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ABSTRACT 

Ependymoma represents the third most common brain tumour in the paediatric population. 

Advances in survival rates have lagged behind other pathologies with recurrence occurring in 

over half of treated patients. Contemporary management is based mainly on gross total surgical 

resection. Methods of delivering radiation remain controversial and to date no chemotherapy 

has improved upon overall survival.   

Significant advances in our understanding of the underlying molecular drivers of these tumours 

have laid way to the design of more accurate animal models that represent the human form of 

disease. Although not yet perfect, these models remain essential to enable testing of novel 

targeted therapies.  Sophisticated methods of assessing response to treatment have evolved in 

parallel and while they all have great potential few are able to provide serial tissue samples for 

immune-histochemical analysis – the gold standard. 

Redefining the way in which tumours are characterised on the basis of their underlying 

molecular biology has led to the identification of several subgroups of ependymoma in which 

clinical behaviour and location is dependent on specific molecular signatures. In a similar way a 

number of rare atypical cases of ependymoma are genetically characterised in this thesis in 

order to provide novel insight into ependymoma subsets. 

Translating biopsy techniques to the preclinical setting has the potential to provide evidence of 

response to treatment with novel chemotherapeutic agents. With this in mind, this thesis 

focuses on a new novel technique that enables reliable procurement of serial tissue samples in 

a glioma mouse model that has the potential to be used to perform immune-histological staining 

and assess inhibition of specifically targeted aberrant pathways. 
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This overview provides a contemporary look at the paediatric ependymoma and the way in 

which translational research is helping provide a better understanding of the mechanisms of 

tumour formation and advancing a more target specific approach into their management. 
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Chapter 1. 

General introduction: 

Over the past 30 years progress in the treatment of paediatric brain tumours has been relatively 

slow, and currently they are the most common cause of cancer death in children. Ependymomas 

and medulloblastoma are some of the commonest brain tumours in children but still represent 

rare pathology. As such the use of murine models to replicate human tumours has advanced our 

knowledge of the underlying mechanisms of tumourigenesis and helped identify potential 

therapeutic targets. Models expressing specific aberrant molecular pathways provide invaluable 

targets for new drug therapies in the preclinical setting. Currently there are no ideal models that 

fully recapitulate the human form of disease and it has become apparent that molecular 

pathways and phenotypes do not remain static within a model. There is clearly a need to address 

methods that evaluate models for genotypic and phenotypic consistency and response to 

treatment in vivo, facilitating an improvement in the efficiency of novel therapeutic clinical trials.  

The purpose of this study is to briefly review contemporary clinical management of 

ependymoma and status of translational research in the field and to discuss existing preclinical 

models of ependymoma. During the course of this project, a number of rare cases of 

ependymoma were diagnosed at Princess Margaret Hospital. These atypical cases were 

pathologically and genetically characterised to provide novel insight into ependymoma subsets. 

The main aim was to design a novel serial mouse brain tumour biopsy technique for use in 

preclinical cancer research (Chapter 4). This will provide the backbone for future research in 

paediatric brain tumours, such as ependymoma and evaluate new treatment targets as potential 

therapeutic strategies.  

 

This thesis is in agreement with The University of Western Australia Masters of Philosophy Rules 

for the content and format of a thesis (39‐45) and is presented as a series of papers. 
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Chapter 2. 

A review of human ependymoma and techniques that assess therapeutic 

response in murine models of ependymoma. 

 

1. Introduction: 

Ependymomas are the third most common paediatric intracranial tumour, representing 6 – 12% 

of all paediatric brain tumours [1]. They are rare neuroepithelial tumours that arise from the 

ependymal lining of the ventricles, the central canal of the spinal cord, or from rests in the brain 

parenchyma. There are no effective chemotherapeutic options and current optimal disease 

control in children involves gross total resection combined with adjuvant radiotherapy. 

However, due to proximity to the brain stem, surgical intervention is often difficult, and 

cerebrospinal irradiation puts patients at significant risk of potentially damaging radiation-

related side effects. Despite contemporary management paradigms, recurrence will occur in 

over 50% of patients [2]. Traditionally, ependymomas have been classified according to their 

histological appearance into a number of major types: subependymoma (Grade I), myxopapillary 

ependymoma (Grade I), classical (Grade II) and anaplastic (Grade III) (WHO 2000, 2007). It has 

become increasingly apparent that histology alone cannot adequately explain the diversity of 

clinical presentations and tumour locations within the central nervous system. More recently, 

there has been a paradigm shift in our understanding of these tumours focusing on the 

molecular characteristics of this disease, and the correlation of clinical phenotypes with distinct 

molecular signatures within different CNS compartments [3]. The extensive ependymoma 

genome profiling data that are now available provide an unprecedented opportunity to gain a 

deeper understanding of the underlying molecular mechanisms of tumour initiation, 

maintenance, and progression of the disease. Thus a platform is established for the 

development of more effective, targeted, and safer treatment strategies. To this end, animal 
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models represent an invaluable tool to investigate the multiple facets of ependymoma 

pathogenesis.  

This review describes the current clinical approach to ependymoma treatment, and summarises 

recent insights into the molecular biology of these tumours. As ependymomas are rare, the 

identification and assessment of new clinical options relies heavily on preclinical studies, which 

can be used to select and optimise effective therapies. Accordingly, this review discusses current 

preclinical approaches to model these tumours in the laboratory. 

 

2. Treatment of ependymoma 

2.1. Surgery 

Surgery currently remains the most important treatment modality in ependymoma. A 

systematic review of the literature showed that gross total resection is associated with improved 

overall and progression-free survival when compared to subtotal resection and other treatment 

modalities [4]. The aim of surgery is to obtain a tissue diagnosis, relieve obstruction to the CSF 

pathways and undertake cytoreduction by removing all macroscopic disease, without causing 

morbidity [5]. Two thirds of ependymomas in children are found within the posterior fossa in 

and around the fourth ventricle, and it is the proximity to the brain stem and cranial nerves that 

often makes gross total resection challenging. Concerns regarding morbidity hampered 

aggressive surgery until a prospective trial conducted by St Jude Children’s Research Hospital 

showed resection rates of greater than 80% were possible with repeat operations in almost half 

of their patients [6]. Subsequent second look surgery has now been utilised in multiple 

prospective trials. 

The development of intraoperative MRI (iMRI) has meant that imaging can be conducted on an 

almost real-time basis during surgery. The utility of iMRI lies with the fact that patients can be 
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re-imaged relatively quickly while still under general anaesthetic. This allows immediate 

identification of residual tumour, improving resection rates. 

 

2.2. Radiotherapy 

After maximal surgical resection, historically standard of care for intracranial ependymomas has 

been focal radiotherapy of 54-59.4 Gy directed at the tumour bed [7-9]. Although a well-

established treatment modality, the evidence for the benefit of postoperative radiotherapy 

compared with surgery alone is predicated on a number of retrospective studies [10, 11]. 

Unfortunately, there have been no prospective randomized trials looking at these outcomes and 

the role of adjuvant radiotherapy. 

Ependymomas have been reported to metastasize through the CSF spaces [12] although rare 

and tending to be a more common occurrence in anaplastic ependymoma.  As such, prophylactic 

cranio-spinal irradiation has been used in an attempt to reduce the risk of leptomeningeal 

spread. However, cranio-spinal irradiation is associated with significant morbidity particularly in 

children, and reviews of the literature suggest that there is currently a paucity of evidence to 

support its use [13].  

Histological grade is an independent risk factor influencing overall, progression-free and event-

free survival [14, 15]. Although most studies looking at the management of anaplastic 

ependymoma have been from single institutions, data are available from a German multicentre 

trial [16]. In this series of 55 paediatric patients with anaplastic ependymoma, supratentorial 

tumours were treated with 54 Gy local radiotherapy, and infratentorial tumours received cranio-

spinal irradiation with a local 20 Gy boost. All of the patients were treated with chemotherapy. 

The overall survival was 75.6% with a 3-year progression free survival of 83.3% vs 38.5% for gross 

total resection and incompletely resected tumours, respectively. Notably, 25 patients had 
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relapses and of those 20 were local, three were distant and two displayed a combination of both. 

In concordance with other studies [14], the predominance of local recurrence supports the use 

of focal rather than extended field or cranio-spinal irradiation even for higher grade tumours 

despite the potential for distant metastasis. 

For very young patients under three years of age, the use of immediate adjuvant radiotherapy 

is deferred in favour of multiple chemotherapeutic strategies to try and limit the late effects of 

radiation exposure to the developing brain [17]. This approach was employed to reduce the 

known neurotoxic effects of radiation, including mental retardation, growth failure and 

leukoencephalopathy [18-20]. It was demonstrated that the use of neoadjuvant chemotherapy 

was sufficiently effective to delay radiation therapy, without adversely effecting survival, in 40% 

of children under three years of age with malignant tumours. More recently, however, this 

strategy was challenged in a prospective study in which 153 paediatric ependymoma cases with 

a median age of 2.9 years (range 0.9 to 22.9) received conformal radiotherapy after definitive 

surgery [15]. This group attained 7-year local control, event-free and overall survival rates of 

83.7%, 69.1% and 81.0%, respectively. They concluded that the comparatively high rates of 

control were related to high rates of gross total resection, accompanied by “second look” 

surgery where necessary, and high dose immediate postoperative radiation treatment without 

delay even for young children. Despite the use of early radiation therapy, the neurotoxicity 

profile was acceptable with just 4.07% of patients developing secondary malignancies and only 

1.6% with brainstem radiation necrosis after seven years. However, neurocognitive outcomes 

were not reported.  

The role of proton beam radiation therapy (PBRT) has been investigated and early trials suggest 

that it is both safe and effective at reducing radiation exposure to surrounding brain structures 

[21, 22]. Despite improved four-year overall survival of 87.5% for PBRT compared to 78.8% IMRT 

reported in one trial, concerns have arisen regarding the risk of brainstem necrosis – a problem 
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that remained previously mostly anecdotal. Imaging changes suggestive of necrosis have been 

associated with PBRT (P = 0.024), yet the patients exhibiting these changes had improved four-

year overall survival compared to those without the changes (90.4% vs 82% respectively). As 

such the clinical concerns raised by these imaging changes have not borne out [23, 24]. 

