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Glioblastoma (GBM), a genetically heterogeneous disease, has a significant burden on our society.  Currently, the standard 

treatment for newly diagnosed GBM patients consists of surgery followed by concomitant radiotherapy and temozolomide 

chemotherapy, resulting in a median survival of 12-15 months.  Targeted therapies are being developed to inhibit oncogenes 

based upon GBM molecular profiling, though have not been as successful as expected.  Our understanding of DNA and RNA 

alterations in GBM has grown considerably over the past few years.  However, our understanding of the lipid biology, 
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by an enzyme expression profile favouring ceramide catabolism and S1P formation, including upregulation of acid ceramidase 

(ASAH1) and sphingosine kinase 1 (SPHK1), and a down regulation of S1P phosphatase 2 (SGPP2).  Significantly, C18 

ceramide was reduced 5-fold in GBM compared to NGM, while S1P was increased in GBM by approximately 9-fold compared 

to NGM.  Based on the sphingolipid profiles, ASAH1 and SPHK1 were assessed for functional relevance in vitro.  Using gene 

silencing and pharmacological inhibition, I found SPHK1 to be critical for U87MG-induced angiogenesis through S1P paracrine 

signalling, which was independent of VEGF levels. EGFR mutations were associated with increased C16 and C22 ceramide 
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outcome.  In contrast low S1P levels in tissue combined with MGMT methylation was associated with a good survival outcome. 

Overall, the data presented in this thesis reaffirm the importance of sphingolipid metabolism in GBM biology, reflected by a shift 

in the ceramide-S1P balance, favouring the pro-angiogenic S1P.  Additionally, sphingolipid interactions with altered genetic 

pathways and potential biomarker capacity are novel findings that require further validation, with the hope of informing and 

monitoring therapeutic responses for GBM patients. 
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Abstract  

Glioblastoma (GBM), a genetically heterogeneous disease, has a significant burden on 

our society.  Currently, the standard treatment for newly diagnosed GBM patients 

consists of surgery followed by concomitant radiotherapy and temozolomide 

chemotherapy, resulting in a median survival of 12-15 months.  Targeted therapies are 

being developed to inhibit oncogenes based upon GBM molecular profiling, though 

have not been as successful as expected.  Our understanding of DNA and RNA 

alterations in GBM has grown considerably over the past few years.  However, our 

understanding of the lipid biology, specifically sphingolipids, in GBM is lagging and 

may prove useful in the arsenal of targeted therapies.  The sphingolipid pathway 

contains lipid signalling molecules, which modulate cellular survival through the 

balance of ceramide, a pro-apoptotic metabolite, and Sphingosine-1-Phosphate (S1P), a 

pro-survival metabolite.  

Herein, I characterise for the first time the sphingolipid profile of normal grey matter 

(NGM), diffuse astrocytomas (AII), anaplastic astrocytomas (AIII), and GBM using 

liquid chromatography tandem mass spectrometry.  The lipid profile is supported by an 

enzyme expression profile favouring ceramide catabolism and S1P formation, including 

upregulation of acid ceramidase (ASAH1) and sphingosine kinase 1 (SPHK1), and a 

down regulation of S1P phosphatase 2 (SGPP2).  Significantly, C18 ceramide was 

reduced 5-fold in GBM compared to NGM, while S1P was increased in GBM by 

approximately 9-fold compared to NGM.  Based on the sphingolipid profiles, ASAH1 

and SPHK1 were assessed for functional relevance in vitro.  Using gene silencing and 

pharmacological inhibition, I found SPHK1 to be critical for U87MG-induced 

angiogenesis through S1P paracrine signalling, which was independent of VEGF levels. 

EGFR mutations were associated with increased C16 and C22 ceramide levels.  For the 
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first time, I measured sphingolipid metabolites in plasma extracted from GBM patients 

and healthy controls.  Elevated levels of S1P were found in GBM plasma and together 

with tumour S1P levels, were associated with a poor survival outcome.  In contrast low 

S1P levels in tissue combined with MGMT methylation was associated with a good 

survival outcome. 

