from twelve metaphases. This tumour has twelve CNAs. There is gain involving whole chromosome arms 
(4q and 18q) and smaller regions of gain at lpl3-22, 2ql4-33, 5ql4-21, 6qll-22 and 13q21-31. There is monosomy of 
chromosomes 19 and 22, loss of 16p and 20q, and a smaller region of deletion at lp32-36.
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Figure 4.11: CGH composite of IN2935, an ependymoma. The composite is compiled from the average of the individual 
ratio profiles from sixteen metaphases. There are nine CNAs. There are regions of gain at 4q22-26, 5q 14-24, 6qll-23 and 
13ql3-22. There is monosomy of chromosomes 20 and 22, and loss of 16p. There are also smaller regions of loss at lp32-36 
and 19ql3-l-13.3.
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Figure 4.12: CGH composite of IN2939, an ependymoma. The composite is compiled from the average of the individual 
ratio profiles from ten metaphases. There are nine CNAs, including two regions of high copy number amplification at 
lq21-44 and 8q21-23. There is gain of chromosome 8 as well as gain involving entire chromosome arms (Iq, and 9p). 
There are smaller regions of gain at llp l2-14 and llql4-24. There is monosomy 19 and a small region of deletion at 12q23- 
24.3.
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Figure 4.13: CGH composite of IN2944, an ependymoma. The composite is compiled from the average of the individual 
ratio profiles from fourteen metaphases. This tumour has a single aberration, which is monosomy of chromosome 9.
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Figure 4.14: CGH composite of IN3014, an ependymoma. The composite is compiled from the average of the individual 
ratio profiles from sixteen metaphases. There are eleven CNAs. There are regions of gain at 4q22-32, 5ql4-23, 6qll-22 and 
13q21-31. There is monosomy of chromosome 22 and loss of individual chromosome arms (16p, 17q and 19qX and smaller 
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Figure 4.15: CGH composite of U36, an ependymoma. The composite is compiled from the average of the individual ratio
profiles from eleven metaphases. This tumour had seven CNAs, involving gains of 4q ll-32 , 5ql4-23 and 6qll-24 . There is
m onosom y of chromosomes 19 and 22, as well as loss of 16p and 20q.
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Figure 4.16: CGH composite of U40, an ependymoma. The composite is compiled from the average of the individual ratio
profiles from nine metaphases. This tumour had a single aberration, which was m onosom y of chromosome 19.
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Figure 4.17: CGH com posite of IN I258, a recurrent ependymoma. The com posite is com piled from the average of the
individual ratio profiles from fifteen metaphases. This tumour has four CNAs, all involving regions of deletion. There is
loss of lp32-36, 6q22-qter, 18qll-22 and monsomy of chromosome 22.
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Figure 4.18: CGH com posite of IN1497, a recurrent ependym om a. The profile is com piled from the average of the
individual ratio profiles from eight metaphases. This tumour has a single aberration; loss of 6ql6-qter.



a

)
n = 28 

6

>
n = 31 

1 3

I
n = 36 

1 9

n = 25

S

n = 28 
7

n = 32 
1 4

3
n = 34 

2 0

>

n = 28

n = 28 
8

n = 35 
1 5

5
Jin d

n = 31 
9

n = 31 
2 1

n = 35 
1 6

n = 34 
2 2

n = 26 
4

C O
n = 32 

1 7

n = 31 
5

n = 30

I
n = 34 

1 8

I
n = 13 

X

«

n = 18 
Y

Figure 4.19: CGH composite of IN2923, a recurrent ependymoma. The composite is compiled from the average of the 
individual ratio profiles from eighteen metaphases. There are fourteen CNAs. There are regions of gain at 2q22-33, 4pl4- 
q32, 5ql4-23, 6qll-22, 12ql4-21 and 13ql4-31. There is monosomy of chromosomes 17, 19 and 22, and loss of 16p and 20q. 
There are also smaller regions of deletion at lp31-pter, 9q31-qter and 12q23-qter.
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Figure 4.20: CGH composite of IN2855, a recurrent anaplastic ependymoma. The composite is compiled from the average 
of the individual ratio profiles from ten metaphases. This tumour has five CNAs. There are gains involving whole 
chromosomes (2 and 7), as well as individual chromosome arms (Iq and 18q). There is also monosomy of chromosome 22.



>

L
n = 13 

1
7:--------

>

i
n = 13

6

r
I

n = 17
1 3

-----

1 9

'

n = 19

n = 19

T "
( 1

n = 20 
2 0

n = 20 
2 1

n = 17 
1 0

n = 17 
1 6

H
n = 18 

2 2

g
> g >

im___ M (

< g (

1
>

{

T
i

n = 18 
1 1

T

n = 19 
1 7

n = 14 
5

L
n = 16 

1 2

I
n = 16

1 a

n = 9
II

n = 10 
Y

oo\D

Figure 4.21: CGH composite of IN2929, a recurrent anaplastic ependymoma. The composite was compiled from the 
average of the individual ratio profiles from ten metaphases. This tumour had a single aberration, which was gain of 
7qll-31. The apparent regions of gain at the centromeres and telomeres of most chromosomes are not counted as true 
aberrations, as they are a result of hybridisation artifact.
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Figure 4.22: CGH com posite of IN772, a subependym om a. The com posite w as com piled from the average of the
individual ratio profiles from ten metaphases. There are three CNAs. There is gain of 4pl4-q32, loss of 16p and a small
region of deletion at lp32-pter. The recurrence of this tumour, INI 134, had no alterations.
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Figure 4.23: CGH composite of IN I759, an ependymoma. The composite is compiled from the average of the individual 
ratio profiles from fourteen metaphases. There are eight CNAs. There is gain of whole chromosomes (11 and 13), as well 
as smaller regions of gain at lq22-qter, 2pl6-qter, 7pl3-pter, 7q21-32 and 9pl3-pter. There was also loss of 16q.
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Figure 4.24: CGH composite of IN2376. This tumour is the first recurrence of IN I759. The composite is compiled from the 
average of the individual ratio profiles from thirteen metaphases. There are ten CNAs. There are gains of entire 
chromosomes (13) and of individual chromosome arms (9p and lip ). There are also smaller regions of gain at lq24-qter, 
2pl4-q32 and 7q22-qter. There are also regions of deletion at 12q22-qter, 16pl3.1-qter and 19p.
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Figure 4.25: CGH composite of IN2638, an ependymoma. The composite is compiled from the average of the individual 
ratio profiles from twenty metaphases. There are twenty CNAs. There is gain of lp22-31, lq24-31, 2q22-32, 4pl4-q32, 
5q 11-23/ 6qll-22, 7q21-31, 8q21-23, 9p, 12ql4-21, 13q21-31 and 18ql2-qter. There is monosomy of chromosomes 16, 17, 19 
and 22. There is also loss of 20q and small regions of deletion at lp32-pter, 9q32-qter and 12q23-qter.
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Figure 4.26: CGH composite of IN2887, the first recurrence of IN2638. The composite is compiled from the average of the 
individual ratio profiles from fifteen metaphases. There are eleven CNAs. There are regions of gain at 2q22-32, 4pl4-q33, 
5ql4-23, 8q21-23, 9p and 13q21-31. There is monosomy of chromosomes 19 and 22, and smaller regions of deletion at 
lp32-pter, 12q23-24 and 20q.
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Figure 4.27: CGH composite of IN2904, a recurrent ependymoma. The composite is compiled from the average of the 
individual ratio profiles from eleven metaphases. There is one region of high copy number amplification at lq22-31 and 
eleven other CNAs. There are gains of individual arms (Iq and 9p) and smaller regions of gain at 4q23-27, 6qll-21, 8ql2- 
23 and 13q21-31. There is monosomy of chromosome 22, loss of 9q and 16p and a smaller region of loss at lp32-pter.
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Figure 4.28: CGH composite of IN2970, the second recurrence of IN2904. The composite is compiled from the average of 
the individual ratio profiles from eight metaphases. There are three regions of high copy number amplification at lqll-44, 
8ql2-23 and 9p24-ql2, as well as sixteen other CNAs. There are regions of gain at 2qll-23, 4ql3-31.3, 5qll-23, 7pter-q32, 
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Figure 4.29: IN2944, an ependymoma showing the sole abnormality of 
loss of chromosome 9, indicated by the red chromosomes in the picture. 
The X chromosome also shows up red as the tumour is from a male 
patient who only has one copy of the X chromosome compared to the 
two copies present in the female reference DNA.
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Figure 4.30: IN1497, an ependymoma with the sole abnormality of loss of 
6q, indicated by the red portions of chromosome 6. The X chromosome is 
also red due to the tumour coming from a male patient with only one X 
chromosome compared to the two copies present in the female reference 
DNA.
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(IN2970). Unlike astrocytoma, gains and losses were equally common in 
ependymoma.

Estimation of minimum overlapping regions
The m inim um  overlapping regions of alteration in ependym om a can be 

summarised as follows:

Chromosome 1: There was a region of loss confined to lp32-36.6. There were two 

regions of gain that could be minimised to lp21-31 and lq25-31. The region of 
gain on Iq  also includes the area of high copy num ber amplification seen in 

IN2904, IN2970 and IN2939.
Chromosome 2: There were two distinct regions of gain on chromosome 2, 

minimised to 2pll.2-16 and 2q22-32.
Chromosome 4: The minimum region of overlap on chromosome 4 could be 

localised to 4q22-28. Six cases also showed gain extending into the p arm  of 
chromosome 4, which could be minimised to 4pll-14.

Chromosome 5: The m inim um  region of gain on chromosome 5 could be 
localised to 5ql5-21.

Chromosome 6: There were two distinct regions of alteration on chromosome 6. 
There was a region of gain that could be minimised to 6qll-16 and a region of 
loss at 6q23-27.
Chromosome 7: There were two regions of gain on chromosome 7 that could be 

localised to 7pll-15 and 7q21-31,
Chromosome 8: There was a region of gain that could be minimised to 8q21.2-22. 

This region of gain incorporated the region of high copy num ber amplification 
seen in tumours IN2939 and IN2970.

Chromosome 9: There were two distinct regions of alteration on chromosome 9. 
These were a region of gain at 9p21-24, that included the region of high copy 

number amplification seen in tumour IN2970, and a region of loss at 9q32-qter. 

Chromosome 10: There was a region of loss on chromosome 10 that could be 

localised to 10q23-qter.
Chromosome 12: There were two distinct regions of alteration on chromosome 

12, a region of gain at 12ql5-21 and a region of loss at 12q23-qter.

Chromosome 13: The m inimum region of gain on chromosome 13 could be 

localised to 13q21.

Chromosome 16: There are two region of loss on chromosome 16 that can be 
localised to 16pll-12 and 16qll-qter.
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Chromosome 18: There was a region of gain on chromosome 18 that could be 
minimised to 18ql2-qter.

Chromosomes 17,19, 20 and 22: The regions of deletion on these chromosomes 
were quite large and spanned the majority of the chromosome, making it difficult 

to estimated a minimum region of overlap.

Association between CNAs and clinicopathological criteria
All statistical analysis was performed using GraphPad Prism® software.
Two-way contingency tables were assessed by Fishers exact test (Rees, 1994) in 

o rder to de term ine  w hether any CNA could  be assoc ia ted  w ith  
clinicopathological features such as tumour grade, location, recurrence, patient 

age and sex and survival. Tables of all p values can be seen in Appendix III. 

There were only two CNAs that could be associated w ith any of the features 
examined and these were gain of 7q (p = 0.041) and loss 12q (p = 0.027), which 
were seen at a higher frequency in recurrent tum ours com pared to prim ary 

tumours. Individual CNAs could not be associated w ith tum our location or 
patient age and sex. Loss 19q in benign tum ours was approaching statistical 

significance (p = 0.088). However, the fact that no individual abnormality could 
be associated with tum our grade may be due to the relatively small num ber of 

anaplastic tumours in this study group.

Survival data was available for forty-one of the forty-four patients in this study 
and was analysed using the Log-rank test to determine whether any individual 

CNA or clinicopathological feature influenced survival in these patients. The five 
year overall survival for these patients was 62% and the ten year survival was 

29% (see Figure 4.31).

Clinicopathological criteria including patient age, sex, tum our location, tum our 

grade or recurrence had no effect on patient survival. The extent of tum our 

resection (macroscopic v partial removal) also had no effect on survival. The only 

criteria that influenced survival for the patients in this study was the treatm ent 

regimen. Patients who underw ent surgery alone had the w orst survival (all 
patients dead 18 m onths post-operatively). Patients who were treated w ith 

surgery and radiotherapy had the best outcome, with the 5 year survival for this 

group of patients being 90%. Those patients who had been treated with surgery 
and  chem otherapy and a com bination of surgery, rad io th erap y  and  

chemotherapy had a 5 year survival of 60%. Ten year survival data was only
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available for those patients who had received surgery and radiotherapy (75%). 
All patients in the group who had received surgery radio therapy and 

chemotherapy had died by 96 months post-diagnosis (see Figure 4.32).
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Figure 4.31: Overall survival in 41 paediatric ependymoma patients. Survival is 
measured in months from the time of initial diagnosis.
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Figure 4.32: The effects of treatment regimens on the survival of patients with 
ependymoma. Survival was significantly associated with treatm ent regimens 
involving surgery in combination with either chemotherapy or radiotherapy 
(log-rank test, p = <0.0001).
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Only one aberration appeared to influence survival and this was loss of 
chromosome 19 (p = 0.037). Patients who had this aberration had a better 
outcome than those with no alteration of chromosome 19. The five-year survival 

for patients with this abnormality was 90% compared to 50% in those patients 
with no loss of chromosome 19 (see Figure 4.33).
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Figure 4.33: Survival of ependymoma patients with loss of chromosome 19 
compared to those patients with no loss of chromosome 19. Survival is measured 
in months from the time of initial diagnosis (Log-rank test, p = 0.0370).

Association between copy number aberrations
Data analysis demonstrated that a large number of aberrations appeared to occur 
in conjunction with one another (see Table 4.2). Fishers exact test was used to 
identify pairs of aberrations and the Mantel-Haenszel test (Kirkwood, 1998) 

identified larger groups of aberrations that occurred together. From the analysis 
it was clear that these ependymoma could be split into three groups depending 
on their CNAs. Three tumours had alterations that appeared in both the group 1 
and group 2 tumours and have therefore been included in the analysis of both 

groups.
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Table 4.2: Association between CNAs in ependymoma samples. Samples had either loss of Ip  and associated aberrations 
or gain of Iq and associated aberrations.



The first group of tumours (n = 12) had seventeen CNAs that appeared to occur 
together. The primary alteration was loss of Ip  and this was seen together with 

gain 4q (11 cases), gain 13 (10 cases), loss 19q (9 cases), loss 22 (9 cases), gain 5q (8 

cases), gain 6q (8 cases), loss 16p (8 cases), loss 19p (7 cases), gain 2q (6 cases), 

loss 20q (6 cases), loss 12q (6 cases), loss 17q (5 cases), gain 9p (5 cases), loss 17p 

(4 cases), gain 8q (4 cases), gain 18q (3 cases), and loss 20p (2 cases). This 

association was statistically significant at the 95% confidence level {p = 0.008). 
W ithin this group of associated CNAs there were pairs of alterations occurring 

together that were also statistically significant. Details of these can be seen in 

Table 4.3.

The second group of tumours (n = 11) had eleven CNAs that occurred together. 

The predominate alteration was gain of lq  (11 cases), seen in conjunction w ith 
gain 2q (6 cases), gain 9p (6 cases), gain 7q (5 cases), gain 8q (5 cases), loss 12q (5 
cases), gain 13 (5 cases), loss 16q (5 cases), loss 19p (5 cases), loss 19q (4 cases), 
gain 6q (3 cases) and gain l i p  (3 cases). The association of all of these alterations 

was approaching statistical significance (p = 0.0832). An association between gain 
of lq  occurring in conjunction with gain 2q, 6q, 7q, 8q, 9p, l ip ,  13 and loss of 12q 

and 16q was statistically significant at the 95% confidence level {p = 0.0462). 
W ithin this second group of alterations there were a num ber of pairs of 

alterations that were seen together that were statistically significant (see Table 
4.4).

The third group of tum ours (n = 26) was complied of the tum ours that had no 

detectable CNAs (n = 21) and five tumours (IN2944, IN1497, IN2929, U36 & U40) 

that had sole abnormalities or did not fit into either of the two previous groups.

Analysis of survival data did not show a significant difference in patient survival 

for these three groups of tumours (see Figure 4.34). The association of each group 

with clinicopathological features was also analysed . There was no association 

w ith tum our grade (p = 0.2683) or tumour location (p = 0.4884). There was a 
significant association between the group 3 tumours and younger patient age {p 

= 0.0543).
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Alteration No. tumours with alteration p - value

Loss Ip  & gain 4q 11 <0.0001

Loss Ip  & gain 5q 8 0.0036

Loss Ip  & gain 6q 8 0.0154

Loss Ip  & gain 13 10 0.0012

Loss Ip  & loss 16p 8 0.0154

Loss Ip  & loss 17p 4 0.0391

Loss Ip  & loss 17q 5 0.0149

Loss Ip  & loss 19q 9 0.0472

Loss Ip  & loss 22 9 0.0048

Gain 4q & loss 19q 10 0.0048

Loss 19q & loss 20q 7 0.0052

Gain 5q & gain 13 8 0.0036

Gain 13 & gain 9p 7 0.0112

Gain 4q & loss 22 10 0.0002

Gain 4q & loss 16p 9 0.0010

Gain 4q & loss 17p 4 0.0391

Gain 4q & loss 17q 5 0.0149

Gain 4q & gain 5q 8 0.0036

Gain 5q & gain 6q 6 0.0036

Gain 4q & gain 13 10 0.0012

Loss 16p & gain 13 8 0.0051

Gain 5q & loss 22 8 0.0021

Loss 16p & loss 22 7 0.0486

Table 4.3: Pairs of CNAs occurring in the group 1 tum ours that are statistically 
significant at the 95% confidence level, as determined by Fishers exact test.
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Alteration No. tumours with alteration p- value

Gain lq  & gain 7q 5 0.0561
Gain lq  & gain 8q 5 0.0561

Gain lq  & loss 16q 5 0.0087

Gain 2p & gain 2q 4 0.0101

Gain 2q & gain 7q 4 0.0230

Gain 7q & gain 9p 4 0.0593
Gain 7q & loss 16q 4 0.0055

Table 4.4: Pairs of CNAs occurring together in group 2 tum ours that are 
statistically significant at the 95% confidence level, as determined by Fishers 
exact test.
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Figure 4.34: Survival in ependymoma patients grouped according to their CNAs 

(Log-rank test, p = 0.4551). Patients in group 1 had loss of Ip  and associated 
alterations, patients in group 2 had gain of lq  and associated alterations and 

patients in group 3 had either sole abnormalities or no detectable abnormalities. 
Survival is measured in months from the date of initial diagnosis.
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Tumour recurrence
There were six prim ary and recurrent paired samples in this study and two 

recurrent samples from the same patient. No primary tum our was available for 

analysis in this case. Three of the paired samples (IN1231 & U37, IN2682 & 

IN2766, and IN3037 & IN3108) had no detectable CNAs in either the prim ary or 

the recurrent tumour. IN772 had three CNAs but the recurrent sample, IN I 134, 

had no regions of alteration. IN1759 had seven CNAs and the recurrent sample, 
IN2376, had nine CNAs. The major difference was the recurrent sample, IN2376, 

had two regions of loss (12q and 19q) that were not present in the prim ary 
sample. IN2638 had twenty CNAs compared to eleven in the recurrent sample, 

IN2887. The primary sample had extra regions of alteration involving gain of 1, 
6q, 7q 12q and 18q and regions of loss at 9q 16 and 17. IN2904 was a first 

recurrence of a benign ependymoma and had twelve CNAs (see Figure 4.35). The 
second recurrence, IN2970, had nineteen CNAs. IN2970 had three regions of high 
copy num ber amplification (lq ll-44 , 8ql2-23 and 9p24-ql2) compared to only 
one (lq22-31) in IN2904. The extra regions of alteration in IN2970 were gain of 2q, 
7, and 9q, as well as loss of 9p, 10, l lq , 16q, 17, 19 and 20. IN2904 also had some 
alterations that were not seen in IN2970, including gain of 6q and loss of 12q. An 
example of some of these differences can be seen pictorially in Figure 4.36.

Tumour recurrence was analysed in two ways. The first analysis compared the 
aberrations seen in prim ary tum our samples w ith those seen in recurrent 

sam ples in order to determ ine whether any one particular CNA could be 
associated with recurrent samples. A summary of the CNAs in these two groups 

of tum ours can be seen in Figure 4.37. Two CNAs were seen at significantly 

higher frequencies in recurrent tumours than in prim ary tumours. These were 

gain of 7q (p = 0.044) and loss of 12q (p = 0.0278). Two further abnormalities that 

were observed at a higher frequency in recurrent tum ours were approaching 

statistical significance: loss of 6q (p = 0.074) and loss of 8p (p = 0.074). High copy 
num ber amplification was also seen more frequently in recurrent tum ours than 

in prim ary tumours, (p = 0.018). There was no significant difference in survival 
between these two groups (see Figure 4.38).
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Figure 4.35: IN2904, a recurrent ependym om a, show ing multiple CNAs including, amplification of lq22-31, loss of 8p and gain of
8q, gain of 9p and loss of 9q, m onosom y of chromosomes 16 and 22.
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Figure 4.36: Accumulation of CNAs with tum our recurrence. The top row 
shows alterations in the recurrence IN2904, the bottom  row shows 
alterations in the 2""̂  recurrence, IN2970. There is no change in chromosomes 1 
and 22. IN2904 shows no alteration of chromosome 7, whereas IN2970 has 
gain of chromosome 7. IN2904 has gain of 8q and IN2970 shows high copy 
num ber amplification of 8q. IN2904 has gain of 9p and loss of 9q, and IN2970 
shows high copy number amplification of 9p and gain of 9q.
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Figure 4.38: Comparison of survival times in samples where the primary sample 
was analysed compared to samples where the recurrent sample was analysed. 
Survival is measured in months from the date of initial diagnosis. (Log-rank test, 
p = 0.418).

The second analysis compared the aberrations seen in patients that had, at the 
time of this study, no reported clinical recurrence with those whose tum our had 
recurred. The CNAs seen in the primary samples were compared in order to 
establish whether any one aberration was associated with clinical recurrence (see 
Table 4.5 and Figure 4.39). There were twenty patients who had no reported 
tumour recurrence and thirteen whose tumour had recurred. No follow-up data 
was available for three of the primary samples, and there were six samples where 
the recurrent tumour was analysed and no primary tum our was available for 
analysis. The mean time to recurrence was 26.8 months. Of the patients who had 
no clinical recurrence twelve (60%) had no detectable CNAs. The remaining eight 
patients had between one and twelve aberrations (mean 6.6). The most common 

alterations in these patients were gain of 6q and loss of 19q, seen in five cases 

(41.6%) each, and gain of 4q and 13q, and loss of Ip  and 22, seen in four cases 

(20%) each. Eight (61%) of the patients whose tum our had recurred had no 
alterations. The rem aining five patients had betw een three and nineteen 

aberrations (mean 8.6). The most common alterations in this group were gain of 
lq, 2q, 4q, 9p and 13q, and loss of Ip, 16q and 19, each seen in three cases (23%). 

Analysis using Fishers exact test revealed that the presence of CNAs was not 
associated with one patient group {p = 1.00). However, one CNA that occurred
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Survival Time to recurrence Amplicons Gains Losses
No recurrence

IN 2699 2(A) n/a
IN 3071 4(A) n/a
IN 3087 5(A) n/a
IN 3022 18(A) n/a
IN 3029 23(A) n/a
IN 2941 24(A) n/a
IN 3008 27 (A) n/a
IN 2511 35(A) n/a
IN 2871 63(A) n/a
IN 2827 69(A) n/a
IN 2767 72(A) n/a
IN 2186 118 (A) n/a
IN 1932 4(D) n/a lq 9p
IN 3014 23(A) n/a 4q 5q 6q 13q Ip 9q 12q 16p 17q 19q 22
IN 2944 37(A) n/a 9
IN 2939 38(A) n/a lq21-44 8q21-23 lq 8 9p 11 12q 19
IN 2935 39(A) n/a 4q 5q 6q 13q Ip 16p 19 20 22
IN 2922 47(A) n/a Ip 2q 4q 5q 6q 13q 18q Ip 16p 19 20q 22
IN 2536 51(A) n/a 4q 6q 13q Ip 19 22
IN 2752 62(A) n/a lq 6q lOq

Recurrence
IN 2682 11(D) 8
IN 2242 17(D) 16
IN 2931 18 (D) 15
IN 1594 18 (D) 16
IN 3037 21(A) 19
IN 1638 49 (D) 27
IN 2443 64(D) 60
IN 1231 64(D) 26
IN 2891 20(A) 19 2q 4 5q 6q 9p 12q 13q 18q Ip 1719
IN 2638 30(A) 30 1 2q 4 5q 6q 7q 8q 9p 12q 13q 18q Ip 9q 12q 16 17 19 20q 22
IN 2776 71 (A) 60 lq 16ql9
IN 772 72(D) 17 4 Ip 16p
IN 1759 98 (A) 36 lq 2  7 9 p l l  13 16q

Table 4.5: Copy number aberrations detected by CGH in primary ependymomas that have and have not shown 
a clinical recurrence of tumour.
Survival and time to recurrence are measured in months. A = alive; D = deceased
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Figure 4.39: Summary of chromosomal imbalances in primary ependymoma with clinical recurrence and those without 
recurrence. Dark green lines indicate regions of gain in tumours with no recurrence, light green lines represent regions of gain in 
tumours with recurrence. Bold lines indicate regions of high copy number amplification. Red lines indicate regions of loss in 
tumours with no recurrence and plae orange lines indicate regions of loss in tumours with recurrence.



more frequently in the patients with tumour recurrence than in those with no 
recurrence was loss of 16q {p = 0.0524). Full details of the statistical analysis can 

be seen in Appendix III.

There was a significant difference in overall survival between the recurrent and 
non-recurrent patients (p = 0.0117). At five years and ten years the survival for 

the patients with no recurrence was 95%, compared to 55% in those patients 
whose tum our had recurred. Eight (61.5%) of the patients w ith tum our 

recurrence had died seventy-two months after diagnosis (see Figure 4.40). Log- 
rank tests did not identify any one aberration that could be associated with 

survival in these patients. For full statistical details see Appendix III.
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Figure 4.40: The effect of tum our recurrence on survival in 33 paediatric 
ependymoma. Survival is significantly associated with the absence of tum our 
recurrence (Log-rank test, p = 0.0117).
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Y-PCR analysis of ependymoma samples
Y-PCR analysis of the ependymoma samples in this study was perform ed in 
order to verify the patients sex and determine whether there was any genomic 

loss from the Y chromosome. Samples with abnormal PCR results can be seen in 
Figure 4.41.

M I 2 3 4 5 6 7 8 9 10 II 12 13 14 13 16 17 18 19

3n00p «É  «
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Figure 4.41: Results of Y-PCR analysis of ependymoma samples.
The marker (M) is a lOObp ladder. Lanes 1 & 2 show IN1638 blood and culture 
with Y1.7/Y1.8 primers; Lanes 3, 4 & 5 show IN1638 blood, biopsy and culture 
with SRY primers; Lanes 6 & 7 show IN2931 blood and biopsy with Y1.7/Y1.8 
primers; Lanes 8 & 9 show IN 2931 blood and biopsy with SRY primers; Lane 10 
shows IN2939 biopsy with Y1.7/Y1.8 primers; Lane 11 shows IN2939 biopsy with 
SRY primers; Lanes 12 & 13 show IN1932 blood and culture with Y1.7/Y1.8 
primers; Lanes 14 & 15 show IN1932 blood and culture with SRY primers; Lanes 
16 & 17 show IN1759 blood and culture with Y1.7/Y1.8 primers and Lanes 18 & 
19 show In i759 blood and culture with SRY primers.

IN1638
IN1638 was a male patient who had no detectable products using the Y1.7 and 

Y1.8 primers. When the SRY primers were used, a product was detected in the 
matched normal blood sample but not the tum our sample. This infers that this 
patient has loss of the Y chromosome.

194



IN2931

IN2931 is a female patient who has a faint product using the Y1.7 and Y1.8 

primers. A product was also produced in both the matched normal blood sample 
and the tum our sample using the SRY primers. This suggests that either the 

patient information is incorrect or there is a genetic abnormality in this patient 
that results in Y chromosome specific sequences being present in this patient.

IN2939

IN2939 is a female patient who had a detectable product when the Y1.7 and Y1.8 
primers were used. When the PCR was repeated using the SRY prim ers no 

product was detected, indicating this patient did not have the sex determining 
region of the Y chromosome present and was indeed female.

IN1932

IN1932 was a male patient who had a detectable product for the matched normal 
blood sample using both sets of primers but no detectable product for the tum our 
sample with either set of primers. This is indicative of Y chromosome loss.

IN1759
INI 759 was a male patient who had a faint product for the tum our sample using 
the Y1.7 and Y1.8 primers. When the PCR was repeated using the SRY primers, a 
more obvious product was visible, confirming this patient is male.

M D R l  EXPRESSION IN PAEDIATRIC EPENDYMOMA

E pendym om a are o ften  res is tan t to trea tm en t w ith  conven tiona l 
chem otherapeutic agents. Such resistance to a spectrum  of agents m ay be 

associated with the expression of the multidrug resistance gene, M D R l . In order 
to determine whether this gene is involved in drug resistance in paediatric 

ependymoma, twenty-five ependymoma were analysed for the expression of 

M D R l  using two PCR prim er sets specific for this gene. Primers for the p2- 

microglobulin (pi-MG) gene were used as a control for these experiments. This is 
as a "'house keeping" gene and is present in all tissues at a constant level. The 

patient details for the samples in this study can be seen in Table 4.6.
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IN* Sex Age® Histology®* Source® Treatment* Survival®

772 M 4 SE CC PE, RT, chemo 72(D)

959 M 4 E CC Unknown Unknown

1231 F 7 E CC MR,RT 64 (D)

1258 F 2.5 RE FF PE,RT 36 (A)

1497 M 1.25 RE CC MR, RT, chemo 45 (D)

2186 F 12.5 E CC MR,RT 118 (A)

2376 M 15 RE FF PE, chemo 98 (A)

2511 F 13 E CC PE,RT 35 (A)

2536 F 7 E FF MR,RT 51 (A)

2628 M 17 E FF Unknown 9(D)

2638 M 1.9 E FF PE, chemo 91 (A)

2682 F 0.66 E FF MR, chemo 11(D)

2767 F 1.8 AE FF MR, chemo 52 (A)

2776 F 6 E CC MR,RT 62 (A)

2798 F 15 RSGCA FF Unknown Unknown

2923 M 7 RE FF Surgery 14 (D)

2931 F 1.3 E FF MR, chemo 18 (D)

2935 M 9.33 E FF MR,RT 16 (A)

2939 F 0.58 E FF MR,RT 19 (A)
2941 M 2.58 E FF MR,RT 24 (A)

2944 M 11.5 E FF PE,RT 19 (A)

3008 M 10.5 E FF MR, chemo 3(A)

3014 M 6.75 E FF MR,RT 5(A)

3029 M 1.75 E FF MR, chemo 9(A)

3037 M 2 AE FF MR, chemo 6(A)

Table 4.6: Patient details for samples in MDRl  expression analysis.
IN^: Institute of Neurology assigned number; Sex : M = male, F = female; Age'll in 
years; Source®: FF = fresh frozen material, CC = short term  cell culture; 
Histology^: SE = subependym om a, E = ependym om a, RE = recurren t 
ependymoma, AE = anaplastic ependymoma, RSGCA = recurrent subependymal 
giant cell astrocytoma; Treatment^: PE = partial excision, MR = macroscopic 
removal, RT = radiotherapy, Chemo = chemotherapy; Survival®: m easured in 
months from date of initial diagnosis, A = alive; D = deceased.
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M D R l  expression was observed in 17 (65%) cases using both the MDRIE and 

MDRIF primers. All samples showed equal intensity for the control gene. Results 
were recorded as 0 when no MDRl expression could be detected, 1 when a weak 

band could be observed, 2 when a strong band could be observed and 3 when a 
very strong band could be observed. Results can be seen in Table 4.7, and Figures 

4.42 and 4.43. All negative controls in these experiments did not produce an 
amplification product proving that all products seen w ith tum our samples 

indicates true M DRl  expression and not amplification of a contaminant in the 
reaction components. Negative controls are not shown in Figures 4.42 and 4.43.

There was good correlation between the amount of expression seen with the two 

primer sets. In the majority of cases strong expression was seen with both sets of 
primers if it was present, and in samples were there was little or no expression 
this was seen using both sets of primers. As the MDRl  gene maps to 7q, the CGH 
profiles of the ependymoma were checked for gain of 7q. Three tum ours (IN2376, 
IN2628 & IN2638) had detectable regions of gain on 7q. Only one of these 
samples, IN2376, showed expression with both sets of primers. IN2638 showed 

no expression of MDRl  with either set of primers, and IN2628 showed only faint 
expression with the MDRIF primer set.

IN1497 is a recurrent sample that had been previously treated with vincristine 

and CCNU. This sample proved to be resistant to vincristine in vitro (personal 
communication, Tracey Collins, Department of Molecular Pathogenesis, Institute 

of Neurology), yet there was very low expression of MDRl mRNA. IN2376 had 
also been treated with chemotherapy (agents unknown) and this sample showed 

moderate expression of MDRl mRNA.
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200bp

lOObp

Figure 4.42: M DRl expression in ependymoma using MDRIE primers
Lane 1 show s lOObp ladder, lane 2: norm al brain, lane 3: HCT116 
adenocarcinoma. Lane 3: IN772, Lane 4: IN959, Lane 5: IN1231, Lane 6: IN I258, 
Lane 7: IN1497, Lane 8: IN2186, Lane 9: IN2376, Lane 10: IN2511, Lane 11: 
IN2536, Lane 12: IN2628, Lane 13: IN2638, Lane 14: IN2682, Lane 15: IN2767, 
Lane 16: IN2776, Lane 17: IN2798, Lane 18: IN2923, Lane 19: IN2931, Lane 20: 
IN2935, Lane 21: IN2939, Lane 22: IN2941, Lane 23: IN2944, Lane 24: IN3008, 
Lane 25: IN3014, Lane 26: IN3029, Lane 27: IN3037. MDRIE PCR products can be 
seen at 179bp and the (32-MG gene product at 120bp.