 

2.3. Chemotherapy 

Chemotherapeutic options for the treatment of ependymoma are limited, and clinical trials 

continue to be disappointing. Various chemotherapy regimens have been used individually and 

in combination in reduced doses with variable efficacy. Cyclophosphamide, vincristine, cisplatin, 

carboplatin, etoposide, cytarabine and monoclonal antibodies, such as bevacizumab (Avastin) 

and cetuximab, have been tested in an adjuvant or neoadjuvant setting and as salvage therapy 

for leptomeningeal spread and recurrence [17, 25-29].  

The main role of chemotherapy is to postpone the need for radiotherapy and allow a longer 

period of brain maturation prior to irradiation [17, 25, 26]. Chemotherapy can also act as a 

“sensitizer” during radiotherapy treatment for some tumours. Clinically, chemotherapy has 

demonstrated intermittent efficacy in the control of some paediatric tumours, and one possible 

explanation for this might be the blood-brain barrier hampering access of potential agents to 

the CNS. To address this, various delivery methods to try and circumvent the blood-brain barrier 

are being developed [30]. 

The exact role of neoadjuvant chemotherapy is unclear. It has been suggested that its role may 

be in the facilitation of complete resection in recurrent anaplastic epedymoma [31] and in the 

CCG 9942 trial, 57% of patients treated with chemotherapy following subtotal resection, showed 

a variable response [32]. A more recent prospective randomized control trial looking at 

prolonged dose intensive (DI) chemotherapy for children under three years with malignant brain 
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tumours showed improved event free survival rates specific to the ependymoma group (two 

year event-free survival of 42.1% vs 19.6%, p=0.0011) [26]. 

With a better understanding of the underlying molecular biology, there has been a surge in 

interest regarding potential candidates for targeted therapies, particularly HER2. Unfortunately, 

the use of selective monoclonal antibodies for various targets has been disappointing [33-36]. 

Despite being a rational drug target, many of these clinical trials failed to show efficacy due to 

the fact that the drug did not accumulate to sufficient levels to inhibit its target in the brain. 

These studies emphasise the value of assessing novel therapies preclinically, in accurate mouse 

models of ependymoma, to determine the likelihood of efficacy ahead of investing in clinical 

trials. 

The clinical introduction of additional novel targeted chemotherapeutic agents will depend on 

the evolution of more accurate preclinical models based on our improved knowledge of the 

molecular biology of these cancers.  

 

3. Contemporary understanding of the molecular biology of ependymoma 

Although ependymomas generally arise in three anatomical locations in the brain, tumours 

display similar histological characteristics making identification of subtypes difficult using 

microscopy alone [37, 38].  Using histological classification as a predictor of tumour behaviour 

and an indicator of the likely course for therapy, several studies have failed to correlate 

histological grade with biological behaviour [39, 40]. Moreover, differences in intra-observer 

reliability when diagnosing and classifying ependymomas based on histological criteria only 

further complicate the situation [41, 42].  This concept has led to recommendations from world 

experts to change the WHO criteria for diagnosis of brain tumours such as medulloblastoma 

[43]. 
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Cytogenetic and transcriptional data have identified potential ependymoma driver mutations 

that may provide a better insight into the complex biological behaviours of these tumours. Dyer 

et al (2002) separated intracranial ependymomas into three groups based on chromosomal 

abnormalities, named numerical, structural and balanced. The three groups correlated with 

prognosis and interestingly, the majority of recurrent ependymomas of the cohort were 

assigned to the structural group, suggesting that structural chromosomal abnormalities may 

represent a poor prognostic indicator [37]. Using a different approach, Johnson et al (2010) 

identified nine different subgroups (A to I) among supratentorial, posterior fossa and spinal 

ependymomas using SNP copy number analysis in 83 human ependymomas. 

Using DNA methylation profiling to test the largest ependymoma cohort studied to date, Pajtler 

et al (2015) were able to acquire high quality data from formalin fixed paraffin embedded 

tumour tissues of 500 samples across 12 institutions. In so doing, they were able to establish a 

uniform molecular classification of 9 subgroups divided into three categories by 

neuroanatomical compartment: spine, posterior fossa and supratentorial. This robust 

classification was shown to outperform any current prognostication based on histopathological 

grading systems [44].  The previously defined posterior fossa subtypes A and B [45, 46] were 

incorporated and renamed PF-EPN-A and PF-EPN-B. Noteably, the PF-EPN-A subgroup 

representing almost 50% of all cases, was shown to have a stable genome CIMP positive and 

have a poor prognosis. PF-EPN-A and the supratentorial, ST-EPN-RELA characterised by 

expression of C11orf95-RELA fusion transcripts (see discussion below), together comprise over 

65% of all cases and have the worst prognosis of all (Figure 1). These tumors tend to affect young 

patients and as such are more relevant to this thesis. Moreover, they are remarkably resistant 

to adjuvant treatments and as such represent a group which deserve closer scrutiny. 

http://www.sciencedirect.com/science/article/pii/S1535610815001488#fig1
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Figure 1. Summary of key molecular and clinical characteristics of ependymal tumour subgroups [44] 

In addition to genomic gains or losses, aberrant epigenetic events may drive ependymoma 

pathogenesis. Alonso et al (2004)[47]  detected hypermethylation of CpG islands in a subset of 

ependymomas, specifically in the tumour associated genes: p16INK4A, RB1, MGMT, DAPK, TIMP3, 

THBS1, TP73 and NF2 [47]. Hypermethylation of the HIC1 promoter, a tumour suppressor gene, 

was detected in 81-83% samples [48, 49]. Recently the use of whole genome and exome 

sequencing highlighted a surprising lack of genetic alterations in both supratentorial and 

posterior fossa ependymomas [50, 51]. The lack of any significant or recurrently mutated gene 

in the sequencing data of a broad cohort of 47 posterior fossa ependymomas, prompted the 

group to explore the possibility that posterior fossa ependymomas might be driven by epigenetic 

mechanisms. By comparing the extent of promoter CpG methylation in the posterior fossa group 

A and B subtypes (PFA and PFB) they were able to show that PFA ependymomas exhibit a CpG 
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island methylator phenotype (CIMP) not present in PFB. Furthermore, the hypermethylated 

genes were enriched for genes known to be silenced in embryonic stem cells by the polycomb 

repressive complex 2 (PRC2). Notably, the PRC2 complex contains the histone 

methyltransferase, EZH2, a transcriptional repressor required for differentiation, and it was 

suggested that aberrant EZH2 activity may cause normally silenced genes to become 

constitutively active in an embryonic state. Although polycomb complexes have been implicated 

in the pathogenesis of a number of different cancers, including high-grade gliomas [52], the 

function of the polycomb group of genes is only partially understood. Targets of PRC2 are 

activated preferentially during development, and their silencing maintains embryonic stem cells 

in an undifferentiated state as demonstrated in knockout mouse models [53, 54]. Promisingly, 

inhibitors of H3K27 methylation (a PRC2 target) were shown to have anti-cancer effects in short-

term cultures and xenografts of infant ependymoma. Interestingly, PRC2 is a transcriptional 

regulator of the HOX family of genes, which are up regulated in spinal ependymomas [55] 

consistent with a link to ependymoma pathogenesis. 

Parker et al (2014) recently identified a novel chromosomal structural alteration in more than 

two thirds of supratentorial ependymomas involving the fusion of two genes on chromosome 

11: RELA (the principal effector of the canonical NF-κB pathway, which mediates the 

inflammatory response and other cellular processes) and C11orf95 (a gene of unknown function) 

[51]. It was shown that the translocation was the result of a phenomenon known as 

chromothrypsis, a devastating event which causes extensive fragmentation of the genome with 

subsequent aberrant reconnection of the fragments. To determine if this fusion was a driving 

event in ependymoma development, C11orf95-RELA was forcibly expressed in murine neural 

stem cells where it rapidly led to ependymoma-like tumours once implanted into mouse brain 

[51].  
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There is a large body of work attempting to unravel the molecular basis underlying the 

neoplastic process associated with ependymoma formation. In parallel with the observations of 

these genetic variations, various mouse models have been designed in efforts to reproduce the 

disease in animals. 

 

4. In vivo models of ependymoma 

Ependymomas can form in multiple anatomical locations within the CNS and are histologically 

indistinguishable. Yet despite this, they display a surprising array of clinically and molecularly 

distinct subgroups that strongly correlate with age, transcriptional profiles and tumour location 

in the posterior fossa [46, 55]. The presence of multiple ependymoma subgroups highlights the 

importance of individualising treatments tailored to each specific tumour based on their 

underlying molecular constitution. However, novel treatments currently have proven difficult to 

develop due to the lack of appropriate in vivo and in vitro models available for evaluating 

possible targeted agents.  

4.1. Xenografts 

In order to address the need to improve childhood cancer treatment options, various groups 

have attempted to develop animal models that accurately recapitulate the human disease. One 

widely used approach is the establishment of tumours in immunocompromised mice by 

implanting tumour cells obtained from cell lines or biopsy. 

Efforts to maintain long term cell cultures have been thwarted by short in vitro survival times of 

ependymoma cells [56], or unusually slow proliferation rates with some cell lines reported to 

take up to two years to reach passage 18 [57]. Attempts at subcutaneous heterotopic 

engraftment have been successful [58, 59], however the resulting tumours often fail to fully 

recapitulate the complex interactions between tumour and microenvironment and are not 
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hampered by the blood-brain barrier – a major consideration for the design of 

chemotherapeutic agents for brain tumours [60]. 

Several groups have generated human paediatric brain tumour cell lines that can be directly 

orthotopically engrafted. Yu et al (2010) were the first to directly transplant human WHO grade 

III ependymoma into the supratentorial compartment of Rag2/SCID mice. Tumours were 

induced in all mice with a median time of 177 days [61]. They were also able to serially propagate 

the tumours through mouse brains and maintain the histology and gene expression profiles of 

the original donor tumour for four successive generations. Other groups have subsequently 

developed ependymoma xenograft models in nude mice [62],[63, 64]. To date, the majority of 

tumour models have been established from supratentorial anaplastic (WHO III) lesions and these 

accurately reiterated the phenotype of the original donor. Hussein et al characterised 7 different 

newly established primary paediatric cell lines, two of which were from classical (WHO II) 

ependymomas. In the lower grade and less aggressive tumours, the xenograft was less well 

differentiated without the classical morphological features of ependymoma suggesting that 

more aggressive tumours are able to maintain their original phenotype better than lower grade 

tumours during transplantation [65]. 

While these models have been used for target validation and preclinical testing of novel 

compounds, their predictive value remains controversial. This is in part due to the use of 

immunodeficient mice that do not recapitulate the complex tumour microenvironment and 

interactions between tumour and host. In addition, cell lines may not accurately represent the 

primary tumour as a result of different selective pressures during in vitro culture. 