Overall, the data presented in this thesis reaffirm the importance of sphingolipid 

metabolism in GBM biology, reflected by a shift in the ceramide-S1P balance, 

favouring the pro-angiogenic S1P.  Additionally, sphingolipid interactions with altered 

genetic pathways and potential biomarker capacity are novel findings that require 

further validation, with the hope of informing and monitoring therapeutic responses for 

GBM patients.  
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Chapter 1: Literature Review 

1.1 Introduction 

Significant improvements in survival, reduced morbidity, and improved quality of life 

have been seen for many cancer patients.  Cancer nowadays does not hold the same 

connotation of being incurable, with the exception of a few types.  Malignant brain 

tumours remain a difficult entity to treat and improve survival times and when 

diagnosed, the impact on a patients’ life is devastating.  Diffuse gliomas are the most 

common form of brain tumour in adults.  Gliomas are typically classified into three 

grades (II-IV) according to the World Health Organisation (WHO) (increased grade in 

accordance with increased malignancy). 

1.2 Normal Brain Parenchyma 

Normal brain tissue is composed of a various number of cellular components, but the 

most important cells of the brain are subdivided into glial cells and neuronal cells, in 

addition to endothelial cells which form the vasculature.  There are equal numbers of 

neuronal and glial cells, with approximately 85 billion of each, though ratios differ 

depending on the brain region [1, 2].  The interconnecting processes of both cell types 

form a mesh network known as the neuropil.  Glial cells, Greek for glue, include 

astrocytes, oligodendrocytes, microglia, and ependymal cells [3, 4].  The brain is 

divided into the cerebral cortex (four lobes), basal ganglia, and limbic system in the 

supratentorial compartment, and the cerebellum and brain stem in the infratentorial 
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compartment.  The cerebral cortex is composed of white and grey matter.  White matter 

is characterised by densely myelinated axonal tracts supported by oligodendrocytes and 

fibrous astrocytes, while grey matter has a mixture of neurons and glial cells 

(protoplasmic astrocytes) [4], hence the variability in tissue colour. 

1.3 Glioma 

Glioma is a broad term to describe glial-derived neoplasms, therefore astrocytomas, 

oligodendrogliomas, and ependymomas fall under this grouping.  However, in the 

following work to be presented, gliomas are in reference to astrocytomas.  Adult 

astrocytomas are subdivided into diffuse astrocytoma (AII), anaplastic astrocytoma 

(AIII), and glioblastoma (GBM).  The spectrum of disease begins in the early stage with 

AII tumours, characterised by infiltrating, well-differentiated, neoplastic astrocytes.  

Cellular density exceeds normal white matter by more than double.  Histologically, they 

are defined by nuclear atypia and pleomorphism.  AII tumours progress to AIII tumours 

in approximately a 3-year window (although time to progression is highly variable).  

AIII tumours are more aggressive, have higher mitotic activity, and similar cytological 

atypia, therefore differentiating AII and AIII tumours can be difficult if non-

representative tumour sections were sampled.  AIII tumours eventually progress to 

GBM in approximately a 2-year window, and accounts for approximately 5-10% of all 

GBMs diagnosed [5, 6].  Where there is progression of a lower grade lesion to GBM, 

these GBMs are termed secondary GBMs (detailed in section 1.4.2.). 
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1.4 GBM 