300bp

lOObp __

Figure 4.43: M DRl expression in ependymoma using MDRIF primers
Lane 1 show s lOObp ladder, lane 2: norm al brain, lane 3: HCT116 
adenocarcinoma. Lane 3: IN772, Lane 4: IN959, Lane 5: IN1231, Lane 6: IN 1258, 
Lane 7: IN1497, Lane 8: IN2186, Lane 9: IN2376, Lane 10: IN2511, Lane 11: 
IN2536, Lane 12: IN2628, Lane 13: IN2638, Lane 14: IN2682, Lane 15: IN2767, 
Lane 16: IN2776, Lane 17: IN2798, Lane 18: IN2923, Lane 19: IN2931, Lane 20: 
IN2935, Lane 21: IN2939, Lane 22: IN2941, Lane 23: IN2944, Lane 24: IN3008, 
Lane 25: IN3014, Lane 26: IN3029, Lane 27: IN3037. MDRIF PCR products can be 
seen at 308bp and the (32-MG gene product at 120bp.
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IN Source MDRIE MDRIF p2MG CGH

772 culture 0 0 1

959 culture 0 2 1

1231 culture 0 0 1

1258 biopsy 0 0 1

1497 culture 1 1 1

2186 culture 0 1 1

2376 biopsy 2 2 1 Gain 7q

2511 culture 0 1 1

2536 biopsy 3 1 1

2628 biopsy 0 1 1 Gain 7q

2638 biopsy 0 0 1 Gain 7q

2682 biopsy 3 3 1

2767 biopsy 2 0 1

2776 culture 3 3 1

2798 biopsy 2 3 1

2923 biopsy 2 3 1

2931 biopsy 2 3 1

2935 biopsy 3 3 1

2939 biopsy 3 2 1

2941 biopsy 1 1 1

2944 biopsy 3 3 1

3008 biopsy 3 3 1

3014 biopsy 3 3 1

3029 biopsy 1 1 1

3037 biopsy 3 3 1

Table 4.7: Expression of MDRl  in ependymoma as determined by RT-PCR. 0 = 

no product detected, 1 = faint product detected, 2 = strong product detected and 
3 = very strong product detected.
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The effect of M D R l  expression on survival was analysed. There was no 
difference in survival in those patients expressing MDRl  and those in whom no 
expression could be detected (see Figure 4.44).
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Figure 4.44: Survival of ependymoma patients with expression of MDR 1 mRNA 
compared to patients where no MDRl mRNA could be detected. There was no 
relationship between expression and survival, p = 0.7642

There was no relationship between the expression of MDRl ,  patient age and 
survival (see Figure 4.45a and b). There was also no association between tumour 

histology and the expression of MDRl ,  though this may be due to the low 
numbers of the anaplastic variant available for analysis (n = 2).
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Figure 4.45a: Survival of ependymoma patients w ith MDR l  expression in 
patients aged 3 years and younger compared to survival in older patients who 
expressed MDRl.  There is no difference in survival (Log-rank test, p = 0.7717

< 3 y r s  M D R 1  - v e  
< 3 y r s  M D R 1  + v e  
> 3 y r s  M D R 1  - v e  
> 3 y r s  M D R 1  + v e

100

o 40-

20 -

0 12 24 36 48 60 72 84 96 108 120
Time (months)

Figure 4.45b: Survival of ependymoma patients in relation to patient age and 
MDRl expression. Log-rank test, p = 0.2500.
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DISCUSSION
Previous molecular genetic studies have indicated that ependym oma resemble 
other glial cell-derived tumours with respect to the chromosomal regions that 

show alterations, namely losses of 9p, 10, 13q, 17p and 22q (Bijlsma, Voesten et 

al, 1995). A sum m ary of abnormalities previously reported  in paediatric 

ependymoma as determined by conventional cytogenetic techniques as well as 

CGH can be seen in Figure 4.46. The majority of molecular genetic analyses of 

ependym om a have been conducted on samples derived from adult patients 

(Bijlsma et al, 1995; Ebert et al, 1999). As paediatric astrocytoma have been shown 

to be considerably different from adult astrocytoma, one might expect the same 
to be true of paediatric and adult ependymoma.

This study has shown copy number aberrations to be present in nearly half (49%) 
of ependymoma. Only four of these tumours had single abnormalities whereas 

the other tumours had an average of seven abnormalities each. The num ber of 
alterations did not appear to be associated w ith increasing m alignancy in 
ependymoma, but this may be due to the relatively small num ber of anaplastic 
ependym om a in this study. The majority of the abnorm alities seen in 
ependymoma in the present study have been reported previously in paediatric 
ependym om a, w ith  the exception of the region of h igh  copy num ber 
amplification on chromosome 9 seen in tumour IN2970. This is a novel finding 
and worthy of further investigation.

The alterations observed often occurred at a different frequency than has 

previously been reported. In the case of most abnorm alities this m ay be 
explained by the differences in tum our populations betw een the different 

research centres. In the case of the regions of loss at Ip, 16, 19 and 22 these 
alterations are sometimes excluded from analysis, as they are know n to be 

regions of CGH artefact. It was decided not to exclude these alterations from the 
present analysis, as these regions are known to harbour tum our suppressor 

genes that are associated with other malignancies. Alterations at these loci were 
included if there was a clear deviation from the normal central line of the CGH 

profile for that particular chromosome and covered a relatively large proportion
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Figure 4.49: Summary of previously reported alterations in paediatric ependymoma. Red lines indicate regions of deletion identified by 
cytogenetics; green lines indicate regions of gain identified by cytogenetics; pink lines indicate regions of loss identified by CGH; blue 
lines indicate regions of gain identified by CGH; bold blue lines indicate regions of high copy number amplification identified by CGH. 
Arrows indicate translocation breakpoints (Stratton, 1989; Griffin, 1992; Vagner-Capodano, 1992; Weremowicz, 1992; Neumann, 1993; 
Rogatto, 1993; Agamanolis, 1995; Sainati, 1996; Bhattacharjee, 1997; Signer, 1997; Mazewski, 1999; Reardon, 1999; Vagner-Capodano, 1999; 
Kucerova, 2000; Shlomit, 2000; Zheng, 2000; Hirose, 2001; Roberts, 2001; Scheil, 2001; Carter, 2002; Dyer, 2002; Grill, 2002; Jeuken, 2002).



of the chromosome arm, and if they were present in subsequent hybridisations. If 

data has been analysed cautiously in previous studies true aberrations in these 

regions may not have been included in the summary of alterations. One way in 

which the true status of these chromosomes in ependymoma can be ascertained 

is to verify genetic losses detected by CGH with FISH probes specific for the 

chromosome arm of interest. In the present study, ependymoma had a num ber of 

alterations that had previously been reported in anaplastic ependym oma only. 
One explanation for this discrepancy may be the difficulties experienced by 

neuropathologists in diagnosing the anaplastic variant. It is possible that some 

benign ependym om a are m is-diagnosed and m ay actually be anaplastic 
ependymoma and vice versa.

Chromosome 1 alterations
Previous cytogenetic studies have reported numerical gains of chromosome 1 in 
only one case (Neumann et al, 1993). In comparison, CGH analyses have shown 
gain of Iq  to be a frequent event in ependymoma, being reported in 30% of cases 
(Carter et al, 2002; Dyer et al, 2002; Grill et al, 2002; Hirose et al, 2001; Reardon et 
al, 1999; Scheil et al, 2001; Shlomit et al, 2000; Zheng et al, 2000). Gain of Iq  has 

been found to occur selectively in paediatric ependymoma rather than in adult 
ependym om a (Scheil et al, 2001). Reported structural abnormalities include 

t(l;20 )(q21 ;q l3 ), i( lq ) , d e r( l) t( l;Y )(q ll.2 ;q l2 ) , d e r ( l ) t ( l ;3 ) ( q l l ;p l l ) ,  
trp(l)(q?22q?31) and t(l;22)(qll;ql3.3) (Bigner et al, 1997; Mazewski et al, 1999; 

N eum ann et al, 1993; Slave et al, 1995; Weremowicz et al, 1992). The present 
study also showed gain of Iq  to be a frequent event in ependymoma, being seen 

in ten cases (19.6%), three of which had high copy num ber amplification w ith a 
minimum overlapping region of lq22-31.

A num ber of CGH studies have shown gain of Iq  to occur in conjunction with 

gain of chromosome 9 in 13/128 (10%) cases (Garter et al, 2002; Dyer et al, 2002; 

Hirose et al, 2001; Reardon et al, 1999; Scheil et al, 2001), a finding m irrored by 

the present study, which found gain of Iq  and 9 in seven tum ours (14%). This
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may be indicative of a tumourigenic pathw ay that involves the increased 
expression of genes on these chromosomes. Another common abnormality seen 

with gain of Iq  is loss of 16q. This pair of aberrations has been reported in 5/54 

(9.25%) cases (Hirose et al, 2001; Shlomit et al, 2000). In the present study five 

(10%) tumours had both gain of Iq  and loss of 16q, a pairing that was found to be

statistically significant (p = 0.0087). This combination of alterations may be 

indicative of der(16)t(l;16), which is a well-known secondary chromosomal 

change in a variety of tum ours. Cytogenetic studies have shown recurrent 
alterations of chromosome 1, including deletions, translocations, trisomies and 

amplifications, in a num ber of solid tumours, as well as in haematological 
malignancies. Alterations of the long arm of chromosome 1 are found in 
leukaemia and solid tumours, and are one of the most common chromosomal 
abnormalities in hum an cancers (Szymanska et al, 1997; Weber-Hall et al, 1996). 

These alterations manifest as trisomy Iq, i(lq), or a trisomy or duplication of a 
smaller region (Forus et al, 1998). It has been suggested that three or more copies 

of a gene (or genes) on Iq  may provide a selective advantage to cancer cells. The 
finding that partial or complete trisomy Iq  is more common in recurrent 
tum ours than prim ary tum ours may be indicative of an alteration that is 
associated w ith tum our progression than initiation (Weith et al, 1996). The 
present study could find no relationship betw een gain Iq  and tum our 
recurrence.

Three ependym oma (IN2939, IN2904 and IN2970) had regions of high copy 

num ber amplification on chromosome 1 that m apped to lq22-31. Two of these 
tum ours had amplicons that exceeded the m inimum overlapping regions to 

cover lq44. H igh copy num ber amplification in this region has also been 
reported in other malignancies (see Table 4.8). High level amplification of Iq  has 

also been reported in eleven other cases of paediatric ependymoma (Carter et al, 
2002; Dyer et al, 2002). A cytogenetic analysis of ependymoma has also described 

a paediatric tumour with seven copies of lq22-31 (Kramer et al, 1998).
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Malignancy No. cases Amplicon Reference

Pituitary adenoma 1/12 lq21-23 (Harada et al, 1999)

Lipoma-like
liposarcoma

1/8 lq21-22 (Szymanska et al, 1997)

Liposarcoma 6/15 lq21-22 (Forus et al, 1998)

Fibrous
histiocytoma

3/5 lq21-23 (Forus et al, 1998)

Leiomyosarcoma 3 /3 Iq21-q23 (Forus et al, 1998)

Osteosarcoma 3 /9 lq21-23 (Forus et al, 1998)

Choriocarcinoma 1/2 lq31-32 (Rao et al, 1998)

Hepatoblastoma 1/10 lq32 (Hu et al, 2000)

Ovarian

carcinoma

1/27 lq42 (Sonoda et al, 1997)

Table 4.8: Previously reported amplification of Iq  in hum an cancers.

Genes that m ap to the region of gain and am plification on Iq  in these 
ependym om a include FLG (lq21-22) which encodes the hum an epiderm al 

profilaggrin  and has been show n to be am plified in  leiom yosarcom a, 
liposarcoma, m alignant fibrous histiosarcoma and osteosarcoma (Forus et al, 

1998). The PTGS2ICOX2 gene also maps within this region and has been found to 
be highly expressed in colon cancer, oesophageal adenocarcinoma and Barrett's 

metaplasia (Tsujii et al, 1998; Zimmermann et al, 1999). It has been suggested that 
C0X2 acts as a "landscaping tumour promotor". COX2 expression in the stromal 

component of solid tum ours could influence grow th or the expression of 

proangiogenic factors and may be inhibited by the action of p53 (Williams et al,

2000). In normal brain, COX2 is constitutively expressed in neurons and only 
faintly expressed in glial cells. In brain tumours, expression may be associated
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with the formation of oedema. Constitutive expression of COX2 has been found 
in various types of brain tumours. Low grade astrocytoma, craniopharyngioma, 

medulloblastoma and schwannoma show weak positive staining for COX2 in 
both the cytoplasm and nucleus, whereas strong positive staining was found in 

the cytoplasm of malignant astrocytoma, meningioma and some ependymoma 
(Matsuo et al, 2001). COX2 expression has been shown to be the strongest 

predicator of outcome in a recent study of adult astrocytoma and is associated 

with more clinically aggressive glioma (Shono et al, 2001). Some melanoma cell 

lines show amplification (or duplication) of CACYjSlOOAS  w hich encodes 

calcyclin. This gene is a member of the SI00A family of calcium-binding proteins, 

which are located within a cluster of SIOOA genes at lq21 (Schafer and Heizmann 
CW, 1996). Another gene in this region is MUCl  which codes for the epithelial 

tumour-associated antigen mucin 1 and has been found to be amplified in some 
breast cancers (Bieche and Lidereau, 1997).

Loss of Ip  was a frequent finding in the present study, being observed in eleven 
tumours (21.5%). In this study loss of Ip  occurred independently of gain of Iq  in 
the majority of cases. The minimum region of loss in these ependym oma was 

lp32-36.6. There have been no previous reports of simple deletions of Ip  using 
conventional cytogenetic analyses. Loss of Ip  has been reported in CGH analyses 
of ependymoma (Dyer et al, 2002; Hirose et al, 2001; Reardon et al, 1999; Scheil et 
al, 2001; Zheng et al, 2000). Interestingly, two of the six reported tum ours with 

loss of Ip  are myxopapillary ependymoma (Reardon et al, 1999; Scheil et al,
2001). Structural abnormalities involving Ip  include del(l)(p22), del(l)(p21) and 

del(l)(pl3) (Griffin et al, 1988; Mazewski et al, 1999). Loss of heterozygosity for 
m arkers on Ip  is a frequent occurrence in malignancy, being observed in a 

num ber of different tum ours including pheochromocytoma, m elanom a and 
breast carcinoma. In brain tum ours, a close association has been reported 

between loss at Ip  and the development of neuroblastoma (Takeda et al, 1994). 
Loss of alleles for Ip  have been reported at significant frequencies in 

meningioma, oligodendroglioma and all grades of astrocytoma (Bello et al, 1995). 

An analysis of tum ours w ith partial Ip  deletions suggests there m ight be two 

distinct regions of loss, lp36 and lp35-32 in which genes involved in the
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developm ent of CNS neoplasms are located (Bello et al, 1995). A study of 
chromosome 1 abnormalities in paediatric solid tum ours have found the most 

frequent type of abnormality to be deletion of Ip, w ith the formation of i(lq) or 
trisomy Iq, and the most frequent area of breakage to be lp22 (Douglass et al, 

1985).

One gene that may be of some importance in ependym oma is the hum an p73 
gene that maps to lp36 and encodes a product that shares significant structural 

hom ology to p53. This gene can trigger apoptosis and cell cycle arrest by 
inducing transcription. Hypermethylation at the 5' region upstream, and 

including exon 1 of the gene has been noted in 39% of oligodendroglial tumours 
(Dong et al, 2002). Despite sharing structural and functional similarities with p53, 

the TP73 protein has distinct biological activities. TP73 is not induced by 
ultraviolet irradiation and certain DNA damaging agents, it expresses m ultiple 

alternatively spliced isoforms that have different functional properties and it 
does not interact with viral oncoproteins that usually bind and inactivate TP53. 
These actions may provide clues for the role of p73 in the carcinogenesis of some 
malignancies.
There are a number of other genes that map to this region that may be implicated 
in tum our progression. These include M T S l  (m alignant transform ation 
suppression 1) that maps to lpter-p22.1, ID3 (inhibitor of DNA binding 3) that 
m aps to lp36, NBS  at lp36, TNFR2, DAN, CDC2L1 a n d  FRAPl  (FKBP12- 

rapomycin associated protein) that map to lp36, MOMl  at lp35, HKR3 (hum an 
Kruppel-related 3 gene), and RIZ (retinoblastoma binding protein) (Knuutila et 

al, 1999; Miozzo et al, 2000).

Gain of chromosome 2
There were ten (19.6%) ependymoma with gains of chromosome 2. Four tum ours 

had gain of the whole chromosome and the remaining six tumours had gain that 

was restricted to 2q, w ith a minimum overlapping region of 2q22-32. Previous 

cytogenetic analyses have shown numerical gain of chromosome 2 in only two 

cases (Griffin et al, 1992; Mazewski et al, 1999). Gains of chromosome 2 are
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infrequent findings in CGH analyses of ependymoma, being reported in 10% 
cases (Carter et al, 2002; Dyer et al, 2002; Grill et al, 2002; Zheng et al, 2000). 

S tructural abnorm alities of chrom osom e 2 in  ependym om a include 
t(2 ;17)(p ll;p ll), t(2;22)(pl2;ql3) and t(2;22)(ql3;ql3) (N eum ann et al, 1993; 

Vagner-Capodano et al, 1992; Yamada et al, 1994).

High copy num ber amplification of 2p23-24 has been reported in two cases of 

adult ependymoma (Scheil et al, 2001). A gene that may be implicated in the 

aggressive growth of ependymoma is the n-myc oncogene at 2p23-24. Historically 
there have been few investigations of n-myc amplification in ependymoma. One 

study detected low accumulation of n-myc transcripts in ependym oma without 
an increase in gene copy number (Fujimoto et al, 1989). A further seven cases of 

ependymoma have been analysed with no amplification of n-myc being reported 
in these cases (James et al, 1990; Wasson et al, 1990).

The 2q22-32 region contains several genes with potential oncogenic properties. 

These include nine homeo box genes, a serine-threonine kinase receptor, I-TRAF 
(tumour necrosis factor receptor-associated factor) and the gene for FRZB-1, a 
secreted antagonist of WNT signalling (Leyns et al, 1997; Rothe et al, 1996). The 
GRB14 gene has also been localised to 2q24 and is a member of the Grb7 family 

of molecular adaptors. All members of this family interact w ith growth factor 
receptors in an activation dependent manner, and this suggests they might be 

involved in the regulation of cell proliferation. Grb7 has been implicated as a 
downstream mediator of integrin-FAK signal pathways in the regulation of cell 

migration (Shen et al, 2002). The phosphorylation of Grb7 triggers downstream 

pathways that result in the simulation of cell migration (Shen et al, 2002).

Gain of 4q
Twelve (23.5%) ependymoma had gains of chromosome 4 and this was the most 

common region of gain in the present study. The minimum region of overlap on 
chromosome 4 could be localised to 4q22-28, with six cases also having gain that 

extended to the p arm. Simple numerical gains of chromosome 4 have only been
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reported in 1 case of ependymoma using conventional cytogenetic techniques 
(Weremowicz et al, 1992). CGH analyses have also shown a low frequency of 

gain of 4 in ependymoma, with only three tumours been reported with this CNA 
(Dyer et al, 2002; Zheng et al, 2000). Structural abnormalities of chromosome 4 in 

ependymoma include add(4)(qter) (Vagner-Capodano et al, 1999).
The frequency of chromosome 4 gain seen in the tumours in this study appears 

to be a novel finding and worthy of further investigation.

There are a number of genes located on chromosome 4 that may have a role in 
ependymoma. The ABCP gene, mapping to 4q22, is an ATP-binding cassette 

transporter gene that is expressed in hum an placental tissue (Allikmets et al,
1998). This gene is a member of a subfamily of genes that includes several 

m ultidrug  resistance transporters. Recent studies have show n ABCP to be 
overexpressed and amplified in some breast and colon cancers that are resistant 

to mitoxantrone and daunorubicin (Miyake et al, 1999). Data suggests that ABCP 
is a transporter for some chemotherapeutic agents and that overexpression of 
this transporter m ay play a role in drug resistance in  some cancers. 
Chem otherapy has not prolonged survival of patients w ith brain tum ours, 

mostly due to drug resistance at the cellular level. The role of genes such as 
ABCP may have a role in the failure of chemotherapy in these tumours but as yet 

it is unknown. Another gene that may be involved in drug resistance in cancer is 
the MXR,  m apping to 4q21-22. This gene encodes a half transporter that is 

known to mediate mitoxantrone resistance (Knutsen et al, 2000). Evaluation of 
the role of these two genes in ependymoma is worthy of further investigation 

due to the seemingly chemoresistant nature of these tumours. Overexpression of 
these genes may help to elucidate the mechanism of chem oresistance in 

ependymoma.

The fibroblast growth factor-2 gene {PGP-2) has been localised to 4q25-27 and 

may have a role in the genesis of astrocytic tumours. PGP-2 has a variety of 

biological effects in many different cells and organ systems including embryonic 
development, tumourigenesis and angiogenesis (Rickman et al, 2001). The gene 

is expressed at low levels in many tissues and cell types and reaches high

210



concentrations in the brain and pituitary gland. A recent study has shown that 
the effects of FGF-2 on glial proliferation are controlled by cAMP and this may 

help to define the role of aberrant FGF-2 signalling in the mechanisms of 
unbalanced glial growth which may lead to tum our form ation (Bayatti and 

Engele, 2001; Sonoda et al, 2001).

Recently, SMARCADl,  a member of the DEAD / H box-containing helicase 
superfam ily, has been localised to 4q22-23. Expression of SMARCADl is 

associated w ith an increased frequency of transcriptional activation events 
driven by the adenovirus factor, ElA. Members of the helicase superfamily are 

essential to some aspects of nucleic acid metabolism such as DNA replication, 

transcription and excision and repair of m utated bases. S M A R C A D l  gene 

overexpression has been shown in an ElA-expressing cell line with an increased 
capacity for gene reactivation events by genomic rearrangement. This suggests 

that SMARCADl  may have role in the development of genetic instability (Adra 
et al, 2000).

The FIPSE (heparanase) gene has recently been m apped to 4q22. Heparanase is 
responsible for the degradation of heparan sulphate, the cleavage of which may 
regulate cell growth by releasing heparan-sulphate-bound cytokines and growth 
factors such as basic FGF from cell surfaces or from the extracellular matrix. 

These molecules are known to enhance tumour growth and migration and also 
induce angiogenesis (Dong et al, 2000). The expression of this gene in brain 

tumours has not yet been investigated.

Gain of chromosome 5
There has only been one report of gain of chrom osome 5 in paediatric 
ependymoma, in an anaplastic tumour (Griffin et al, 1992). CGH analyses have 

reported gain of chromosome 5 in only ten cases of paediatric ependymoma and 
one case of adult anaplastic ependymoma (Carter et al, 2002; Dyer et al, 2002; 

Grill et al, 2002; Hirose et al, 2001; Scheil et al, 2001; Zheng et al, 2000). There are 
also reports of two tum ours w ith  high copy num ber am plification of 

chromosome 5 (Carter et al, 2002; Dyer et al, 2002). Gain of 5p has been reported
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in myxopapillary ependymoma (Reardon et al, 1999; Scheil et al, 2001). The only 
reported structural abnormality of chromosome 5 is add(5p) (Neumann et al,

1993). There were nine tumours (18%) in the present study with gain of 5q, with 
a minimum overlapping region of 5ql5-21. None of these tumours had gain that 

extended above the centromere. Gain of 5q was seen more frequently in primary 
tumours than recurrent tumours (6 versus 3), suggesting gain of 5q might be an 

early event in ependymoma tumourigenesis.
CGH analyses have shown gain of chromosome 5 in squamous cell carcinoma of 

the lung, paediatric germ  cell tum ours, m alignant melanom a, pancreatic 
carcinoma, ovarian carcinoma, rhabdomyosarcoma, medulloblastoma, breast 

carcinoma, and oligodendroglioma (Aubele et al, 1999; Barks et al, 1997; Bridge et 

al, 2002; Bussey et al, 1999; Eberhart et al, 2002; Jeuken et al, 1999; Luk et al, 2001; 
Solinas-Toldo et al, 1996; Sonoda et al, 1997).

To date no candidate genes have been mapped to this region of gain on 5q. 

Chromosome 6 abnormalities
There were two regions of alteration on chromosome 6 in the ependym oma in 
the present study. Two tum ours (4%) had loss of 6q23-27 and ten tum ours 

(19.5%) had gain of 6qll-16. Loss of 6q was the sole abnormality in the recurrent 
ependymoma IN1497. Previous cytogenetic analysis of paediatric ependymoma 

has reported loss of chromosome 6 in one case (Neumann et al, 1993). CGH 
analyses have reported loss of 6q21-qter in twenty-two cases of ependym oma 

(Dyer et al, 2002; Grill et al, 2002; Hirose et al, 2001; Reardon et al, 1999; Scheil et 
al, 2001; Zheng et al, 2000). Reported structural abnormalities include del(6)(ql5) 

and del(6)(q25) (Neumann et al, 1993; Rogatto et al, 1993; Slave et al, 1995).

In one study, loss of 6q and loss of chromosome 9 were m utually exclusive 
events (Hirose et al, 2001). This was also true for the tum ours with loss of 6q in 

the present study. Loss of 6q was the most common abnormality in a study of 
twenty-three primary ependymoma (Reardon et al, 1999) and loss of 6q occurred 

independently of monosomy 22 in this study. This was not true in the present
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study, where loss of 6q and 22 occurred in the same recurrent tumour, IN1258. A 
study of primary and recurrent tumours from the same patient showed a clear 

progression pattern involving chromosome 6 (Grill et al, 2002). In contrast to the 

study by Hirose. et al (2001), loss of 6q and gain of chromosome 9 were present 

in the first relapse of tum our, while the prim ary tum our had an apparently 

norm al karyotype. This suggests that loss 6q is not an initial event but is more 

likely to be a prom oting event that occurs early in the progression of 

ependymoma. In the present study, loss of 6q was only evident in recurrent 

tumours, in one case as a sole abnormality and in the other case as one of four 
regions of loss. This finding agrees with the suggestion of Grill et al. (2002) that 

loss 6q may be involved in ependymoma progression.
Chromosome 6q loss has been found to be a common abnormality in leukaemia 

and has also been reported in other brain tum ours (Agamanolis and Malone, 
1995; Bhattacharjee et al, 1997; Bigner et al, 1990; Griffin et al, 1988; Yamada et al, 

1994), as well as ovarian, breast and prostate cancer (Rodriguez et al, 2000; 
Visakorpi et al, 1995). Despite numerous reports of 6q loss in a wide variety of 
hum an m alignancies no candidate tum our suppressor genes have been 
identified.

Simple numerical gains of chromosome 6 have only been reported in one case of 

anaplastic ependymoma (Weremowicz et al, 1992). CGH analyses have reported 
high copy number amplification of 6q27 in one case of anaplastic ependymoma 

(Carter et al, 2002). Gain of 6qll-21 has been reported in a small num ber of 
ependymoma (Dyer et al, 2002; Shlomit et al, 2000; Zheng et al, 2000). Reported 

s t r u c tu r a l  a b n o rm a li t ie s  of 6q in c lu d e  der(6)t(6;16)(qll;pll), 
der(6)t(6;12)(ql3;qll.2), der(6 )t(l;6 )(q ll.2 ;q ll.2 ) and der(6)t(l;6 )(q l2 ;q l3) 

(Mazewski et al, 1999; Neumann et al, 1993; Slave et al, 1995).
Loss of 6q may be associated with progression of ependymoma and the findings 

of the present study suggest that gain of 6q m ay be an early event in 
ependymoma. Of the ten tumours with gain 6q, seven were primary tumours. 

Gain of 6q was also a common feature in the ependym om a that have to date 

shown no sign of clinical recurrence. It may be candidate oncogenes on 6q are 

involved with initiation rather than progression of ependymoma.
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There are a few candidate genes on chromosome 6q that may be involved in 

tumourigenesis. The ROSl  gene is located at 6q22 and is a tyrosine kinase proto
oncogene (Satoh et al, 1987). ROSI  is expressed in glioblastoma derived cell lines 

but not in normal brain and one cell line has been shown to have an activating 
m utation at the ROSl  locus (Birchmeier et al, 1990; Birchmeier et al, 1987). TTK 

has been localised to 6ql3-21 and codes for a hum an protein kinase which is 

closely related to the SPKl serine, threonine and tyrosine kinase, the PIM l, PBS2 

and CDC2 serine/threonine kinases, and TiK kinase (Mills et al, 1992). TTK 
mRNA is present at high levels in tissues that contain a large num ber of 

proliferating cells, such as testis and thymus, but is not detected in other benign 
tissues. Freshly isolated cells from malignant tissues and rapidly proliferating 

cell lines express TTK mRNA (Mills et al, 1992). These findings suggest that 
expression of TTK is associated with cell proliferation.

Gain of chromosome 7
There were two regions of gain on chromosome 7 in the ependym oma in the 

present study. Three tumours had gain confined to the 7q21-31 region and four 
tumours had gain of almost the entire chromosome.

Conventional cytogenetic techniques have shown gain of chromosome 7 in eight 
cases of paediatric ependymoma (Bhattacharjee et al, 1997; Griffin et al, 1992; 

Rogatto et al, 1993; Vagner-Capodano et al, 1992; Vagner-Capodano et al, 1999; 
Weremowicz et al, 1992). CGH analyses have shown gain of chromosome 7 in 

nine cases of anaplastic ependymoma and four cases of ependymoma, and gain 
of 7q21-qter in one recurrent ependymoma (Carter et al, 2002; Dyer et al, 2002; 

Hirose et al, 2001; Reardon et al, 1999; Zheng et al, 2000). Trisomy 7 has been 
associated w ith the anaplastic variant of ependymoma (Vagner-Capodano et al,

1999) bu t no evidence for this could be found in the present study. Reported 
structural abnormalities of chromosome 7 in ependymoma include der(7), and 

add(7)(q36) (Vagner-Capodano et al, 1992; Vagner-Capodano et al, 1999).

214



Trisomy 7 is not restricted to tumours of the nervous system but has been found 
in other malignancies, such as tumours of the bladder, kidney and lung. This 

alteration appears to be associated w ith m alignant tum ours or w ith  those 
tum ours that have the potential for becoming malignant (Wernicke et al, 1997). It 

has been suggested that gains of chromosome 7 are a secondary feature of 

astrocytoma tumourigenesis and may infer some sort of growth advantage to 

neoplastic cells (White et al, 1995). However, trisomy 7 and loss of the sex 
chromosomes have also been found in cell cultures of non-neoplastic brain 

tissue, as well as cell cultures from kidney, bladder and lung tum ours (Vagner- 
Capodano et al, 1992). This suggests that trisomy 7 may not be a tum our specific 

aberration as glioma cells and other non-neoplastic cells may have a propensity 
to acquire extra copies of chromosome 7 and lose sex chromosomes (Rogatto et 
al, 1993). One problem associated with the attribution of abnormal chromosomes 
to normal brain tissue is that characteristically the infiltrating edge of a primary 

tum our at the border between normal brain and tum our is ill defined. There is 
quite often an area of oedem a surrounding the tum our m aking the 
differentiation between normal brain and tumour even more difficult (Neumann 
et al, 1993). In order to determine whether normal brain tissue exhibits gain of 

chromosome 7, one group used CGH to study autopsy m aterial from eight 
patients who had died from non-brain tumour related disease (Schrock et al, 

1996). No copy number changes of the autosomes were reported suggesting that 
complete or partial gain of chromosome 7 is tum our related rather than a 

characteristic of normal brain tissue.

In the present study gain of 7q was associated with gain of Iq  and 2q and was 

not seen w ithout one or other of these alterations. This abnorm ality was not 

restricted to any particular grade of ependymoma, suggesting the genes involved 

on chromosome 7 are not restricted to a more aggressive variant of the tumour, 

as may be the case with other glial cell derived tumours.

The EGFR gene is located at 7pl2 and is al70kDa transmembrane glycoprotein 
involved in ligand binding (Besson and Yong, 2001). EGFR is a member of the 

Erb-B subfamily consisting of EGFR/ErbB-1, ErbB-2 / HER /  Neu, ErbB-3 and
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ErbB-4. The physiological ligands of EGFR include EOF, amphiregulin, heparin 

binding EGF-like growth factor (HB-EGF) and the transforming growth factor a  

(TGFa) (Besson and Yong, 2001). Overexpression of EGFR has been reported in 

ependymoma but there have been no reports of gene amplification (Hall et al, 

1990). The GBAS (glioblastoma amplified sequence) gene has been m apped to the 

7pl2 region and has been shown to be co-amplified with EGFR (Wang et al, 
1998).

The CDK6 gene at 7q21-22 is a member of the p l6 /C D K 4/ cyclinD/pRB pathway 

(Costello et al, 1997; Johnson et al, 1995). Am plification-associated and 
amplification-independent increases in CDK6 protein levels have been identified 

in adult gliomas. CDK6 amplification has been reported in 2 /37  m alignant 
glioma but not in low-grade astrocytoma (Costello et al, 1997). It would appear 

that this gene is only one of a num ber of genes that are co-amplified in this 
region of 7q in glial cell derived tumours.

The MDRl  gene maps to 7q21 and encodes a transmembrane protein that is an 
essential component of the blood brain barrier. The protein functions as a drug- 
transport pum p that allows the passage of some drugs from the brain back into 
the blood. This gene is thought to have a role in the drug resistant phenotype of 
some ependym om a and will be discussed in detail in the section on drug 

resistance.