4.2. Allograft models 

During the past few decades, there has been a re-emergence of interest in the cancer stem cell 

(CSC) hypothesis. CSCs are a small cohort of cells within the tumour bulk that are capable of 

self- renewal, and drive the multi-lineage differentiation underlying tumour heterogeneity 
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[66]. Not only do these cells have phenotypes reminiscent of precursor or stem cells, including 

the expression of markers such as Nestin, CD133, and brain lipid binding protein (BLBP), they 

also reside within the stem cell-rich perivascular niche of the subventricular zone (SVZ) [67]. 

A unique property of normal and malignant neural stem cells is that in specific culture conditions 

they can form clonally derived colonies known as neurospheres [68]. Taylor et al (2005) found 

that ependymoma-derived neurospheres in culture had a phenotype similar to radial glial cells, 

and 0.9% of cells within sorted samples had a radial glial cell immunophenotype. In addition, 

they analysed 32 ependymomas from different CNS locations, using a combination of gene 

expression profiling and array comparative genomic hybridisation. This showed that the 

ependymomas displayed gene expression signatures that correlated with anatomical locations, 

and that these signatures were similar to those observed during embryonic CNS development, 

reaffirming the possibility that ependymomas arise from radial glia. Moreover, after implanting 

this small subpopulation into nude mice as an orthotopic xenograft, they were able to induce 

tumour formation within 4 to 5 months. This finding led to the suggestion that transformed 

radial glial cells may be candidate ependymoma CSCs [55]. The identification of radial glia as 

candidate “cells of origin” for ependymoma has helped to explain the clinical heterogeneity of 

these tumours, since these cells are primary progenitor cells capable of differentiating into 

neurons, astrocytes, and oligodendrocytes. 

Murine embryonic cerebral neural stem cells (NSCs) have also been used to develop allograft 

models of ependymoma. EphB2 was identified as recurrently amplified or overexpressed in 

paediatric supratentorial ependymomas. When Cdkn2A (Ink4a/Arf) knockout (KO) NSCs were 

transduced with a lentivirus carrying the Ephb2 gene, Johnson et al successfully grew tumours 

in 50% of implanted mice by 200 days. The tumours accurately reflected the histological 

phenotype of human ependymoma, and had similar ultrastructural characteristics [3]. Of the 

nine molecular subgroups of ependymoma they described, this model represents the only 
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published murine model to recapitulate the D subgroup [3]. While this will facilitate the testing 

of novel therapeutics strategies for subgroup D tumours, much more work is required to 

establish robust models of the other ependymoma subtypes. 

4.3. Spontaneous mouse models of ependymoma  

The use of mice genetically modified to mimic genetic aberrations observed in human cancer is 

a powerful approach to studying how cancer associated mutations contribute to tumour 

development. These models are able to reproduce complex tumour characteristics and 

interactions in immunocompetent animals with an intact blood brain barrier. The identification 

of radial glia as the cells of origin for ependymoma provided a platform for the development of 

the first transgenic mouse model of the disease. Only one transgenic mouse model that 

spontaneously develops ependymoma has been reported [69]. Gottardo et al generated a 

mouse that expresses the intracellular domain of NOTCH1 in radial glia under the control of the 

Blbp promoter, since Notch signalling is known to be activated in all cerebral ependymomas. 

Once crossed onto an Cdkn2a knockout background, the mice developed tumours that 

phenocopy human ependymoma, albeit with slow latency (6-18 months). Despite appearing to 

be an attractive model, tumour incidence was extremely low, suggesting that other cooperating 

mutations are required to drive ependymoma development. 

4.4. Using mouse models for preclinical testing 

Mouse models of cancer are typically generated for three major reasons: to investigate the basic 

biological principles of cancers, as a tool to discover new biomarkers or clinical diagnostics, and 

as a tool in anti-cancer drug development. Paediatric cancers are rare, and as the molecular 

subgrouping of tumours becomes more complex, patient groups suitable for many new targeted 

therapies become smaller. This limits the speed at which clinical trials can be performed; 

however, preclinical models offer an opportunity to rapidly validate potential drugs and/or drug 
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targets. Mouse models are also well suited for the rapid detection of response to treatment. 

Immunohistochemistry remains the gold standard for the analysis of changes in molecular 

pathways, protein expression and structural changes that may occur within a tumour in 

response to treatment. With this in mind, and to fully exploit the potential of animal models for 

the development of new targeted drug therapies, robust and efficient techniques for the 

isolation of high quality tissue specimens for analysis are required. The following section reviews 

the literature for the tools necessary to analyse animal models of brain cancer that attempt to 

recapitulate the human form of disease. 

 

5. Techniques for assessing response to treatment in murine models: 

The rapid expansion of data available from genome-wide DNA methylation arrays has now 

provided an unprecedented insight into our understanding of the molecular subgroups of 

ependymoma. A recent consensus paper has led to a paradigm shift in ependymoma diagnosis, 

recommending that histological grading be considered together with molecular data to enable 

accurate and precise subgrouping of the disease. Moreover, they suggest that this should be 

part of all future clinical trials [70]. Outcome studies in rodent tumour models rely on both 

histological and non-invasive study end points. Intracranial models require special tools to 

noninvasively observe tumour growth over time, such as magnetic resonance imaging (MRI), 

computed tomographic (CT) scanning, or cranial window techniques. Unfortunately, these 

techniques require large numbers of animals, the process is time consuming, and assumptions 

are made regarding growth patterns in different animals, due to the inability to perform serial 

sampling in the same animal without significant morbidity.  A review of the contemporary 

literature underlying the techniques available is summarised in Table 1.            
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One particular study looking at malignant glioma invasion in a syngeneic mouse was able to 

document the invasion characteristics on serial digital imaging of microscopy sections at 10 or 

17 days. The utility in this technique lying with its ability to provide a platform by which in vivo 

analysis could identify altered growth characteristics in response to targeted therapy or with 

glioma cells expressing altered levels or function of invasion genes [71]. 

More recent developments in optical science and technology has meant that confocal 

microscopy on a miniature scale through cranial windows now has become available for use in 

mouse models. The use of a specially designed handheld confocal microscope mounted on a 

stereotactic frame allowed investigators to perform live imaging in orthotopic xenografts of 

glioma using injectable contrast agents to accurately define tumour margins. While images were 

able to show excellent correlation with the corresponding histological sections for cellular shape 

and tissue architecture, making this a useful method to identify tumour margins and growth at 

various stages, they did not attempt to perform serial assessment of tumour in these models in 

response to treatment [72]. The latter, would require the development of detectable molecular 

markers of treatment, such as fluorescent probes specific to different drugs and/or pathways, 

thus is not currently a viable approach. 

The shift in emphasis over the past few decades towards orthotopic xenograft models has 

necessitated the development of techniques that utilise non-invasive methods of assessing 

tumour burden without direct measurement. Interest in in vivo imaging techniques has shown 

potential to provide more non-invasive options to monitor tumour response in a longitudinal 

manner. Mouse models based on cell lines genetically modified to express the firefly luciferase 

gene have been shown to allow tumour growth detection over time by serial bioluminescent 

imaging (BLI) measurements. Using this technique, tumour-derived light emission was shown to 

highly correlate with tumour volume as assessed by MRI [73]. When the results of 

bioluminescence imaging are combined with animal subject survival analysis, the two data sets 
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provide a powerful and reliable approach for evaluating experimental therapeutic efficacy [79].  

It also provides a technique that is well tolerated by the animal with a low periprocedural 

morbidity and mortality [80].  

While this approach provides an accurate representation of response to therapy by indirectly 

measuring the size of the tumour, its limitations include a lack of a sensitivity to identify 

molecular or structural change on the histological scale which still requires animal sacrifice. A 

powerful technique known to overcome some of these obstacles is intravital fluorescence 

microscopy [82], in which blood flow and intact tissues can be viewed in vivo. However, the 

procedure can be time consuming and there is a limitation to the depth that the mouse cortex 

can be probed (600 – 800µm). More recently, with the use of a fibre-optic probe within a 22G 

needle, in vivo deep brain imaging (>1mm) in mice was performed [77]. The procedure was able 

to be conducted sequentially and rapidly with relatively minimal neurological injury between 

operations. No response to treatment was assessed, but the researchers were able to visualise 

the tumour serially and detect changes in the number of metastasising cells expressing 

fluorescently-tagged p53. On a cellular level, this represents a valuable tool but, neither of these 

methods attempted used markers that were expected to respond to specific treatments (like 

target therapies), nor analyse changes during treatment. As such they were unable to comment 

on how the tumours responded on a molecular level to therapeutic challenges. 

 

More precise, but technically challenging, techniques utilising intravital confocal microscopy 

have been shown to provide long-term visualisation at a single cell resolution over time, 

providing investigators with a system by which to monitor changes of tumour and cell–cell 

interactions in response to radiation therapy. The method was limited primarily by the limited 

depth that could be visualised below the cortical surface (only 900µm) [81]. Others have 

subsequently expanded the versatility of the intravital two-photon confocal microscopy  
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Table .1 Review of the literature looking at techniques to evaluate response to treatment in mouse models 

Author (year) Type of model 
Brain tumour 

type 
Technique Invasive? 

Serial 
sampling 

Parameters to measure  
response to treatment 

Problems 

Kim, B (2016) 
[74]  

Orthotopic 
xenograft in 
nude mice   

MDA-MB-231 
metastatic 
human tumour 
cells 

Multiparametric MRI 
(DWI and dynamic 
contrast enhanced) 
 

Non 
invasive   

Yes 1 day 
before and 8 
day after 
treatment  

Changes in size, changes in apparent 
diffusion co-efficient  
 

Indirect method of response to 
treatment  

Radoul, M 
(2016) [75] 

Orthotopic 
Xenograft   

GS-2 and U87 
MG Glioma cell 
line  

13C MRSI and (1)H 
MRS  
 

Non 
Invasive   

Not Done   Change in size lesion and metabolic 
alteration in Hyper-polarized lactate to 
pyruvate ratio in response to inhibitor 
of PI3K/mTOR  

Indirect method of response to 
treatment  

Kirschner, S 
(2016) [76]   

Orthotopic 
Xenograft    

U87MG 
implanted 
NOD/SCID mice  

Clinical CT versus 
micro CT modalities to 
identify   

Non 
Invasive   
 

Serial 
monitoring in 
vivo   

Monitor tumour growth. Provides a 
good alternative to Clinical MRI 
scanners/ PET/SPEC  T 

No Histological analysis in response to 
treatment  

Sankar, T 
(2010) [72]     

Orthotopic 
Xenograft      

C57/BL6 nude 
mice implanted 
with GL261 cell 
line    

Miniature handheld 
confocal microscope. 
Intravenous fluorescein 
and topical acriflavine 
contrast agents  

Invasive. 6 
mice brains 
exposed at 
day 14 and 
6 at day 21  

Not done      Response to treatment not assessed.  
Able to clearly demarcate tumour 
margins and area of infiltration    

Large numbers of mice required. 
Assumptions that tumours in different 
mice are growing with same 
characteristics and rate. 