Primary or de novo occurring GBM, a common glial-derived neoplasm accounting for 

12-15% of all intracranial tumours and 70% of malignant glial-derived neoplasms [6], 

has a poor 5-year survival of 3-9.8% [7-10].  Despite a multimodal treatment approach, 

consisting of surgical resection followed up the Stupp protocol (concurrent 

chemotherapy and radiotherapy, plus adjuvant chemotherapy), the median survival is 

only 12-15 months [11].  Fortunately the incidence is only 3-5 per 100,000 population 

per year, hence it is relatively uncommon [6, 11, 12].  However, GBM has the highest 

burden on society compared to all other cancers for years of life lost (YLL), with an 

average YLL at approximately 20 years [13].  Men are affected slightly more than 

women, with ratios ranging between 1.26:1 to 1.5:1 [5, 6].  The age at clinical 

presentation is frequently between 61-64 years, but it is important to note that it can 

occur at any age.  To put into perspective, approximately 80% of patients diagnosed 

with GBM are above 50 years, and less than 1% is below 20 years of age.  Of note, the 

only proven risk factor linked to the development of GBM is ionizing radiation.  

Moreover, some genetic syndromes such as Li-Fraumeni syndrome, Turcot’s syndrome, 

neurofibromatosis, and Maffucci’s syndrome have been linked to a small number of 

familial cases accounting for GBMs [5, 11, 14].  Recently, in a large nested case-control 

study, stored serum samples were examined for IgE levels in glioma patients (n=594) 

and matched controls (n=1177).  High allergen-specific and total IgE levels were 

inversely associated with glioma diagnosis, and this association was positive 20 years 

prior to diagnosis [15].  GBM is a challenging disease with complex clinical, 

neuropathological, and molecular factors, which has had some modest improvement in 

therapeutic management over the past decades. 
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1.4.1 Clinical Presentation 

The cranial vault is a confined space, whereby the cerebrum can accommodate for small 

variations in the intracranial pressure.  Depending on the location of the tumour, it may 

produce seizures if located in an epileptogenic area, or headaches reflecting a rise in 

intracranial pressure.  These headaches may be accompanied by nausea, vomiting, and 

papilloedema.  Some headaches may be non-specific tension headaches, and therefore 

would delay the diagnosis at times.  Focal neurological deficits, confusion, and 

personality changes can also occur [5, 6, 11].  With vague symptoms, and a fast 

growing tumour, GBMs usually present at a late stage, and therefore pose a challenge in 

treatment.  The tumour is frequently supratentorially, hence affecting any of the cerebral 

hemisphere lobes, and rarely occurs at the optic nerve, cerebellum, or spinal cord.  Brain 

stem GBM is uncommon in the adult population [5, 6].  Tumour involvement in 

eloquent regions, such as the pre-central gyrus responsible for motor function, would 

result in an incomplete total resection.  Moreover, if a dominant lobe is affected, 

surgical resection may result in long-term neurological deficits such as memory loss, 

speech or comprehension deficits, or even cognitive impairment, depending on the area 

infiltrated by the tumour. 

1.4.2 Neuropathology 

In addition to the difficulty in early diagnosis, GBM is a heterogeneous tumour, thus 

creating a challenge in developing a ‘one-treatment fits all’ approach.  Histologically, 

GBM is classified as a WHO grade IV.  The standard histological grading is based on 

microscopic features, which accounts for histologic heterogeneity but not molecular 

heterogeneity.  Nuclear atypia, mitosis, microvascular proliferation, and necrosis are the 
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diagnostic criteria for GBM.  These features do not correspond to differences in clinical 

outcome with the exception of a few debatable subtypes.  Cellular pleomorphism in 

GBM ranging from poorly differentiated cells to well differentiated cells, can be small, 

gemistocytic, granular, large, or have an oligodendroglial component.  Regarding the 

diagnostic criteria, atypical nuclei with a ‘glassy’ cytoplasm is commonly seen, with an 

increase in proliferation identified by mitosis and staining with Ki-67/MIB-1.  

Microvascular proliferation is represented by actively dividing endothelial cells 

alongside pericytes and smooth muscle cells.  Necrosis usually occurs centrally in these 

tumours, as cells continually proliferate and expand outwards, and necrosis may be 

outlined by “palisading” neoplastic cells termed palisading necrosis.  The microvascular 

proliferation and necrosis distinguish a GBM from an AIII tumour [5, 6, 14]. 