Gain of 8q
Gain of chromosome 8 was seen in six tumours in this study (12%), including 
two with regions of high copy number amplification. The minimum overlapping 

region was 8q21-22, though in one case (IN2939) high copy num ber amplification 
spanned almost the entire long arm  with low-level gain of the rest of the 

chromosome. Conventional cytogenetic techniques have identified gain of 

chromosome 8 in two cases of anaplastic ependymoma and two ependym oma 
(Bhattacharjee et al, 1997; Griffin et al, 1992; Neumann et al, 1993; Weremowicz et 
al, 1992). CGH analyses have shown gain of 8p in one case of ependym om a 

(Reardon et al, 1999). Gain of 8q24 has been reported  in one case of
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myxopapillary ependymoma (Scheil et al, 2001). Gain of the entire chromosome 
has been reported in six primary ependymoma, along with one further tum our 

with amplification of the whole chromosome (Carter et al, 2002; Dyer et al, 2002). 
Gain of chromosome 8 has also been reported in two cases of recurrent 

ependym om a (Dyer et al, 2002). There do no appear to be any reports of 
structural abnormalities of chromosome 8 in paediatric ependym oma. In the 

present study, gain of 8q was only found in ependymoma and not in anaplastic 

ependym oma. This may be due to the relatively small num ber of anaplastic 

ependym om a available for analysis. Gain of 8 was present in three recurrent 
samples. Two of these samples were first and second recurrences from the same 

patient. The first relapse showed gain of 8q compared to amplification in the 
second relapse. The presence of gain of 8q in both prim ary and recurrent 

tum ours suggests it may be an early event in the genesis of ependymoma.

Gains of chromosome 8 have been found in a number of malignancies including, 
adenocarcinoma, oligodendroglioma, breast carcinoma, fibrosarcoma, squamous 
cell carcinoma, ovarian carcinoma, pancreatic carcinoma and malignant germ cell 
tum ours (Aubele et al, 1999; Bridge et al, 2002; Eberhart et al, 2002; Jeuken et al, 
1999; Schmidt et al, 2002; Solinas-Toldo et al, 1996; Sonoda et al, 1997; Zielenska 
et al, 2001; Zitzelsberger et al, 1998).

One candidate gene on 8q is MMP16 (matrix metalloproteinase 16). MMPs are 

zinc b ind ing  endopeptidases that degrade various com ponents of the 
extracellular matrix and have been implicated in both norm al and pathological 

conditions including tissue remodelling, w ound healing, angiogenesis and 

tum our invasion. MMP16  has been shown to induce the activation of pro- 

gelatinase A and is expressed as a 12Kb transcript in brain, placenta, heart and

some carcinoma cell lines (http://www.ncbi.nlm.nih.govT There have been no 

reports of MMP16 alterations in hum an brain tumours.

E2F5 is located at 8q21.13 and encodes a predicted 345-amino acid protein that 

shares 69% homology with E2F4. Both E2F5 and E2F4 have conserved DNA-
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b ind ing  dom ains and b ind  to p l30  and p l0 7  (www.ncbi.nlm.nih.gov). 

E2F4/E2F5 and pl07 act as transducers of TGF-p signal upstream  of CDK. E2F5 

has been found to be overexpressed in cDNA microarray analysis of a num ber of 

ependym om a analysed in th is study  (Suarez-M erino, 2002, personal 
communication). The BAALC gene (brain and acute leukaemia, cytoplasmic) is 

located at 8q22.3 and is almost exclusively expressed in neuroectoderm-derived 
tissues (Tanner et al, 2001). Overexpression of BAALC has been demonstrated in 

GBM-derived cell lines and is associated w ith an adverse prognosis in patients 

with AML (Tanner et al, 2001).

Increases in copy numbers of 8q21-22 have been seen to occur more frequently in 
disease free patien ts w ith  ovarian clear cell adenocarcinom a than  in 

recurren t/non-surv iv ing  patients (Suehiro et al, 2000). In the com parison 
betw een the ependym oma patients in this study w ith and w ithout recurrent 

disease, gain (and high copy number amplification) of chromosome 8 was seen in 
one patient with no recurrent disease who was alive 38 months post diagnosis 
and in none of the patients whose tumour had recurred. This data might indicate 
overexpression of a gene (or genes) on 8q that confer a survival advantage in 
some malignancies.

Two ependym om a (IN2939 and IN2970) had regions of high copy num ber 
amplification at 8q21-23. Amplification in this region has been reported in both 

adult and paediatric m alignant astrocytoma (Nishizaki et al, 1998; W arr et al, 
2001). Other malignancies with amplification of this region include gastric cardia 

adenocarcinom a, adenocarcinom a of the lung, breast carcinoma, prostate 
carcinoma, Barrett's adenocarcinoma and oral squamous cell carcinoma (Forozan 

et al, 2000; Luk et al, 2001; Nupponen et al, 2000; Oga et al, 2001; van Dekken et 
al, 2001; Walch et al, 2000). In one tumour (IN2970) amplification was proximal 

to the c-myc locus at 8q24.1 and therefore precludes it as being the target of 
amplification in this tumour. IN2939 had amplification of most of the long arm of 

chromosome 8, so c-myc may be involved in this tumour. Amplification of c-myc 

has been reported in 3 /3  paediatric ependymoma (Kucerova et al, 2000).
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Chromosome 9 alterations.
Chromosome 9 exhibited both gains and losses in the tum ours in this study. One 

tum our (IN2944) showed monosomy 9 as a sole abnormality. Tumours IN2638 

and IN2904 showed gains of 9p and concurrent loss from 9q. There were two 

other tum ours with loss of 9q, and four tumours with gain of 9p. One tum our 

showed gain of the whole chromosome and IN2970 had a region of high copy 
number amplification that spanned 9p24-ql2. Previous cytogenetic studies have 

reported gain of chromosome 9 in three cases of ependymoma (Bhattacharjee et 
al, 1997; Griffin et al, 1992; Neumann et al, 1993). Monosomy 9 has been reported 

in two cases of anaplastic ependymoma (Bigner et al, 1997; Mazewski et al, 1999). 
CGH analyses have shown gain of chromosome 9 in twelve cases of anaplastic 

ependym oma, one myxopapillary ependymoma, six ependym om a and two 
recurrent ependymoma (Carter et al, 2002; Dyer et al, 2002; Grill et al, 2002; 

Hirose et al, 2001; Reardon et al, 1999; Scheil et al, 2001). Monosomy 9 has been 
reported in one case of ependymoma and six cases of anaplastic ependymoma 

(Carter et al, 2002; Dyer et al, 2002; Hirose et al, 2001; Scheil et al, 2001; Zheng et 
al, 2000). Loss of 9p has been reported in two of ependymoma and three cases of 

anaplastic ependymoma (Hirose et al, 2001; Reardon et al, 1999; Scheil et al, 
2001). S tructural abnorm alities of chrom osom e 9 include t(9;?)(q34;?), 

inv(9)(pl3;ql2.3), add(9)(p?), and del(9)(q22), (Mazewski et al, 1999; Sainati et al, 
1996; Stratton et al, 1989). Molecular genetic analyses of ependym om a have 

shown LOH for markers on chromosome 9 to occur infrequently (Bijlsma et al, 
1995; Von Deimling et al, 2000).

Previous analyses show that alterations of chromosome 9 (both losses and gains) 
appear to occur more frequently in the anaplastic variant of ependym oma. 

However in the present study none of the eight anaplastic ependym oma had 

alterations of chromosome 9. This may be due to the low frequency of anaplastic 

tumours in this study group. Alterations of chromosome 9 appeared with similar 
frequency in both primary and recurrent tumours, suggesting such alterations 

are an early event in ependymoma tumourigenesis.
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Deletions of 9p are common in malignant astrocytoma in adults. These deletions 

are interstitial in a majority of cases and often occur together w ith terminal 

deletions or monosomy (Ichimura et al, 1994). The region 9p21 contains the 
CDKN2A and CDKN2B tum our suppressor genes, which encode the cell cycle 

inhibitors p i 6 and p l5  respectively. Inactivation of these two genes by 

homozygous deletion, point mutation and méthylation of the 5' promotor region 

may increase progression through the cell cycle in tumours. The CDKN2A locus 
also contains an alternative reading frame, which encodes p l4 "^ . Expression of 

ARE protein  suppresses grow th of hum an glioma cells though  an RB- 
independent pathway and can induce both Gi and G2- phase arrest in a variety of 

cell types (Cavenee et al, 2000). The role of p l6 , p l5  and pl4^^^ in the 
suppression of glioma can be seen in Figure 4.47. The CDKN2A  locus controls 

both the pRb and p53 pathways and indicates a close functional relationship 
between these two pathways. Hypermethylation of CDKN2A^ and CDKN2B^ has 

been reported in primary GBM and in low grade astrocytoma that progress to 
secondary GBM (Nakam ura et al, 2001). Many prim ary m alignancies have 
alterations of this gene, including prostate  cancer, renal carcinom a, 
nasopharyngeal carcinoma and melanoma (Chen et al, 1999; Knuutila et al, 1999; 
Perinchery et al, 1999; Pollack et al, 2001; Schraml et al, 2001).

In a series of fourteen ependymoma no mutations or deletions of CDKN2A/pl6 
were observed (Sato et al, 1996). Sixteen cases of ependym oma were recently 

studied for CDKN2A/pl6 inactivation by immunohistochemistry (Bortolotto et al, 
2001). Im m unohistochem istry was positive in thirteen cases, hom ozygous 

deletion was found in one tumour and none of the tumours showed méthylation 
of the 5' promotor region. This data suggests that CDKN2A/pl6 is not the target 

of 9p loss seen in ependymoma.

The low frequency of CDKN2A mutations in tumours such as bladder cancer and 
non-small cell lung cancer that have a high rate of LOH on 9p, suggests there 

might be other targets on 9p involved in malignancy (Wiest, 1997). A recent 

study has identified additional tumour suppressor loci in the 9p21-24 region in 

melanoma (Pollack et al, 2001). The IFN gene cluster (IFNA/IFNW, IFNBl  and
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MTAP)  is interspersed within a short segment of 9p. Approximately 35% of 
gliomas have been shown to have deletions of the IFN genes or a rearrangement 

of the sequences around these genes (Ichimura et al, 1994; Olopade et al, 1992).

There are a num ber of putative tumour suppressor genes located w ithin the 
region of loss on 9q that are mutated in other malignancies, such as bladder 

cancer (van Tilborg et al, 2001). Transforming growth factor |3 regulates cell cycle 

progression by binding to the type II receptor and activation of the type I 

receptor. Various tum ours are insensitive to TGF-p m ediated cell cycle arrest, 

suggesting that the signalling pathway is inactivated by a m utation in either of 
the receptors. A mutation in the TGFBRl gene has been observed in breast cancer 

métastasés. This gene has alleles with five, six, nine and ten alanines, with the 9A 
allele being the most frequent in the population. The 6A allele is the candidate 

tumour susceptibility allele as it is less active in signal transaction (van Tilborg et 
al, 2001). TheZN fl89 gene encodes a Krüppel-like zinc finger protein, w ith a 

KRAB A domain, a spacer region and 16 CySzHiSz type zinc fingers. These 
regions are frequently found in proteins involved in repression of transcription 
(van Tilborg et al, 2001). The DBCCRl  gene (deleted in b ladder cancer 
chromosome region candidate 1) is located at 9q32-33 and the TSC l  gene 
(tuberous sclerosis complex 1) is located at 9q34 (Knuutila et al, 1999). LOH for 

this gene has been reported in three ependymoma and does not appear to be 
associated w ith any one grade of tum our (Parry et al, 2000). The hum an 

PATCHED (FTCH) gene maps to 9q22.3 and is expressed in target tissues of sonic 
hedgehog (SHH) pathway (Hahn et al, 1996).

The FTCH gene product functions as a receptor for the SHH gene product. In 
Drosophila, SHH has been implicated in a congenital brain malformation known 

as holoprosencephaly that results from abnormal m igration of CNS cells 

(Zurawel et al, 2000). FTCH also interacts with SMO, the mammalian homolog of 

Drosophila's smoothened (smo). Alterations in the FTCH tum our suppressor gene 
are invo lved  in the developm ent of som e spo rad ic  desm op lastic  

medulloblastoma associated with Gorlins syndrome (Raffel et al, 1997). There are 
no reports of FTCH alterations in ependymoma.
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p is _______  Rb phosphorylation
Cell-cycle arrest

Rb phosphorylation 
C h 9p21 ► P ► Cell-cycle arrest

Senescence

pl4ARF ----------- ►
hdm2
Stabilization of p53 
Cell-cycle arrest 
Apoptosis

Figure 4.47: The role of INK4a locus in glioma suppression.
Transfer of any of the products of the pl5  and p l6  genes induces growth arrest in 
G l. In addition, pl4ARF induces arrest in G2. The protein pl4ARF represents a 
"functional bridge" between Rb and p53 pathw ays and w hen overexpressed 
induces p53-related apoptosis. The expression of pl4ARF is regulated among 
other genes by the transcription factors E2F-1 and E2F-2, and therefore 
upregulation of pl4ARF may explain the co-operation between p53 and E2F-1 in 
the induction of apoptosis. Co-transfer of p53 and pl4ARF could be important in 
those gliomas overexpressing hmd2 and resistant to the p53 apoptotic effect 
(Fueyo et al, 2001).

High copy num ber amplification of chromosome 9 has not been reported 
previously in paediatric ependymoma and the region of amplification seen in 

1N2970 is therefore a novel finding. Amplification of the region 9p22-pter has 
been reported in oral squamous cell carcinoma, medulloblastoma and anaplastic 

astrocytoma (Eberhart et al, 2002; Nishizaki et al, 1998; Oga et al, 2001). 
Amplification spanning the whole of chromosome 9 has been reported in two 

cases of paediatric anaplastic astrocytoma (Rickert et al, 2001). A novel gene, 

G ASCI,  lies w ithin the region of amplification at 9p. This gene contains a PX 

dom ain and two PHD fingers. PX domains participate in protein-protein 
interactions and the PHD finger is found in nuclear proteins involved in 

chrom atin-m ediated transcriptional regulation. Both of these m otifs are 

potentially oncogenic suggesting G A S  Cl  may have an im portant role in
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tumourigenesis and G ASCI amplification and overexpression has been observed 
in oesophageal cancer (Yang et al, 2000).

Gain of chromosome 11
Three (6%) tumours in this study showed gain of chromosome 11. IN2939 had 

two separate regions of gain at llp l2 -p te r and llql4-23. IN I759 had gain of the 

entire chromosome and IN2376 had gain of l i p  only.

Conventional cytogenetic techniques have shown gain of chromosome 11 in one 
case each of ependym oma and anaplastic ependym om a (Griffin et al, 1992; 

Sawyer, 1994). Previous CGH analyses have reported gain of chromosome 11 in 

three cases of myxopapillary ependymoma, one ependymoma and four cases of 

anaplastic ependymoma (Carter et al, 2002; Dyer et al, 2002; Reardon et al, 1999; 
Scheil et al, 2001). Structural abnormalities involving chromosome 11 have been 

reported including t(ll;18)(ql3;q21) in ependym oma, t(ll;17)(ql3;q21), add  
(H)(q23) and ad d (ll)(p l5 ) in anaplastic ependym oma (Kucerova et al, 2000; 
Neumann et al, 1993; Rogatto et al, 1993; Sainati et al, 1996).

The l lq l3  breakpoint is a frequent chromosomal abnormality in malignant brain 
tumours (Griffin et al, 1988). The oncogenes BCLl, HST and 1NT2, which m ap to 

l lq l3  are frequently amplified in some hum an tumours. There have been five 
reports of chromosome 11 gain as a sole abnormality in ependymoma, three of 

which had the l lq l3  breakpoint (Dal Cin et al, 1999; Jenkins et al, 1989; Sainati et 
al, 1992). Only one tum our in the present study showed gain in the l lq l3  

breakpoint region. Gain of l i p  seems to be a more common abnormality in the 

ependymoma in this study.

Previous data suggests gain of chromosome 11 is more common in the anaplastic 

or m yxopapillary variants of ependym oma. This was not apparent in the 

ependymoma in the present study due to the low numbers of anaplastic tumours 

and the absence of m yxopapillary tum ours. Two of the tum ours w ith  

chromosome 11 gain were a prim ary and recurrent pair. The prim ary tum our 

showed gain of the whole chromosome compared to l i p  gain in the recurrence.
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Loss of l l q  was also seen in one case of recurrent ependymoma suggesting genes 
on l l q  may be involved in progression rather than initiation of ependymoma.

Chromosome 12 abnormalities
There were two regions of alteration on chromosome 12 in the ependymoma in 

this study. Three tumours (6%) had gain of 12ql5-21 and eight tum ours (16%) 

had loss of 12q23-qter. Two cases (IN2923 and IN2638) had both gain and loss of 

12q. The results point towards a breakpoint in the 12q22 region.

Gain of chromosome 12 has been reported in one case of anaplastic ependymoma 

(Weremowicz et al, 1992). There appear to be no reports of monosomy 12 in the 

literature. CGH analyses have shown chromosome 12 abnormalities to occur 

infrequently. Loss of 12pter-q23 has been reported in one ependym om a and 
monosomy 12 in one anaplastic ependymoma (Dyer et al, 2002; Hirose et al,

2001). Loss of 12q23-qter has been reported in three ependymoma (Zheng et al, 
2000). A myxopapillary ependymoma has also been reported with loss of 12ql5- 
21 and one with monosomy 12 (Reardon et al, 1999; Scheil et al, 2001). Gain of 12 
has been reported in two ependymoma and one anaplastic ependym oma (Dyer 
et al, 2002; Grill et al, 2002; Zheng et al, 2000). Gain of 12q24 has been reported in 
a case of myxopapillary ependymoma, along with gain of 12q23-qter in two cases 

of in tracran ial ependym om a (Scheil et al, 2001). R eported struc tu ra l 
abnormalities of chromosome 12 in ependymoma include der(12)t(12;?)(q21.3;?) 

and del(12)(q22) (Mazewski et al, 1999; Rogatto et al, 1993).
In the present study loss of 12q occurred more frequently in the recurrent 

tumours than the primary tumours suggesting the gene(s) lost from this region 
are likely to be involved in progression.

LOH on 12q accompanied by amplification of genes from 12ql3-14 has been 
reported in 50% of adult malignant glioma yet the molecular basis betw een 

amplification and loss on the same chromosome is not yet known (Reifenberger 
et al, 1995). An am plification cluster has been described at 12ql3-14 

(Reifenberger et al, 1994a). This region contains a num ber of genes w ith  
oncogenic potential, including M D M 2 , S A S ,  G A D D , G L I  and  CDK4. 

Amplification of these genes have been reported in adult astrocytoma but not in
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paediatric ependym oma (Mao and Hamoudi, 2000; Reifenberger et al, 1996; 
Reifenberger et al, 1994a; Rollbrocker et al, 1996). Amplification of genes in the 

12ql3-15 region has also been reported in neuroblastoma and osteosarcoma 

(Gisselsson et al, 2002; Van Gele et al, 1997). BAZ2A,  a gene that encodes a 

bromodomain protein, has been localised to 12q24.3-qter (Jones et al, 2000). There 

are four genes in the BAZ family that may have tum our suppressor activity 

although the function of BAZ2A is still unknown.

Gain of chromosome 13
In the present study twelve (23.5%) tumours had gain of chromosome 13. In ten 

cases the region of gain was confined to the 13q21-31 region. One tum our 

showed gain of the entire chromosome and one tum our showed gain of 13ql4- 
qter.

Conventional cytogenetic techniques have shown gain of chromosome 13 in four 
ependym om a (two ependym om a, one anaplastic ependym om a and one 
recurrent anaplastic ependymoma (Neumarm et al, 1993; Vagner-Capodano et al, 
1999; Weremowicz et al, 1992). Gain of 13q has been reported by CGH in four 
ependymoma and three anaplastic ependymoma (Carter et al, 2002; Dyer et al, 
2002; Grill et al, 2002; Zheng et al, 2000). In one study, gain of 13q21-31 occurred 
more frequently in recurrent tumours than primary tum ours (Dyer et al, 2002). 
A m plification of 13q33-34 has been reported in one case of anaplastic 

ependymoma (Carter et al, 2002). There has only been one reported structural 
abnormality of 13q in ependymoma: t(13;14)(qll;pll) (Neumann et al, 1993).

Incidental gains of 13q have been reported in a number of other hum an cancers, 

including non-small cell lung carcinoma, testicular germ cell tumours, malignant 

m elanom a, ovarian carcinoma, squam ous cell carcinom a, fibrosarcom a, 

medulloblastoma, breast carcinoma and high grade oligodendroglioma (Barks et 
al, 1997; Daigo et al, 2001; Eberhart et al, 2002; Jeuken et al, 1999; Luk et al, 2001; 

Mostert et al, 1996; Schmidt et al, 2002; Sonoda et al, 1997; Speicher et al, 1995).

225



The analysis of chromosome 13 as part of the hum an genome project has shown 
this region on the long arm to be a gene-poor region (International H um an 

Genome Dequencing Consortium, 2001). Within the region of 13q21-22 there are 
a number of genes with biological functions that may have relevance in cancer. 

PIBFl inhibits natural killer activity and prostaglandin synthesis. This gene has 
been found to be expressed prominently in the testis and spleen (Rozenblum et 

al, 2002). K1AA1008 is a gene with sequence homology to the dis3+ gene. It 
encodes a mitotic-control protein with a PilT amino (PIN) term inus domain and 

has been found to be overexpressed in colorectal cancers (Lim et al, 1997). KLF12 

and KLF5 are members of the mammalian Kruppel-like transcription factor 

family (Rozenblum et al, 2002). KLF12 is a zinc finger protein that binds to the 

AP-2a gene promotor and represses its expression. KLF5 may be an activator of 

EGF. LM 0 7  is a member of a group of proteins that are thought to have a 
transcrip tion  regulatory  function th rough  p ro tein -p ro te in  in teractions 
(Rozenblum et al, 2002).

Loss of chromosome 16
In the present study two tumours had loss of 16q, seven had loss of 16p and 
three tum ours had monosomy 16. Conventional cytogenetic techniques have 
show n monosomy 16 in 2 /14  (14%) of ependym om a (Griffin et al, 1988; 
Neum ann et al, 1993). CGH analyses have shown loss of 16 in ten ependymoma 

and two anaplastic ependymoma (Carter et al, 2002; Dyer et al, 2002; Hirose et al, 
2001; Shlomit et al, 2000; Zheng et al, 2000). In one CGH study, loss of 16q was 

only seen in conjunction with gain of Iq  (Shlomit et al, 2000). This finding was 
also true in a number of other CGH analyses of ependymoma (Carter et al, 2002; 

Dyer et al, 2002). In the present study, loss of 16 was seen along w ith gain of Iq  

in six cases, a relationship that was found to be statistically significant (p = 

0.0087). A small number of structural abnormalities of chromosome 16 have been 

reported in ependymoma including der(16)t(l;16)(qll.2;qll.2) and del(16)(ql3) 

(Mazewski et al, 1999; Stratton et al, 1989).
Loss of chromosome 16 in the present study was seen in association w ith a 

number of CNAs in addition to gain Iq, namely gain of 4q, 7q and 13, and loss of
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Ip. This may be indicative of a pathway of alterations that are required in order 
for ependymoma to form. Chromosome 16 alterations occurred in both primary 

and recurrent ependymoma suggesting that loss from this chromosome is an 
early event in ependymoma tumourigenesis.

The region of loss on 16p in the present study includes the location of the TSC2 

gene (tuberous sclerosis 2) at 16pl3.3. The tuberous sclerosis complex is a genetic 
disorder which predisposes sufferers to mental retardation, developmental brain 

defects, seizures and increased risk of developing tumours of the brain, kidney 

and heart (Gutmann et al, 2000). The TSC2 gene product is tuberin, which has an 

amino acid domain with sequence similarity to GTPase-activating proteins for 
rap l. Active rap l can transform  mouse fibroblast cells resulting in  tum our 

formation in immunocompromised mice. Tuberin may regulate cell growth by 
decreasing rapl-induced cell proliferation. TSC2 mRNA and protein expression 

is reduced or absent in 30% of sporadic astrocytoma suggesting that alterations 
in the rap l signalling pathw ay may be im portant in the developm ent of 
astrocytoma (Gutmann et al, 2000). LOH at the TSC2 locus has been observed in 
20% of ependymoma but no intragenic mutations of the gene were found in 
these tumours (Parry et al, 2000). The lack of m utation of the TSC2 gene in these 
tumours suggests it may not have a role in the development of ependymoma.

The CYLDl  gene is located at 16ql2-13 and is frequently associated w ith LOH 

16q in patients w ith hereditary  cylindrom atosis (Thomson et al, 1999). 
Hereditary cylindromatosis is a rare autosomal dom inant disease characterised 

by the development of benign tumours of skin appendages. There have been no 

reports of alterations of this gene in brain tumours.

Loss of chromosome 17
Monosomy 17 was seen in four cases in the present study and one further 

tum our show ed loss of 17q. Previous cytogenetic analyses have show n 

monosomy 17 in six cases of ependymoma (Rogatto et al, 1993). CGH analyses 

have shown monosomy 17 or loss of individual arms in seven ependymoma and
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six anaplastic ependymoma (Dyer et al, 2002; Grill et al, 2002; Reardon et al, 1999; 
Zheng et al, 2000). Structural abnormalities of chromosome 17 reported in 

paed iatric  ependym om a include der(17)t(17;?) and  der(17)t(17;?)(pl3;?) 
(Neum ann et al, 1993; Stratton et al, 1989). Isochromosome 17q has also been 

detected in two cases (Kramer et al, 1998). Loss of heterozygosity at 17pl3.3 has 

been detected in 50% of tumours studied by von Haken et al. (1996), yet other 

studies have shown much lower rates of LOH at 17p (Bijlsma et al, 1995; Blaeker 

et al, 1996; James et al, 1990; Kramer et al, 1998). There is a general consensus that 

p53 is not the target of 17p loss in ependymoma, since mutations of this gene are 
rare in both adult and paediatric ependymoma (Fink et al, 1996; Tominaga et al, 

1995; Tong et al, 1999; Von Haken et al, 1996).

Loss of chromosome 17 was associated with a num ber of other CNAs in the 
ependym om a in the present study, including loss of Ip  and gain of 4q. Loss of 

chromosome 17 occurred with equal frequency in both prim ary and recurrent 
tumours, suggesting it is an early event in the genesis of ependymoma.

Gain of 18q
Gain of 18q, spanning the entire long arm, w as seen in three cases of 
ependym om a. There was also one tum our with loss of 18q. Previous CGH 
studies have reported both gains and losses of 18q in paediatric ependym oma 

(Reardon et al, 1999; Zheng et al, 2000). Gain of chromosome 18 was only seen in 
primary tumours, suggesting it is an early event in the genesis of ependymoma. 

cDNA microarray analysis of a number of the ependymoma in this study have 
show n overexpression of the NCAD  gene at 18qll.2  (Suarez-Merino, 2002, 

personal communication). NCAD  is a member of the cadherin gene family that 

encode proteins that mediate calcium-ion-dependent adhesion (Takeichi, 1987).

Loss of chromosome 19
Loss of chromosome 19 was the most frequent abnormality in the ependymoma 

in the present study. Eleven tumours (21.5%) had monosomy 19 and three other 

tum ours had  loss of 19ql3.1-qter. Previous cytogenetic analyses have shown
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monosomy 19 in four ependymoma (Rogatto et al, 1993; Stratton et al, 1989). 
CGH analyses have shown monosomy 19 in four cases of ependymoma and loss 

of 19q in one anaplastic ependymoma (Dyer et al, 2002; Reardon et al, 1999; 

Zheng et al, 2000). There are no reports of structural alterations involving 

chromosome 19 in paediatric ependymoma.

LOH for loci on 19q occur more frequently in anaplastic astrocytoma than diffuse 

astrocytoma suggesting that potential tumour suppressor genes on 19q are more 
likely to be involved in tumour progression than initiation (Von Deimling et al,

1994). The frequency of 19q loss in tum ours such as oligodendrogliom a, 
neuroblastoma and other glioma suggests the presence of a tum our suppressor 

gene. The minimum region of deletion on 19q seen in oligodendroglioma and 
neuroblastoma is in the 19ql3 region, a region of loss shared by fourteen of the 

ependymoma in the present study. A number of candidates in this region, such 

as GMFy (glia maturation factor y), ANOVA  (astrocytic NOVAl-like gene) have 

shown no mutations in glioma, and have therefore been excluded as the gene 
involved in these tumours (Ueki et al, 1997; Yong et al, 1995).

There are m any candidate tum our suppressor genes on chrom osome 19 
including STKll /LKBl  located at 19pl3.3, which encodes a widely expressed 
serine / threonine kinase of 433 amino acids. This gene is m utated in Peutz- 
Jeghers syndrom e, a autosom al dom inantly inherited  condition tha t is 

characterised by benign intestinal hamartoma and m elanin spots of the lips, 
buccal mucosa and digits, as well as increased risk of gastrointestinal, ovarian, 

pancreatic and breast cancers (Bignell et al, 1998; Hemminki et al, 1998). The BAX 
gene at 19ql3.3 is a primary response gene for p53, involved in the p53-regulated 

pathway for the induction of apoptosis. BAX acts to reduce the death-repressing 
activity of BCL2. Also located at 19ql3.3 is the gene that codes for ZIP kinase. 

When ZIP kinase is overexpressed, it induces morphological changes in cells, 

suggesting it has an important role in the induction of apoptosis. There are three 

functionally related genes located at 19ql3.2-ql3.3, known as XRCCl, ERCCl and 
ERCC2, and there is some evidence that these genes have a role in both UV cross

link repair and nucleotide excision repair (Knuutila et al, 1999; Thompson et al, 

1990; Von Deimling et al, 1992). Mutations of ERCCl have been reported in 

ovarian cancer (Yu et al, 1997). The pl90-A gene has recently been localised to
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19ql3.3 and is one of two genes that code for Ras GAP-binding phosphoproteins 
of 190kDa (Tikoo et al, 2000). This gene is located in the region that is commonly 

deleted in astrocytoma and may be the candidate tum our suppressor gene 

involved in these tum ours. The PLA2G4C  gene, that encodes cytosolic 

phospholipase Az-y (cPLAz-y), is also located within the putative glioma tum our 

suppressor gene location. This gene has a role in inflammatory cascades and may 
also be involved in the p53 regulated apoptotic pathway. This latter role raises 

the possibility that PLA2G4C may be the tum our suppressor gene involved in 

glial tumours (Hartmann et al, 2002).

Loss of chromosome 20
Monosomy 20 was seen in two tumours in the present study and loss of 20q in 
five (10%) other tumours. Losses of chromosome 20 have been reported in both 

intracranial and myxopapillary ependymoma (Griffin et al, 1992; Zheng et al,
2000) and structural abnormalities of chromosome 20 have been reported in 

p re v io u s  cy to g en e tic  analy ses, in c lu d in g  t( l;2 0 )(q 2 1 ;q l3 )  and  
der(20)t(20;9)(ql3.2;p22) (Griffin et al, 1992; Neum ann et al, 1993). In one recent 

CGH study, gain of 20q was one of the most frequent abnormalities in twelve 
ependym oma, and was seen in only benign tum ours and not the anaplastic 

variant (Scheil et al, 2001).
The TP53TG5 (TP53-target gene 5) has been localised to 20ql3.1 and has been 
shown to be a negative regulator of cell growth. The gene product is likely to 
have an im portant role in the checkpoints along the TP53 signalling pathway 

(Isaka et al, 2000). A num ber of potential tumour suppressor genes on 20q have 
been implicated in myeloid leukaemia patients, including PLCGl (phospholipase 

C yl), HNF4 (hepatocyte nuclear factor 4), TOPI  (topoisomerase 1), MYBB 

(myeloblastosis viral oncogene homologue like 2), ADA  (adenosine deaminase) 

and CD40 (Knuutila et al, 1999). The role of these potential target genes in glial 

tumours is as yet unknown.
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Loss of chromosome 22
Loss of chromosome 22 was present in twelve cases (23.5%) in the present study. 

The region of loss could not be confined to any one band but spanned the entire 
chromosome. Monosomy 22 has been reported in 8-40% of ependym om a 

analysed cytogenetically (Griffin et al, 1992; Hirose et al, 2001; Kramer et al, 

1998; Neum ann et al, 1993; Ransom et al, 1992; Reardon et al, 1999; Vagner- 

Capodano et al, 1992; Vagner-Capodano et al, 1999) and CGH analyses have 
shown loss of 22q in 44% of paediatric ependymoma (Carter et al, 2002; Zheng et 

al, 2000). It has been suggested that this alteration occurs twice as frequently in 
adult ependymoma than in paediatric tumours (Mazewski et al, 1999). In the 

present study, loss of chromosome 22 was a frequent finding and was often seen 
in conjunction with a num ber of other CNAs including loss of Ip  and 16p and 

gain of 4q and 5q. Loss of chromosome 22 was seen as frequently in primary 
tum ours as in recurrent tumours and appeared to be more common in benign 

tumours than in anaplastic tumours, though the latter may be due to the small 
num ber of anaplastic tumours included in this study. This data is indicative of 
loss of 22 being an early event in the genesis of ependymoma.