Kim, K (2013) 
[77]    
 

Orthotopic 
Xenograft    
 

B16 melanoma 
cell line 
Transfected with 
RFP and GFP   

Serial in vivo imaging 
for p53 expression 
during metastasis of 
cells in the brain.  

Invasive, 
but well 
tolerated    

Yes - performed 
at day 3 and 6   

Response to treatment not assessed. 
Able to visualize changes in numbers 
of cells expressing fluorescently 
tagged p53 proteins during metastasis.   

Depth limitation of probe is <100µm 
from cortex. No tissue for serial 
histological analysis  

Akella, NS 
(2006) [71]       

C57B1/6 black 
mouse 
transplanted 
with GL261      

Malignant 
glioma GL261       

Harvesting and 
histological analysis of 
serial brain sections  

Invasive. 
Mice 
harvested at 
day 10 or 17 

Yes, histological 
evaluation at 
different time 
points    

Tumour growth and invasion 
characteristics   

Assumption tumours have same 
growth rate and characteristics. Large 
number of mice.    

Ricard, C (2014) 
[78]     
 

Connexin 43 
transgenic 
injected with 
GL261 cells   

GBM GL261 cell 
line labelled with 
DsRed    
 

Multiphoton imaging 
protocol to dynamically 
characterize the 
interactions between 
six cellular components  

Non 
invasive      

Not Done      Tumour progression influenced by 
interactions of tumour cells with host 
cells and the extracellular matrix micro-
environment. Longitudinal and multi-
scale observations of cell-to-cell 
interactions    

Ultrastructural response to treatment. 
Unable to directly assess up or down 
regulation of proteins  

Ozawa (2010) 
[79]  

Orthotopic 
Xenograft   

  Bioluminescent imaging  Non-
invasive.   
 

Yes  Photon emission from tumour in 
response to growth or shrinkage  

Only indirect indication of response to 
therapy 

Baumann 
(2012) [80]    
 

Orthotopic 
Xenograft      

U251 implanted 
into nude mice     

Bioluminescent imaging Non-
invasive     
 

Yes Photon emission from tumour in 
response to growth or shrinkage 
shown to vary with radiation therapy    

Able to indirectly monitor tumour 
growth or response to therapy. Unable 
to show up or downregulation of 
molecular pathways or ligands 

Burrell, K (2013) 
[81]    

Fluorescent 
chimeric     
 

  Intracranial window with 
two-photon confocal 
microscopy   
 

Non 
invasive     

Real time 
response to 
treatment at 
high resolution  

Fluorescently-labelled cells fate 
tracked, cell:cell interaction 
characterised and structural changes 
in tissue microenvironment highlighted.    

Penetrance of microscope to only 
900µm from subcortical surface   
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technique by designing a multiphoton imaging protocol to dynamically characterise the 

interactions between six different cellular components in the living mouse brain. This non-

invasive longitudinal and multiscale technique allowed observation of cell-cell interactions in 

separate cell populations as well as the extracellular matrix [78]. 

Advances made in imaging technologies available for preclinical experiments, have meant that 

less invasive techniques to identify a response to treatment have become possible. For example, 

multiparametric magnetic resonance imaging (MRI) methods, such as diffusion weighted images 

(DWI) and dynamic contrast enhanced MRI protocols, have been shown to detect differences in 

response to treatment in orthotopic xenograft models of brain metastases. After randomising 

the animals into three groups receiving either intra-arterial (IA) docetaxel, intravenous (IV) 

docetaxel or IA vehicle, it was shown that IA chemotherapy resulted in a significant decrease in 

tumour volume (86.5 ± 15%) compared to the other groups at day eight (p<0.05). Moreover, this 

correlated with a significant increase in mean tumour apparent diffusion coefficient (ADC) 

values (126.2 ± 22.0%) in comparison to the other groups (p<0.05).  The results were 

corroborated with histopathology and suggest that changes in mean tumour ADC values may 

represent a method by which response to treatment could be monitored non-invasively [74].  

The use of magnetic resonance spectroscopy (MRS) to non-invasively identify biomarkers that 

elicit a response to treatment has radicalised the way of thinking about assessing response to 

therapy in animal models by providing a non-invasive alternative to biopsy. Unfortunately, its 

use is limited by cost and the time it takes to process biomarkers. In addition, imaging of the 

posterior fossa, a location favoured by pathologies such as ependymoma and medulloblastoma, 

is difficult and few studies have successfully performed MRS in animals with tumours in these 

locations. Using hyperpolarised (13) C MRS and (1) H MRS with GS-2 and U87-MG GBM 

orthotopic mouse models, the utility of MRS was validated by reporting a significantly lower 

hyperpolarised lactate-to-pyruvate ratio in animals treated with the second-generation dual PI3-
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kinase/mTOR inhibitor voxtalisib, Temazolomide or combination therapy compared to controls. 

This finding pre-empted any change in tumour size and was supported by prolonged animal 

survival [75]. It seems clear that hyperpolarized C MRS molecular metabolic imaging has the 

versatility to improve the non-invasive detection, characterisation, and response-monitoring of 

brain tumours in the future [83]. 

Despite these advances, the specialised equipment required is not ubiquitously available due to 

high costs and the need for specially designed buildings in which to house them. As such, other 

groups have validated the utility of a clinical CT scanner for the visualisation and measurement 

of intracerebrally growing glioma xenografts in living mice. Kirschner and colleagues compared 

the utility of a standard clinical CT scanner to a small animal micro CT using NSG mice harbouring 

orthotopic U87MG glioblastoma xenografts. Results showed good similarity in estimating 

tumour volume between the two groups (p=0.813) and excellent agreement between reader 

analysis with each modality suggesting that clinical CT scanners are a good means of in vivo 

imaging and volumetric analysis in mouse brain tumour models [76]. However, this methodology 

may be limited due to inability of preclinical researchers to access clinical equipment. 

 

6. Conclusion: 

Despite the disappointing outcomes and lack of adjuvant therapies to improve overall survival 

in paediatric ependymoma, progress is being made in our underlying understanding of the 

biology of the disease. There still exists a dirth of preclinical models of ependymoma, however, 

the molecular findings recently reported are enabling the development and characterisation of 

new disease models. This translational research will pave the way to more rapid testing of novel 

therapeutic agents with target-specific activities. The techniques used to assess treatment 

response in mouse models are becoming more effective and efficient, and together with models 
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that are more representative of the disease, this work should guide future clinical trials for 

ependymoma. 
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Chapter 3. 

Unusual paediatric spinal myxopapillary ependymomas: Unique 

molecular entities or pathological variations on a theme? 

 

1. Introduction: 

Ependymomas are the most common type of spinal cord glioma, accounting for some 60% of 

cases [84, 85].  Myxopapillary ependymomas (MPE) are typically described as a benign subgroup, 

which almost exclusively involve the distal spinal cord and filum terminale. They occur much 

more commonly in adults than children, and in the former, have an excellent prognosis. 

Contemporary treatment regimes in adults solely involve gross total resection, although some 

groups advocate for adjuvant radiotherapy [86].  MPE may rarely exhibit anaplastic features [87-

89] or occur outside the spinal canal within the subcutaneous tissue [90] in both adult and 

paediatric patients.  These unusual anaplastic variants have been reported to metastasise, both 

within the central nervous system and extracranially [91-93].  Dissemination prior to surgical 

intervention is documented in the paediatric population, but is an uncommon feature for adult 

spinal MPE [94, 95].  Furthermore, in contrast to adults, MPEs tend to be extraspinal in children 

and more benign than the intra-spinal cases [96].  

Classical spinal ependymomas and MPE are histologically distinct and genomic profiling has 

revealed that the two entities have characteristic molecular signatures that correlate with 

differences in their clinical behaviour [97, 98].  However, what is less clear is why there is a wide 

variation in the phenotypic presentation of MPE in adults and children.  Here we investigate two 

atypical cases of paediatric MPE and aim to molecular clarify if they are distinct from other 

ependymomas. 

 



31 
 

2. Case Reports: 

Case 1. 

A previously well 12-year-old female presented with a tender mass at the superior aspect of the 

natal cleft, present for 2 months prior to attendance at the hospital. On the day of presentation, 

the patient had noticed the painful lump while lying down at school. Neurological examination 

was normal. Magnetic resonance imaging (MRI) revealed a well circumscribed 47 x 21 x 44mm 

contrast enhancing mass intimately related to the sacrum/coccyx. (Figure 1A). A staging CT of 

the chest, abdomen and pelvis was normal. Blood tumour marker assessment revealed mildly 

elevated neuron-specific enolase (18.4ng/ml), normal alpha-fetoprotein (AFP<3ng/ml) and 

normal beta human chorionic gonadotrophin (β-hCG<1ng/ml). The patient underwent a wide 

local excision of the lesion in continuity with the coccyx two days later.  

Histopathological analysis revealed a circumscribed nodular lesion characterised by cuboidal to 

elongated tumour cells radially arranged in a papillary manner around vascularised stromal 

cores. Mucoid material was present between tumour cells and the blood vessels. There were 

areas of mild nuclear pleomorphism with low mitotic activity (up to two per high power field 

(HPF)) and no nuclear atypia or high-grade features. The diagnosis was myxopapillary 

ependymoma (WHO Grade I). The patient made an uneventful post-operative recovery. An MRI 

at 12 months after resection (Figure 1B) revealed no evidence of local recurrence.  
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Figure 1. Case 1: 12-year-old female.  (A) T1 weighted gadolinium-enhanced sagittal MRI revealing a contrast 

enhancing mass intimately related to the sacrum/coccyx, which is no longer visible following complete surgical 

resection (B). 

 

Case 2. 