Although histologically GBM is classified as a WHO grade IV, further sub-

classifications exist, reflecting the variation in outcome and progression.  Two types 

have been described in 1940 by Scherer, known as primary and secondary GBMs, and 

are summarised below in Figure 1.1 [16].  Primary or de novo GBMs represent 

approximately 90% of the tumours diagnosed, maintaining a short clinical duration of 

less than 3-6 months, with no identifiable precursor lesion, and tend to affect the elderly 

population.  In contrast, secondary or progressive GBMs form the remaining 10%, 

arising from lower grade astrocytic lesions such as diffuse or anaplastic astrocytomas, 

have an average clinical progression interval of 4-5 years, and occur in a younger 

population with a mean age of 45 years [5, 6, 17].  Of interest, secondary GBMs tend to 

have well-differentiated neoplastic cells, while primary GBMs are usually poorly 

differentiated [6].  Molecularly, secondary GBMs are characterised by frequent TP53 

mutations, an absence of epidermal growth factor receptor (EGFR) mutations, and 19q 
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loss [18, 19].  In contrast, primary GBMs are characterised by EGFR amplification, 

frequent phosphatase and tensin homology (PTEN) mutations, and loss of chromosome 

10 [18, 20].  Recently, isocitrate dehydrogenase 1 (IDH1) mutations, associated with a 

hypermethylation phenotype [21], have been described as a cell lineage marker to 

differentiate secondary GBM and primary GBM, which are likely to arise from different 

neural precursors [22]. 

 

Figure 1.1 Primary and Secondary Glioblastoma Characteristics 

A summary of genetic and clinical differences between primary and secondary GBMs is 
presented [22]. 
 

1.4.3 Molecular Pathology 

The variability in molecular profiling and classification continues to evolve constantly; 

reaffirming the heterogeneity and complexity of this tumour.  Primary and secondary 
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GBMs exhibit different genetic aberrations, but this classification has been further 

refined by defining new subclasses.  In 2006, three subgroups of GBM were identified, 

using gene expression profiling, termed as proneural, mesenchymal, and proliferative 

[23].  Further emphasizing the molecular heterogeneity of GBMs, The Cancer Genome 

Atlas (TCGA) Research Network classified GBMs into four subgroups, termed 

classical, mesenchymal, proneural, and neural.  The initial gene expression analysis of 

approximately 200 GBM samples and 2 normal brain samples was further validated 

with an independent sample size of 260 GBMs, collated from previous publications.  

The four subtypes identified describe the molecular heterogeneity of primary GBMs, 

while only the proneural group represents the molecular signature of secondary GBMs.  

Of note, immortalized cell lines did not reflect all four subgroups; instead they mirrored 

the mesenchymal subtype [24]. 

Classical GBMs are characterized by several genomic aberrations, including loss of 

heterozygosity (LOH) on chromosome 10 with amplification on chromosome 7, and 

EGFR amplification including a variant III (EGFRvIII) mutation in more than 50% of 

the subtype.  PTEN mutations are present, but TP53 gene is generally intact.  Moreover, 

other frequent mutations include the homozygous deletion of 9p21.3, affecting cyclin-

dependent kinase inhibitor 2A (CDKN2A), along with the retinoblastoma (Rb) pathway 

are evident.  Overexpression of NES, a stem cell marker, and activation of Notch and 

Sonic hedgehog signalling are associated features of this subtype.  Clinically, the 

classical subtype illustrates a benefit from the standard treatment regimen of concurrent 

radiotherapy and chemotherapy following surgical resection, possibly because the TP53 

gene is unaffected [24, 25]. 
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Similar to the classical category, the mesenchymal subgroup also benefits from the 

standard treatment, but exhibits different genomic alterations.  Loss of the 

neurofibromin (NF1) gene, through 17q11.2 deletions, or mutation is frequent.  In 

addition, overexpression of mesenchymal markers such as met proto-oncogene (MET), 

chitinase 3-like 1 (CHI3L1/YKL40), and the astrocytic markers CD44 and c-mer proto-

oncogene tyrosine kinase (MERTK) are present.  More necrosis is manifested in this 

subtype, which may be attributed to the activation of the tumour necrosis factor (TNF) 

family and NFкB pathways.  Loss or mutations of TP53 and PTEN genes are frequent in 

the mesenchymal subtype [24, 25].  In a recent study identifying a 9-gene set for 

predicting the outcome for GBMs, the mesenchymal subtype correlated with a poor 

survival outcome, while the proneural subtype correlated with a relatively better 

prognosis [26]. 