Chromosome 22 is a rich source of genes associated with a variety of medical 
conditions. The genes for neurofibrom atosis type 2 (NF2) and fam ilial 

schizophrenia are located in 22qll-12 and genes causing the developmental 
abnormalities DiGeorge and Cat-Eye syndromes are located at 22q ll (Dumanski, 

1996) (see Figure 4.48). Segregation analysis carried out in a family w ith four 
cousins affected by ependym om a has indicated  tha t an  ependym om a 

susceptibility  gene m ay be located at 2 2 q ll.2  (H ulsebos et al, 1999). 
Translocations and interstitial deletions involving 22q ll have been reported in 

ependymoma supporting the presence of an ependymoma locus proximal to the 
NF2 locus (Park et al, 1996; Roberts et al, 2001; Stratton et al, 1989; Vagner- 

Capodano et al, 1999; Von Haken et al, 1996). The hSNF5/INIl  gene that is 
involved in malignant rhabdoid tumours, maps to 22qll.2 and was at one time 

thought to have a role in the progression of astrocytoma. Deletions of loci in this
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region were observed in 22/120 cases but in 20 of these cases the loss extended to 
the entire long arm of the chromosome (Ino et al, 1999). Mutations of hSNF5/lNIl 
have been found in choroid plexus carcinoma and in a subset of central primitive 
neuroectodermal tumours, but not in astrocytoma or ependymoma even though 

the majority of these tumours have shown LOH at 22qll.2 loci (Kraus et al, 2001; 
Sevenet et al, 1999),

Deletions have also been reported at 22ql2-13, a region encompassing the NF2 

gene at 22ql2 (Vagner-Capodano et al, 1999). NF2 is a dom inantly inherited 

disease with a predisposition to development of multiple slow-growing central 

and peripheral nervous system tumours such as schwannoma, meningioma, and 
to a lesser extent ependymoma (Slave et al, 1995). The status of the NF2 gene in 

ependymoma has been widely investigated. Mutations of NF2 appear to be a rare 
event in intracranial ependymoma and are more strongly associated with spinal 

ependymoma (Ebert et al, 1999; Singh et al, 2002). Sporadic ependymoma have 
not been shown to have m utations of the NF2  gene even w hen loss of 
heterozygosity for markers in the 22qll-12 region has been present (Lamszus et 
al, 2001; Rubio et al, 1994; Slave et al, 1995; Von Haken et al, 1996). A report of an 
ependymoma patient with a t(l;22)(p22;qll) suggests the breakpoint is proximal 
to the NF2 locus and maps to 22qll (Park et al, 1996).

Translocations with a breakpoint in ql3 have also been reported (Oskam et al, 

2000; Vagner-Capodano et al, 1992; Vagner-Capodano et al, 1999; Weremowicz et 
al, 1992). A recent study of LOH of chromosome 22 in ependymoma showed two 
common regions of allelic deletions, at 22qll.21-ql2.2 and 22ql3.1-13.3 (Huang et 
al, 2002). In one study, a deletion of 22ql3 was found in 11% of astrocytoma, 11% 

of oligodendroglioma and 18% of ependymoma (Koschny et al, 2002). A novel 
putative tum our suppressor gene, SCN6,  has recently been identified by 

subtractive hybridisation in colorectal cancer. This gene has been localised to 
chromosome 22ql3.2 and could therefore be a candidate for the postulated 

tum our suppressor gene at the deleted 22ql3 locus in gliomas. A dditional 
studies are still needed to narrow these regions on 22q and identify potential 

tumour suppressor genes.
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Figure 4.48: Schematic diagram of human chromosome 22
Chromosome bands 22q ll and 22ql2 are shown w ith the location of candidate 
tumour suppressor genes (Rousseau-Merck et al, 2000).
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Alterations of the sex chromosomes
CGH analyses identified one ependymoma (IN1932) with gain of chromosome X. 
Gains of X have been reported in cytogenetic analyses, as well as in CGH 

analyses of ependymoma (Bhattacharjee et al, 1997; Grill et al, 2002; Kucerova et 
al, 2000; Neum ann et al, 1993; Sainati et al, 1996; Scheil et al, 2001; Weremowicz 

et al, 1992). Structural abnormalities of chromosome X include t(X;22)(p22.1;qll) 

and t(X;18)(pll.4;qll.2) (Neumann et al, 1993; Roberts et al, 2001).

CGH could not be used to identify alterations of the Y chromosome, and hence a

Y chromosome specific PCR was used to determine the presence of Y-specific 
sequences in tum our samples. The Y-PCR identified three ependymoma (INI638, 

IN1932 and IN I759 which appeared to have loss from the Y chromosome. Loss of
Y has been reported previously in paediatric ependymoma (Mazewski et al, 1999; 

Reardon et al, 1999; Rogatto et al, 1993; Vagner-Capodano et al, 1992; Vagner- 
Capodano et al, 1999). Translocations involving the Y chromosome have also 
been reported in ependymoma (Mazewski et al, 1999).

Sex chromosome loss as a sole abnormality or accompanied by autosome loss has 
been reported in 46% of malignant gliomas (Hecht et al, 1995). It has been 
suggested that loss of the sex chromosomes is associated with increasing age, but 
there is no evidence as to why this occurs. Loss of the Y chromosome could occur 

as a result of Y chromosome rearrangements. Males with malignant glioma have 
been reported with an XX karyotype. This apparent sex reversal is a result of two 

events: Y loss and X isodisomy. It has been hypothesised that X loss in females 
could also be followed by X isodisomy. Tumourigenesis could relate to loss of 

the inactive X followed by duplication of the active X, resulting in X isodisomy 

for the active X chromosome (Hecht et al, 1995).

Genetic losses involving the sex chromosomes are among the most frequent 

events found in solid tumours. CGH analyses have shown loss of chromosome X 
in 25% of lung and ovarian tumours (El-Naggar et al, 1999; Mertens et al, 1997) 

and FISH analysis has revealed loss of Y in 36% of pancreatic endocrine tumours
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(Missiaglia et al, 2002). A recent study has suggested that loss of sex 
chromosomes may be associated with tumour aggressiveness (Missiaglia et al,

2002). Of the tum ours with loss of the sex chromosomes in this investigation, 
three of the patients had died as a result of disease (mean survival = 48 months) 

and the other patients is still alive 98 months post diagnosis.

A recent study has identified MAGE-El (melanoma-associated antigen) at X p ll 

(Kawano et al, 2001). There are a number of other MAGE  genes located on the X 

chromosome, including MAGE-A (Xq28), MAGE-B (Xp21) and MAGE-C (Xq26- 
27). Some MAGE genes encode antigens that are localised on the cell surface of a 

num ber of hum an tum ours and are recognised by autologous cytolytic T- 
lymphocytes (Traversari et al, 1992). MAGE-El gene expression may be regulated 

by CpG island méthylation in keeping with other members of the MAGE family. 
MAGE-El  has been found to be highly expressed in GBM relative to norm al 

astrocytes and also to be predom inately  expressed in histo logically  
undifferentiated rapidly growing tum ours (Sasaki et al, 2001). Early data 
suggests that MAGE-El has a function in cell cycle regulation.

Given the propensity for loss of the sex chromosomes during the ageing process, 
the significance of these gonosomal losses in paediatric tum ours is w orthy of 

further investigation.

Associations between copy number aberrations
From the CGH results it is obvious that certain chromosome abnormalities 
occurred in conjunction w ith one another. These associations betw een CNAs 

allowed the separation of the tumours into three distinct groups based on their 
aberrations. The first group of tum ours had seventeen CNAs that occurred 

together and were statistically significant at the 95% confidence level. The 
alterations found predominantly in this group of tumours were loss of Ip  seen in 

association with gain of 4q, 13, 5q, 6q, 2q, 9p, 8q and 18q, and loss of 2 2 ,1 9 ,16p, 
12q, 17 and 20. Within this group of tumours there were also a num ber of pairs of 

alterations that occurred together (detailed in Table 4.3). The second group of
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tum ours shared ten CNAs that were statistically significant at the 95% 
confidence level, including gain of Iq, 2q, 7q, 8q, 9p, 13, 6q and l ip ,  and loss 12q 

and 16q. There were also a number of pairs of alterations that occurred together 

within this second group of tumours. The third group contained those tumours 

that had no detectable CNAs and those with sole abnormalities that m eant they 
could not be assigned to one of the other two groups.

Loss of Ip  and loss of Iq  occurred almost independently of one another allowing 
the tum ours to be separated into two groups based on their chromosome 1 

status. Alterations of this chromosome appear to be an im portant factor in 

ependymoma development and further investigation of the gene(s) involved is 

required. Previous CGH analyses have reported CNAs that occur together or 
independently  of one another. In all instances this has been pairs of 

abnormalities and no previous associations have been made between m ultiple 
CNAs. In one study, loss of 6q was seen to occur independently of monosomy 22 

in a series of twenty-three primary paediatric ependymoma (Reardon et al, 1999). 
In the present study, loss of 6q only occurred in two cases, once as a sole 
abnormality and once w ith monosomy 22 and two other regions of loss. In a 
second study of twenty-four primary ependymoma (14 paediatric), loss of 6q and 
loss of 9 (either p or q arm) were seen to be m utually exclusive (Hirose et al,
2001). This was also true in the present study but could not be said to be a 

significant finding due to the low number of tum ours w ith loss of 6q in the 
study.

The fact that several CNAs occur together suggests a pathw ay (or pathways) 
which require the increased expression of some genes and the deletion of other 

genes in ependymoma development. The CGH data presented here suggests the 
possible involvem ent of at least three different pathw ays that lead to the 

formation of ependymoma. There were a number of CNAs that were common to 
both of the groups of tum ours with abnormalities, including gain 2q, 6q, 8q, 9p 

and 13. This may be indicative of genes common to both pathways but altered at 
different frequencies between the two groups. The regions of alteration identified 

by this study contain genes that are involved in a num ber of regulatory 
pathways including, control of the cell cycle, the MAPK signalling pathway, the 
p53 pathway, PDGF pathway, pRB pathway and the PTEN pathway. Further
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investigation is required to determine if disruption of these pathways actually 
occurs in ependymoma.

Potential prognostic markers
Prognostic markers in ependymoma have not yet been established. A num ber of 
clinicopathological features have been proposed as prognostic indicators but 

evidence remains controversial. One aim of this study was to determine whether 
any chromosome abnormalities could be used as prognostic markers or could be 

associated with clinicopathological features such as tum our grade or recurrence, 
in order to predict the outcome of children with ependymoma.

Extent of resection is considered to be the most im portant prognostic factor in 

ependymoma patients. Gross total resection has been shown to increase PFS 
compared to sub-total excision in a number of studies (Fouladi et al, 1998; Healey 
et al, 1991; Mohri et al, 2000; Nitiss and Beck, 1996; Robertson et al, 1998; Sutton 
et al, 1990-1991). In the present study, there was no difference in survival 

between those patients who had undergone total excision or those who had 
partial excision (see Figure 4.49).
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Figure 4.49: The effect of surgical resection on survival in paediatric  
ependym om a patients. Survival is m easured in m onths from the date of 
diagnosis. Log-rank test, p = 0.695.

The use of radiotherapy in the treatment of ependymoma has also been seen to 
improved survival (Dohrmann et al, 1976; Goldwein et al, 1990; Lyons and Kelly, 
1991; Pierre-Khan et al, 1983; Salazar, 1983; Salazar et al, 1983; Wallner et al, 
1988). The use of whole brain irradiation results in prolonged survival compared 
to partial brain irradiation (Salazar et al, 1983). In the present study, treatm ent 
regimen had an impact on patient survival. The patients in the study could be 
separated into four treatment groups; those who had undergone surgery alone, 
those who had surgery followed by radiotherapy, those who had surgery 
followed by chemotherapy and those who had surgery followed by radiotherapy 
and chemotherapy. Survival was better for those patients who had received post
operative therapy compared to those who had just undergone surgery. The best 
survival was seen in the group of patients who received post-operative 
radiotherapy (90% at 5 years), followed by those who had received post

operative chemotherapy (62% at 5 years). Survival in those patients who had 
received post-operative chemotherapy and radiotherapy had a 5-year survival of 

60%. However, while survival remained stable for the first two groups of 
patients, by 8 years post diagnosis all patients who had received both 

chemotherapy and radiotherapy had died. Patients who had received no post-
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operative therapy had a very poor survival (0% at 2 years). This data suggests 
that surgery alone is not the best treatment option for patients with intracranial 
ependymoma and that it should be used in conjunction with either radiotherapy 
or chemotherapy to improve survival.

Tumour location has also been reported as an im portant prognostic marker. 

Survival is often better for patients with infratentorial tum ours compared to 
those with supratentorial tumours (Lyons and Kelly, 1991). In the present study, 

there was no difference in survival between those patients with supratentorial 
tumour and those with infratentorial tumour (see Figure 4.50). This is a finding 

that has been reported by other groups (Salazar et al, 1983).
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Figure 4.50: Effect of tum our location on survival in paediatric ependym oma 
patients. Survival is measured in months from the date of diagnosis. Log-rank 
test, p = 0.5397. PF = posterior fossa, ST = supratentorial.

The influence of age on outcome in patients with ependymoma is controversial. 
Some studies have reported no difference in outcome between young children 

and older children (McLaughlin et al, 1998; Paulino and Wen, 2000; Robertson et 
al, 1998; Salazar et al, 1983). In contrast, age has been shown to be a significant
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prognostic factor in other studies, with older children having better survival than 

younger children (Chiu et al, 1992; Goldwein et al, 1990; Nazar et al, 1990; 

Paulino et al, 2002; Pierre-Khan et al, 1983). There was no significant difference in 
survival between the older and younger patients in the present study.

There is also some controversy regarding the prognostic significance of 

histological grade in ependymoma. This is due in part to the disagreem ent 
between pathologists as to how ependymoma should be graded (Chiu et al, 1992; 

Goldwein et al, 1990; Healey et al, 1991). There are occasions where assigning a 

grade to a tum our is difficult because of heterogeneous histological patterns 

w ithin the tum our (Chiu et al, 1992). Several studies have show n survival 
differences between patients with ependymoma and anaplastic ependym oma 

(Kovalic et al, 1993; Liu et al, 1976; McLaughlin et al, 1998; Nazar et al, 1990; 
Salazar et al, 1983; Schiffer and Giordana, 1998). The present study could find no 
difference in survival between patients with benign and those with anaplastic 
ependymoma. This finding has also been reported by other groups (Chiu et al, 
1992; Goldwein et al, 1990; Healey et al, 1991; Sutton et al, 1990-1991). In the 
present study, the lack of a difference in survival between the two histological 
variants of ependymoma may be due to the small num ber of anaplastic tumours 
compared to the benign tumours.

The repo rts  of chrom osom e abnorm alities as prognostic  m arkers in 

ependym om a are limited. Gain of Iq  has been found to be associated w ith a 
num ber of clinicopathological features including patient survival, tum our 

histology and tumour recurrence (Carter et al, 2002; Dyer et al, 2002; Sainati et al, 
1996). Despite gain of Iq  being a frequent finding in the ependym oma in the 

present study, it was not associated with any clinicopathological feature.

Only one CNA could be associated with patient survival in the present study and 
that was monosomy 19. Monosomy 19 gave a survival advantage to the patients 

w ith this aberration (90% at 5 years) compared to those w ith no alteration of 

chromosome 19 (50% at 5 years). No other CNA could be associated w ith any of 

the clinicopathological criteria examined (patient age or sex, tum our histology or
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location). Loss of 19q in conjunction with loss of Ip  has seen to be associated 
with longer PFS in adults with oligodendroglioma (Cairncross et al, 1998; Hoang- 
Xuan et al, 2001). Virtually all oligodendroglioma with loss of Ip  also have loss 
of 19q, a finding that suggests a synergistic effect of both alterations that confers 
a selective growth advantage (Kraus et al, 1995; Reifenberger et al, 1994b). 
However, in the present study patients with lp /1 9 q  had no survival advantage 

over those patients who did not have this alteration (see Figure 4.51). The 
presence of 19q is also associated with an increased chance of chemotherapeutic 

response in oligodendrogliom a (Cairncross et al, 1998). H ow ever, in 
neuroblastoma loss of 19q is associated with local treatm ent failure and poor 

prognosis (Mora et al, 2001).
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Figure 4.51: Influence of lp /19q  loss on survival in ependymoma patients. There 
is no difference in survival (Log-rank test, p = 0.4503). Survival is m easured in 
months from the date of diagnosis.

Tumour recurrence
The most common site of recurrence in ependymoma is at the primary tumour 

site (Salazar, 1983). Local recurrence is the most significant cause for progression 
of neurological deficit in ependymoma patients (Cobbs et al, 1996). In light of the
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importance of tum our recurrence in ependymoma, the association betw een 

CNAs and tumour recurrence was examined in two different ways in the present 

study. In the first instance, the CNAs present in prim ary ependym om a were 

compared to those in the recurrent tumours. There was a significant association 

between the presence of gain of 7q and loss of 12q and recurrent tumours. Loss 

of 6q and 8p were also seen at higher frequencies in the recurrent tum ours 

compared to the primary tumours, though this association was not statistically 

significant. High copy number amplification was also associated with recurrent 

tumours. This data suggests that different CNAs are present in prim ary tumours 
compared to recurrent tumours. There is further evidence for this w hen primary 
and recurrent tum ours from the same patient are examined. In the literature 
there are cytogenetic data available for fifteen prim ary and recurrent pairs of 
ependymoma (Dyer et al, 2002; Scheil et al, 2001; Vagner-Capodano et al, 1992; 
Vagner-Capodano et al, 1999). Only one of these pairs had no abnormalities in 

the primary or the recurrent tum our (Dyer et al, 2002). In two cases, both the 
prim ary and recurrent tum ours had the same abnorm ality, both  involving 

structural abnormalities of chromosome 22 (Vagner-Capodano et al, 1999). In the 
remaining twelve cases, the primary and recurrent tum ours showed different 

abnormalities. In most cases there was an acquisition of abnorm alities w ith 
tum our recurrence. In two cases the primary tum our had more abnormalities 

than the recurrent tum our (Dyer et al, 2002). In two cases the recurrent tum our 
had gained a region of high copy number amplification that was not present in 

the primary tum our (Dyer et al, 2002; Scheil et al, 2001). In the present study, 
there were six pairs of primary and recurrent ependymoma and two recurrent 

samples from the same patient where no prim ary sample was available for 

analysis. Three of the paired samples had no CNAs in either the prim ary or 

recurrent sample. In one pair, the prim ary sample had three CNAs and the 
recurrent sample had no aberrations. In the remaining instances, the recurrent 

sample had gained aberrations that were not present in the prim ary tumour. In 

the pair of tumours that were both recurrences from the same patient, there was 

acquisition of regions of high copy number amplification on 8q and 9p in the 

second recurrence that had  previously been low level gains in  the first 

recurrence. There are several reasons why tum our cells acquire alterations as
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they progress or recur. One explanation is the growth of a different clone of cells 
to the original tumour. Tumour cells on the rim of the tum our edge may remain 

after incomplete tum our resection. These cells will continue to divide and 
produce a new tumour that may have slightly different alterations to those cells 

that were present in the main bulk of the tumour. Some tum our cells may have 

alterations that confer a survival advantage. For example, if a cell is able to 

express genes that allow it to expel cytotoxic drugs it will have a growth 
advantage over those cells that cannot expel cytotoxic agents and will therefore 

be killed by expose to such agents. Treatm ent w ith chem otherapy and 
radiotherapy can cause damage to cells but tum our cells are able to repair 

sublethal or potentially lethal DNA damage and can re-populate in between 
treatm ent doses (Cavenee et al, 2000). Cell death following radiation-induced 

DNA dam age occurs via apoptosis, usually m ediated by TP53. Cells w ith 
m utated TP53 can avoid apoptosis and can continue to grow. It is also possible 
that treatm ent w ith radiation may actually prom ote the acquisition of new 
aberrations (Dirks et al, 1994).

In the second analysis, the tum ours in the study were separated into prim ary 
tum ours with no reported clinical recurrence and those prim ary tum ours that 
had recurred. The CNAs were compared in the primary tumours only. There was 

a significant difference in overall survival between these two groups of tumours, 
w ith those patients whose tum our recurred having a worse outcome than those 

who had shown no recurrence. There was one aberration that occurred more 
frequently in the tum ours that showed recurrence than in the tum ours w ith no 
recurrence, and this was loss of 16q. It is possible that there are genes on 
chrom osom e 16q which, w hen altered in ependym om a, allow a grow th 

advantage to the tum our cells w ith this abnormality. Any residual tum our 
rem aining after resection w ould be able to continue dividing, resulting in 

recurrence of the tumour. There have been no reports in the literature of a single 
chromosome abnormality being used as a marker for tum our recurrence and 

further analysis is required in order to determine whether the presence of loss of 
16q really can be used to predict the recurrence of ependymoma in children.
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M D R l  expression in ependymoma
Although, there is some controversy in the literature regarding the value of 
current prognostic markers in ependymoma, most series agree that a worse 

prognosis is seen in children less than 3 years of age. Even though gross total 
resection may prolong survival, surgery alone is rarely curative. Ependymoma 

are sensitive to treatment with radiotherapy but as most of these tum ours occur 
in children oncologists prefer not to use radiotherapy in order to avoid 

treatment-related neurotoxic effects. The increased use of chemotherapy to treat 

ependym oma has lead to the identification of m ultidrug resistance in these 

tumours. The ineffectiveness of chemotherapy as treatm ent for brain tum ours 
may be due, in part, to the low efficiency of the penetration of chemotherapeutic 

agents through the BBB. The presence of P-GP in the capillaries of normal brain 
and in some tum our capillaries is consistent w ith a role for P-GP in restricting 

drug entry into normal brain and some areas of brain tumours. Several studies 
have identified expression of P-GP in hum an brain tumours (Becker et al, 1991; 
Henson et al, 1992; Nabors et al, 1991; Toth et al, 1996). As m any as 60% of 
astrocytomas have been shown to have P-GP in tum our blood vessels, although 
expression does not appear to be related to grade (von Bossanyi et al, 1997).

The activation of MDRl  as a mechanism for resistance may only be relevant in 
cells w ith low or undetectable levels of M D R l  (Knutsen, 1998). It has been 

suggested that random  chromosomal rearrangem ents involving 7q m ay be 
responsible for the overexpression of MDRl  when cells with low levels of MDRl  

are exposed to drugs. Figure 4.52 shows a schematic diagram  of the known or 
putative sites of rearrangement that might lead to drug resistance. The study by 

Knutsen indicated that the gene juxtaposed to MDRl that controls its expression 
after gene rearrangem ent has occurred, is chosen random ly. The only 

requirement is that the partner gene is constitutively active.
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Figure 4.52: Summary of molecular data obtained from cell lines (drug resistant 
adenocarcinoma) and patient samples (ALL) that shows known or putative sites 
of MDRl gene rearrangements (Knutsen et al, 1998).

In vitro studies of human tumour cell lines have shown that high levels of P-GP 
expression alone can lead to the development of MDR. Tumours arising in 
organs that normally express P-GP will overexpress P-GP, will be generally 
resistant to treatment with chemotherapy and may have even higher levels of P- 
GP after treatm ent (Becker et al, 1991; W einstein et al, 1990). Studies of 
expression of P-GP in normal adult brain have shown only the capillary 
endothelium expresses P-GP. Neurons and glia do not express P-GP (Cordon- 
Cardo et al, 1989; Thiebaut et al, 1989).

The first immunohistochemical evidence of P-GP expression in ependymoma 
was reported in a study by Geddes et al. (1994). Expression was observed in both 
adult and paediatric ependym om a from all sites. This study included 10 
paediatric ependymoma, of which 60% showed positive immunostaining with 
the antibodies JSB-1 and C219. JSBl recognises the extracellular epitope of P-GP 

and C219 recognises a conserved cytoplasmic domain in the COOH- terminal 
region of P-GP. Tumour blood vessel staining using MRK16, which binds to the 

extracellular epitope of P-GP, was found to be positive in 8 /8  cases of paediatric 
ependymoma in a study by Billson et al. (1994). This study also demonstrated an 

increase in the proportion of vessels expressing P-GP following treatment with
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chemotherapy, but not radiotherapy. Chou et al. (1996) showed 83% of paediatric 
ependym oma had positive immunostaining for P-GP. The resistance in these 

tumours was shown to be intrinsic as most of the tumours were studied before 
treatm ent with chemotherapy. Progression free survival has been shown to be 

greatest in patients w ith benign ependymoma, whereas a poor outcome is 
associated w ith anaplastic tum ours that had  no P-GP im m unoreactivity 

(Korshunov et al, 1999). The fact that normal ependymal cells do not express P- 
GP suggests that ependymoma fall into a category of tum ours derived from 

tissues that do not normally express P-GP but in which P-GP expression is 

accom panied by cellular transform ation. This raises the possibility  of 

simultaneous activation of an oncogene and M D R l  expression that results in 

progression of the tumour.

Antibodies that have been used to study P-GP expression have been seen to 

show cross reactivity w ith other proteins such as m itochondrial pyruvate 
carboxylase (JSBl) and muscle protein (C219) (Kirches et al, 1997). Reliable 
detection of M D R l  gene expression is also complicated by the existence of an 
homologous gene, known as MDR2, whose gene products cross react with some 
M D R l -  reactive antibodies and nucleic acid probes (Noonan et al, 1990). 
Therefore many people have made the decision to check for the presence of 

specific gene transcripts in tumour samples using RT-PCR. This technique allows 
even low levels of mRNA, undetectable by conventional assays, to be detected. It 
is 1,000 to 10,000 times more sensitive than RNA blot techniques (O'Driscoll et al, 
1993). By careful choice of sequence specific primers, it is possible to amplify 

selectively only the M D R l  gene and not its MDR2 homologue. Expression of 

M DRl  alone is sufficient to confer the multidrug resistance phenotype to drug 

sensitive cells. Even very low levels of M D R l  expression can result in a 
severalfold increase in the level of drug resistance, which may be clinically 

significant.

This study used RT-PCR to show that 65% of ependymoma had detectable levels 

of MDRl mRNA. This level of expression was slightly lower than that previously 

reported in paediatric ependymoma, though this may be due to the small
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num ber of tum ours analysed in the earlier investigation. (Chou et al, 1996) 
Expression was seen in both benign and anaplastic tum ours and there was no 

association between expression and survival as observed by Korshunov et al. 
(1999). In vitro chemosensitivity data was available for four of the samples in this 

study. These tum ours all showed resistance to cisplatin and vincristine. 
Surprisingly, only two of these tumours had detectable levels of MDRl mRNA. 
As only three tumours in the study showed gain of 7q using CGH and low level 
expression of MDRl, this w ould suggest that a m echanism  other than  

amplification of M D R l  maybe responsible for the MDR phenotype in some 
ependymoma.

Increased expression of MDRl is only one mechanism of drug resistance in 

tum ours. Other mechanisms of resistance include low efficiency of drug 
penetration through the BBB, reduction of intracellular accumulation of drugs, 

reduction in drug-activated enzymes and the increase in detoxification enzymes 
and proteins that may be responsible for the inactivation of chemotherapeutic 
agents. There are a number of chemoresistance related proteins (ChRPs) that may 
have a role in chemoresistance in brain tum ours in general. A recent study 
showed a significant preponderance of expression of these ChRPs in low grade 
ependym om a, w ith PFS time being shorter for the tum ours found to be 
immunonegative (Korshunov et al, 1999).

The MRP  gene was isolated by Cole et al. in 1992 from a doxorubicin-resistant 
lung cancer cell line. The MRP  gene encodes a 190 kDa m em brane bound 

glycoprotein with minor sequence homology to P-GP. Their work demonstrated 
that non- P-GP mediated MDR may be conferred by MRP. MRP is a member of 

the ATP binding cassette (ABC) superfam ily and is thought to act as a 
transporter protein. MRP expression has been observed in 70% of untreated 

glioma. P-GP expression was only observed in 17% of the same samples, 
suggesting intrinsic drug resistance in gliomas may be m ediated prim arily 

through MRP  rather than P-GP (Abe et al, 1998; Mohri et al, 2000). MRP 
expression was also seen to increase in samples after chemotherapy, indicating 

that acquired drug resistance may also be associated with MRP. MRP localisation
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exists primarily in the endoplasmic reticulum of resistant cells, suggesting a 
function of MRP in the distribution of a drug into specific organelles (Mohri et al, 

2000). MRP mRNA and protein are undetectable in normal brain. Despite MRP 
mRNA being expressed in most glioma cell lines tested, the expression levels did 

not correlate with resistance to any one particular drug. MRP expression was 
undetectable in surgical specimens of glioma suggesting that amplification- 

induced activation of MRP might occur during the establishment of a cell line, or 

there may be an alteration in promotor activity of the gene. The fact that MRP  is 

not expressed in capillary endothelial cells of the brain suggests it might not play 
a role in the construction of the BBB (Nagane et al, 1999). MRP mRNA has been 

detected in some childhood solid tum ours, including neuroblastom a and 
nephroblastoma (Oda et al, 1997).

Repair of cytotoxic dam age by O^- methylguanine-DNA methyltransferase 

(MGMT) is an important factor in resistance to chloroethylnitrosoureas (Esteller 
et al, 2000). MGMT  inhibits the killing of tum our cells by alkylating agents that 
would usually bind to the DNA causing cell death. The MGM T  gene is located 
on chromosome 10q26. A possible relationship between p53 and MGMT  has been 

suggested. In a subset of cancer cells the MGMT  gene has been silenced, maybe 
due to hypermethylation of the 5' flanking region of the promotor or cytoplasmic 

sequestration of the enhancer-binding protein. Glioma cell lines that are deficient 
in MGMT  show an increased sensitivity to alkylation by nitrosureas (Rolhion 

et al, 1999). Méthylation of the promotor has been shown to be associated with 
sensitivity to carmustine and an increase in survival in 40% of gliomas (Esteller et 

al, 2000). Wild type p53 acts as an inhibitor of MGMT  gene expression. MGMT  

gene expression has been seen to be lower in p53 altered GBM, suggesting a low 

level of MGMT  expression might promote p53 alterations via a gene m utation 
(Rolhion et al, 1999). Evidence suggests that MGMT  plays a central role in the 

resistance of glioma cells to ACNU (Nagane et al, 1999). MGMT mRNA has been 

detected in all grades of astrocytoma and in anaplastic ependymoma including 

some paediatric tum ours. (Tanaka et al, 2000). In paediatric brain tum ours 

activity of MGMT is greater in high-grade tum ours than low grade. MGMT 

expression has also been seen to be age dependent, with expression being greater
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in infants than adolescents. Elevated expression of M GM T  may have clinical 
implications for the treatment of paediatric brain tumours. Neoplasms with high 

MGMT expression may show enhanced resistance to alkylating agent based 
chemotherapy (Bobola et al, 2001).

Another mechanism of chemoresistance is intracellular drug inactivation or 

transformation as a result of increased concentrations or activity of detoxifying 
enzymes. Glutathione S-transferases (GST) are a major class of drug-detoxifying 

enzymes, that catalyse the conjugation of glutathione w ith a great num ber of 
compounds with an electrophilic centre, including chemotherapeutic agents (von 

Bossanyi et al, 1997). The placental form, GSTtt, is the predom inant form in 
norm al brain. Its level of expression has been seen to be related to grade of 

malignancy. Due to their detoxifying properties, GSTs are thought to play an 
im portant role in chemoresistance. A recent study showed that there was no 

evidence for GST- m ediated protection from chem otherapeutic agents or an 
increase in expression caused by exposure to drug, as seen w ith other MDR 

related genes (Winter et al, 2000). Expression of GSTtt mRNA has been reported 
in a range of brain tum ours including paediatric anaplastic ependym om a, 

medulloblastom a and all grades of astrocytoma (Tanaka et al, 2000). GSTtt 

expression is extremely high in brain tumours and glioma cell lines compared to 

that in norm al brain (Nagane et al, 1999). W estern blot analysis of GSTtt in 

paediatric glioma and other brain tumours revealed an increase in expression 
with progression of malignancy. Endothelial cells of tum our blood vessels were 

found to be immunoreactive for GSTtt and to a lesser extent GSTa and GST-mu. 
Drug resistance may result not only from the expression of GSTs in neoplastic 

cells but also from the protein function in the endothelial cells of the tum our 
blood vessels that form a blood-tumour barrier (von Bossanyi et al, 1997).

Metallothioneins (MTs) are metal binding proteins that are overexpressed in a 

range of drug resistant hum an neoplasms. MT is a low molecular weight protein 
that can chelate seven bivalent heavy metal ions through m ercaptide bonds 

(Korshunov et al, 1999). The MTI and MTII isoforms are present in the cytoplasm
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and nuclei of many norm al cell types, including nervous tissue. The MTIII 
isoform is expressed in neurons and is absent from glial components. MX 

expression correlates w ith a poor outcome. MX im m unoreactivity has been 
observed in a range of hum an brain tumours, including childhood neoplasms 

such as pilocytic astrocytoma, GBM, anaplastic ependymoma, ganglioglioma and 

craniopharyngioma (Maier et al, 1997). The gene location for the negative 

regulation of MX transcription is as yet unknown, but maybe related to the long 

arm of chromosome 16, possibly at ql3, where the MX locus can be found (Maier 

et al, 1997). In breast cancer chromosome 16q has been shown to be a frequent 
site of LOH as determined by microsatellite instability studies. It is possible that 

the high association of malignancy and MX overexpression in breast tum ours is 
sue to the loss of the negative regulator mechanism for MX expression (Maier et 

al, 1997; Stratton et al, 1995) The expression level of MXIIA is associated w ith the 
extent of CDDP resistance in resected glioma tissue -  tum ours (medulloblastoma 
and ependymoma) having a high MXIIA expression level showed recurrence 
following CDDP-based chemotherapy (Nagane et al, 1999).

DNA topoisomerase Ila  (Xopo Ila ) is a nuclear enzyme essential for m any 
aspects of DNA functioning and is highly associated w ith  tum our cell 
proliferation. It has also been implicated in the drug resistance of tum our cells. 

There is some evidence that Xopo Ila  determines the response of some tum ours 
to a number of anticancer agents, including etoposide, teniposide, doxorubicin, 

m ito x a n tro n e  an d  am sacrin e . A lte ra tio n  of Xopo I la  rec(uced 

expression/activity) has been associated with a form of drug resistance known as 

atypical MDR. The increased expression of Xopo Ila  in children <3 years w ith 

optic pathway gliomas suggests that Xopo Ila  interfering drugs may be of benefit 
in the treatment of these tumours (Bredel et al, 2002).

It has been suggested that acquired resistance and cross resistance to cisplatin is 
associated w ith substantial genomic instability (Wasenius et al, 1997). In this
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study 12/22 ependym om a showed varying degrees of instability by CGH 
analysis. The drug sensitivity of these tumours has not yet been established.
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CHAPTER 5 

GENETIC ANALYSIS OF ASTROCYTOMA

Sample details
CGH analysis was performed on sixty-four tumours from sixty-three patients. 

The age at diagnosis ranged from nine months to thirty-three years (mean = 

9.37 years), with a male: female ratio of 32:31. Eight samples came from young 

adults aged 21-33 years. These samples were included in  the analysis to 
investigate the different alterations seen in children and young adults, and 

also to determine if it was possible to determine at w hat age the alterations 
that are commonly associated w ith adult astrocytoma could be detected. 