A 14-year-old male presented to his general practitioner with a six-week history of worsening 

lower back pain, which was associated with one week of sciatic pain.  Neurological examination 

was normal.  A spinal MRI showed a well-defined 45 x 21mm soft tissue mass filling the thecal 

sac and central canal at L5 level.  A further small nodule at the thecal tip (S2 level) was also 

noted.  Both lesions were mildly contrast enhancing (Figure 2 A and B).  

The patient underwent semi-elective L4 to S2 laminectomies to remove the tumours.  The dura 

was opened midline under magnification.  The filum terminale was sectioned and the blood 

supply to the tumour from the filum vessels was interrupted.  The tumour was internally 

debulked with ultrasonic aspiration and gross total resection of both lesions was obtained.  At 

the time of the operation, the surgeon described the tumour as solid and haemorrhagic, 

protruding initially through the dural sac and requiring ultrasonic aspiration and suction to 

remove.  The postoperative period was unremarkable, and the patient was discharged well with 

no neurological deficits.  A follow-up MRI, seven weeks after surgery confirmed a complete 

resection (Figure 2C and D). 
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Figure 2. Case 2: 14-year-old male.  Coronal (A) and sagittal (B) T1-weighted gadolinium contrast-enhanced images 

showing two intradural lesions adjacent to L5 and S2. T1-weighted coronal (C) and sagittal (D) images with 

gadolinium contrast enhancement obtained seven weeks after surgery showed complete excision of both lesions. 

 

Pathological examination of the lesion revealed a grey-tan solid tumour.  Microscopic sections 

showed a cellular neoplasm with a predominantly pseudo-papillary architectural growth pattern 

comprised of discohesive aggregates of tumour cells with central areas of cystic change 

containing basophilic myxoid material (Figure 3A).  Interspersed papillary structures with fibro-

vascular cores were occasionally surrounded by myxoid material and a peripheral layer of 

radially arranged tumour cells.  The neoplastic cells had round to oval nuclei with fine chromatin, 

indistinct nucleoli and variable amounts of eosinophilic cytoplasm.  Mild nuclear pleomorphism 

was noted, with up to nine mitotic figures per 10 high power fields.  Necrosis was not detected, 

but focal proliferation of small blood vessels was seen.  The cells stained positively for GFAP, 
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vimentin and CD99 with some positivity for S100 and p53, while epithelial membrane antigen 

(EMA) was negative.  Staining for Ki67, a proliferation marker, was identified in 10% of neoplastic 

cells (Figure 3C). These findings were consistent with MPE  WHO grade I. 

 

Figure 3. Case 2 - Histological features of the tumour were generally consistent with MPE. H&E staining shown in 

low (A) and high (B) power revealed layers of tumour cells around vessels with mucoid degeneration (scale bars 

represent 275 and 100 µm, respectively). In addition, unusual mitotic figures (arrows) were observed (C), as was a 

high proliferative index indicated by Ki67 immunohistochemistry (D) and extensive perivascular GFAP positivity (E). 

Scale bars in C-E represent 25, 50 and 50 µm, respectively. 

 

 

3. Genomic profiling:  

MPEs typically have a favourable prognosis and are classified as WHO Grade I [99]. However, 

spinal MPE have a higher incidence of relapse and metastases in paediatric patients [100, 101]. 

These two cases of spinal MPE in children exhibit markedly different indicators of proliferation, 

thus we sought to investigate them further to determine if they were distinct molecular entities. 
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To compare the genomic DNA copy number profiles of these MPEs with other reported cases of 

ependymoma, we hybridised the genomic DNA with Illumina HumanMethylation450 BeadChip 

arrays. Data were then compared with probe intensity values from other ependymomas using 

the ‘Conumee’ package in R as previously described [102] 

(http://bioconductor.org/packages/release/bioc/html/conumee.html). 

Case 1 demonstrated broad losses of chromosomes 3, 6 and 13 and gains on chromosome 4, 9, 

18 and 20 (Fig 4A). Case 2 exhibited losses on chromosomes 1, 2, 10, 12 and 14 with gain of 

chromosome 9 (Fig 4A). Similarities between the two cases included gain of chromosome 9 and 

losses of chromosomes 2, 10, 14 and 22.  

We analysed the genome-wide DNA methylation profiles of both cases and compared these with 

53 reference cases consisting of 22 spinal ependymomas and 31 MPEs (Figure 5) [44]. Consistent 

with the histology of both tumours, unsupervised hierarchical clustering showed that these 

samples are epigenetically similar to other MPEs without forming a separate group, and clearly 

distinct from spinal ependymomas. 
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Figure 4. Genome-wide view of genomic alterations from two MPE cases. Copy number plots generated from 450k 

methylation data are shown with gains shown in green and losses in red. Case 1 (A) had loss of chromosomes 3, 6 

and 13 and gains on chromosome 4, 9, 18 and 20. Case 2 (B) exhibited losses on chromosome 1, 2, 10, 12,14 with 

gain of chromosome 9. 

 



37 
 

 

Figure 5. Unsupervised clustering of DNA methylation data performed for Case 1 and 2 (indicated by arrows) 

compared with 22 other spinal ependymomas (green) and 31 MPEs (orange) [44]. The methylation profiles for Case 

1 and Case 2 are distinct from spinal ependymomas and similar to other MPEs. 

 

 

4. Discussion: 

Ependymomas comprise approximately 60% of spinal glial series tumours and up to 90% of 

primary tumours of the cauda equina and filum terminale [85, 103]. MPE is a distinct subgroup 

of ependymoma originally described in 1932 by Kernohan on the basis of histological 

appearance. These classically benign WHO grade I lesions represent 13% of ependymal tumours 
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in adults but are less common in children [104]. Although slow growing, incomplete resection 

has been associated with local recurrence in both adults and children [105, 106]. Moreover, up 

to a third of treatment failures occur at distant sites [104] and metastases to bone, bone 

marrow, lung, cervical lymph nodes, liver and paranasal sinuses have been reported [106, 107]. 

In children, spinal MPE appears to be more aggressive than in adults [96, 104, 108] with higher 

rates of spinal and cranial dissemination [109]. 

Although anaplastic variants of MPE are not specifically graded by the WHO, features of 

anaplasia are recognised. The anaplastic variant reported here (Case 2) showed mild nuclear 

pleomorphism with up to nine mitoses per ten HPF, vascular endothelial proliferation and a Ki67 

index of 10%. The few case reports that have been published describe hyper-cellularity, nuclear 

pleomorphism, punctate necrosis, endothelial cell proliferation and a Ki67 labelling index of 

between 10.1% and 70% [87-89]. Outcomes for these cases are summarised in Table 1, where 

all three patients had a favourable outcome.  

Study Age/sex Location Operation Adjuvant 
therapy 

Recurrence Follow-
up 

Features 

Awaya et al 
2003 [87] 

15yr/M T12-L2 spinal GTR No No 18 
months 

None 

Beschorner 
et al 2007 

[89] 

3yr/M sacrococcygeal GTR No No 11 
months 

Schinzel-
Giedion 

syndrome 

Chakraborti 
et al 2012 

[88] 

11 
months/F 

sacrococcygeal GTR and 
coccygectomy 

Cisplatin 
and 

etoposide 

Yes 6 
weeks 

Well, 1 
year after 

relapse 

Table 1. Management and outcomes of MPE with anaplastic features reported in the literature. 

 

Recent advances in genomic profiling techniques have enabled rapid identification of specific 

and recurrent chromosomal aberrations that correlate with location, histological subtype and 

grade [3, 110]. One such study for ependymoma described array comparative genomic 

hybridisation (aCGH) data for 45 cases arising in heterogeneous locations in adults and children 

[98]. Three of the five adult spinal MPEs (there were no paediatric MPEs in the cohort) had a 
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specific signature defined by concurrent gains of chromosomes 5, 7, 9, 16 and 18 that 

differentiated these cases from all of the other types of ependymoma in the dataset (P = 0.0007). 

We calculated DNA copy number changes in the cases reported here using the sum of both 

methylated and unmethylated signals from the 450K methylation arrays, which revealed unique 

profiles neither of which was consistent with the alterations found by Rousseau et al.  Broadly, 

these findings may reflect characteristic genomic differences between adult and paediatric 

MPEs, which may in turn be related to the known differences between adult and paediatric 

clinical presentation of the disease.  

Mack et al recently used gene expression profiling to show there are clear biological and 

molecular differences that delineate spinal MPE from grade II spinal ependymomas, a finding 

which correlated with differences in the histological and clinical phenotypes for these tumours 

[97]. When compared to a large library of previously genetically-characterised paediatric spinal 

ependymomas and MPEs [44], Case 1 and Case 2 had methylation profiles congruent with 

standard spinal MPEs. 

Despite the variation in histological appearance and location, the methylation profiling 

conducted here suggests that extra-spinal MPE and MPE with anaplastic features may be 

phenotypic variations of standard spinal MPE, and not necessarily unique subtypes of 

ependymoma within the paediatric population. However, the distinct chromosomal signatures 

of our two cases compared with adult spinal MPEs found in other studies, and the very different 

clinical presentation is consistent with a different underlying biology in adult and paediatric 

MPEs which warrants further investigation. The findings in this report highlight the importance 

of further collaborative efforts to generate larger patient cohorts for the analysis of rare MPE 

subtypes. 
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Chapter 4. 

A novel technique of serial biopsy in mouse brain tumour models 

 

1. Introduction: 

Brain biopsy is a commonly used clinical procedure that facilitates extraction of brain tissue for 

histological analysis [111], and the subsequent initiation of appropriate treatment based on an 

accurate morphological diagnosis [112]. Recent advances in genomic profiling techniques have 

enabled rapid identification of mutations and signalling pathway deregulation leading to a 

paradigm shift in the way that tumours are defined. Traditional histological analysis of tumours 

is being superseded by molecular profiling [3, 110], providing a platform for the application of 

“targeted therapies” as part of new treatment protocols [113] that are individually tailored to 

optimise patient outcomes while minimising side effects. 

Over recent years, mouse models have been indispensable for modelling rare human cancers. 

Sophisticated techniques have been developed to generate tumours driven by specific aberrant 

pathways known to be associated with tumour subtypes [3]. Translating biopsy techniques to 

the preclinical setting has the potential to provide evidence of response to treatment with novel 

chemotherapeutic agents. 

Immunohistological analyses remain the gold standard to identify deregulated signalling 

pathways and/or the changes in protein expression that may occur within a tumour in response 

to treatment. Normally performed using a needle biopsy, this approach is largely impractical in 

mouse models due to the size of traditional biopsy tools relative to murine tissues. As such, ex 

vivo histological analyses and/or live animal imaging are more commonly used in this context. 