Twenty-nine sam ples were pilocytic astrocytoma, tw enty were diffuse 
astrocytoma, five were anaplastic astrocytoma and the remaining ten samples 

were GBM. In thirty three cases analysis was performed using DNA extracted 
from biopsy material whilst in thirty one cases analysis was carried out using 
DNA extracted from short term cell cultures (passage 3-14). In eight cases 
tumour DNA was labelled using the DOP-PCR method, whilst the majority of 
the tumours were labelled using nick translation.

Summary of copy number aberrations observed
Table 5.1 and Figure 5.1 give a summary of sample details and copy num ber 
aberrations. Regions of genomic imbalance were detected in thirteen of sixty- 

four tum ours (20%). Gains were seen more frequently than losses. Multiple 
copy num ber changes, ranging from 1 to 17 per tum our (mean 5.15), were 

observed. Copy num ber aberrations were seen on all chromosomes w ith the 

exception of chromosomes 11 and 21. A number of common areas of genomic 

imbalance were seen in the astrocytomas as a whole group. The m ost 
common changes were gain of 4q and 7, each seen in five cases (8%), gain 6q 

in four cases (6.25%) and loss 16p in three cases (4.7%). High copy num ber 

amplifications were observed at lp32-34 (IN699), lq21 (IN699), 2q24-32 

(IN2240), 7p ll.l-14  (IN3032), 7q22-31 (IN2017), 7q31-33 (IN2240), 9q32-34 

(IN2240), 12pll.2 (IN3032), 13q21-31 (IN1524), 17p (IN699), 19q (IN699) and 

20 (IN699).

252



IN \G E SEX GRADI P/R LOCATION SURVIVAL SOURCE LABELLING AMPLICONS GAINS LOSSES
17/81 14 F PA P supratentorial unknown CC NT

168 15 M PA P unknown unknown CC NT
324 15 M PA P supratentorial 190(D) CC NT 7qll.2-pter
1133 5.5 M PA P infratentorial 1(A) CC NT
1533 1.75 F PA P infratentorial 143 (A) CC NT
1950 4 M PA P infratentorial 26(A) FF NT
1953 2.5 F PA R supratentorial 159(A) FF NT
2017 7 M PA P infratentorial 24(A) FF NT 7q22-31 7q
2110 2.5 M PA P infratentorial 124 (A) FF NT
2356 4 M PA P infratentorial 106 (A) FF DOP-PCR
2368 8 F PA P infratentorial 87(A) FF NT
2466 3.5 F PA P infratentorial 103 (A) FF NT
2576 5 M PA P infratentorial 68(A) CC NT
2596 4.5 F GCA P infratentorial 45(A) FF NT
2775 9.5 F PA P infratentorial 75(A) FF NT
2788 9 M PA P infratentorial 39(A) FF NT 4qll-26
2797 6.5 M PA P supratentorial 59(A) FF DOP-PCR
2825 2.75 F PA P infratentorial 67(A) FF NT
2826 7 M PA P infratentorial 54(A) FF DOP-PCR
2893 11.6 M PA P infratentorial 47(A) FF NT
2921 3 M PA P infratentorial 2(A) FF NT
2940 3 M PA P infratentorial 39(A) FF NT
2946 9 F PA P infratentorial 28(A) FF NT
2969 2.5 F PA P infratentorial 34(A) FF NT
2977 5 F PA P infratentorial 1(A) CC NT
3002 6 F PA P infratentorial 13(A) FF NT
3017 8.25 F PA P infratentorial 25(A) CC DOP-PCR
3066 0.8 M PA P infratentorial 12(A) CC NT
3085 9 F PA P infratentorial 8(A) CC NT

18 33 M DA P unknown 12 (D) CC NT
276 4.5 F DA P thalamic 120 (A) CC NT Ip  19p 20q Xq
380 1.8 F DA P infrantentorial 92(D) CC NT lOq 16p 19 Xp
699 15 M DA P supratentorial unknown CC NT lp32-34 lq21 9q32-34 17p 19q 2( I p 2 p 7  8 9q l2 q 4 9 p l3 1 5 1 8
1145 11 M DA P supratentorial 60(A) FF NT
1382 10 F DA P infrantentorial unknown CC NT
1520 7 M DA P supratentorial 110(A) FF NT
1524 13 M DA P infrantentorial 13(A) FF NT 13q21-31 2q 4q 5q 6q 9p 13q I p l6 p l 9  22q
1805 3 F DA P thalamic 2(A) CC NT
1859 3 F DA P brainstem 139 (A) FF NT
1930 13 F DA P supratentorial 60(A) FF NT
2003 9 F DA P supratentorial 117(A) CC NT
2102 8 M DA P brainstem 67(A) CC NT
2122 10 F DA P optic chiasm 78(A) CC NT
2355 19 M DA P unknown unknown CC NT
2587 13 F PXA P supratentorial 44(A) FF NT 6q 9p
2591 12 F DA R supratentorial 117 (A) CC NT
2698 9.33 M DA P brainstem 80(A) FF NT
2988 26 F DA P supratentorial 14(A) FF NT
3032 9.5 F DA P supratentorial 12(D) FF NT 7 p ll.l-1412p ll.2 2 q 5 p 7 q  12p 14ql7

1651 2.5 M AA P infrantentorial unknown CC NT
2538 21 M AA P supratentorial 3(A) CC NT 20q
2563 24 F AA P unknown unknown CC DOP-PCR
2758 21 F AA P unknown unknown FF DOP-PCR
2774 30 M AA P supratentorial unknown FF DOP-PCR 4q 6q 13q

146/81 27 M GBM P unknown 100(D) FF NT
178 13 M GBM P unknown 3(D) CC NT

1180 8 M GBM P right pariteal occipital 4(D) CC NT
1262 14 M GBM P supratentorial 12 (A) CC NT
1419 8.5 F GBM P supratentorial 12(D) CC NT
1495 6 F GBM R supratentorial 80(A) CC NT
1566 12 F GBM P infratentorial 7(A) CC DOP-PCR 4q6q IP
1786 27 M GBM P left temporal lobe 120 (A) CC NT
2240 14 F GBM P unknown 4(D) FF NT 2q24-32 7q31-33 1 2 3q 4q 5q 6q 7q 12q 18q X 16
3046 15.9 M GBM P left frontal 14(D) CC NT

P/491 4 F GBM P supratentorial PEM NT 5q 7q 16p
P/584 11.7 F GBM P infratentorial 17(A) PEM NT Iq 2q4q 7q 16p 17

P/2043 5 F GBM P supratentorial 112 (A) PEM NT 4 q 5 q20p lOq 12q 16 17p 19p
2087 7 M GBM P infratentorial (D) CC NT 2q 4q 5q 6q 8q l l q  12q 13q l p l 9  22
2675 15 M GBM P infratentorial 16(D) FF NT 2q 4q 5q 6q l l q  12q 13q 18c 16p l7 p  20 22
2726 8 F GBM P infratentorial 9(D) CC NT
2809 11 F GBM P infratentorial 3(D) FF NT 2q22 7q22-ter 8ql3-23 12ql3-ter I p 2 7 8 q 2 0 Iq 3 p 8 p 9 q l2 q  15 1719 22
2846 10 F GBM P infratentorial 7(D) FF NT 8q21-22 12ql5-21 Iq 2p 8q 9p 12p 12q 13q
2914 6 M GBM P supratentorial 66(A) CC NT

Table 5.1: Siunnuuy of Copy number aberrations in astrocytoma samples
Key to table Age in years

M  = male; F = female
PA = pilocytic astrocytoma, DA = diffuse astrocytoma, AA = anaplastic astrocytoma, GBM = glioblastoma multiforme, CCA = giant cell astrocytoma, 
PXA = pleomorphic xanthoastrocytoma 
P = prim ary sample; R = recurrent sample 
Survival in m onths from date of initial diagnosis 
A -  alive; D = deceased
FF = fresh frozen material, CC = short term cell culture; NT = nick translation, DOP-PCR = degenerate oligonucleotide prim ed PCR
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Pilocytic astrocytoma
Figure 5.2 gives a sum m ary of the aberrations seen in the pilocytic 

astrocytoma, and Figures 5.3 -  5.5 show the composite profiles of the tumours 

with detectable copy num ber aberrations. CNAs were infrequent events in 

this grade of tumour, with only three (10%) tum ours having aberrations. All 
three of these tum ours had sole abnormalities. IN324 and IN2017 both had 

alterations of chromosome 7 (see Figure 5.6). IN324 showed gain of 7q ll-p ter 
and IN2017 had gain of 7q, including a region of h igh copy num ber 

amplification at 7q22-31. IN2788 had gain of 4qll-26.

Diffuse astrocytoma
Figure 5.7 gives a summary of the aberrations seen in diffuse astrocytoma, 
and Figures 5.8 -  5.13 show the composite profiles of the tum ours w ith 

detectable copy num ber aberrations. Six (30%) diffuse astrocytom a had 
detectable CNAs ranging from 2 to 17 per tum our (mean 7.6). The most 

common alterations in this grade of tumour were gain of Ip, 2q, 7q, loss of 9p, 
16p and monosomy 19, each being seen in two cases (11%). There were nine 
regions of high copy num ber amplification at lp32-34 (IN699), lq21 (IN699), 
7pll-14 (IN3032), 9q32-34 (IN699), 12pll.2 (1N3032), 13q21-31 (IN1524), 17p 

(IN699), 19q (IN699), and 20 (IN699). Figures 5.14 and 5.15 give examples of 
the alterations seen in IN699 and the pleom orphic xanthoastrocytom a, 
IN2587.

Anaplastic astrocytoma
Two of five (40%) anaplastic astrocytoma had copy num ber aberrations. A 

summary of the aberrations seen in these tumours can be seen in Figure 5.16 
and the composite profiles of the tumours with aberrations can be seen in 

Figures 5.17 and 5.18. One tumour (1N2538) had a sole aberration involving 

monosomy 20. IN2774 had three CNAs, which were gain of 4q, 6q and 13q. 
There were no high copy number amplifications in this grade of tumour. No 
alteration was seen in more than one tumour.
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Glioblastoma multiforme
Two (20%) GBM had detectable CNAs. A summary of the abnormalities can 

be seen in Figure 5.19 and the composite profiles of the tum ours w ith 
aberrations can be seen in Figures 5.20 and 5.21. There were no single 

abnormalities in any tumour. Regions of alteration ranged from 3 to 10 per 

tum our (mean 6.5). The most common abnormalities were gain of 4q and 6q, 

which were present in both of the tum ours w ith CNAs. IN2240 had two 
regions of high copy number amplification at 2q24-32 and 7q31-33.

Estimation of minimum overlapping regions
The m inim um  overlapping regions of alteration, estim ated from  the 
composites of all the alterations seen in the astrocytoma in this study, were as 

follows:
Chromosome 1: The m inim um  region of gain on Ip  was lp31-36, which 

included the region of high copy number amplification seen in IN699. The 
minimum overlapping region of gain on Iq  spanned lq21-25 and included the 

region of high copy number amplification seen in IN699.
Chromosome 2: The m inim um  region of gain on 2p could be localised to 

2pl4-21 and that on 2q could be localised to 2q21-32.1 and included the region 
of high copy number amplification seen in IN2240.

Chromosome 4: The m inim um  region of gain on 4q could be localised to 
4ql3-26. This region of gain was the most frequent alteration observed, seen 

in five cases.
Chromosome 5: Two tum ours showed gain on 5q. This region could be 

minimised to 5ql4-23.
Chromosome 6: Four tum ours showed gain of 6q and the region could be 

minimised to 6ql2-16.
Chromosome 7: There were two separate regions of gain on chromosome 7. 

These could be localised to 7pl2-21 and 7q21-36. These regions included the 

areas of high copy number amplification seen in IN2017, IN3032 and IN2240. 

Chromosome 9: Two tum ours showed loss from 9p. The minimum region of 
overlap was 9pl3-24.
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Chromosome 12; Two tum ours showed gain of 12q, w ith the m inim um  

region of overlap being 12q22.
Chromosome 13: Two tumours showed gain of 13q. The minimum region of 

gain was 13q21-24 and this included the region of high copy num ber 
amplification seen in IN1524.

Chromosome 16: Two tum ours showed loss of 16p. The loss spanned the 
entire p arm and a minimum region could not be estimated.

Chromosome 19: Two tumours showed loss of chromosome 19, as the loss 
spanned the whole chromosome no minimum region of deletion could be 

estimated.

Chrom osom e 20: Three tum ours showed gain of chrom osome 20. The 

minimum region of overlap was 20qll.1-13.3. This region included the area of 
high copy number amplification seen in IN699.

Correlation of CNAs with clinicopathological criteria
The presence of CNAs was not associated w ith any particular grade of 

astrocytoma (p=0.2470) despite the anaplastic astrocytoma having a higher 
percentage of tum ours with alterations than the other grades of tum ours, 
though this may be due to the low number of anaplastic astrocytoma in the 
study. The presence of high copy num ber amplifications could not be 

associated with tum our grade (p = 0.4416). Loss of 20q was seen only in the 
anaplastic astrocytoma and this was significant at the 95% confidence level (p 

= 0.0074). The presence of CNAs were not associated w ith patient age 
(p=0.941), sex (p=0.100) or survival (p = 0.418). Full details of the statistical 

analysis can be seen in Appendix III.

Associations between CNAs
Associations between CNAs were analysed using GraphPad prism, p values 

of less than 0.0500 at the 95% confidence level were considered to be 
statistically significant. Gain of 4q was seen in association with gain of 6q in 

four cases (p = 0.0070). Loss of 19 was only seen in association with loss of 16p 
in two cases (p =0.0385).
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Survival analysis

Survival data was available for fifty-four of the patients in this study. The 
overall survival for the astrocytoma patients was 88% at 5 years and 76% at 10 
years (see Figure 5.22). There was a clear relationship between grade of 
tumour and patient survival (see Figure 5.23). With increasing tumour grade 

the outcome was poorer (log rank test, p =0.0002). The 5 and 10 year survival 
for each grade of tumour can be seen in Table 5.2. Survival was not influenced 

by patient age at diagnosis (log-rank test, p = 0.568), sex (log-rank test, p = 

0.700) or the extent of surgical resection (log-rank test, p=0.3413).
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Figure 5.22: Overall survival of astrocytoma patients. Survival is measured in 

months from the date of initial diagnosis.
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Figure 5.23: Survival in astrocytoma patients according to tumour grade. PA 
= pilocytic astrocytoma, DA = diffuse astrocytoma, AA = anaplastic 
astrocytoma, GBM = glioblastoma multiforme. Log-rank test, p = 0.0003.

5 year survival 10 year survival

Pilocytic astrocytoma 1009& 1009&

Diffuse astrocytoma 84% 68%

Anaplastic astrocytoma N /A N /A

Glioblastoma multiforme 42% 21%

Table 5.2: Comparison of 5 and 10 year overall survival in patients with 
different grades of astrocytoma. There was survival data available for only 
one anaplastic astrocytoma patient in this study therefore it was not possible 
to show the five and ten year survival for this group of patients.

The only other clinicopathological feature that affected outcome in these 
astrocytoma patients was the treatment regimen. The best outcome was seen 

in those patients who had received no post-operative therapy (see Figure 
5.24). The 5 and 10 year survival rates for the different treatment regimens can 
be seen in Table 5.3. Patients who had received only surgery had a 5 year 
survival of 100%, compared to 78% in those patients who had received post

operative radiotherapy. The patients who had received post-operative 
chemotherapy were alive at 12 months post-diagnosis but no further survival
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data was available for these patients. The differences in survival between the 
treatm ent groups was statistically significant (p = 0.0021). However, the 

majority of the children who received no post-operative therapy were those 
with pilocytic astrocytoma, which is known to have a better prognosis than 

anaplastic astrocytoma and GBM, therefore this data is not independent of 
tumour grade.

5 year 10 year

Surgery alone 1009& 1009&

Surgery & radiotherapy 78% 64%

Surgery & chemotherapy unknown unknown

Table 5.3: Five and ten year survival rates for astrocytoma patients depending 
on treatment received.

Surgery alone 
Surgrey & RT 
Surgery & Chemo 
Surgery, RT & Chemo

T-------1-------1------- 1------- 1------ r------ r
24 48 72 96 120 144 168 192

Time (months)

Figure 5.24: Survival in astrocytoma patients according to treatm ent 
regimens. Survival is measured in months from the time of initial diagnosis. 
Log-rank test, p =0.0021.

The presence of CNAs did not influence outcome (log-rank test, p = 0.2420). It 

was difficult to assess the impact of individual CNAs on survival due to the 
low number of aberrations and also the difficulty in obtaining survival data

280



for some of the patients in this study. Four CNAs could be seen to be 
associated with worse survival, these were gain of 7 (log-rank test, p = 0.0420), 
gain of 5q (log-rank test, p = 0.0498), gain of 2q (log-rank test, p = 0.0017) and 
loss of 16p (log-rank test, p = 0.0092). The survival curves for these aberrations 

can be seen in Figures 5.25 -  5.28. Gain of 7q was seen in all grades of 
astrocytoma, except anaplastic astrocytoma so the effect of gain of 7q on 

survival occurs independently of tumour grade. The other alterations were 
seen only in diffuse astrocytoma and GBM, and due to the low num ber of 

samples with alterations it is difficult to determine whether the effect of these 
alterations on survival occur independently of tumour grade.
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Figure 5.25: The influence of gain of chromosome 7 on survival in 
astrocytoma patients. Survival is measured in months from the time of initial 
diagnosis. Log-rank test, p = 0.0420.
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Figure 5.26: The influence of gain of 5q on survival in astrocytoma patients. 
Survival is measured in months from the time of initial diagnosis. Log-rank 
test, p = 0.0498.
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Figure 5.27: The influence of gain of 2q on survival in astrocytoma patients. 
Survival is measure in months from the time of initial diagnosis. Log-rank 
test, p = 0.0017.
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Figure 5.28: The influence of loss of 16p on survival in astrocytoma patients. 
Survival is measured in months from the time of initial diagnosis. Log-rank 
test, p = 0.0092.

Y-PCR analysis
All the astrocytom a sam ples in this study were analysed for the 
presence / absence of Y chromosome material. DNA samples were amplified 
using two sets of primers for the Y chromosome. Only one sample showed no 
amplification product with either set of primers, the GBM, INI 786. There was 
no blood sample available for this patient in order to compare results between 
normal and tumour, but it would appear that the tumour shows loss of Y.
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DISCUSSION

Cytogenetic and m olecular genetic studies have show n adu lt anaplastic 

astrocytoma and GBM have an increased cytogenetic complexity and acquire 

specific genetic aberrations, including loss of heterozygosity, amplification and 

numerical chromosome aberrations, when compared to lower grade astrocytoma 
(Bigner, M ark et al, 1990). The present study has exam ined chrom osome 

abnormalities in sixty-four astrocytoma from children and young adults in order 

to determine novel non-random genetic changes, to establish whether paediatric 

astrocytoma differs from its adult counterpart and to determine w hether any 
CNAs could be used as prognostic markers. The study was biased tow ards 

pilocytic astrocytoma and diffuse astrocytoma due to the rarity of the higher 
grade tum ours in the paediatric population and also due to the previous 

publication of data pertaining to m alignant astrocytom a from  the same 
laboratory (Warr, Ward et al, 2001). The present study found genetic alterations 

to be infrequent in paediatric astrocytoma; in fact 80% of tum ours had  no 
detectable CNAs. The most frequent abnormalities (gain of 4q and 7) were only 

seen in five cases. There were eleven regions of high copy num ber amplification 
seen in five of these astrocytoma, a greater frequency than was observed in the 

ependymoma in this study.
The regions of alteration seen in these astrocytoma will be discussed in relation 

to previous findings. These findings will be then be discussed in the light of the 
alterations seen in adult astrocytoma. The CNAs will then be discussed as 

potential prognostic markers and markers of malignancy. H igh copy num ber 
amplifications will be discussed separately to low-level gains. A sum m ary of 

previously reported cytogenetic alterations in paediatric astrocytoma can be seen 
in Figure 5.29
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Chromosome 1 abnormalities.
Gain of chromosome Ip  was seen only in the diffuse astrocytoma in this study. 
Two tum ours showed gain of Ip , including a region of high copy num ber 
amplification at lp32-34 seen in IN699. Loss of Ip  was also an infrequent event, 

present in only two tumours. Gains of chromosome 1 have been reported in high 
grade astrocytoma and brain stem astrocytoma (Vagner-Capodano, Gentet et al, 

1992; Karnes, Tran et al, 1992; Agamanolis and Malone, 1995; Bigner, McLendon 
et al, 1997). Reported structural abnormalities of Ip  in astrocytoma include 

add (l)(p ll) in a pilocytic astrocytoma and inv(l)(pllp36) in a GBM (Fujii, Hongo 
et al, 1994; Roberts, Chumas et al, 2001). CGH studies have also shown gains of 

chromosome 1 in paediatric high grade astrocytoma (Schrock, Thiel et al, 1994; 
Warr et al, 2001; Rickert et al, 2001).

Within this region of gain on Ip  are a number of potential candidate genes. The 
oncogene JUN is located at lp31-32 and the protein encoded by this gene acts 
directly to activate gene transcription in response to cell stim ulation (Marx, 
1988). The product of the F OS oncogene co-operates w ith the JUN product in 
fostering gene transcription. The TFSl gene has been localised to lp22.1-pter and 
the RAB3B gene, a member of the RAS  oncogene family, localised to lp31-32 

(Stoler & Bouck, 1985; Rousseau-Merck, Zahraoui et al, 1991). Alterations of this 
region appear to be associated w ith higher grade tum ours suggesting that the 

gene(s) in this region are likely to be involved with progression rather than 
tumour initiation.

Monosomy 1 has been reported in recurrent diffuse astrocytoma and m alignant 

astrocytoma (Bigner et al, 1997; Bhattacharjee et al, 1997; Wernicke et al, 1997). 

CGH analyses have shown loss of Ip  in two cases of pilocytic astrocytoma, three 

anaplastic astrocytoma and three GBM (Shlomit et al, 2000; M aruno et al, 2000; 

Rickert et al, 2001; Warr et al, 2001). Structural abnormalities involving loss of Ip  

in astrocytoma include del(l)(p22) in a low-grade astrocytoma, del(l)(p32) in a 
pilocytic astrocytoma, d e l(l)(p ll)  in a recurrent anaplastic astrocytoma, del 

(l)(p21) in a GBM, t(l;14)(p36;q24) in a diffuse astrocytoma and del (l)(p32) in a
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GBM (Griffin et al, 1988; Sainati et al, 1996; Bigner et al, 1997; Wernicke et al, 
1997; Orr et al, 2002).

Potential target genes in this region of loss on Ip  have been discussed in detail in 

the ependymoma chapter, but include the p73 gene at lp36, MTSl  (malignant 

transformation suppression 1) at lpter-p22.1, ID3 (inhibitor of DNA binding 3) at 

lp36, NBS  at lp36, TNFR2, DAN, CDC2L1 and FRAPl (FKBP12-rapomycin 

associated protein) that map to lp36, MOMl  at lp35, HKR3 (human Kruppel- 

related 3 gene), and RIZ (retinoblastoma binding protein) (Knuutila et al, 1999; 

Miozzo et al, 2000).

Gain of chromosome 2
Four tum ours in this study had gain of chromosome 2. Three tum ours had 

alterations of 2q and one tumour had gain of 2p. IN2240, a GBM, had a region of 
high copy number amplification at 2q24-32. The minimum overlapping region of 
gain was 2q21-32.
Gain of chromosome 2 has been reported in five anaplastic astrocytoma and five 
paediatric GBM (Karnes et al, 1992; Fujii et al, 1994; Agamanolis and Malone, 
1995; Bigner et al, 1997; Bhattacharjee et al, 1997; Roberts et al, 2001). CGH 
analyses have also reported gain of the same region in pilocytic astrocytoma and 
malignant astrocytoma (Shlomit et al, 2000; Warr et al, 2001). Only one structural 

alteration of chromosome 2 in paediatric astrocytoma has been reported, 
der(2)t(l;2)(q22;q37) in a brain stem GBM (Neumann et al, 1993).

In the present study, gain of 2q occurred in only the diffuse astrocytoma and 
GBM. In previous reports, gain of 2q is seen m ost often in m alignant 

astrocytomas and there have been no reports of diffuse astrocytoma with gains 
of chromosome 2. There are a number of genes that map within the region of 

gain at 2q21-32 that may have a role in tumourigenesis. These include I-TRAF, 
FRZB-1, and GRB14 (Rothe et al, 1996; Leyns et al, 1997; Shen et al, 2002). More 

details of these genes can be found in the ependymoma section of this thesis.

Gain of 4q
Gain of 4q was seen in five tum ours in the present study. In four cases it 
occurred in conjunction with gain of 6q (IN1524, IN2774, IN1566 & IN2240) and
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was seen as a sole abnormality in the other case (IN2788). Gain of 4q was seen in 
all grades of astrocytoma suggesting it is an early event in astrocytoma 

formation. The minimum overlapping region was 4ql3-26.
Trisomy 4 has been reported at low frequency in all grades of paediatric 

astrocytoma (Karnes et al, 1992; Neumann et al, 1993; Agamanolis and Malone, 

1995; White et al, 1995; Schrock et al, 1996; Bhattacharjee et al, 1997; Bigner et al, 

1997). CGH analyses have shown high copy num ber amplification of 4q in 

anaplastic astrocytoma and GBM (Schrock et al, 1994; Rickert et al, 2001). Low 

level gains of 4q have been reported in seven GBM and two pilocytic 

astrocytoma (Schrock et al, 1994; Shlomit et al, 2000; W arr et al, 2001; Rickert et 

al, 2001). There are no reports of structural alterations involving 4q in paediatric 
astrocytoma.

In most instances, gain of 4q is reported with either gain of 5q or 6q, or in some 
instances, both of these alterations. This suggests that an interaction between 

genes located on these chromosomes may be responsible for the formation of 
these tumours.
The hum an FGF-5 gene m aps to 4q21 and is a grow th factor w ith similar 
properties to those of acidic and basic FGFs (Zhan et al, 1988). FGF-5 is expressed 
in adult brain where it serves as a continually released trophic factor for neurons 
and glia (Haub et al, 1990). Increased expression of this gene may lead to 
increased cell proliferation in the brain. Another gene that m aps to 4q21 is 
ABCG2, a member of the ABC superfamily of membrane transporters. ABCG2 

may serve a protective function by preventing the entry of toxins into the cell, as 
well as playing a role in regulating stem cell differentiation (Ejendal and 

Hrycyna, 2002). W hen ABCG2  is overexpressed it has the ability to confer 
resistance to anthracydines, mitoxantrone, bisantrene, and the camptothecins 

topotecan and SN-38. Positive immunostaining for ABCG2 has been reported in 

a wide range of hum an malignancies including glioma (Diestra et al, 2002). The 

role of this gene in paediatric astrocytoma has not been reported but it is possible 

it may be involved in the resistance of these tumours to some chemotherapeutic 

agents. The TSPAN5 gene has been localised to 4q23 and is a member of the 

tetraspanin family that are associated with adhesion receptors of the integrin 

family (Berditchevski, 2001). It has been proposed that tetraspanins can influence
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cell m igration by one of three mechanisms; firstly by m odulating integrin 

signalling, secondly by the compartmentalisation of integrins on the cell surface 

and th ird ly  by directing intracellular trafficking and recycling integrins 
(Berditchevski, 2001).

Gain of chromosome 5

Three tum ours in the present study had gain of chromosome 5. IN1524 and 
IN2240 had gain of 5q and IN3032 had gain of 5p. The minimum region of gain 

on 5q is 5ql4-23. Trisomy 5 has been reported in pilocytic astrocytoma and 
anaplastic astrocytoma (Karnes et al, 1992; Neumann et al, 1993; Agamanolis and 

Malone, 1995; Bigner et al, 1997; Bhattacharjee et al, 1997; Sanoudou et al, 2000; 
Kucerova et al, 2000; Roberts et al, 2001; Orr et al, 2002).

Gain of 5q has been reported in other CGH analyses of paediatric astrocytoma. 
Two cases of pilocytic astrocytoma have shown gain of 5q21, a case of GBM with 
gain 5qll-21 and five further GBM with gain 5ql4-21 (Schrock et al, 1994; 
Shlomit et al, 2000; Rickert et al, 2001; W arr et al, 2001). An anaplastic 
astrocytoma has been reported w ith both gain of 5p and 5qll-23. Gain 5ql4-23 
has been shown in three further cases of anaplastic astrocytoma (Rickert et al, 

2001). Structural abnormalities of chromosome 5 include der(5)(5;?)(pl4;?) in 
diffuse astrocytoma (Griffin et al, 1992). There are no reports of gain of 5q as a 
sole abnormality, and this alteration is usually seen in tum ours w ith multiple 

chromosome abnormalities.
PAM has been m apped to the 5ql4-21 region and has been associated w ith 
prostate adenocarcinoma and hyperplasia of the lung (Antonacci et al, 1995; 

Martinez et al, 1996).

Chromosome 6 alterations
Four tum ours had gain of 6q, w ith a minimum overlapping region of 6ql2-16. 

All of the tumours with gain of 6q also had gain of 4q. Gain of 6q was seen in all 
grades of astrocytoma except the pilocytic astrocytoma. IN2587, a pleomorphic 

xanthoastrocytoma had loss of 6q.
Trisomy 6 has been observed at low frequency in all grades of paediatric 

astrocytoma (Karnes et al, 1992; Neumann et al, 1993; Agamanolis and Malone,
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1995; White et al, 1995; Schrock et al, 1996; Bigner et al, 1997; Bhattacharjee et al, 
1997; Sanoudou et al, 2000; Kucerova et al, 2000; Roberts et al, 2001). Gain of 

6ql2-16 has been reported in pilocytic astrocytoma, anaplastic astrocytoma and 

GBM (Schrock et al, 1994; Shlomit et al, 2000; Warr et al, 2001; Rickert et al, 2001). 

Structural abnormalities of chromosome 6 in astrocytoma include t(6;9)(ql6;q22) 
in anaplastic astrocytoma, t(6;17)(q21;pll.2) in a GBM and t(6;8)(q27;q21.3) in a 

low grade astrocytoma (Neumann et al, 1993; Agamanolis and Malone, 1995).

Monosomy 6 has been reported in malignant astrocytoma and in a recurrent 
diffuse astrocytom a (Agamanolis and Malone, 1995; Bigner et al, 1997; 

Bhattacharjee et al, 1997; Wernicke et al, 1997; Roberts et al, 2001). Loss of 6q24- 
ter has been shown in three anaplastic astrocytoma and five GBM (Rickert et al, 

2001). R O S I  and TTK  both m ap to the region of gain on 6q seen in these 
astrocytoma. These genes are described in the ependymoma section.

Gain of chromosome 7
Five tum ours in the present study had gain of chromosome 7, including three 
tum ours w ith high copy num ber amplification. Gain of 7q occurred more 
frequently than gain of 7p. One tum our (IN699) had  gain of the whole 
chromosome and IN3032 had amplification of 7p and gain of 7q. Gain of 7q was 
seen as a sole abnormality in two pilocytic astrocytoma (IN324 & IN2017). The 
minimum overlapping regions were 7pl2-21 and 7q21-36.

Gain of chromosome 7 has been reported at low frequency in all grades of 
paediatric astrocytoma (Griffin et al, 1988; Vagner-Capodano et al, 1992; Karnes 

et al, 1992; Schrock et al, 1994; Agamanolis and Malone, 1995; White et al, 1995; 
Sainati et al, 1996; Schrock et al, 1996; Bhattacharjee et al, 1997; Bigner et al, 1997; 

Sanoudou et al, 2000; Shlomit et al, 2000; Kucerova et al, 2000; Warr et al, 2001; 
Rickert et al, 2001; Roberts et al, 2001; Orr et al, 2002). Structural abnormalities 

involving chromosome 7 include i(7q)(ql0) in recurrent anaplastic astrocytoma 
and t(7;22)(q21;ql3.2) in a diffuse astrocytoma(Griffin et al, 1992; Wernicke et al, 

1997).

The gene encoding the CDK6 protein maps to 7q21-22. CDK6 has catalytic 

protein activity and can form complexes with members of the cyclin D family.
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CDK6 can be inhibited by both p l6  and pl5. Overexpression of CDK6 may mimic 
m utation of p l6 /p l5  inhibitors and override their function (Cavenee et al, 1993). 

Another gene that maps to 7q21 is HGF, which encodes the hepatocyte growth 
factor and has been associated with tum our cell differentiation in oesophageal 

squamous cell carcinoma (Yen et al, 2001).

Chromosome 9 alterations
Three tum ours had alterations of chromosome 9. This included a diffuse 

astrocytoma (IN699) with a region of high copy number amplification at 9q32-34 
and gain of the rem ainder of the q arm, a diffuse astrocytoma with gain of 9p 

(IN1524) and a pleomorphic xanthoastrocytoma with loss of 9p (IN2587). 
Conventional cytogenetic analyses have reported gain of chromosome 9 in all 
grades of paediatric astrocytoma, albeit at low frequency (Karnes et al, 1992; 
Vagner-Capodano et al, 1992; N eum ann et al, 1993; Bigner et al, 1997; 
Bhattacharjee et al, 1997; Roberts et al, 2001). CGH analyses have shown gain of 
chromosome 9 in pilocytic astrocytoma, metastatic pilocytic astrocytoma, diffuse 
astrocytoma and GBM (Schrock et al, 1996; Sanoudou et al, 2000; Shlomit et al, 
2000; Warr et al, 2001). Reported structural alterations of chromosome 9 include 
in v (9 )(p llq l2 ) in a low grade optic nerve astrocytom a, ad d (9 )(p ll) , 
t(9;14)(p21;q32.3), t(9;14)(pll;p ll) and der(9)t(5;9)(qll;qll) in GBM, i(9q), and 

der(9)t(9;?)(p21;?), der(9)t(9;17)(q34;q21) in anaplastic astrocytoma(Karnes et al, 
1992; Neum ann et al, 1993; Agamanolis and Malone, 1995; Bigner et al, 1997; 

Bhattacharjee et al, 1997). The fact that gain of chromosome 9 is seen in all grades 
of astrocytoma suggests it is an early event in tumourigenesis. This was also true 

of the ependymoma in the present study.