Although some sophisticated tools and techniques, such as genetically modified mice, have been 

developed to longitudinally assess the deregulation of specific genes/pathways during in vivo 
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studies of brain diseases, these methods are generally limited to inducible models designed to 

express specific reporters [82, 114]. The traditional alternative involves standard histological 

techniques that involve tissue harvesting; a process which is not only time consuming and 

involves a large number of animals, but also relies on assumptions of similarity between animals 

for histological comparison. 

A major goal of preclinical research is to determine if novel oncological therapies are effective 

in different cancer models. Receptor tyrosine kinase (RTK) inhibitors are frequently being 

developed for cancer therapy. In order to determine if these agents are efficacious, it is 

imperative to first ensure that the drug is able to inhibit its intended target in vivo. U87MG is a 

widely used model of human glioblastoma, and its rapid growth in mouse brain is ideally suited 

for preclinical research. The model we developed utilised the U87MG cell line which was 

modified to express the EGFRvIII mutation that is found in up to 50% of human glioblastoma. 

Not only is this variant the most common activating EGFR mutation, its enhanced 

tumourigenicity combined with the lack of EGFRvIII expression in normal tissue makes it an ideal 

candidate to assess targeted therapy [115]. By forced expression of active EGFR in the tumour, 

we sought to determine if inhibition of the receptor could be detected in biopsied tissue. To this 

end, we used the pan-ERBB inhibitor, dacomitinib (PF-00299804). This drug is a second-

generation irreversibly-binding inhibitor, which is reported to inhibit wild-type ERBB receptors 

as well as mutated forms of EGFR resistant to the first-generation reversible inhibitors, gefitinib 

or erlotinib [116].  

Here, we describe a unique method for performing serial free-hand biopsies at various time 

points during treatment in a mouse model of glioblastoma. We propose that conducting serial 

biopsies in animal models will help streamline the process of preclinical testing of novel drug 

treatments, with the added benefit of reducing the number of animals required for the 

screening process. 
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2. Materials and methods: 

2.1 Cell culture. 

Human U87MG glioblastoma cells acquired from the ATCC were cultured in DMEM containing 

antibiotics (penicillin/streptomycin), glutamax and 10% foetal bovine serum. The cells were 

transduced with retrovirus to enable expression of a constitutively active form of the EGF 

receptor (EGFRvIII), green fluorescent protein (GFP) and a puromycin 

acetyltransferase/luciferase fusion protein (pacLuc2), using the retroviral expression constructs 

MSCV-EGFRvIII-ires-GFP and MSCV-ires-pacLuc2, respectively. The constructs were kindly 

provided by Drs Suzanne Baker and Richard Williams of St Jude Children’s Research Hospital 

(Memphis, USA). In preparation for intracranial implantation, cells were trypsinised, washed, 

and resuspended in matrigel to a final concentration of 50,000 cells per microliter. 

2.2 Intracranial implantation. 

All animal research was conducted according to protocols approved by the Telethon Kids 

Institute Animal Ethics Committee based on the NHMRC “Australian code for the care and use 

of animals for scientific purposes” guidelines. Balb/c nude mice were purchased from the Animal 

Resources Centre (Murdoch, Western Australia) and housed in sterile individually ventilated 

cages with access to food and water ad libitum. All mice were given subcutaneous 

buprenorphine injections (0.1mg/kg) as pre-emptive analgesia. Mice under deep anesthesia 

after intraperitoneal injection (i.p) with ketamine/medetomedine cocktail (100mg/kg and 

10mg/kg, respectively), were ear notched and prepared for surgery with alcohol and iodine 

swabs to sterilise the scalp. Mice were placed in a stereotactic frame (Kopf) and a small linear 

incision was made over the right frontal region. The pericranium was gently removed and a small 

burr hole was made using a dental drill (Osada) 3mm behind the Bregmatic suture and 1mm 

lateral to the midline. The dura was exposed and opened, and the brain surface washed with 
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artificial cerebrospinal fluid (aCSF). The previously resuspended cells were drawn up in to a 

sterile Hamilton syringe bearing a 26G unbevelled needle for implantation. The syringe was then 

placed in the z-axis of the stereotactic apparatus and used to accurately deliver cells at a depth 

of 1.5mm into the cortex using specific coordinates defined for the mouse brain in the Mouse 

Brain Atlas [117]. After implantation of 1µL of cell suspension the wound was sealed with 

cyanoacrylate and the mice were given subcutaneous carprofen (5mg/kg) for analgesia, and 

atipamezole (0.5mg/kg) to reverse the effects of medetomidine. To further alleviate pain, mice 

were given ibuprofen in drinking water (115 μg/mL) for four days as a post-operative analgesic. 

2.3 Postoperative imaging. 

After intracranial implant, tumour growth was assessed once-weekly using bioluminescence 

imaging starting seven days post-surgery. Mice were injected with 150mg/kg i.p. D-Luciferin (the 

substrate of the firefly luciferase enzyme, purchased from Caliper Life Sciences), anaesthetised 

with 2% isoflurane in oxygen and images were captured every minute over a 20 minute interval 

using an IVIS Spectrum in vivo bioimaging system (Caliper).  The intensity (photons/sec) of light 

in captured images was quantified using the LivingImage 4.3 software. 

2.4 Drug treatment. 

Dacomitinib (PF-00299804) was kindly provided by Pfizer (New York City, NY, USA). The drug 

was administered orally at 30mg/kg in 50mM sodium lactate buffer (pH 4). 

2.5 Open biopsy technique. 

Once tumour bioluminescence reached a predetermined level (approximately 107 photons/sec), 

mice were given pre-emptive analgesia (subcutaneous buprenorphine; 0.01mg/kg) 30 minutes 

prior to surgery. The animals were prepared for surgery with alcohol and iodine swabs to 

disinfect the scalp. The eyes were protected from drying out with petrolatum ophthalmic 

ointment. Once anaesthesia was at an appropriate level, mice were placed in a stereotactic 
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frame. The old incision from stereotactic implantation was re-opened and slightly extended as 

necessary to expose the previous burr hole. Using a dental drill, the burr hole was expanded 

slightly to gain access to the implanted cortex and tumour. A dissecting microscope with a digital 

camera, and a light source and emission filter to detect GFP (Leica), were used to distinguish 

tumour from normal cortex. Under low magnification, a section of tissue from within the region 

of GFP fluorescence was selected for resection. Using McPherson-Vannas microdissection 

scissors (Roboz) a small incision was made through the pia mata and extended around in a small 

square. The incision was deepened slightly and undercut to release it from the underlying white 

matter. The tissue sample was gently teased out using forceps, and scissors were used to dissect 

it completely from the surrounding tissue. Tissue was fixed by immersion in to 4% 

paraformaldehyde (PFA) in PBS for 15 minutes. The samples were cryoprotected by immersion 

in 25% sucrose in PBS overnight prior to freezing in optimal cutting medium (OCT, Sakura). Any 

bleeding encountered during the procedure was stopped by gentle irrigation with aCSF, 

followed by application of gentle pressure and oxidized regenerated cellulose haemostatic agent 

(Surgicel Fibrillar (Ethicon)). Once haemostasis was achieved, any remaining haemostatic 

material was meticulously removed as it blocked the light produced by luciferase, and interfered 

with bioluminescence imaging. Following the procedure, the wound edges were opposed and 

sealed with cyanoacrylate glue. To alleviate pain, mice were given ibuprofen (115 μg/mL) in 

drinking water for four days as a post-operative analgesic. 

2.6 Postoperative neurological injury severity assessment 

After biopsy, each mouse was evaluated daily using a ten-point neurological severity score (NSS), 

slightly modified from the system described by Beni-Adani et al. [118]. A description of the NSS 

criteria is presented in Table 1. For each failed task the mouse receives 1 point. The maximum 

NSS equals 10 (failed all tasks). NSS was assessed for all animals in control and biopsy groups, 

and compared with tumour-bearing animals that were not biopsied to ensure any changes in 
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neurology were biopsy-related and not caused by tumour progression. Individual mice were 

placed in a purpose-built obstacle course and assessed according to the NSS criteria on a daily 

basis. The assessments were carried out by two independent observers (SR and JH – a 

veterinarian not directly involved with the biopsy process). The scores were recorded for animals 

undergoing first biopsy until baseline NSS was reached, and then again after a second biopsy. A 

control group included tumour-bearing animals that did not undergo the biopsy procedure so 

as to address any neurological deterioration related to tumour progression. 

Task NSS 
points 

Presence of mono or hemiparesis 1 
Inability to walk on 3cm wide beam 1 
Inability to walk on 2cm wide beam 1 
Inability to walk on 1cm wide beam 1 
Inability to balance on 0.5cm wide beam 1 
Inability to balance on 0.5cm diameter round stick 1 
Failure to exit 30cm circle within 2 minutes 1 
Inability to walk straight  1 
Loss of startle reflex 1 
Loss of seeking behaviour 1 

Maximum 10 
Table 1. Criteria for neurological injury assessment based on a neurological severity score 

(NSS). 

 

2.7 Animal euthanasia and tissue collection. 

This study was carried out in strict accordance with the recommendations in the “Guide for the 

Australian Code of Practice for the care and Use of Animals for Scientific Purposes”. The protocol 

was approved by the Animal Ethics Committee of the Telethon Kids Institute, Western Australia 

(Permit Number: AEC#:241).  

Animals were monitored daily for signs of tumour-related morbidity including head doming, 

lethargy, ataxia, and weight loss.  Upon the onset of symptoms mice were euthanised using an 
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anaesthetic overdose of avertin (500mg/kg i.p 2-2-2 tribromoethanol in tert amyl alcohol).  Once 

unresponsive, mice were transcardially perfused with 10mL of phosphate-buffered saline (PBS). 

Brains were harvested and fixed by immersion in PBS containing 4% PFA at 4°C overnight.  The 

fixed brains were then divided coronally across the tumour site.  One half was cryoprotected in 

25% sucrose in PBS overnight, and the other half was processed and embedded into paraffin. 

 2.8 Immunohistochemistry. 

Biopsy samples were transferred to Superfrost glass slides (Menzel-Glaser) after cryosectioning 

at 10µm. Antigen retrieval was performed after three washes in PBS solution to remove excess 

OCT. Slides were incubated for five minutes at room temperature after covering sections in 

antigen retrieval solution (1% sodium dodecyl sulphate in PBS as previously described [41]). 

Residual SDS was removed by a further three washes in PBS before transferring to Tris-buffered 

saline (TBS) for preparation of initial antigen blocking in TBS containing 0.01% Tween-20, 10% 

normal goat serum, and 0.01% Thimerosal. Slides were incubated for one hour at room 

temperature before primary antibody incubation overnight (4oC) for phospho-EGFR (Y1068) 

(Cell Signalling, 2234) diluted in antibody diluent (TBS containing 2% normal goat serum, 0.01% 

thimerosal and 0.01% Tween-20) at 1:200. After three washes in 1xTBS/0.01% Tween-20, 

antibody binding was detected using DAB according to the manufacturer’s instructions 

(VECTASTAIN Elite ABC kit, Vector Laboratories). Slides were rinsed in distilled water and 

counterstained for 5 minutes using Gill’s Haematoxylin, dipped in 2% acetic acid, dipped in 

distilled water, followed by bluing reagent for 45 seconds before final dehydration in 30 second 

steps of 20%,50%,70%,95%, 100% ethanol, and finally xylene. Sections were mounted in 

Permount (Fisher). 
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3. Results: 

3.1 Biopsy of mouse brain is associated with minimal neurological morbidity. 

To determine if biopsy of mouse brain tumours is a viable procedure, we induced tumours in 

mouse brain by intracranial implantation of human glioblastoma cells that expressed GFP and 

luciferase. A biopsy technique was then developed and performed to determine if histological 

information could be gained from the extracted tissue, and to ensure animals were able to 

tolerate the procedure. The process of brain biopsy involves a significant risk of morbidity and 

mortality particularly in eloquent brain regions. To ensure animal welfare was maintained we 

incorporated a means to measure neurological injury related to the procedure, using a validated 

NSS previously established for animal models of head injury [118]. This 10 point scoring system 

evaluated seeking behaviour, balance, and ability to walk on various platforms of reducing 

width. Animals were assessed daily after surgery in a purpose-built course, to identify any effects 

of neurological injury. In order to ensure the scoring was unbiased, assessments were conducted 

by the main author (SR) and a veterinarian (JH). Despite the relatively large tissue samples 

obtained (approximately 1mm3), very little morbidity resulted from the procedure on day 1 after 

first biopsy (Mean NSS = 1.7, range 0 – 3). So as not to confound the scoring with any potential 

neurological deterioration related to tumour progression, a group of control mice was included 

(n = 8) that underwent implantation at the same time as the first biopsy group. This cohort 

underwent daily assessment concurrently with the biopsy group for five days after first biopsy 

(Fig. 1, control). Notably, neurological morbidity returned to baseline by day five after biopsy. 

The mice in the operative group then underwent drug treatment (discussed further below) and 

a subsequent second biopsy was performed at the original site. Again, minimal neurological 

morbidity was noted (mean NSS = 1.5, range 0 – 4), which returned to baseline after five days. 

No statistically significant differences in NSS between each of the groups were detected. 
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The biopsy procedure itself did not result in animal mortality. Failure to recover from 

anaesthesia was observed in one instance, which is a rare but not uncommon occurrence as 

maintenance of mice in a uniform plane of anaesthesia is challenging. These data show that 

multiple biopsies of mouse brain tumours are achievable, and neurological sequelae as a 

consequence of the procedure are transient and reversible. 

 

 

Figure 1. Biopsy-related neurological morbidity is minimal and reversible.  

Mean neurological severity score (NSS, error bars indicate standard deviation) was assessed for all animals in control 
(tumour-bearing, no biopsy) and biopsy groups. Controls (n=8) were assessed for five days. “Biopsy 1” animals (n=22) 
were assessed for 5 days after one biopsy. “Biopsy 2” mice (n=14) having recovered after biopsy one, were biopsied 
a second time and assessed for another 5 days. The biopsy procedure was associated with minimal morbidity and 
mice recovered to scores equal to controls by day 5 (NSS = 0.73 vs 0.57, p=0.68). After a second biopsy there was 
minimal initial neurological injury (NSS = 1.5) on day 1 after biopsy, which returned to baseline level by day 5 (NSS = 
0.81 vs 0.57, p=0.51). 

 

3.2 Serial biopsy provides adequate tissue samples for histological analysis. 

We wanted to determine if biopsied tissue was histologically informative in a preclinical setting. 

The biopsy procedure was significantly aided by using an orthotopic transplant model, where 

the cells had been modified to express a fluorescent marker, in this case GFP. This enabled 

accurate location of the tumour in situ (Fig. 2A). After removal of the tumour sample, detection 

of GFP was again employed to confirm that the tissue sample consisted mainly of tumour cells, 

with minimal or no normal brain tissue contamination (Fig. 2B & C). 



49 
 

All biopsy samples were fixed and snap frozen in OCT prior to sectioning and histochemical 

staining. The main difficulties encountered were related to the processing of the very small 

tissue samples. Cryosections were preferred over paraffin embedded tissue because the biopsy 

samples were so small that paraffin processing was impractical. The traditional antigen retrieval 

process of boiling sections prior to immunohistochemistry initially led to loss of the samples 

from slides.  

 

Figure 2. Micro-dissection can successfully remove a tumour biopsy sample from the murine cerebral cortex. 

Intraoperative images showing a fluorescent tumour in situ expressing GFP (A) and after removal, where the 
biopsied tissue is marked with a white arrow (B and C). 

 

Despite the small size and minor artefacts from processing (such as ice crystals) of the extracted 

tissue, adequate tissue samples were reliably obtained from all animals. 
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Figure 3. Histological integrity is maintained in biopsy samples. 

A representative image of a paraffin section from a biopsy sample. Immunohistochemical staining for 
phosphorylated EGFR (brown) illustrates a clear demarcation between the EGFRvIII expressing tumour cells and 

normal brain. Sections were counterstained with haematoxylin (blue). Scale bar represents 100m. 

3.3 Tissue obtained by biopsy can be used to determine effects of treatment. 

Previous work determined that inhibition of EGFRvIII phosphorylation by the pan-ERBB receptor 

inhibitor dacomitinib, could be detected in whole tumour-bearing mouse brain at two hours 

post-treatment (Fig. 4).  

 

Figure 4. Dacomitinib-induced inhibiton of EGFRvIII in mouse brain. Mice bearing orthotopic xenografts of U87MG 
expressing EGFRvIII (U87+vIII) were treated with vehicle or dacomitinib. Tumour tissue was harvested after 2 hours, 
and inhibition of EGFRvIII was determined by immunohistochemical staining for phosphorylation of tyrosine 1081 
(brown). Sections were counterstained with hematoxylin (blue). Scale bar applies to both images. 

To determine if inhibition of EGFRvIII phosphorylation could be detected in biopsied material, 

tumours were initiated by intracranial implantation of U87MG expressing EGFRvIII, GFP and 
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Luc2. Once tumours were established (as confirmed by bioluminescence imaging) an initial “pre-

treatment” biopsy was performed, using GFP expression as a guide. Animals were monitored 

using the NSS until no evidence of neurological damage was seen. Mice were then treated with 

dacomitinib, and a second biopsy was performed after two hours. Animals were allowed to 

recover, and were euthanised once tumour-related morbidity was observed. 

All biopsied tissue underwent cryo-sectioning and the intensity of immune-histological staining 

for phospho-EGFR before and after treatment with dacomitinib was compared. Reduced 

phospho-EGFR was observed in five out of eight of the post-treatment biopsies (Fig. 5). Despite 

minor inconsistencies, these data illustrate that this surgical biopsy technique can isolate 

tumour tissue which retains biologically relevant information for preclinical assessment of drug 

treatment. 

 

Figure 5. Tumour response to kinase inhibitor therapy can be observed in biopsied tissue. Tumour-bearing animals 
underwent surgical biopsy (pre-treatment) followed by a period of recovery before each was treated with 30mg/kg 
dacomitinib to inhibit EGFR. After 2 hours, a second biopsy was performed (post-treatment). Immunohistochemical 
detection of phosphorylated EGFR (Y1068, brown) in cryosections of biopsied tumours demonstrates that EGFR 
phosphorylation was significantly reduced after treatment with dacomitinib (lower row). Four representative mice 
are shown (#735, #736, #765 and #768). Sections were counterstained with haematoxylin (blue). Scale bar 

represents 100m. 
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4. Discussion:  

Preclinical assessment of new therapies for cancer is an essential part of the pharmacological 

drug development pipeline. This study confirmed that serial brain tumour biopsies can be 

conducted successfully and reliably in mice to obtain tissue samples for histological processing 

with minimal impact on neurological morbidity. To evaluate the technique, an orthotopic 

xenograft model of glioblastoma was used. There are two main reasons for modelling brain 

tumours in animals. Firstly, to identify genetic and molecular events associated with tumour 

formation, thereby identifying new targets for treatment and broadening our knowledge of the 

underlying mechanisms of oncogenesis, and secondly, relevant to this report, to evaluate 

potential therapeutic strategies [120]. The serial biopsy method described here, has the 

potential to provide tissue samples at various stages of treatment or tumour development from 

a single mouse. 

Stereotactic needle biopsy is a commonly used procedure to identify lesions in humans that may 

not be easily accessible surgically or where there is diagnostic uncertainty. It provides useful 

cellular and histological information about tumour type and grade [112], and has been shown 

to have a diagnostic accuracy ranging between 80 and 96.7% [121]. Despite being essentially a 

blind procedure, it is relatively safe with a low reported morbidity of 3.2% and mortality of 0.6% 

in humans [122]. However, it is associated with incorrect diagnoses or no diagnosis in up to 17% 

and 35% of cases [112], respectively. Due to the small size of the mouse brain, and the relatively 

large size of human needle biopsy equipment, this technique is rarely used in murine models. 

Instead, histological examination after animal sacrifice is more commonly utilised to monitor 

molecular characteristics within the tumour, requiring the use of large numbers of animals. The 

process is also time consuming and does not allow the monitoring of temporal changes in the 

tumour during treatment. 
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An alternative to needle biopsy is open biopsy: a technique used for human tumours, which 

allows direct visualisation of abnormal tissues and surrounding structures. This method provides 

a potential reduction in rates of missed diagnosis experienced with needle biopsy. Moreover, 

larger tissue samples can be obtained making histological analyses easier, with a lower risk of 

haemorrhage from blindly probing vessels. However, the procedure may be associated with 

slightly higher overall risk and may take longer. Here, we observed that the technique of open 

free-hand biopsy translated better to animal work with mouse models. 