There have been infrequent reports of monosomy 9 in paediatric astrocytoma 
(Fujii et al, 1994; Agamanolis and Malone, 1995; Bigner et al, 1997; Bhattacharjee 

et al, 1997; Kucerova et al, 2000). CGH analyses have show n loss of 9q in 
anaplastic astrocytoma and GBM and loss of 9p23-pter in GBM (Schrock et al, 

1994; Rickert et al, 2001; Warr et al, 2001). del(9)(p21) was observed in one GBM 
(Neumann et al, 1993). Deletions of 9p encompassing the CDKN2A/B loci occur 

frequently in adult astrocytoma. The infrequency of this alteration in paediatric

291



astrocytoma suggests these tumours arise via a different pathway from the adult 

tumours.

Gain of chromosome 12

Three tumours had gains of chromosome 12. In two cases the gain was confined 
to 12q, and in one case gain was confined to the short arm and included a region 

of high copy number amplification at 12pll.2. The m inimum region of overlap 

on 12q was 12q22. None of the tumours showed loss of chromosome 12. 

O verrepresentation of chromosome 12 has been reported in four cases of 
pilocytic astrocytoma, a low grade spinal astrocytoma, five cases of anaplastic 

astrocytoma and one GBM (Vagner-Capodano et al, 1992; Karnes et al, 1992; 
Neum ann et al, 1993; Agamanolis and Malone, 1995; White et al, 1995; Bigner et 

al, 1997). Previous CGH analyses have shown six malignant astrocytoma with 
gains of chromosome 12. In two cases this also included regions of high copy 

num ber amplification at 12ql3-pter and 12ql5-21 (Rickert et al, 2001; Warr et al,
2001). The only structural alteration observed is add(12)(ql5) in pilocytic 
astrocytoma (Roberts et al, 2001). The findings of the present study combined 
w ith that of previous data suggests gain of 12q is an infrequent event in 
paediatric astrocytoma, and that when it does occur it is an early event. 
Amplification and overexpression of multiple genes from 12ql3-13 have been 
reported in a subset of adult astrocytoma (Reifenberger et al, 1993; Reifenberger 
et al, 1994). This gene cluster includes MDM2, GLl, SAS, CDK4 and A2MR.  Other 

genes with oncogenic potential have also been m apped to the 12ql3-14 regions, 
including WNTl,  ERBB3 and CDK2. In one study, 50% of adult GBM w ith 

amplification of 12ql3-14 also have deletions of 12q proximal and distal to the 
amplification site (Reifenberger et al, 1995). In the present study gain of 12q was 

not accompanied with 12q loss, again suggesting paediatric astrocytoma are a 

different entity to adult astrocytoma.

Amplification of 12p has also been observed in osteosarcoma and involved the 

genes CCND2, ETV6 and KRAS2 (Gisselsson et al, 2002). CCND2 maps to 12pl3 

and is known to interact w ith cyclin-dependent kinases, such as CDK4, to 
promote RBI phosphorylation (Kamb, 1995). This in turn leads to the release of 

the transcription factor E2F and transition from Gj to S phase. Therefore, co-
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amplification of CCND2 and CDK4 may prom ote cellular proliferation in a 

synergistic fashion (Gisselsson et al, 2002).

Chromosome 13 alterations

Three tum ours had alterations of chromosome 13. In two cases (IN I524 and 
IN2774) this involved gain of 13q, with a minimum overlapping region of 13q21- 

24. IN1524 also had a region of high copy num ber amplification at 13q21-31. 

IN699 showed loss of chromosome 13 that spanned the whole chromosome. 

Cytogenetic analyses have reported gain of 13 all grades of paediatric 

astrocytoma at a low frequency (Karnes et al, 1992; Vagner-Capodano et al, 1992; 

Wernicke et al, 1997; Bigner et al, 1997; Bhattacharjee et al, 1997; Roberts et al,

2001). Previous CGH analyses have shown gain of 13q in two cases of pilocytic 

astrocytoma and five cases of malignant astrocytoma (Shlomit et al, 2000; Roberts 
et al, 2001; W arr et al, 2001). The only structural abnorm ality involving 

chromosome 13 is add(13)(q34) observed in a recurrent high grade astrocytoma 
(Bigner et al, 1997). A num ber of genes have been identified in the region of gain 
at 13q21-24 that may be important in cancer including, PIBFl, LM07, KIAA1008, 
KLF12 and KLF5. Further details on these genes can be found in the 
ependymoma section.

M onosomy 13 has been reported infrequently in  all grades of paediatric 
astrocytoma (Agamanolis and Malone, 1995; Bigner et al, 1997; Bhattacharjee et 

al, 1997; Kucerova et al, 2000). Loss of 13ql3-qter has been observed in a pilocytic 
astrocytoma, and loss of the whole chromosome in one anaplastic astrocytoma 
and two GBM (Maruno et al, 2000; Rickert et al, 2001). Structural alterations 

include del(13)(q22) in a paediatric GBM (Agamanolis and Malone, 1995). The 

RBI gene maps to chromosome 13ql4 and is altered in about a third of adult 
high grade astrocytoma (James et al, 1988; Henson et al, 1994). Mutations in RBI 

can have the same consequences as amplification of CDK4/CDK6 or m utation of 
CDKN2A/B. In adult astrocytoma these events occur almost exclusively of each 

(Ueki et al, 1996).
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Loss of16p
Three tumours had loss of 16p and in one case (IN2240) this was accompanied by 

loss of 16q. No minimum region of loss could be estimated as loss spanned the 

entire short arm  of the chromosome. Cytogenetic analyses of paediatric  

astrocytoma have reported monosomy 16 in a recurrent diffuse astrocytoma, one 
anaplastic astrocytoma and three GBM (Griffin et al, 1988; Agamanolis and 

Malone, 1995; Bhattacharjee et al, 1997; Bigner et al, 1997; Wernicke et al, 1997). 
Previous

CGH analyses have observed both loss of 16 and loss of 16p in around 20% of 
paediatric malignant astrocytoma (Warr et al, 2001; Rickert et al, 2001).

Loss of 16 was confined to diffuse astrocytoma and GBM in the present study 
and the same finding has been reported in other analyses of paediatric  

astrocytoma. This would suggest that candidate genes on 16p are associated with 
higher grade tumours. The region of deletion on 16p includes the tuberous 

sclerosis 2 (TSC2) gene locus at 16pl3.3, which has been discussed earlier in the 
ependymoma section.

Chromosome 19 alterations
Four diffuse astrocytoma had alterations of chromosome 19. IN276 had gain of 
19p and IN699 had high copy number amplification of 19q. IN380 and IN 1524 
showed monosomy 19.
Trisomy 19 has been reported at low frequency in pilocytic astrocytoma and 

malignant astrocytoma (Karnes et al, 1992; Schrock et al, 1994; Agamanolis and 
Malone, 1995; Schrock et al, 1996; Bigner et al, 1997; Bhattacharjee et al, 1997; 

Roberts et al, 2001). Structural alterations of chromosome 19 include add(19)(ql3) 
in pilocytic astrocytoma and GBM, and add(19)(pl3.3) in GBM (Bigner et al, 

1997; Kucerova et al, 2000; Roberts et al, 2001).
Monosomy 19 has been reported in all grades of paediatric astrocytoma at low 
frequency (Agamanolis and Malone, 1995; Wernicke et al, 1997; Bigner et al, 
1997). Previous CGH analyses have observed monosomy 19 in one case of 

pilocytic astrocytoma and four cases of malignant astrocytoma (Shlomit et al, 
2000; Warr et al, 2001). One GBM has also been reported with loss of 19p (Warr et 

al, 2001).
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There is evidence for the presence of a tum our suppressor gene on 19q involved 
in the progression of adult astrocytoma. LOH at 19q has been reported in around 

40% of high-grade astrocytoma, and the minimum region of deletion has been 
m apped to 19ql3.3 (Von Deimling et al, 1992; Smith et al, 2000). There are a 

num ber of genes on 19q that may have a role in tumourigenesis including, PAX, 
XRCCl, ERCCl and ERCC2, pl90-A, and PLA2G4C.

Other incidental alterations

A num ber of alterations were only seen in one tum our including monosomy 4, 

loss of 6q, loss of lOq, monosomy 15, gain/loss of chromosome 18, gain/loss 20q 

and monosomy 22.

Alterations of the sex chromosomes
Two tumours in this study had alterations involving the X chromosome. IN2240, 
a GBM showed gain of X, and IN380, a diffuse astrocytoma, showed loss of the 
short arm of X. Gain of X has been observed in all grades of astrocytoma (Griffin 
et al, 1988; Kames et al, 1992; Agamanolis and Malone, 1995; Schrock et al, 1996; 
Bigner et al, 1997; Roberts et al, 2001; Orr et al, 2002). Structural abnormalities of 
chromosome X have only been noted in paediatric GBM and include add(X)(qll) 

and der(X)t(X;9)(q28)(ql2) (Agamanolis and Malone, 1995; Roberts et al, 2001). 
Loss of X has been reported in a case of recurrent diffuse astrocytoma and one 
GBM (Wernicke et al, 1997).

Y chromosome specific PGR identified one GBM (INI 786) with loss of Y. Loss of
Y has been observed previously in paediatric low-grade astrocytoma (Griffin et 

al, 1992). The are no reported structural abnorm alities of Y in paediatric 
astrocytoma.

Regions of high copy number amplification
Gene amplification is a frequent event in various types of hum an tumours, the 

most well documented of which are amplification of n-myc in neuroblastoma and 

Erb/Neu in breast cancer. Gene amplification is a mechanism for up-regulation of
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the expression of critical genes such as oncogenes or drug resistance genes. It is 
known that some amplicons consist of multiple amplified genes, including 7pl2 

and 20qll-13. CGH is a useful technique for detecting regions of amplification 
and can assign genes in double minutes to an exact chromosomal location. The 

height of the peak on the CGH profile does not quantitatively reflect the level of 
amplification as the fluorescent signal spreads over a region of the chromosome 

that is actually larger than the length of the amplicon (Kallioniemi et al, 1992). 

The total amount of amplified DNA (amplicon size times level of amplification) 

has to be at least 2Mb in order for it to be detected using CGH (Kallioniemi et al, 
1994).

Five astrocytoma in this study had regions of high copy num ber amplification 

that were located at eleven chromosomal regions. Only two tum ours (IN2017 
and IN2240) shared a common region of amplification at 7q31. The m ost 

amplicons were seen in diffuse astrocytoma, where three tum ours showed 
multiple regions of amplification. IN699 had six amplicons at lp32-34, lq21, 

9q32-34, 17p, 19q and 20. IN1524 had a single amplicon at 13q21-31 and IN3032 
had two amplicons at 7pll-14 and 12pll.2. One pilocytic astrocytoma, IN2Ü17 
had a single amplicon at 7q22-31. One GBM, IN2240, had  two regions of 
amplification at 2q24-32 and 7q31-33. There were no amplicons in the anaplastic 
astrocytoma.

Chromosome 1

Both amplicons on chromosome 1 were seen in the diffuse astrocytoma IN699. 

The amplicon at lq21 was also part of the amplicon seen in three ependym oma 
in this study and this has been discussed previously. Amplification on Ip  has 

been reported in a num ber of other malignancies at low frequency including, 
pancreatic carcinoma, leiomyosarcoma, m edulloblastom a, and adult GBM 

multiforme (Solinas-Toldo et al, 1996; Mohapatra et al, 1998; Derré et al, 2001; 
Michiels et al, 2002).
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Chromosome 2
IN2240, a GBM had a region of amplification at 2q24-32. High copy num ber 

am plification w ithin  this region has been reported  in hepatoblastoma, 
oesophageal carcinoma, rhabdom yosarcom a as well as in three cases of 

paediatric malignant astrocytoma (Du Plessis et al, 1999; Hu et al, 2000; Rickert et 

al, 2001; Bridge et al, 2002). This region contains several genes that have potential 

oncogenic features. These include ITRAF (tum our necrosis factor receptor- 

associated factor) which functions as a general regulator of TRAF-mediated 

signalling events (Rothe et al, 1996), and FRZB, a secreted antagonist of WNT 
signalling (Leyns et al, 1997; Wang et al, 1997).

Chromosome 7

Amplification was seen on both arms of chromosome 7 in astrocytoma. IN3032, a 
diffuse astrocytoma, had a region of amplification at 7 p l l . l  IN2017, a pilocytic 

astrocytoma, and IN2240, a GBM, shared a common region of amplification at 
7q31.
Amplification on 7p has been reported previously in adult grade GBM at high 
frequencies (Nishizaki et al, 1998), as well as in three paediatric m alignant 
astrocytoma (Rickert et al, 2001). Other malignancies with 7p amplicons include 
Barrett's adenocarcinoma (Walch et al, 2000). The EGFR gene m aps to 7pl2, 

precluding it from being the target of the amplicon seen in IN3032. In a recent 
study of adult GBM, thirteen tum ours has amplicons on 7p that excluded the 

EGFR gene (Liu et al, 2000). Twelve of these tum ours showed amplification of 
loci distal to EGFR and one tum our had exclusive amplification of proximal loci. 

From this data it would appear the target for the 7p amplicon in some GBM lies 

in the region between the ESTs SGC32574 and WI-18503.

Amplification of 7q31 has been reported previously in six paediatric malignant 

astrocytoma (Warr et al, 2001; Rickert et al, 2001). Adult GBM, choriocarcinoma, 
adenocarcinoma, germ cell tum ours and mixed oligoastrocytoma have been 

reported with amplicons at 7q21-31 (Weber et al, 1996; Rao et al, 1998b; Kros et 
al, 1999; Ahmed et al, 2000; Walch et al, 2000; Luk et al, 2001). Located in this 

region is the PTPRZl gene, which has been shown to be highly up-regulated in
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breast carcinoma (Forozan et al, 2000). CAPZA2 has been m apped to 7q31 and is 
known to regulate the growth of actin filaments by binding at their barbed end. 

Also located in this region is MET,  which encodes a transmembrane growth 

factor receptor tyrosine kinase whose ligand is the hepatocyte grow th  

factor/scatter factor. Amplification of M ET is thought to contribute to the 

form ation of glial tum ours by the elevated expression of proteins that are 

involved in mitogenic signalling pathways. One study has shown M E T  to be 

amplified in 20% of adult GBM (Fischer et al, 1995). However, in a series of 121 

adu lt GBM, no M E T  amplifications were found suggesting M E T  is only 

amplified at low levels in GBM (Liu et al, 1998). Studies of chromosome 7 

abnormalities in hereditary papillary renal cell carcinoma have show n that 

mechanism of MET  activation is via mutation and nonrandom  duplication of the 

m utant MET  allele in trisomy 7 (Zhuang et al, 1998). Three out of eleven GBM 
have been shown to have duplication of one copy of the MET  gene, but none of 

these tumours had MET  mutations (Moon et al, 2000). Three further GBM w ith 
M ET  amplification were screened with eight DNA m arkers for the region of 

amplification at 7q31. The domain most commonly amplified in these GBM was 
restricted to the flanking regions of MET. Amplification of exons localised close 
to MET  and CAPZA2 were also seen in GBM (Mueller et al, 1997). There are a 
number of other, as yet unidentified, genes located within this amplicon at 7q31.

Chromosome 9

IN699, a diffuse astrocytom a had  a region of am plification at 9q32-34. 
Amplification spanning the whole of chromosome 9 has been reported in two 

cases of paediatric anaplastic astrocytoma (Rickert et al, 2001). This region of 
am plification spans the A B L l  gene, VAV2 (Rho-family guanine-nucleotide 

exchange factor) gene, and PBX3 genes (Sanoudou et al, 2000). An EGF-like gene, 
EGFL5, is located at 9q32-33.3 and has been shown to be specifically expressed in 

the cerebellum (Nakayama et al, 1998). Other neoplasms with amplifications in 
this region include squamous cell carcinoma of the oesophagus, diffuse B-cell 

lym phom a and male germ cell tum ours (Rao et al, 1998a; Rao et al, 1998b; 
Shinomiya et al, 1999).

298



Chromosome 12
A region of amplification at 12pll.2-12 was observed in the diffuse astrocytoma 

IN3032. Amplification in this region has previously been reported in many other 

hum an cancers (see Table 5.4).

Malignancy No. Cases Amplicon Reference

Pancreatic carcinoma 1/27 12pl3 Solinas-T oldo et al. 
(1996)

G a s t r i c  cardia 
adenocarcinoma

1/20 12pll.2 Van Dekken et al. (2001)

Ovarian carcinoma 2/27 12pll-13 Sonoda et al. (1997)

T esticu lar germ  cell 
tumours

2/15 12pll.l-12.1 Mostert et al. (1996)

O v a ria n  germ  cell 
tumours

2/23 12p Bussey et al. (1999)

Seminoma 2/6 12pll.2-12 Rao et al. (1998b)

O ral squam ous cell 
carcinoma

1/19 12pll Oga et al. (2001)

Oesophageal squamous 

cell carcinoma
1/29 12pll.2-12 Shinomiya et al. (1999)

H e a d  a n d  n e c k  

s q u a m o u s  c e l l  

carcinoma

2/13 12p Speicher et al. (1995)

Fibrosarcoma 1/34 12pl2-pter Schmidt et al. (2002)

Table 5.4: Reported chromosome 12 amplicons in hum an malignancies.

Amplification at 12p has been reported in adult GBM and in one paediatric GBM 

(Schrock et al, 1994; Warr et al, 2001). The region of amplification at 12p includes 

several candidate loci. The KRAS proto-oncogene, is overexpressed in 10% of
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ovarian carcinoma and has been show n to be associated w ith  m alignant 

progression in endometrial cancer (Sonoda et al, 1997; Koul et al, 2002). The 

region containing KRAS  is overrepresented in pancreatic carcinoma and 

activating m utations in codon 12 are particularly frequent (Heidenblad et al,

2002). Other potential targets in this region include the genes for CD4 and CD8, 

TNFRl, CCND2 and FGF6. CCND2 has several E boxes, the common binding site 

of the MYC family proteins, in its promotor region. This gene has been found to 

be significantly dysregulated in testicular germ cell tum ours (Skotheim et al,

2002). The region containing the CCND2 gene is the most frequently amplified 
region in osteosarcoma (Gisselsson et al, 2002). This gene is know n to be 

amplified in other malignancies and has also been reported in two GBM and one 

anaplastic astrocytoma (Biischges et al, 1999). The coamplification of CCND2 
w ith  CDK4 m ay prom ote cellular proliferation in a synergistic m anner 
(Gisselsson et al, 2002). FGF6 expression has been shown to be increased in 

prostatic tum ours and prom ote the proliferation of transform ed prostatic 
epithelial cells via paracrine and autocrine mechanisms (Ropiquet et al, 2000). 
The gene DEC2 is a putative target of the 12p amplicon in pancreatic cancer 
(Heidenblad et al, 2002). This gene has recently been cloned and shown to have 
97% homology to the basic helix-loop-helix dom ain of DECl (Fujimoto et al,
2001), which encodes a transcription factor thought to be involved in control of 
proliferation and differentiation.

Chromosome 13

IN 1524, a diffuse astrocytoma, had a region of amplification at 13q21-31. 

Previous CGH studies have shown one paediatric GBM astrocytoma w ith an 
amplicon at 13qll-14 (Warr et al, 2001). Amplification of the 13q21-31 region has 

been reported in oesophageal carcinoma and follicular lymphoma (Du Plessis et 
al, 1999; Neat et al, 2001). In lymphoma, amplicons on 13q cluster in the 13q21-33 

region and seem to be a result of tandem repeats on a der(13) chromosome seen 
by G-banding (Neat et al, 2001).
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Chromosome 17
IN699, a diffuse astrocytoma, had a region of amplification that spanned the 

entire short arm of chromosome 17. Amplification of 17q has previously been 

reported in two cases of paediatric GBM (Rickert et al, 2001) but there have been 

no reports of amplification of 17p. Amplification of 17p has been reported in 
other malignancies, details of which can be seen in Table 5.5.

CGH analysis has identified amplification of 17p ll-p l2  in 20% of glial tum our 
cell lines (Mohapatra et al, 1995). In comparison amplification of 17pl2 has been 

found in 45% of osteosarcoma. In both tum our types, the presence of the 

amplification event correlates with aggressive clinical behaviour (Hulsebos et al, 

1997).

Malignancy No. cases Amplicon References

Rhabdomyosarcoma 1/45 17pll-12 (Bridge et al, 2002)

Osteosarcoma 2/18

4/10

17p

17pll.2-pl2

(Zielenska et al, 2001) 
(Wolf et al, 1999)

O varian  germ  cell 

tumours

2/23 17p (Bussey et al, 1999)

Fibrous histiocytoma 1/3 17p (Wolf et al, 1999)

Chondrosarcoma 1/3 17pll.2-pl2 (Wolf et al, 1999)

Lleiomyosarcoma 1/27 17p (Derré et al, 2001)

Table 5.5: Published reports of amplification of chromosome 17 in hum an 
cancers.

Chromosome 19

The entire long arm  of chromosome 19 was am plified in tum our IN699. 
Amplification involving 19ql3.1-13.2 has been reported in ovarian carcinoma 

and gastric cardia adenocarcinoma (Thompson et al, 1996; Sonoda et al, 1997; 
Perinchery et al, 1999), as well as in GBM (Nishizaki et al, 1998). Amplifications 

involving the whole of chromosome 19 have been observed in anaplastic 
oligodendroglioma and anaplastic mixed oligoastrocytoma (Kros et al, 1999). No
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paediatric astrocytomas have previously been reported w ith amplification of 
chromosome 19. This region of amplification might involve cyclin E, which is a 

candidate gene in the 19ql2 amplicon in adenocarcinom a of the gastro- 
oesophageal junction. Another candidate gene in this region is AKT2. AKT2  

encodes a pro tein  serine-threonine kinase tha t has been im plicated in 
phosphtidylionsitol-3-OH kinase (PI 3-K) signalling. This gene has been found to 

be amplified and overexpressed in 20% of pancreatic ductal adenocarcinoma 
(Ruggeri et al, 1998) and 80% of ovarian cancer cell lines have increased AKT2 

copy num ber (Thompson et al, 1996). O veractivation of AKT2  by gene 

amplification or overexpression could intensify signalling through the PI 3-K 

pathw ay or may act independently of growth factor m ediated signals and 
contribute to the dysregulation of cell growth (Ruggeri et al, 1998). The CCNE 

gene has been m apped to 19ql3.3 and is a regulatory subunit of cyclin- 
dependent kinase that regulates entry into S phase of the cell cycle (Richter et al, 
2000). This gene has been found to be amplified in breast cancer and a small 
num ber of urinary bladder cancers (Hoglund et al, 1998; Richter et al, 2000). 

Other genes in this region that may have a role in tumourigenesis include FOSB 
(19ql3.3), BCL3 (19ql3) and SUPT5H (19ql3.1-13.2).

Chromosome 20
IN699 showed amplification of the whole of chromosome 20. Amplification at 
20pll.2-12  has been observed in a GBM that arose from  a grade II 

oligoastrocytoma and in one case of oligoastrocytoma (Giannini et al, 1999; 
Brunner et al, 2000). There are two genes located in this region, PCNA 

(proliferating cell nuclear antigen) and PYGB (hum an b ra in  glycogen 

phosphorylase), that may be of some importance in glial tumours. PCNA has 

been show n to be expressed at higher levels in GBM than  in pilocytic 
astrocytom a in two recent studies by oligonucleotide m icroarray analysis 

(Rickman et al, 2001).

Gene amplification of 20q has previously been reported in a w ide range of 
m alignancies (see Table 5.6), including one case of paediatric anaplastic 

astrocytoma (Rickert et al, 2001).
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Several genes have been identified in the 20q region, including AIBl  (steroid 

receptor co-activator), whose altered expression m ay contribute to the 
development of steroid dependent cancers, ZNF217 (Zinc finger transcription 

factor), which is associated with instability and immortalisation in tum our cells, 

STK15, a centrom ere-associated serine / threonine protein  kinase, BTAK, a 

serine / threonine kinase gene, and nonreceptor tyrosine phosphate gene (PTPNl) 
that has been reported to be overexpressed in 72% of breast carcinomas (Wiener 

et al, 1994; Anzick et al, 1997; Gray and Collins, 2000; Hu et al, 2000). STK15 
overexpression activates an unknow n oncogenic pathw ay that involves 

centrosome amplification and results in the mis-segregation of chromosomes. 
Bladder cancers that have high levels of STK15 amplification also exhibit 

pronounced aneuploidy as well as having a more aggressive clinical behaviour 
(Sen et al, 2002). ZNF217 has been defined as the core of the 20q amplicon in 

breast cancer (Tanner et al, 1996). This gene is not amplified alone in ovarian 
cancer suggesting the involvement of other genes in this region (Tanner et al, 

2000). PTPNl  has been shown to be highly amplified in 29% of ovarian tumours 
and is overexpressed in both breast and ovarian cancer (Wiener et al, 1994; 
Tanner et al, 2000). BTAK is amplified in 21% of sporadic ovarian cancers and is 
also the target of the 20ql3 amplicon in breast and colon cancers (Tanner et al, 
2000). CYP24, which encodes for vitamin D24 hydroxylase, is located at 20ql3.2 
and has been implicated as a potential oncogene in breast carcinoma (Albertson 

et al, 2000). Another candidate is MYB12 a 20ql3, which encodes a transcription 
factor and has a role in cell cycle progression. The hD54 locus is at 20ql3.2-13.3 

and is a member of the D52-like protein family that are thought to have a role in 
cell proliferation (Balleine et al, 2000).

The data available for amplification of 20q suggests the coamplification of 
separate regions at 20q m ay be the m olecular m echanism  behind  gene 

amplification in this region.

It is possible that at least some of the amplifications seen in the tum ours in this 
study may involve the coamplification of several genes m apping to the same 

region. The exact molecular mechanism behind coamplification is unknow n but
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may involve m ultiple chromosomal breaks and unbalanced translocations. 
Coamplification also suggests synergy between genes up  regulated by gene 

amplification; for example the amplified genes may share a common pathw ay in 
growth regulation (Gisselsson et al, 2002).

Malignancy Frequency Amplicon Reference

Oesophageal squamous 
cell carcinoma

3/29 20ql3.2-13.3 (Shinomiya et al, 1999)

Gastric carcinoma 3/62 20qll.2-12 (Guan et al, 2000)

Breast carcinoma 15/38
22/41

20ql3
20qll

(Forozan et al, 2000) 
(Tanner et al, 1996)

Ovarian carcinoma 3/27
13/24

20ql2-qter
20q

(Sonoda et al, 1997) 
(Tanner et al, 2000)

O v a ria n  germ  cell 
tumours

2/23 20 (Bussey et al, 1999)

Male germ cell tumours 1/34 20qll.2-12 (Rao et al, 1998b)

Oligodendroglioma 1/15 20ql3 (Kros et al, 1999)

S q u a m o u s  c e l l  
carcinoma of the lung

1/9 20ql2-ql3.2 (Luk et al, 2001)

Table 5.6: Previous reports of 20q amplification in hum an cancers

Pleomorphic Xanthoastrocytoma
There was a single case of pleomorphic xanthoastrocytoma (PXA) in this study. 
PXA is a low-grade glioma that corresponds to WHO grade II. These are rare 

tumours, accounting for less than 1% of all astrocytic tumours, and hence only a 
limited number of genetic studies have been performed on PXA (Yin et al, 2002). 

The majority of PXA have a favourable prognosis with post-operative follow-up 
periods of up to 18 years being reported (Palma et al, 1985; Ohta et al, 1999). In
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some instances, PXA may transform into a malignant phenotype, usually a GBM, 
with the associated poor prognosis (Kepes et al, 2000).

Molecular genetic analyses of PXA have identified two tumours (one adult and 
one paediatric) w ith m utations of the p53 gene (Paulus et al, 1996). These 

m utations occurred in codons 220 and 292, outside of the conserved dom ain of 

p53. Such m utations have not been reported previously in  astrocytoma. 

However, in a study of sixty-two PXA, three tum ours had p53 mutations. 

(Kaulich et al, 2002). One adult recurrent PXA has also been reported with EGFR 

amplification (Paulus et al, 1996). EGFR amplification occurred without LOH at 

lOq, which differs from the pattern of expression seen in GBM not related to 

PXA. PXA with p53 mutations did not have deletion of CDKN2A or CDKN2B and 
there was no amplification of CDK4, MDM2 or EGFR  (Kaulich et al, 2002). 

Recently CGH has been used to analyse three cases of PXA (Yin et al, 2002). This 
report showed gain of 7 and loss of 8p in two cases. Gains of 2p, 4p, 1 2 ,15q and 
19, as well as loss of 9p, lOp and 13q were each seen in one case. Only one of 
these tumours was from a paediatric patient, and this tum our had loss of 8p as a 

sole abnormality. The PXA in the present study showed two abnormalities, loss 
of 6q and 9p. It is not known whether the region of loss on 9p involves the 
CDKN2A/B genes. Taken together these findings suggest that the genetic 
aberrations in PXA differ from those typically associated w ith  diffuse 

astrocytoma.

Comparison of paediatric and adult astrocytoma
Cytogenetic analyses of adult astrocytoma have shown low-grade astrocytomas 
to have simple num erical alterations, such as trisom y 7 or loss of a sex 

chrom osom e, w hereas in the higher grade astrocytom a the pa ttern  of 
abnormalities becomes more complex. In adult GBM consistent, abnormalities 

have been reported including extra copies of chromosome 7, loss of 9p, 
monosomy 10, deletion of 22q and double-minute chromosomes (Bigner et al, 

1988). Several of the genes associated with these alterations have been identified, 
including CDKN2A/B deletion in tumours with loss of 9p, PTEN/MMACl  and 

DMBTl  as the targets of lOq deletion and EGFR amplification which is typically
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present as double minute extra-chromosomal elements (MoUenhauer et al, 1997; 
Steck et al, 1999).

In comparison to the wealth of studies on the genetic abnormalities in adult 
astrocytoma, little is know n about the genetic pathogenesis of paediatric 

astrocytoma. Cytogenetic studies of paediatric astrocytoma have been hindered 
by the low incidence of prim ary high-grade astrocytoma in the paediatric 

population. Both cytogenetic and LOH analyses of paediatric astrocytoma have 
failed to show many of the characteristic alterations seen in adult tumours, and 

have also been unable to identify consistent numerical and structural alterations 
in these tumours (Bigner et al, 1997). The same was true in the present study and 

the findings from this study will be compared to w hat has been previously 
reported in adult astrocytoma.

EGFR gene amplification

In the present study only two diffuse astrocytoma had alterations of 7p. This 
included gain of the entire chromosome in IN699, and high copy num ber 

amplification of 7pll-14 in IN3032. The EGFR gene maps to 7pl2 and has been 
im plicated as an im portant element mediating neuroglial cell grow th and 
differentiation (Bredel et al, 1999). EGFR amplification in paediatric malignant 
astrocytoma occurs infrequently. In total six diffuse astrocytoma, forty-three 
anaplastic astrocytoma and seventy-five GBM have been screened for EGFR 
amplification (Raffel et al, 1999; Bredel et al, 1999; Cheng et al, 1999; Sung et al, 

2000; Kraus et al, 2002). Only two GBM have been found to have EGFR 
amplification (Bredel et al, 1999). However, elevated immunoreactivity for EGFR 

has been observed in seven out of nineteen anaplastic astrocytoma and twenty- 

three out of fifty-seven GBM (Cheng et al, 1999; Bredel et al, 1999; M aruno et al, 

2000; Sung et al, 2000). This suggests that expression of the EGFR protein is 
enhanced by mechanisms other than a simple alteration in gene copy number.

Chromosome 9p deletions
One diffuse astrocytoma (IN699) and a pleomorphic xanthoastrocytoma (IN2587) 
showed loss of 9p, the location of the CDKN2A/B genes. Studies investigating the 

status of these genes in  paediatric astrocytoma have found deletions in
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approximately 10% of anaplastic astrocytoma and GBM, compared to 50-60% of 
adult cases (Jen et al, 1994; Raffel et al, 1999; Newcomb et al, 2000; Sung et al,

2000). Two PXA have been shown to have LOH for markers on 9p, bu t no 

inactivation of CDKN2A/B has been reported (Kaulich et al, 2002). Alterations of 

CDKN2A/ARF have been reported in one anaplastic astrocytoma and one GBM 

(Raffel et al, 1999). Deletions of and p i6^^^" have been reported in two

anaplastic astrocytoma and one GBM (Sung et al, 2000). As the transition from 
low-grade to anaplastic astrocytoma in adults is accompanied by allelic loss on 

9p, the lack of 9p deletions in paediatric astrocytoma suggests that paediatric 
diffuse astrocytoma may progress via a different pathway.

Amplification of MDM2
The MDM2 gene is located at 12ql4-15 and none of the tum ours in this study 
showed gain within this region of chromosome 12. The MDM2 protein binds to 
wild type p53, inhibiting its ability to activate transcription. Inactivation of the 
effect of p53 can be seen through overexpression of the MDM2 protein (Willert et 

al, 1995). Overexpression of MDM2 has been reported in 50% of adult GBM 
(Biernat et al, 1997). MDM2 overexpression has been seen in six anaplastic 

astrocytoma and seventeen GBM (Raffel et al, 1999; Sung et al, 2000). There have 
been no reports of MDM2  amplification in paediatric astrocytoma (Sung et al, 

2000; Kraus et al, 2002). The low frequency of MDM2 overexpression and the lack 
of MDM2  amplification in paediatric astrocytoma suggests this gene does not 

have a significant role in the pathogenesis of these tum ours and that alterations 
of 12q may be attributed to another target gene(s) in this region. In one study 

twelve genes in the region of 12ql3-15 w ere found to be am plified in 
approximately 15% of astrocytoma. These genes include GL7, WNTl,  MDM2, 

SAS, CDK4, OS-4, GAS16, GAS27, GAS41, GAS56, GAS64 and GAS89 (Fischer et 
al, 1996). There have been no reports of amplification of these genes in paediatric 

astrocytoma.