Glioblastoma in humans is a diffusely infiltrating primary brain tumour. It is known that extent 

of resection is associated with improved median survival in high grade glioma [123], yet defining 

a tumour margin at surgery is notoriously difficult. In order to better circumscribe surgical 

resection 5-aminolevulinic acid (5-ALA), a pro-drug that causes fluorescent protoporphyrins to 

accumulate in malignant glioma, has been trialled [124, 125]. Using a modified intraoperative 

microscope, 5-ALA causes tumour tissue to emit red fluorescence under blue light illumination 

in human patients. In the mouse model described here, GFP, a fluorescent reporter expressed 

by the tumour cells, was utilised to ensure accurate identification of tumour from surrounding 

normal brain. In a similar way to 5-ALA, GFP allowed accurate identification of tumour tissue at 

the time of surgery, and confirmation of tumour in the biopsy sample after removal. 

We were able to show a response of the brain tumours to drug treatment as evidenced by a 

reduction of phosphorylated EGFR in the majority of samples following treatment with 

dacomitinib. However, this target inhibition was not entirely consistent across all samples. This 

is likely due to technical reasons, such as inaccurate drug administration. In addition, analysis of 

the intensity of staining was slightly confounded by the presence of an “edge effect”, or an 

artefactual increase in staining around the edge of the fixed tissue specimen. This may also have 

contributed to the variability, which was exacerbated due to the small size of the biopsy. From 

previous studies, it has been shown that surgical procedures and postsurgical tissue processing 
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can significantly affect gene expression and the EGFR-pathway proteins [126]. As such, it is 

possible that the variability we experienced with assessment of response to treatment may also 

be procedurally related. To address this, future studies should aim at standardising treatment 

protocols and/or assessing other predictive biomarkers less sensitive to processing artifacts. 

Despite these sources of error, the biopsy procedure consistently provided quality tissue 

samples for histological analysis. 

Although orthotopic xenografts were used in this study, the results are relevant to other 

preclinical models of brain cancer. For example, brain tumours in genetically engineered mouse 

models (GEMMs) can now be identified by small animal MRI. Many spontaneously arising brain 

tumours in GEMMs are molecularly diverse due to the acquisition of secondary mutations. 

Mutations affecting the PTEN, TP53 and RB1 pathways are known to be obligate events in the 

pathogenesis of human glioma. Mouse models that mimic these mutations in the brain develop 

a range of different astrocytic tumours, including anaplastic astrocytoma (grade III), 

glioblastoma and gliomatosis cerebri [127]. In addition, these tumours exhibit mutations in 

multiple different RTKs, such as Egrf and c-Met. If these tumours were to arise in an easily 

accessible area, our biopsy method could be advantageous, not only to confirm the type of brain 

tumour, but also to provide molecular information such that the same mouse could be used for 

subsequent testing of targeted inhibitors. 

To our knowledge, this is the first report of a serial biopsy method for mouse brain tumours. 

More recently, Kim et al designed an optical probe within a 22G needle that could be used to 

conduct deep brain imaging in situ (>1mm). The procedure could be performed in serial 

experiments relatively rapidly and was shown to be associated with minimal neurological injury 

[128]. Currently, however, the method is limited to tumour models that express specific 

fluorescent reporters (such as GFP). As such, the use of the technique is limited, and not able to 
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assess the wide variety of molecular changes within a tumour that can be assessed using a biopsy 

and histological examination of extracted tissue. 

Future directions for this technique include its application in transgenic models and in the 

analysis of different types of tumours. Anticipated difficulties with the external validation of the 

technique include problems with locating the tumour for biopsy, and tumours arising in more 

eloquent areas of mouse brain, such as the cerebellum. However, these difficulties can be 

overcome with the use of imaging modalities such as MRI to identify the precise location of the 

tumour and allow determination of stereotactic coordinates prior to biopsy. The analysis of the 

samples could be extended to include not only IHC but also techniques to genotype the samples, 

such as DNA copy number analysis to detect amplification in RTK genes. This would not only 

enable an assessment of response to treatment with novel agents, but also allow evaluation of 

genetic heterogeneity in serial samples. 

 

5. Conclusion: 

Despite the use of tumour tissue banking, the rarity of brain tumours means that reliable 

preclinical models are in short supply. The disparity between the low volume of tissue available 

and the large number of possible therapeutic targets, highlights the importance of mouse 

models for these diseases. With the trend in the clinic moving towards target-specific 

chemotherapy, it first needs to be determined which of these agents has potential to be 

therapeutically beneficial and define the characteristics of tumours that are likely to respond to 

treatment. The serial biopsy method described here for preclinical brain tumour models will 

help achieve this goal. The ability to obtain serial tissue samples during the treatment phase will 

enable more accurate and efficient preclinical assessment of drugs, facilitating a more rapid 

translation to brain tumour clinical trials. 
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Chapter 5. 

General discussion: 

Paediatric brain tumours are the second most common form of childhood cancer and the most 

common cause of cancer death in this age group. Since 1975, the five-year survival rate of acute 

lymphoblastic leukaemia has improved dramatically from 57% to 90%. Unfortunately, in terms 

of patient survival, paediatric brain tumours including medulloblastoma, ependymoma and 

astrocytoma are still lagging behind [129].  

Ependymoma is the third most common paediatric intracranial tumour. Current optimal disease 

control in children is obtained by gross total resection of tumours combined with adjuvant 

radiotherapy. Despite this, best estimates of five-year survival remain around 81% [129]. To date 

no chemotherapeutic agent has been reliably shown to improve upon overall survival. 

Ependymomas are been categorised according to the World Health Organisation on the basis of 

their histological appearance, and are assigned as Grade I-III. Yet this histological classification, 

of what are typically biologically diverse entities, has been criticised as being overly simplistic 

[3]. With the advent of techniques allowing rapid genomic analysis, enormous efforts have been 

devoted to classifying and subgrouping paediatric ependymoma and medulloblastoma on the 

basis of aberrant signalling pathways [3, 110] in the hope that subgroup classification will enable 

development of molecularly-driven treatment paradigms, that in turn will encourage a more 

targeted approach to therapy. This more precise approach to therapy is driven by the hypothesis 

it will reduce the morbidity associated with broad spectrum therapies like radiation and 

cytotoxic chemotherapy.  

Ependymomas can form in multiple anatomical locations within the CNS and appear 

histologically indistinguishable. Yet despite this, they display a surprising array of clinically and 

molecularly distinct subgroups [130] which have been shown to strongly correlate with age, 
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signalling pathways and tumour location [45]. Chapter 3 in this thesis explored one particular 

type of rare tumour, the myxopapillary ependymoma, with its propensity to be located within 

the conus medullaris in humans. In this study, two unusual clinical presentations similar in 

location and phenotype were explored using HM450K array profiling. A comparison of the 

methylation status of selected genomic loci was performed and compared with a reference 

library of 53 previously profiled cases (31 myxopapillary ependymoma and 22 spinal 

ependymomas). The molecular signatures correlated well with the histological appearances and 

on this basis showed a clear demarcation between myxopapillary and spinal tumours. 

The identification of radial glial cells as candidate stem cells of ependymoma has helped to 

explain the clinical heterogeneity these tumours possess [130], and molecular profiling has 

illuminated a range of recurrent, potentially-targetable genetic alterations. The corollary of this 

is that each molecular subgroup may respond differently to chemotherapeutic agents. Novel 

treatments currently have proven difficult to develop due to the lack of appropriate in vivo and 

in vitro models. Paediatric brain tumours are rare and, despite the use of tumour tissue banking, 

the availability of tissue samples for pre-clinical studies is scarce. The disparity between the 

quantity of tumours available to generate new models, and the large number of possible 

therapeutic targets further emphasizes the importance of developing mouse models for these 

diseases and the need for the appropriate tools to assess response to treatment.  

Xenograft models where human ependymoma cells are implanted into mouse brain can 

accurately reproduce characteristic features of these tumours and are, therefore, invaluable. 

None of the models described are perfect and there is some major concern regarding the degree 

to which the tumour-environment interactions may be different. Matching cell lines have also 

been made from these models, and although some treatments have been effective in vitro, 

efforts to reproduce these effects in vivo have been disappointing [131]. The extent to which 

these human ependymoma cells experience genetic or epigenetic “drift” causing them to lose 
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identity with the original sample is unknown. Furthermore, these models depend on immune-

deficient mice and there is now good evidence that the immune system plays an important role 

in tumour development and response to treatment [132].  

Many studies have ignored the fact that tumour cells in general adapt their phenotype within 

their specific cellular microenvironment and that stochastic events occur in order to maintain 

the cellular equilibrium [133]. The use of serial biopsy would allow confirmation that appropriate 

molecular aberrations, relevant to the drug being tested, are present and, most importantly, 

provide a tool by which to assess response to treatment. Chapter 2 highlights the importance of 

translational research in testing novel therapeutics and the difficulties that have been 

encountered with designing the appropriate models that can accurately recapitulate the human 

form of disease. The ability to assess response to therapy in these models traditionally has 

required large numbers of animals to be used and sacrificed in order to obtain histological 

samples at different stages of treatment. A review of the literature regarding techniques to 

assess response to treatment in animal models is presented which identified a number of 

invasive and non-invasive methods. However, there was a paucity of literature regarding serial 

biopsy techniques for murine brain tumour models.  

Chapter 4 describes a unique method of serial biopsy within the same animal during a period of 

treatment. This allows immuno-histological examination of tissue samples at set time points. As 

such this provides a way of not only monitoring treatment response by allowing quantification 

of the expression of tumour proteins but also to examine directly the effect of novel agents on 

their targets. The technique was shown to be reproducible, and to reduce the number of animals 

required per study, with minimal morbidity to the animals involved.  The hope being that it will 

help achieve the goal to enable more accurate assessment of drugs and their target specific 

actions in the lab, and thus facilitate easier translation to clinical trials. 
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The development of animal MRI facilities, which utilise MR spectroscopy capabilities, will help 

identification of metabolite biomarkers which may provide a quantitative method of measuring 

response of a tumour to chemotherapeutic agents, described in chapter 2. Further advances in 

in vivo imaging techniques has provided an invaluable insight into the ultrastructural changes 

that occur during tumour metastasis and changes that occur in response to radiotherapy. Finally, 

as these modalities evolve they may potentially represent the future of non-invasive 

investigations that supersede the current histological gold standard. 
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