RBI gene deletions
One diffuse astrocytoma (IN699) showed loss of 13q in the region of the RBI  

gene. Wild type pRB is required for the regulation of cell cycle entry as well as
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terminal differentiation of different cell type. M utation of RBI is found in a 
variety of hereditary and sporadic tumours. As many as 75% of paediatric high 

grade astrocytoma show expression of the retinoblastoma protein but there have 
been no reports of gene mutations (Sung et al, 2000). Studies of RBI deletions in 

adult astrocytoma have shown that inactivation is restricted to high-grade 
tumours suggesting this gene is involved in astrocytoma progression rather than 

initiation (Henson et al, 1994). The lack of RBI m utations in  paediatric 

astrocytoma adds further evidence to the argum ent that paediatric astrocytoma 

do not progress to a more malignant tum our via the same pathw ay as adult 
astrocytoma.

Loss of chromosome lOq

One diffuse astrocytoma (IN380) had loss of lOq. However, this loss was distal to 
the location of the PTEN/MMACl  gene at 10q23. PTEN negatively regulates the 

PI3K-Akt pathway, thereby affecting the control of the cell cycle and cell survival 
(Sasaki et al, 2001). It is possible that PTEN status may relate to therapeutic 
sensitivity in m alignant glioma. LOH at 10q23 has been reported in two 
paediatric anaplastic astrocytoma and three GBM (Cheng et al, 1999). Mutations 
of P T E N  have been reported in six paediatric GBM and one anaplastic 
astrocytoma (Raffel et al, 1999; Cheng et al, 1999; Kraus et al, 2002). The reported 

mutation rate of PTEN in paediatric GBM (around 16%) is similar to that seen in 
adult secondary GBM.

DMBTl  is located at 10q25.3-26.1 and encodes a protein that participates in 

epithelial differentiation and immune regulation. DMBTl  has been proposed as a 
candidate tum our suppressor gene for GBM, medulloblastoma, lung carcinoma 

and gastrointestinal carcinoma based on homozygous deletions (MoUenhauer et 
al, 1997). There is concern surrounding DMBTl  as a tum our suppressor gene 

based on lack of experimental evidence linking DMBTl to tumourigenesis and 
constitutional hemizygous deletions in a subset of normal individuals, seen as 

germline polymorphisms (MoUenhauer et al, 2000). Deletions of DMBTl  have 
been reported in anaplastic oligodendroglioma (Sasaki et al, 2001). LOH at 10q25 

has been reported in three paediatric anaplastic astrocytoma and five GBM
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(Blacker et al, 1996; Cheng et al, 1999). Other candidate genes in the 10q25 region 
include TNFRSF6, MXII and h-neu.

Involvement of p53
There was one diffuse astrocytoma (IN3032) w ith monosomy 17. The p53 gene 
maps to 17pl3.3 and has a role in several cellular processes including the cell 

cycle, response to DNA dam age, apoptosis, cell d ifferentiation  and 
neovascularisation. O verexpression and m utations of p53 in paediatric 

astrocytoma have been reported in around a third of cases (Chozick et al, 1994; 

Hayes et al, 1999; Raffel et al, 1999; Cheng et al, 1999; Sung et al, 2000; Pollack et 

al, 2002). Other studies have found no mutations or a low incidence of mutations 
of the p53 gene in paediatric astrocytoma (Fults et al, 1992; Litofsky et al, 1994; 

Walker et al, 2001). It has been suggested that p53 mutations are associated with 
increasing tum our malignancy but the similar frequency of m utations in all 

grades of paediatric astrocytoma would suggest that this is not the case.

Loss of chromosome 22
Approximately 30% of adult astrocytoma have been reported to display loss of 
22q, suggesting the presence of a chromosome 22 tum our suppressor gene (Rey 
et al, 1992; Rey et al, 1993; Ino et al, 1999). LOH at 22ql3.3 is associated with the 

more malignant astrocytoma (anaplastic astrocytoma and GBM), suggesting that 
loss of this region is associated with astrocytoma progression (Oskam et al, 2000). 

In the present study only one diffuse astrocytoma (IN I524) had  loss of 22q. 

Monosomy 22 or deletions of 22 have been reported infrequently in paediatric 

astrocytoma of all grades (Griffin et al, 1988; Karnes et al, 1992; Neum ann et al, 
1993; Schrôck et al, 1994; Blaeker et al, 1996; Shlomit et al, 2000; Rickert et al, 

2001; Warr et al, 2001).

Potential prognostic markers
Low-grade paediatric astrocytoma usually has an excellent prognosis bu t a 
num ber of children w ith these tum ours will have tum our recurrence that 

requires m ultiple treatm ent and exposes the child to potential toxicity from
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therapy. A num ber of children will die from their tumour, and in some cases 
survival at ten years may be less than 50%. A num ber of studies have shown a 

survival advantage for patients with pilocytic astrocytoma compared to those 

w ith diffuse astrocytoma (Gjerris and Klinken, 1978; Vagner-Capodano et al, 

1992; Orr et al, 2002). Paediatric malignant astrocytoma have been shown to have 
a poor prognosis (Shinoda et al, 1989; Vinchon et al, 2001). In the present study 

tum our histology was a very strong indicator of prognosis. Patients w ith GBM 
had a very poor survival (21% at 10 years), compared to those patients w ith 

pilocytic astrocytoma (100% at 10 years).

The effect of age on survival in patients with astrocytoma is a controversial issue. 
Tumour progression and recurrence has been associated w ith a young age in 

some studies (Davis and Joglekar, 1981; Ilgren and Stiller, 1987; Vinchon et al,
2001). Other studies have shown no difference in survival or the risk of 
progression between infants and older children (Pollack et al, 1995; Smoots et al, 
1998; Fisher et al, 2001). In the present study, there was no difference in survival 
between children aged 3 years and younger and older patients. Neither was 
there a difference in survival when the patients were divided into three groups 
based on age: under 3 years, 4-18 years and 19 years and older. This may be due 
to the relatively small number of samples in the study that came from young 

adults. It is also difficult to get up to date clinical information and there was no 
follow up available for nine of the patients in the study, including four of the 

young adults. With more accurate clinical data it m ight be possible to see a 
relationship between patient age and survival.

The extent of surgical resection has been found to be an im portant prognostic 

indicator in previous studies of paediatric astrocytoma. Patients who have 

undergone complete resection are less likely to have tum our recurrence than 

those who have only had partial removal of tum our (Pencalet et al, 1999). Even 
children with malignant astrocytoma have been shown to have a better survival 

if a complete removal of tumour is achieved (Vinchon et al, 2001). In the present 
study there was no difference in survival betw een those patients w ho had 

received total resection compared to those with incomplete resection.
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Studies on the use of post-operative treatm ent for children w ith astrocytoma 

have show n chem otherapy to be effective w hen used in conjunction w ith 
radiotherapy for the treatment of malignant astrocytoma and unresectable low- 

grade astrocytoma (Sposto et al, 1989; Duffner et al, 1996; Lôpez-Aguilar et al, 
2000; Tassi et al, 2001). Other studies have reported no increase in patient 

survival with the use of chemotherapy (Wolff et al, 2000)(Held-Feindt et al, 2002). 
Radiotherapy has been shown to be useful in increasing survival in patients with 

low-grade astrocytoma who have had incomplete tum our removal (Dewit et al, 

1984; Ilgren and Stiller, 1986; Dirven et al, 1997; Reddy and Packer, 1999). 

However, in other studies, radiotherapy has been show n not to influence 

outcome (Marsa et al, 1973; Garcia and Fulling, 1985; Wallner et al, 1988).

In the present study, the best survival was seen in those patients who had 
received no post-operative therapy (100% at 10 years). Patients who had received 

post-operative chemotherapy had the worst survival. These findings may be a 
reflection of the normal progression of disease. Most of the patients who had 
received no post-operative therapy had pilocytic or diffuse astrocytoma, where 
the prognosis is usually quite good and no post-operative therapy is required. 
C hildren w ith more aggressive tum ours are usually  treated  w ith  either 
radiotherapy a n d /o r  chem otherapy, and will still have a poor prognosis 
com pared to children w ith pilocytic astrocytoma. Patients w ho had  only 
undergone stereotactic biopsy followed by radiotherapy had a better outcome 

than those patients who had surgical excision followed by radiotherapy. All of 
the patients who had biopsy were older patients (aged 24-31 years), whereas the 

patients who had surgical removal of tum our followed by radiotherapy were 
under 16 years of age. This might suggest astrocytoma in older patients are more 

radiosensitive than those seen in younger patients. However, for three of the 
patients w ith anaplastic astrocytoma no clinical follow-up data was available, 

therefore this increased survival for patients undergoing stereotactic biopsy 
might not be a true reflection of the effect of biopsy on survival.

To date there is little information on the prognostic significance of cytogenetic 

abnorm alities in childhood low-grade astrocytoma. In fact, the majority of
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reports have shown normal karyotypes to occur in most instances (Griffin et al, 
1988; Thiel et al, 1993; Fujii et al, 1994; Agamanolis and Malone, 1995). In a recent 

study of twenty-nine low-grade astrocytoma, the presence of copy num ber 
aberrations conferred a survival advantage compared to those patients with a 
normal karyotype, though the difference was not statistically significant. (Orr et 
al, 2002). In the present study, the presence of a normal karyotype conferred a 

slight survival advantage in the patients with low-grade astrocytoma (see Figure 
5.30). In patients with a norm al karyotype survival was 98% at 10 years, 

compared to 58% in those patients with CNAs. Survival data was not available 
for four patients with normal karyotypes and one patient with multiple CNAs, 

though even if this data were available it would be unlikely to change the results.
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Figure 5.30: The effect of CNAs on survival in patients with low grade (pilocytic 
and diffuse) astrocytoma. Survival is measured in months from the date of 
diagnosis. Log-rank test, p = 0.0706.

The data for the high-grade astrocytoma in the present study could not be 

analysed in the same manner, as survival data was not available for a third of the 
patients in the study.
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Four CNAs were seen to be associated with reduced survival in the astrocytoma 
patients in the present study. These were gain of 2q, 5q, 7 and loss of 16p. 

However, the validity of these findings is uncertain. Only a small num ber of 
tum ours had CNAs, and in most cases, the alterations that influenced survival 

were present in GBM. These findings can not be confirm ed as occurring 
independently of tum our grade. The one exception was gain of chromosome 7, 

which was seen in all grades of astrocytoma. A greater num ber of samples would 

need to be analysed to confirm that these alterations are true prognostic markers. 

Another reason why the data may be biased is the absence of follow-up data 
available for ten of the patients in the study, including two patients with multiple 

CNAs.

In a recent study of adult diffuse astrocytoma, gain of chromosome 7 was found 
to be significantly associated with shorter survival (Wessels et al, 2002). Gain of 
chromosome 7 is also associated with shorter survival in adults w ith m alignant 
astrocytoma (Nishizaki et al, 1998; Kunwar et al, 2001; Burton et al, 2002). 
However, trisomy 7 has been seen to have no influence on survival in children 
w ith pilocytic astrocytoma (White et al, 1995). Trisomy 7 has also be found to 
correlate w ith poor survival in patients with prostate carcinoma (Bandyk et al, 
1994). Gain of chromosome 7 is associated with the more malignant tum ours and 

with tum ours that have the potential to become malignant and it is possible that 
the patients in the present study with gain of chromosome 7 represent those 

paediatric tum ours that are more aggressive in nature.

In contrast to the finding in the present study that patients with gain of 5q had a 
poorer survival than those patients with no alteration of 5q, a recent study has 

reported a prolonged survival for renal cell carcinoma patients w ith gain 5q 
(Gunawan et al, 2001).

One chromosome aberration which has been reported as a potential prognostic 

m arker for paediatric astrocytoma is gain of Iq, which has been found to be 

associated w ith shorter survival in patients w ith anaplastic astrocytoma but not 

GBM (Rickert et al, 2001). Gain of Iq  did not influence survival in the patients in
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the present study, though this may be due to the low frequency of anaplastic 
astrocytoma available for analysis.

A small num ber of studies have looked at the influence of specific gene 

alterations on survival in children with astrocytoma. A significant association 
between p53 overexpression and survival has been reported in children with 

malignant non-brain stem astrocytoma (Pollack et al, 1997; Pollack et al, 2002). In 
patients with overexpression of p53 (n = 41), PFS at five years was 17% compared 

to 44% in those patients with low levels of p53 expression (n = 74) (Pollack et al,
2002). EGFR expression and EGFR amplification has been investigated in a study 

of twenty-seven children w ith malignant astrocytoma (Bredel et al, 1999). This 
study showed no correlation between EGFR expression and survival. Only two 

samples showed EGFR amplification, so no relationship between survival and 
amplification could be determined. Bcl-2 expression has also been investigated as 

a potential prognostic marker in paediatric astrocytoma. Expression of bcl-2 may 
confer a survival advantage to some cells by preventing cell death or apoptosis 

from taking place. In a study of twenty-one paediatric astrocytoma survival 
showed no relationship to the expression of bcl-2 (Newcomb et al, 1997).

Comparison between grade of astrocytoma
In the present study, CNAs occurred infrequently in pilocytic astrocytoma (10%), 

and were seen at the greatest frequency in anaplastic astrocytoma (40%), but this 
may be a reflection of the small num ber of anaplastic tum ours in the study. 

Aberrations in the pilocytic astrocytoma were always in the form of single 
abnormalities and in 2 /3  cases involved gain of 7q. In diffuse astrocytoma, no 

tum ours had sole abnormalities. In diffuse astrocytoma and GBM, tum ours 
multiple aberrations (>6) were accompanied by regions of high copy num ber 

amplification. With the exception of IN2017 (pilocytic astrocytoma) and IN 1524 
(diffuse astrocytoma), at least two regions of amplification were seen in tumours 

with m ultiple aberrations. There was no pattern in the alterations seen in the 
different grades of astrocytoma, and no single CNA could be associated with a 

particular tumour grade. Chromosome 7 may be an early event in the genesis of
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paediatric astrocytoma, as this alteration was seen in all grades of tumour. There 
appears to be equal heterogeneity both w ithin grades of astrocytoma, and 

between tum our grades. From the results in this study, it w ould appear that 
there is not an individual mechanism of developm ent for each grade of 

astrocytoma.

In comparison to adult tumours, astrocytoma in children show a different 

location, a different growth pattern, longer survival times, and a lower tendency 

for recurrence. The present study combined with the data from previous studies 
would suggest that paediatric astrocytoma follow genetic pathways that do not 

fit in with those seen in either adult primary or secondary GBM. It would seem 
that paediatric astrocytoma is a disease that is genetically distinct to adult 

astrocytoma.
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CHAPTER 6 

SUMMARY & CONCLUSIONS

Paediatric glial tumours comprise over half of all childhood brain tumours. Most 
of these tumours are low-grade tumours that are common in the posterior fossa 

and diencephalic regions (Packer, 1999). The tum ours that comprise this group, 

astrocytoma and ependymoma, arise from glial cells or the supporting cells of 

the nervous system. Both ependym om a and astrocytom a shared common 
regions of alteration, though the ependymoma showed alterations at a m uch 

higher frequency than the astrocytoma. The most common region of gain in both 
tum our types was gain of 4q, seen in twelve ependymoma and five astrocytoma. 
Gain of 6 was also a frequent finding being seen in ten ependym oma and four 
astrocytoma. Loss of 16p was the most common region of loss in astrocytoma 

(two tumours) and was also a frequent finding in ependymoma, being observed 
in ten tumours. There were other regions of alteration that were common to each 

group which suggests that there may be similar pathw ays that lead to the 
formation of these tumours.

Gains and losses were seen with equal frequency in ependymoma, whereas gains 

were more common in astrocytoma. This might indicate that over expression and 
gene amplification are more common in astrocytoma development than gene 

deletions or mutations and that both deletion/m utation and gene overexpression 

are involved in the formation of ependymoma.

In agreement with previously published data, normal karyotypes occurred quite 
frequently. Seemingly norm al karyotypes were seen in nearly half of the 

ependymoma and 80% of the astrocytoma. Normal karyotypes were seen most 

frequently (90%) in the pilocytic astrocytoma. The frequency of alterations 

overall was very low in the astrocytomas, with the most common alteration, gain 

of 4q, only being seen in five tumours. Despite the low frequency of alterations it 

was possible to see a pattern in the alterations. Pilocytic astrocytoma had fewer 
alterations than the glioblastoma, suggesting an increase in genetic instability
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with an increase in tumour grade. This trend was not observed in ependymoma, 

bu t this may be due to the low frequency of anaplastic ependym om a in this 

study.

Copy num ber aberrations occurred more frequently in ependym om a than 
astrocytoma. Only 20% of astrocytoma had detectable aberrations compared to 

49% of ependymoma. Ependymoma had more CNAs per tum our than the 

astrocytoma. All of the pilocytic astrocytoma w ith CNAs showed only sole 

abnormalities, where as sole abnormality occurred infrequently in ependymoma. 
All of the tum ours w ith high copy num ber amplification, w ith exception of 

IN2017, showed multiple CNAs as well as the region(s) of amplification.

A novel region of amplification was seen in ependym om a at 9p22-pter. This 
amplicon has not been reported previously in paediatric ependymoma, bu t has 

been observed on other malignancies, including squam ous cell carcinoma, 
medulloblastoma and paediatric anaplastic astrocytoma (Nishizaki, Ozaki et al, 

1998; Rickert, Strater et al, 2001; Oga, Kong et al, 2001; Eberhart, Kratz et al,
2002). All other am plicons had  been reported previously  in  paediatric  
astrocytoma and ependymoma.

No single CNA was associated with any clinicopathological feature in the 
astrocytoma, and the only feature associated w ith a particular aberration in the 

ependym om a was tum our recurrence. One of the problem s associated with 
ependym oma is recurrence at the primary tum our site. It w ould be of great 

importance therefore to both the neurosurgeon and the neuropathologist if they 
could predict which patients were more likely to suffer tum our recurrence. In the 

comparison between primary tumours that had and had not shown recurrence, 

loss of 16q was found to occur more frequently in tumours w ith recurrence. This 

finding has not been reported previously and may be an im portant prognostic 

marker. Loss of 16p and gain of 7q were seen more frequently in recurrent 

ependymoma than prim ary ependymoma. CNAs were also seen to accumulate 
between primary and recurrent tumours from the same patient.
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There are no definitive markers of survival in use for patients with ependymoma 

and astrocytoma and one aim of this study was to identify m arkers, either 

genetic or clinicopathologic that could be used to predict patient outcome. In 
ependymoma patients with monosomy 19 showed a better prognosis than those 

patients w ith no alterations of chromosome 19. This has not been reported 
previously in ependymoma. In patients with low grade astrocytoma (pilocytic 

and diffuse astrocytoma), the presence of CNAs was associated w ith a poor 

prognosis, though no individual CNA was found to influence survival in the low 

grade tumours. In the astrocytoma patients as a whole group, four CNAs were 

shown to have an influence on survival. Patients with either gain of chromosome 

gain of 2q, gain of 5q and 7, and loss of 16p had a worse outcome than those 

patients w ith no alterations of these chromosomes. Gain of chromosome 7 has 
been seen to be of prognostic significance in adults w ith diffuse astrocytoma 
(Wessels, Twijnstra et al, 2002). There have been no reports of individual 

chromosome alterations being used as prognostic m arkers in children with 
astrocytoma.

In children w ith ependymoma, treatment w ith post-operative radiotherapy 

offered the best survival, whereas in the astrocytoma patients the best survival 
was seen in patients who had received no post-operative treatment. This finding 
in the astrocytoma patients may be explained by the fact most of the children 
who were treated w ith surgery alone were those patients w ith pilocytic and 

diffuse astrocytom a w ho naturally  have a good prognosis. Survival in 

astrocytoma patients was associated with tum our histology, with those patients 

with glioblastoma having a worse outcome than those children w ith pilocytic 
astrocytoma. Tumour histology could not be used as a marker of outcome in the 

children w ith ependym om a. This is probably due to the low num bers of 
anaplastic ependymoma available for analysis.

The astrocytoma in this study did not show the same characteristic abnormalities 

that have been reported in adult astrocytoma suggesting they are two different 
diseases with different genetic backgrounds. Adult astrocytoma show deletions 

of 9p, lOq and 17, and these alterations occurred infrequently in the paediatric
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astrocytoma in this study. Amplification of EGFR on 7q and MDM2  on 12p are 

another common feature of adult astrocytoma. Gain of 7q did occur quite 

frequently in the tum ours in this study, and amplification of 12p w as also 
observed, bu t at much lower frequencies than have been reported in adult 

tumours.

In conclusion this study has found:

> More than half (51%) of ependym oma and 80% of astrocytoma had  no 

detectable copy num ber aberrations. Sole abnorm alities were seen most 
frequently in pilocytic astrocytoma, and there was an increase in genetic 

instability with increasing tum our grade in astrocytoma. Gain of 4q and 6q, 
and loss of 16p were common abnormalities in both ependym om a and 

astrocytoma, suggesting the same genes may be involved in the development 
of both tumour types.

> The combination of CNAs seen in ependymoma allowed these tum ours to be 
separated into three groups according to their chromosome abnormalities: 
those with loss of Ip  and associated abnormalities, those with gain of Iq  and 
associated abnormalities, and those tumours with no abnormalities or sole 
aberrations. This suggests there might be as many as three different genetic 
pathw ays that lead to the formation of ependym om a. Due to the low 
frequency of alterations seen in the astrocytoma, it was not possible to 

determine if different genetic pathways lead to the formation of different 
grades of tumour.

> Paediatric astrocytoma do not show the same characteristic abnormalities 
seen in adult astrocytoma. Deletions of 9p, lOq and 17p were infrequent 

events and gains of 7q and 12p were seen at lower frequencies than have been 
reported in adult tumours. This suggests that paediatric astrocytoma and 

adult astrocytoma are two distinct diseases.
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> The presence of monosomy 19 offered a survival advantage to ependymoma 
patients. Gain of 2q, 5q and 7, and loss of 16p were associated with decreased 
survival in patients with astrocytoma. Survival was greatest in ependymoma 

patients who had received some form of post-operative therapy, whereas 
astrocytoma patients who had received no post-operative therapy had the 

best outcome. Loss of 16q was associated w ith the clinical recurrence of 
tumour in patients with ependymoma.

> Ependymoma do express M D R l ,  but at a lower frequency than has been 
reported previously, suggesting another m echanism is involved in drug 
resistance in these tumours.

W ith regards to the technical aspects investigated in this study, DOP-PCR 
protocols were seen to differ in their sensitivities for use in CGH. Only one 
protocol, H uang et al (2000) resulted in CGH profiles w ith considerable 
similarity to those produced using conventional CGH methods. All protocols 
seemed to have difficulty in correctly identifying the patients sex, which may 
mean other abnormalities may not be detected using this technique. Where 

possible conventional CGH, using nick translation w ould be the preferred 
method for detecting genomic instability.

Of the two methods tested for the extraction of DNA from paraffin em bedded 
tissues, the salting out method described by Jeuken (personal communication) 

resulted in high molecular weight DNA. The difficulty was in utilising this DNA 
for CGH analysis. The use of the ULS for labelling the DNA was not successful 

due to difficulties in obtaining DNA fragments in the correct size range and nick 

translation also proved difficult due to the range in size of DNA fragments 

making it difficult to estimate the exact concentration of the DNA. Further 

investigations are required to optimise the protocol for the use of paraffin 

embedded section in CGH analysis.
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CHAPTER 7 

FUTURE WORK

This Study has identified a number of tum ours that have both losses and 

gains of the same chromosome arm and also a large num ber of tum ours that 
may have aberrations that cannot be detected using CGH, such as balanced 

translocations. Multiplex-fluorescence in situ hybridisation (m-FISH) can be 

used to identify simple and complex translocations, interstitial deletions and 

insertions, chromosomal aneusomies and double minutes (Speicher, Ballard et 

al, 1996). The technique is based on combinational labelling strategies, which 
allows the simultaneous visualisation of several different probes, labelled 
with different fluorochromes. For example for simultaneous labelling of all 24 

hum an chromosomes five fluorochromes can be combined in the m anner 
outlined in Table 7.1 to give each chromosome a spectral signature (Speicher 
et al, 1996). This technique will be used to further analyse the tum ours from 
this study that have a large number of CNAs in order to identify breakpoint 

regions and narrow  down regions that harbour genes that are involved in 
paediatric glial tumours. The diffuse astrocytoma IN699, has recently been 

analysed using m-FISH and has been found to have a num ber of 
translocations and an insertion. The colour profile for this tum our can be seen 

in Figure 7.1.

A recent publication has shown evidence of an environm ental agent (or 
agents) in the aetiology of paediatric astrocytoma and ependymoma. The data 

suggests two putative mechanisms that include pre-natal or perinatal 
exposure to an environmental agent that leads to the formation of pilocytic 

(grade I) astrocytoma or ependymoma, and a post-natal exposure that 

contributes to the onset of astrocytoma or ependym oma after a short and 

constant latent period (McNally et al, 2002)
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Fluoroscein Cy3 Cy3.5 Cy5 Cy7
1
2
3
4
5 rT*ÆM’

6
7
8
9
10 T F11
12
13
14
15
16
17
18
19
20
21 -1
22
X
Y

Table 7.1: Example of a combinatorial labelling scheme for the 
simultaneous labelling of the 24 human chromosomes. (Speicher et al, 1996)

Hum an herpes viruses have been implicated in the pathogenesis of several 
hum an malignancies although the exact mechanisms of oncogenesis are not 

fully understood. Recently, hum an cytomegalovirus (HCMV) nucleic acids 
and proteins have been found in a high percentage of low and high grade 

astrocytoma and expression of early and delayed HCMV gene products have 
also been found (Cobbs et al, 2002).
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Figure 7.1: M-FISH composite of diffuse astrocytoma IN699. This tumour shows multiple alterations including extra 
copies of chromosome 3, 6, 7, 8, 10, 16 and 20. There are a number of translocations; (lq;15), (3q;14), (8q;13), (9q;8), and 
(12q; 13). There are also two insertions at 8q(4) and 8q(17).
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HCMV gene products can transactivate other oncogenic viruses that are 
associated with gliomas, such as the JC virus (Del Valle et al, 2001). SV40 Tag 

has been found in ependym om a, choroid plexus tum ours, astrocytoma, 
glioblastoma and in medulloblastoma at varying frequencies (Zhen et al, 1999; 

Weggen et al, 2000). In these two studies it was interesting to note that all of 
the SV40 positive tum our samples were from American patients and all the 

negative samples were from German patients, supporting the suggestion that 

there are epidemiological differences in SV40 infection. Further research into 

the role of infectious agents in the aetiology of hum an brain tum ours may 
help lead to a better understanding of the biology of these tum ours and may 

help identify novel treatm ents or prevention strategies. The presence of 
absence of SV40 sequences in the sam ples used in this study will be 

investigated in the future using a PGR based analysis in order to determine 
whether this agent has a role in these particular tumours.

One area of increasing interest is the méthylation status of some genes in 
hum an cancers. Changes in DNA m éthylation status are im portant for 
regulating gene expression and inducing chromosome instability. CpG 

islands are regions of the genome with a high density of CpG dinucleotides. 
These regions are gene-associated and occur throughout the genome. In 

normal cells, CpG island m éthylation plays an im portant role in regulating 
gene expression in a tissue-specific m anner (Shi et al, 2002). In tum ours, 
abnormal hypermethylation of these CpG islands in the promotor regions of 

some genes is linked to changes in gene silencing, especially in tum our- 

suppressor genes. Other regions of the genome, such as the pericentromeric 
heterochromatin, can be subject to hypomethylation, another m éthylation 

abnormality that is associated with cancer (see Figure 7.2). In some instances, 

bo th  changes can be found  in  the sam e tum our suggesting  tha t 

hyperm ethy lation  events at specific genes and hypom ethylation  of 

pericentromeric heterochromatin can occur concurrently (Tsuda et al, 2002). 

There has been renewed interest in the application of demethylating drugs for 

the treatment of cancer. This is because DNA hypermethylation is a common 

epigenetic event that can be reversed to a demethylated state in neoplasms. In 

order to exploit this, it is necessary to understand how  genes respond to
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déméthylation. O^-methylguanine-DNA methyltransferase (MGMT) is a DNA 

repair protein that removes promutagenic DNA lesions at the position of 

guanine by transferring the alkyl group to one of its own cysteine residues 
w ithout base excision. MGMT activity varies betw een tum ours and 

approximately 20-25% of hum an tum ours lack detectable MGMT activity. 
Tumour cell lines with a methyl repair-deficient (Mer-) phenotype have been 

shown to have méthylation of CpG sequences in the promotor region of the 

MGMT  gene. MGMT promotor méthylation has been detected in 48% of low 

grade astrocytomas and 75% of secondary glioblastoma that had progressed 
from low grade astrocytomas (Nakamura et al, 2001). The resulting loss of 

M G M T  expression as a result of prom otor m éthylation appears to be 
associated with an increased frequency of TP53 mutations, in particular G: C 

-» A: T transitions.

DNAhvpermethvlation DNAhvpomethvlation

CpG islands 
e.g,TSG promoters

Often—>  
repression of TSGs

High-copy repeats 

/ \
Moderate-copy repeats

heterochromation
repeats
e.g, satellite DNA
could effect chromatin 
structure and genome 
stability
Might have trans effects 
on transcription in 
other parts of the genome

interspersed 
repeats 
e.g, LINE-1
might effect 
genome stability

t
e.g., latent viruses or 
retroviruses and sequences 
with sperm-specific 
hypomethylation

Could lead to transcription 
activation

UniqueSequences

T
variuos genes, including 
testes-specific genes

Could increase expression 
of cancer-promoting genes

Figure 7.2: A summary of the most frequent types of sequences affected by 
cancer-specific DNA hypermethylation or hypomethylation. TSG = tum our 
suppressor gene (Ehrlich, 2002).

There is little inform ation to date about m éthylation in childhood 

malignancies. Recently the méthylation status of nine genes (pi MGMT, 

GSTPl, RASSFIA, APC, DAPK, RARp, CDHl and CDH13) was examined in

325



paediatric solid tumours. The most frequently methylated gene was found to 
be RASSFIA, though frequency of méthylation varied with tum our type. The 

highest frequency of m éthylation was seen in m edulloblastom a (88%), 
rhabdomyosarcoma (61%), retinoblastoma (59%), neuroblastoma (52%) and 

W ilms tum our (42%) (H arada et al, 2002). RASSFIA is located on 

chromosome 3p21.3 and has been shown to function as a tum our suppressor 

gene in lung cancer. Three cases of ependym oma have been analysed for 
méthylation of the CDKN2A gene and no prom otor méthylation was found 

(Bortolotto et al, 2001).
The méthylation status of the MGMT  gene is currently under investigation in 

paediatric grade IV astrocytomas. Initial microarray data has shown this gene 
to be overexpressed in paediatric ependymoma and therefore the gene will 

not be methylated in this group of tumours (Suarez-Merino, 2002, personal 
communication). The initial findings of the méthylation studies suggest that 

as many as 20% of paediatric malignant astrocytoma exhibit méthylation of 
MGMT.

A nother rapidly  growing field of research involves the use of high 

throughput technologies such as arrays. DNA arrays on microchips are being 
developed for num erous applications, including the ability to screen genes 

rapidly  for m utations / single nucleotide polym orphism s and to study 
patterns of gene expression, amplification or deletion on a large scale (Daigo 

et al, 2001). The main limitations of chromosome-based CGH are the limits of 
its resolution. Replacing metaphase chromosomes as the substrate on to 

which aberrations are m apped with arrays of well-m apped cloned nucleic 
acid sequences can eliminate some of the limitations of CGH. Arrays are 

constructed using a robot to place cloned DNA in high-density arrays on a 
glass substrate. There may be tens of thousands of clones on an array, each 

representing a single gene. Microarrays exploit the preferential binding of 
complementary single-stranded nucleic acid sequences (Brazma and Vilo, 

2000). W ork has recently begun in our laboratory analysing benign and 
anaplastic ependymomas using RNA microarray technology in an attempt to 

identify novel genes involved in the initiation and progression of these 

tumours. This initial study has identified a cluster of underexpressed genes 

on chromosome 22 which will be further investigated using quantitative PGR
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to determine whether these genes have been lost in paediatric ependymoma, 
and give further inform ation as to a candidate for the chromosome 22 

ependymoma tum our suppressor gene. The results from the present study 
and from an earlier publication (Warr et al, 2001) identified a num ber of 

astrocytoma with regions of high copy number amplification. These tumours 
are currently under investigation using cDNA microarray technology in order 

to identify the targets of these regions of amplification.

In order to establish the mechanisms behind the poor response of some 
paediatric glial tumours to treatment with chemotherapy, it will be necessary 

to investigate the role of other genes (such as ABCP) known to be involved in 
drug  resistance in order to determine the m echanism  by w hich drug  

resistance arises in this group of tumours.
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APPENDIX I 

Clinical Protocols for the treatment of patients in  this 

study

1. Baby Brain Protocol (UKCCSG CNS 9204)
For the treatm ent of patients less than 3 years of age w ith m alignant brain 

tumours.
A fter surgery, patien ts received vincristine, carboplatin , m ethotrexate, 

cyclophosphamide and cisplatin over a 43 day cycle with a maximum of 7 cycles, 
a total treatment time of 379 days.

Dose schedule: Vincristine l.Smg/m^ x 1
Carboplatin 550mg / m^ x 1
Methotrexate 8g/m^
Cyclophosphamide 1500mg/m^ x 1

Cisplatin 40m g/m ^x l

2. Low Grade Glioma Study
For the treatment of patients with low grade glioma. After initial surgery some 
patients in this study group were on the "wait and see" arm of the trial. This 
m eant that after surgery they were only treated w ith extra therapy if they had 

residual bulky disease, symptoms that were not relieved by surgery or if 
recurrence or progression of the tumour occurred.

Patients having treatm ent received carboplatin and vincristine in a two part 
protocol. The first part was a 10 week treatment w ith the adm inistration of 

vincristine on the first day of each week and carboplatin in weeks 1, 4, 7 and 10. 
After a two week recovery period, vincristine and carboplatin were administered 

together in weeks 13,17, 21, 25, 29, 33, 37, 41, 45, and 49.
Dose schedule: Carboplatin 550m g/m ^xl

Vincristine 1.5mg / m^ x 1
The doses of vincristine and carboplatin were reduced by 33% in patients aged 

less than 6 months.
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Appendix II 

Preparation of Reagents

1: Tissue Culture Reagents
Transport media: 500ml Hams FIO media (Invitrogen Ltd) containing 20ml 

high dose antibiotic mix. 15ml media were pipetted into sterile universals 

and stored at 4°C. The universals were taken in batches of 6 to Cardiac 

Wing Theatres (COS) and Maktoum Theatre Suite (Queen Square) and 

stored at 4°C until a sample was taken. The biopsy was placed in the 

transport media and taken back to the laboratory.

Antibiotic mix: 5ml Kanomycin (ICN Pharmaceuticals), 5 m l

Amphotericin B (Sigma Aldrich), and 10ml Penicillin/Streptom ycin 

(Invitrogen Ltd) were pipetted into sterile universals. The mix was stored 

at -20°C until required.

Complete Media: A 500ml bottle of PCS was allowed to thaw at room  

temperature. This was sufficient to make up 9x 500ml bottles of complete 

media. 9 bottles of Hams F-10 were labelled A-I and dated. 55ml of PCS was 

pipetted into each bottle to give a final concentration of 10%. 10ml of 

media was removed from each bottle and pipetted into a correspondingly 

labelled universal. The samples were incubated at 37°C for 3 days to check 

sterility. If any contam ination was observed the corresponding bottle was 

discarded. The bottles of CM were stored at 4°C.

Collagenase (2000U/ml): The specific activity of the collagenase is stated on  

the data sheet. The collagenase was dissolved in sufficient HBSS to give 

the required concentration. When the collagenase was completely 

dissolved the solution was aliquoted into 30ml universal containers and 

centrifuged at 3000rpm for 15 minutes. The supernatants were th en  

filtered once through a 0.45jum filter and once through a 0.2jum filter. The 

supernatants were then aliquoted into 1ml bijou bottles and stored at 

-20°C  until use.
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2: Reagents for DNA Extractions
20mg/ml Proteinase K: Ig of lyophilized Proteinase K was dissolved in  

50ml sterile dH 20 . The solution was aliquoted into 1.5ml sterile eppendorf 

tubes and stored at -20°C.

Phosphate Buffered Saline (PBS): To make a lOX stock solution 80g NaCl, 

2g KCl, 14.4g Na^HPO^ and 2.4g KH^ PO4 were made up to 1 litre in  

deionised water. The pH was adjusted to 7.4 w ith HCl. Diluting the stock 

solution 1 in 10 with deionised water made a IX working solution. The 

solutions were stored at room temperature.

2.1 From Cell Cultures

C l Buffer: 438.1g Sucrose (Sigma Aldrich), 4.06g MgCl^xbH^O (Sigma 

Aldrich), and 4.84g Tris base (Invitrogen Ltd) were dissolved in 700ml 

dH 20 . 200ml 20% Triton X-100 solution (Sigma Aldrich) was added and the 

pH adjusted to 7.5 with HCl. The solution was allowed to cool to room  

tem perature before a final pH adjustment was made and the vo lu m e 

made up to llitre with dH20 . The buffer was stored at 4°C.

G2 Buffer: 76.42g GuHCl (Sigma Aldrich), 11.17g N a2-EDTAx2 H2O (Sigma 

Aldrich), 3.633g Tris base were dissolved in 600ml dH 20 . 250ml 20% 

Tween-20 (Sigma Aldrich) and 50ml 10% Triton X-100 were added and the 

pH  adjusted to 8.0 with NaOH. The solution was allowed to cool to room  

tem perature before a final pH adjustment was made and the vo lu m e 

made up to llitre with dH20 .

QBT Buffer: 43.83g NaCl (Sigma Aldrich), 10.46g MOPS (free acid) (Sigma 

Aldrich) were dissolved in 800ml dH20 . The pH  was adjusted to 7.0 w ith  

NaOH. 150ml ethanol and 15ml of 10% Triton X-100 were added and the 

volume adjusted to 1 litre with dH 20 .

QC Buffer: 58.44g NaCl and 10.46g MOPS (free acid) were dissolved in  

800ml dH 20 . The pH was adjusted to 7.0 with NaOH. 150ml ethanol was 

added before the volume was adjusted to llitre w ith dH 2 0 .

QF Buffer: 73.05g NaCl and 6.055g Tris base were dissolved in 800ml dH20 . 

The pH was adjusted to 8.5 with HCL. The solution was allowed to cool to 

room tem perature before a final pH adjustment was made. 150ml ethanol 

was added and the volume adjusted to 1 litre w ith dH 20 .
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TE Buffer: 1.21g Tris base and 0.372g EDTA were dissolved in 1 litre of 

dH^O. The pH was adjusted to 8.0. The solution was then autoclaved and 

stored at room temperature.

2.2 From Biopsy material

Buffers AL, ATL, AW and AE are provided in the QiAmp extraction kit

2.3 From Paraffin em bedded material

Buffers AL, ATL, AW and AE are provided in the QiAmp extraction kit

IM  Sodium  Thiocynate: MW = 81.04

IM  = 81.04g/litre

20.26g Sodium Thiocynate were dissolved in 250ml dHgO. The so lu tion  

was autoclaved and stored at room temperature.

Lysis Buffer: lOmM Tris HCl, 400mM NaCl and 2mM Na^EDTA.

0.121g Tris base, 2.33g NaCl and 0.074g Na^ EDTA were dissolved in 100ml 

dH 20 . The solution was autoclaved and stored at room temperature.

10% SDS: lOOg SDS was dissolved in 900ml dH 20 . The solution was heated 

to 68°C to aid dissolution. The pH was adjusted to 7.2 w ith HCl. The 

volume was adjusted to 1 litre with dH20 .

6M NaCl: MW = 58.44g

IM  = 58.44g/l litre 

6M = 350.64g/ I  litre 

35.06g NaCl were dissolved in 100ml dHjO. The solution was autoclaved 

and stored at room temperature.

3: Reagents for use with DyNAQuant Instrument

lOx TNE Buffer: 12.11g Tris Base, 72g EDTA disodium  salt and 116.89g 

Sodium Chloride were dissolved in 800ml dH20 . The pH  was adjusted to

7.4 with concentrated HCl. The volume was made upto 1 litre w ith dH20 . 

The buffer was filtered and stored at 4°C
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Hoechst 33258 dye (Amersham Pharmacia Biotech): lOmg H 33258 was 

added to 10ml distilled water to give a final concentration of Im g /m l 

Capillary Assay Solution: Low Range 

(For DNA concentrations upto lOng/^1)

2^1 Hoechst 33258 stock solution and 100^1 lOx TNE buffer were added to 

898^1 distilled filtered water.

Capillary Assay Solution: High Range

(For DNA concentrations from 10 to lOOng/^1)

20jul Hoechst 33258 stock solution and lOOjul lOx TNE buffer were added to 

880^1 distilled filtered water

Calf Thymus DNA Standard: Prepared to a final concentration of 200ng/ ̂ 1. 

4: Reagents for CGH
20x SSC pH 5.3: 175.3g NaCl and 88.2g sodium citrate were dissolved in  

800ml dHjO. The pH was adjusted to 7.0 with NaOH. The volum e was 

then adjusted to 1 litre with dH^O.

D énaturation Solution: 49ml formamide, 7ml 20 X SSC and 14ml dH20 

were added to a glass coplin jar and mixed.

0.4x SSC/0.3% NP-40 wash solution: 20ml 20x SSC and 950ml dH^O were 

mixed together and 3ml NP-40 added. The pH was adjusted to 7.0-7.5 w ith  

NaOH before the solution was made up to llitre w ith dH 20 .

2x SSC/0.1% NP-40 wash solution: 100ml 20x SSC and 850ml dH^O were 

mixed together. 1ml NP-40 was added. The pH was adjusted to 7.0-7.5 w ith  

NaOH before the solution was made up to llitre w ith dH 20 .

0.2M Spectrum Green dUTP: lOfil ImMSpectrumCreen dUTP was added to 

40jul nuclease free water.

O.IM dTTP: 10/xl 0.3mM dTTP was added to 20jul nuclease free water.

O.IM dNTP: 40^1 each 0.3M dCTP, 0.3M dCTP and 0.3M dATP were m ixed 

together in a 0.5ml eppendorf tube.

50X TAE Buffer: 242g Tris base, 57.1ml glacial acetic acid and 100ml 0.5M 

EDTA (pH8.0) were made upto 1 litre with deionised water. For a IX 

working solution the stock solution was diluted 1 in 50 with deionised 

water. Both solutions were stored at room temperature.
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Hybridisation buffer: 10% dextran sulphate, 2xSSC, 50% formamide, 1% 

Tween 20, pH 7.0. Ig  dextran sulphate, 1ml 20X SSC, 5ml formamide, lOOjul 

Tween 20 were made up to 10ml with deionised water. The solution was 

mixed well and the pH adjusted to 7.0. The solution was then stored in  

SOOjul aliquots in 1.5ml eppendorf tubes at -20°C.

70% Alcohol: 70ml ethanol added to 30ml dH^O 

95% Alcohol: 95ml ethanol added to 5ml dH20

5: Reagents for Y-PCR
lOmM dNTP: 50jul each of lOOmM dATP, dGTP, dTTP and dCTP were 

added to SOÔ il sterile dH 20 and stored at -20°C

Primers: a working solution of 20pmol was prepared by adding 20^1 of 

0.5mM stock to 480jul sterile dH 20 and stored at -20°C 

lOx buffer: provided with Taq Polymerase from Promega 

25mM MgClg: provided with Taq Polymerase from Promega

6: Reagents for the extraction of RNA
Buffers were all provided in the Qiagen RNA buffer kit

7: Reagents for Gel electrophoresis of RNA
DEPC Water: A 0.1% solution of diethyl pyrocarbonate (Sigma Aldrich) 

was prepared in distilled water, stirred overnight at room tem perature and 

then autoclaved.

lOX Sodium  Phosphate buffer (pH7.0): For lOOmM stock solution prepare 

500ml of lOOmM sodium  phosphate (dibasic) and 500ml of sodium  

phosphate (monobasic). 7.1g of sodium  phosphate (dibasic) was dissolved 

in 450ml of distilled water in a 1 litre graduated cylinder and made up  to 

500ml w ith distilled water. 6.9g of sodium  phosphate (monobasic) were 

dissolved in 450ml of distilled water in a 500ml graduated cylinder and 

made upto 500ml with distilled water. Using a pH m eter the sodium  

phosphate (dibasic) was titrated with the sodium  phosphate (monobasic) 

until the pH  reached 7.0. The lOX buffer was then sterilised by autoclaving 

and stored at room temperature.
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IX Sodium  Phosphate buffer: For lOmM working solution 1 volume of the 

lOX stock was added to 9 volumes of DEPC-treated water.

8: Reagents for MDRl RT-PCR
Solution Q, buffer and enzyme mix were provided in the Qiagen One step 

RT-PCR kit.

lOx dNTP: 5jul of each dNTP (lOOmM stock solution) were added to 480/il 

dUp

9: Reagents for DOP-PCR
Im M  Stock Solution UNI primer: The weight of the lyophilized prim er is 

given on the data sheet. The primer was reconstituted in sterile deionised 

water: MW= 6775.8g

IM  = 6775.8g/litre 

ImM  = 6.7758g/litre = 6.75^g/ jul 

Weight of primer = 789.4jUg 

ImM = 789.4 

6.75

= 117III deionised water 

Adding 5]ul stock solution to 495^1 deionised water made a lO^M w orking 

solution.

Adding ljul stock solution to 499]ul deionised water made a 2^M w orking 

solution.

200j[iM dNTP: l^il of each dNTP (lOOmM stock solution) were added to 

496jul deionised water

600/rM dNTP: 3jul of each dNTP (lOOmM stock solution) were added to 

488/; 1 deionised water

2mM dNTP: 10/; 1 of each dNTP (lOOmM stock solution) were added to 

460/;l deionised water

lOx dNTP: 5/;l of each dNTP (lOOmM stock solution) were added to 480/;l 

dUp
4U/jLtl Therm osequenase: l/d  thermosequenase 32U//;1 stock solution + 

7jul thermosequenase dilution buffer.
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10 X H igh salt buffer:

10 X Low salt buffer:

10 X labelling dNTP:

200mM TrisHCl (pH 9.2)

600mM KCl

20mM MgClj

lOOmM TrisHCl (pH 8.4)

lOOmM KCl

15mM MgClj

2mM dATP

2mM dCTP

2mM dCTP

0.5mM dTTP

10: Reagents for Kreatech ULS
Buffers PN, PE and EB were provided in the Qiagen QIAquick nucleotide 

removal kit.

Labelling buffer is provided with the ULS kits.
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MATERIAL/REAGENT SUPPLIER

Tissue culture

Kanomycin (5000g/ml)

Hams FIO nutrient mixture 

Foetal Calf serum

Hanks balanced salt solution (HBSS) 

Penicillin & Streptomycin 

Tissue Culture flasks

Trypsin EDTA

Dimethyl sulphoxide (DMSO) 

Amphotericin B 

Collagenase type lA  

1ml cryovial

30ml Universals 

Sterile pipettes 

Scalpel blades 

Petri dishes 

Isoton II

Glass pasteurs

DNA Extraction

Genomic tip 100/G

QiAmp DNA mini kit 

Qiagen-tip 100 

DNA/RNA buffer kit 

50ml polypropylene conical tubes

Proteinase K 

Isopropanol

ICN Biochemicals, Chineham Business Park, 

Crockford Lane, Basingstoke, Hampshire 

Invitrogen Ltd., 3 Fountain Drive, Inchinan, 

Renfrewshire PA9 9FR 

Invitrogen Ltd.

Invitrogen Ltd.

Invitrogen

Triple Red Ltd., Unit C4, Station Yard, Thame, 

Oxfordshire 0X9 3UH

Sigma Aldrich, Fancy Road, Poole, Dorset BH12 

4QH

Sigma Aldrich 

Sigma Aldrich 

Sigma Aldrich

Scientific Laboratory Supplies, Wilford

Industrial Estate, Nottingham N G ll 7EP

Scientific Laboratory Supplies

Scientific Laboratory Supplies

Scientific Laboratory Supplies

Scientific Laboratory Supplies

Beckman Coulter Ltd., Kingsmead Business Park,

High Wycombe, HPll lJU

Fisher Scientific UK, Bishop Meadow Road, 

Loughborough LEll 5RG

Qiagen Ltd., Boundary Court, Crawley, West 

Sussex RHIO 2AX 

Qiagen Ltd.

Qiagen Ltd.

Qiagen Ltd.

Helena Biosciences, Colima Avenue, Sunderland 

Enterprise Park, Sunderland 

ICN Biochemicals,

Sigma Aldrich
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1.5ml eppendorf tubes 

Xylene

Sodium thiocynate 

Lauryl sulfate (SDS)

RNAse

Sodium Chloride

Fluorometric quantification of DNA

DyNAQuant 200 fluorometer

DQ 130 Capillary cuvette kit 

Capillary tubes 

Hoechst 33258 dye 

Calf thymus DNA

Comparative Genomic Hybridisation

Formamide

2mM SpectrumGreen dUTP

Alpha Laboratories, Eastleigh, Hants S05 4NU

Fisher Scientific UK

Sigma Aldrich

Sigma Aldrich

Sigma Aldrich

Sigma Aldrich

Amersham Bioscience, Amersham Place, Little

Chalfont, Bucks, HP7 9NA

Amersham Bioscience

Amersham Bioscience

Amersham Bioscience

Sigma Aldrich

0.3mM dTTP

0.3mM dCTP

0.3mM dATP

0.3mM dGTP

CGH nick translation kit

DNA size marker

DNA/Eco911

CGH metaphase target slides 

SpectrumRed reference DNA 

Human Cot-1 DNA 

DAPI II

QUIPS CGH analysis system 

Sodium Acetate 

Thermal Cycler 

Ethidium Bromide 

Loading dye 

0.5ml PCR tubes 

Coverslips 

Agarose

Polymerase Chain Reaction

Primers

Sigma Aldrich

Vysis, Abbott Laboratories, Abbott House,

Nor den Road, Maidenhead, SL6 4XL

Vysis

Vysis

Vysis

Vysis

Vysis

lambda Helena Biosciences

Vysis

Vysis

Vysis

Vysis

Vysis

Sigma Aldrich

Techne, Duxford, Cambridge CB2 4PZ 

Sigma Aldrich 

Helena Biosciences 

Sigma Aldrich

Scientific Laboratory Supplies 

Helena Biosciences

Amersham Bioscience
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Taq polymerase

PCR buffer 

Ultrapure dNTP set 

Filter pipette tips 

GeneRuler lOObl DNA ladder 

Thermal Cycler

RNA work

Sodium phosphate (dibasic)

Sodium phosphate (monobasic) 

Diethyl pyrocarbonate 

0.24 -  9.5 Kb RNA ladder 

OneStep RT-PCR kit 

Scan-It gel scanning software 

Flatbed scanner 

DOP-PCR

AmpliTaq DNA Polymerase

ThermoSequenase 

12-dUTP FITC 

Universal Linkage System 

d-Green nucleic acid labelling kit

Rhodamine nucleic acid labelling kit 

QIAquick nucleotide removal kit

Promega , Delta House, Enterprise Road, 

Chilworth Research Centre, Southampton S09  

IBG

Promega

Amersham Bioscience 

Fisher Scientific 

Helena Biosciences

GRI Ltd., Gene House, Queensborough Lane, 

Braintree, Essex CM7 8TF

Sigma Aldrich 

Sigma Aldrich 

Sigma Aldrich 

Invitrogen Ltd.

Qiagen Ltd.

Silk Scientific Corporation 

Epson

Applied Biosystems, Birchwood Science Park 

North, Warrington WA3 7PB 

Amersham Bioscience 

Amersham Bioscience

Kreatech Diagnostics, PO Box 12756, 1100AT 

Amsterdam, The Netherlands 

Kreatech Diagnostics 

Qiagen Ltd.
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APPENDIX III 

STATISTICAL ANALYSIS
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Primary tumours Recurrent tumours
Alteration with without with w ithout p-value
Gain Iq 7 30 4 10 0.467
Gain 2q 5 32 5 9 0.113
G ain4q 8 29 4 10 0.714
Gain 5q 6 31 3 11 0.692
Gain 6q 8 29 2 12 0.706
Gain 7p 2 35 3 11 0.119
Gain 7q 2 35 4 10 0.041
Gain 8q 3 34 3 11 0.327
Gain 9p 5 32 3 11 0.667
Gain 9q 1 36 1 13 0.477
Gain l i p 2 35 1 13 1
Gain l l q 2 35 0 14 1
Gain 12q 2 35 1 13 1
Gain 13 7 30 5 9 0.217
Gain 18q 3 34 1 13 1
Loss Ip 7 30 5 9 0.271
Loss 6q 0 37 2 12 0.0714
Loss 9p 2 35 0 14 1
Loss 9q 3 34 2 12 0.606
Loss lOp 0 37 1 13 0.274
LosslOq 1 36 1 13 0.477
Loss 12q 3 34 5 9 0.027
Loss 16p 5 32 1 13 1
Loss 16q 3 34 2 12 0.606
Loss 17p 2 35 2 12 0.3
Loss 17q 3 34 2 12 0.606
Loss 18q 0 37 1 13 0.274
Loss 19p 8 29 3 11 1
Loss 19q 10 17 4 10 0.733
Loss 20p 1 36 1 13 0.477
Loss 20q 4 33 3 11 0.376
Loss 22 6 31 6 8 0.066
Aberrations 16 11 9 5 0.22

Statistical analysis of the occurrence of individual CNAs in primary 
versus recurrent ependymoma. P-values in bold types are statistically 
significant at the 95% confidence level.
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Benign Anaplastic
Alteration w ith without with w ithout p-value
Gain Ip 2 41 0 8 1
Gain Iq 10 33 1 7 0.668
Gain 2p 3 40 1 7 0.506
Gain 2q 9 34 1 7 1
Gain 4q 12 31 0 8 0.173
Gain 5q 9 34 0 8 0.322
Gain 6q 10 33 0 8 0.329
Gain 7p 3 40 1 7 0.506
Gain 7q 5 38 2 6 0.3
Gain 8q 6 37 0 8 0.572
Gain 9p 8 35 0 8 0.327
Gain l lq 3 40 0 8 1
Gain 12q 3 40 0 8 1
Gain 13 12 31 0 8 0.173
Gain 18q 2 41 1 7 0.407
Loss Ip 11 32 0 8 0.175
Loss 6q 2 41 0 8 1
Loss 8p 1 42 0 8 1
Loss 9p 2 41 0 8 1
Loss 9q 5 38 0 8 0.579
Loss lOp 1 42 0 8 1
Loss lOq 2 41 0 8 1
L o ss llq 1 42 0 8 1
Loss12q 8 35 0 8 0.327
Loss 16p 10 33 0 8 0.329
Loss16q 5 38 0 8 0.579
Loss 17p 4 39 0 8 1
Loss17q 5 38 0 8 0.579
Loss18q 1 42 0 8 1
Loss19p 12 31 0 8 0.173
Loss19q 14 29 0 8 0.088
Loss 20p 2 41 0 8 1
Loss 20q 7 36 0 8 0.578
Loss 22 11 32 1 7 0.661
Aberrations 23 20 2 6 0.248

Statistical analysis of the occurrence of individual CNAs in benign 
versus anaplastic ependymoma. P-values in bold types are statistically 
significant.
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<3 years >3 years
Alteration with without with without p-value
Gain Ip 1 20 1 29 1
Gain Iq 2 19 9 21 0.097
Gain 2p 0 21 4 26 0.133
Gain 2q 2 19 8 22 0.166
Gain 3q 0 21 1 29 1
Gain 4q 3 18 9 21 0.315
Gain 5q 3 18 6 24 0.719
Gain 6q 4 17 6 24
Gain 7p 0 21 4 24 0.133
Gain 7q 2 19 5 25 1
Gain 8q 1 20 5 25 0.38
Gain 9p 3 18 5 25 1
Gain l lq 1 20 2 28 1
Gain 12q 2 19 1 29 0.561
Gain 13 2 19 10 20 0.091
Gain ISq 2 19 1 29 0.561
Loss Ip 3 18 8 22 0.49
Loss 6q 2 19 0 30 0.164
Loss Sp 0 21 1 29 1
Loss 9p 0 21 2 28 0.505
Loss 9q 1 20 4 26 0.39
Loss lOp 0 21 1 29 1
Loss lOq 1 20 1 29 1
Loss l lq 0 21 1 29 1
Loss12q 2 19 6 24 0.444
Loss16p 2 19 8 22 0.166
Loss16q 1 20 4 26 0.39
Loss17p 2 19 2 28 1
Loss17q 2 19 3 27 1
LossISq 1 20 0 30 0.411
Loss19p 5 26 7 23 0.533
Loss19q 5 26 9 21 0.235
Loss 20p 0 21 2 28 0.505
Loss 20q 2 19 5 25 0.685
Loss 22 3 18 9 21 0.315
Aberrations 6 15 9 21 0.258

Statistical analysis of the ocurrence of individual CNAs in ependymoma 
patients aged 3 years and younger compared to patients aged over 
3 years.
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Posterior Fossa Supratentorial
Alteration with without with without p-value

Gain Ip 2 39 0 10 1
Gain Iq 10 31 1 9 0.42S
Gain 2p 3 3S 1 9 1
Gain 2q 9 32 1 9 0.663
Gain 4q 10 31 2 S 1
Gain 5q 9 32 0 10 0.176
Gain 6q 9 32 1 9 0.663
Gain 7p 3 3S 1 9 1
Gain 7q 5 36 2 S 0.611
Gain Sq 5 36 1 9 1
Gain 9p 7 34 1 9 1
Gain l lq 3 3S 0 10 1
Gain 12q 3 3S 0 10 1
Gain 13 11 30 1 9 0.417
Gain ISq 3 3S 0 10 1
Loss Ip 9 32 2 S 1
Loss 6q 2 39 0 10 1
Loss Sp 1 40 0 10 1
Loss 9p 2 39 0 10 1
Loss 9q 5 36 0 10 0.56S
LosslOp 1 40 0 10 1
LosslOq 2 39 0 10 1
Loss l lq 1 40 0 10 1
Loss12q S 33 0 10 0.329
Loss16p 9 32 1 9 0.663
Loss16q 5 36 0 10 0.56S
Loss17p 4 37 0 10 0.573
Loss17q 5 36 0 10 0.56S
LossISq 1 40 0 10 1
Loss19p 11 30 1 9 0.417
Loss19q 13 2S 1 9 0.249
Loss 20p 2 39 0 10 1
Loss 20q 7 34 0 10 0.32
Loss 22 11 30 1 9 0.417
Aberrations 21 20 4 6 0.49S

Statistical analysis of the occurance of CNAs in posterior fossa ependymoma 
compared to supratentorial ependymoma.
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deceased alive
Alteration w ith w ithout with w ithout p-value
Gain Iq 5 14 7 22 0.288
Gain 2p 1 18 3 26 0.657
Gain 2q 3 16 7 22 0.447
Gain 4p 2 17 2 27 0.968
Gain 4q 4 15 7 22 0.358
Gain 5q 2 17 6 23 0.747
Gain 6q 2 17 7 22 0.194
Gain 7p 2 17 3 26 0.637
Gain 7q 2 17 4 25 0.853
Gain 8q 3 16 3 26 0.822
Gain 9p 2 17 6 23 0.283
Gain l l q 0 19 2 27 0.189
Gain 12q 1 18 2 27 0.799
Gain 13 3 16 9 20 0.095
Gain 18q 0 19 4 25 0.159
Loss Ip 4 15 8 21 0.353
Loss 6q 1 18 1 28 0.681
Loss 9q 2 17 3 26 0.593
Loss 12q 3 16 5 24 0.232
Loss 16p 4 15 5 24 0.23
Loss 16q 1 18 3 26 0.075
Loss 17 2 17 3 26 0.728
Loss 19 2 17 10 19 0.037
Loss 20q 2 17 4 25 0.5688
Loss 22 3 16 8 21 0.2041
Aberrations 8 11 15 14 0.566

Statistical analysis of the association between copy number aberrations 
and survival in patients with ependymoma. P-values in bold type are 
statistically significant at the 95% confidence level.
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No recurrence With recurrence
Alteration with without with without p-value
CNAs S 12 5 S 1
death 1 19 S 5 0.0007
Gain Iq 4 16 3 10 1
Gain 2q 1 19 3 10 0.2757
Gain 4q 4 16 3 10 1
Gain 5q 3 17 2 11 1
Gain 6q 5 15 2 11 0.6756
Gain 7q 0 20 2 11 0.1477
Gain Sq 1 19 1 12 1
Gain 9p 1 19 3 10 0.2757
Gain 11 1 19 1 12 1
Gain 12q 0 20 2 11 0.1477
Gain 13 4 16 3 10 1
Gain ISq 1 19 2 11 0.5473
Loss Ip 4 16 3 10 1
Loss 9p 2 IS 0 13 0.5076
Loss 12q 2 IS 1 12 1
Loss 16p 3 17 2 11 1
Loss 16q 0 20 3 10 0.0524
Loss 17p 0 20 2 11 0.1477
Loss 17q 1 19 2 11 0.5473
Loss 19p 4 16 3 10 1
Loss 19q 5 15 3 10 1
Loss 20q 2 IS 1 12 1
Loss 22 4 16 1 12 0.6253

Statistical analysis of the occurrence of copy number aberrations in 
ependymoma that have shown no clinical recurrence compared to those 
tumours where recurrence has occurred. P-values in bold type are 
statisically significant at the 95% confidence level.
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Aberration No. with No. without p- value
Gain Iq 6 27 0.4889
Gain 2q 4 29 0.2086
Gain 4q 7 26 0.453
Gain 5q 5 28 0.2981
Gain 6q 7 26 0.1732
Gain 9p 4 29 0.2086
Gain 13q 7 26 0.112
Loss Ip 7 26 0.453
Loss 9p 2 31 0.0724
Loss 12q 3 30 0.439
Loss 16p 5 28 0.669
Loss 16q 3 30 0.17
Loss 17 3 30 0.439

Loss 19p 7 26 0.139
Loss 19q 7 26 0.112
Loss 22 5 28 0.279

Statistical analysis of the association of CNAs
with survival in ependymoma patients with and without tumour recurrence
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Pilocytic Astrocytoma Diffuse Astrocytoma Anaplastic Astrocytoma Glioblastoma
Alteration No with No w ithout No with No without No with No without No w ith No w ithout p-value
Gain Ip 0 29 2 18 0 5 0 10 0.2086
Gain 2q 0 29 2 18 0 5 1 9 0.1632
Gain 3q 0 29 0 20 0 5 1 9 0.1395
Gain 4q 1 28 1 19 1 4 2 8 0.2529
Gain 5q 0 29 1 19 0 5 1 9 0.4088
Gain 6q 0 29 1 19 1 4 2 8 0.0776
Gain 7q 2 27 18 0 5 1 9 0.8833
Gain 8q 0 29 1 19 0 5 0 10 0.5251
Gain 9p 0 29 1 19 0 5 0 10 0.5251
Gain 9q 0 29 1 19 0 5 0 10 0.5251
Gain 12p 0 29 1 19 0 5 0 10 0.5251
Gain 12q 0 29 1 19 0 5 0 10 0.4088
Gain 13 0 29 1 19 1 4 0 10 0.1026
Gain 18 0 29 0 20 0 5 1 9 0.1395
Gain 19 0 29 2 18 0 5 0 10 0.1395
Gain 20q 0 29 2 18 0 5 0 10 0.1395
Loss Ip 0 29 1 19 0 5 1 9 0.4088
Loss 4 0 29 1 19 0 5 0 10 0.5251
Loss 6q 0 29 1 19 0 5 0 10 0.5251
Loss 9p 0 29 2 18 0 5 0 10 0.2086
LosslOq 0 29 1 19 0 5 0 10 0.5251
Loss 13 0 29 1 19 0 5 0 10 0.5251
Loss 14q 0 29 1 19 0 5 0 10 0.5251
Loss 15 0 29 1 19 0 5 0 10 0.5251
Loss 16p 0 29 2 18 0 5 1 9 0.3121
Loss 16q 0 29 0 20 0 5 1 10 0.1395
Loss 17 0 29 1 19 0 5 0 10 0.5251
Loss 18 0 29 1 19 0 5 0 10 0.5251
Loss 19 0 29 2 18 0 5 0 10 0.2086
Loss 20q 0 29 0 20 1 4 0 10 0.0074
Loss 22 0 29 1 19 0 5 0 10 0.5251
Loss X 0 29 1 19 0 5 0 10 0.5251
Amplicons 1 28 3 17 0 5 1 9 0.4416
CNAs 3 26 6 14 2 3 2 8 0.247

»o
00

Statistical analysis of CNAs in paediatric astrocytoma using Fishers exact test 
Values in bold type are statistically significant at 95% confidence level



Alteration p -value
Gain 2q 0.0017
Gain 4q 0.3113
Gain 5q 0.0498
Gain 6q 0.1111
Gain 7 0.042
Gain 8q 0.6917
Loss Ip 0.6589
Loss 16p 0.0092
Loss 19 0.2496
Tumour grade 0.0002
Patient age 0.6587
Patient sex 0.5831
Extent of resection 0.3413
Treatment regimen 0.0021
CNAs 0.242

Statistical analysis of survival in astrocytoma patients
Figures in bold type are statistically significant at the 95% confidence level
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Publications

S J Ward & T J W arr (1998) Detection of genetic changes in paediatric 
ependymoma by comparative genomic hybridisation. J Neuro-Oncol 39:164

T J Warr, S J Ward, P E Finn, J L Darling & D G T Thomas (1999) Identification of 
chromosomal gains and losses in paediatric ependymoma & medulloblastoma. 
Neuro-Oncology 1: S79

S J Ward, B Harding, P Wilkins, W Harkness, R Hayward, J L Darling, D G T 
Thomas & T J W arr (2001) Gain of Iq  and loss of 22 are the most common 
changes detected by com parative genomic hybrid isation  in paediatric  
ependymoma. Genes Chromosomes & Cancer 32: 59-66

S J Ward, R Hayward, W Harkness, K Phipps, D Thompson, B Harding, P 
Wilkins, J Darling, D Thomas, T W arr (2003) Correlation of copy num ber 
aberrations w ith clinicopathological criteria in paediatric glial tum ours Neuro- 
Oncology 5: Issue 1:194

S J Ward, R Hayward, W Harkness, K Phipps, D Thompson, B Harding, P 
Wilkins, J Darling, D Thomas, T Warr (2003) In preparation

Presentations
Third Congress of the European Association for Neuro-Oncology, 13*-16^ 
Sepetember 1998, Versailles, France (Poster: Detection of genetic changes in 
paediatric ependymoma by comparative genomic hybridisation).

19th Annual Meeting of the British Neuro-Oncology Group, 24th & 25th June
1999, John McIntyre Centre, Pollock Halls, University of Edinburgh (Poster: 
D etection of N ovel genetic alterations in paediatric ependymoma by 
comparative genomic hybridisation).

20th Annual Meeting of the British Neuro-Oncology Group, 7th & 8th September
2000, Chamberlain Tower Hotel, Birmingham (Oral: CGH Analysis of paediatric 
ependymoma).

Queen Square Symposium, Institute of Neurology, London 13*̂  March 2001 
(Poster: CGH Analysis of Paediatric Ependymoma)
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21st Annual meeting of the British Neuro-Oncology Group 21st -  23rd June 2001, 
Academic Medical Center, Amsterdam (Oral: Correlation of chromosomal gains 
and losses with clinicopathological factors in paediatric astrocytoma and 
ependymoma).

10th International Symposium on Paediatric Neuro-Oncology 9* -  12* June 2002, 
Hilton Métropole Hotel, London (Oral: Correlation of copy number aberrations 
with clinicopathological criteria in paediatric glial tumours).
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