Interestingly, the proneural subgroup exhibit mutations in the IDH1 gene and 

aberrations in platelet-derived growth factor receptor alpha (PDGFRA) with 

overexpression or mutations.  Additionally, mutations in TP53 and PTEN are present.  

LOH of chromosome 10 and amplification of chromosome 7 are present in the classical 

subtype, but the prevalence in the proneural group is almost at 50%.  Where the 

PDGFRA gene was unaffected, phosphatidylinositol-4,5-bisphosphate 3-kinase A / 

phosphoinositide-3-kinase, regulatory unit 1 (PIK3CA/PIK3R1) mutations were 

prevalent.  Moreover, overexpression of oligodendrocytic genes (e.g. OLIG2) and 

proneural development genes (e.g. SOX) are unique to this subtype.  Notably, the 

proneural subtype is more prevalent in the younger age groups and represents both a 

subset of primary GBMs and the general profile of secondary GBMs [24, 25].   
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The neural subtype is the least defined.  Neurofilament (NEFL), gamma-aminobutyric 

acid A receptor, subunit alpha 1 (GABRA1), synaptotagmin (SYT1), and solute carrier 

family 12, member 5 (SLC12A5) are overexpressed neuronal markers for this category.  

Axonal and synaptic transmissions, along with neuronal projection, were pathways 

associated with these tumours.  Interestingly, the two normal control brains in the study 

were classified as neural, but histologically normal cells were rarely seen in the tumour 

sections [24]. 

Through the molecular profiling and identification of multiple GBM subtypes, 

refinement and specific therapeutic targeting is ongoing to yield a deeper understanding 

of tumour biology and translation into a survival benefit for patients.  Moreover, new 

targets are being pursued, specifically IDH1 mutation [27], which may benefit a 

subpopulation of GBM patients.  Clearly, GBM is a disease spectrum that requires 

personalising treatment management to improve the outcome of current standard 

treatments. 

1.4.4 Treatment 

Identifying beneficial life-prolonging therapies must be taken in the context of the 

patient population.  Currently, there are several known prognostic factors that contribute 

to a survival advantage, which confound results evaluating the efficacy of therapies, 

therefore controlling these factors in clinical studies is essential.  These include age, 

histological features, Karnofsky score, and incomplete tumour resection [28]. 

Although GBM commonly affects patients in their 5
th

 and 6
th

 decades of life, younger 

patients may also be affected.  Age is an independent prognostic factor, whereby older 
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patients tend to survive shorter periods compared to younger patients [29, 30].  

Additionally, the clinical neurological status of patients when first presenting with 

symptoms, determined by the Karnofsky scale, independently affects patient outcome.  

Simply put, patients with poor neurological function at presentation (i.e. loss of speech 

or motor function) would have a worse outcome compared to an aged-matched patient 

that is neurologically intact [29, 30].  However, interactions between these factors have 

been documented.  For example, GBM patients older than 50 years would have a 

favourable outcome if their Karnofsky score was greater than 90 (a score of 100 is 

normal) [28]. 

Surgical resection has been shown to improve survival by approximately 5 months [31].  

Importantly, in a study of 416 patients, a greater safe extent of resection (>98%) 

independently correlated with improved patient survival [32].  Since extent of resection 

may be described differently, an objective approach was applied in assessing the extent 

of resection.  Using a fluorescent guided marker intra-operatively, 5-aminolevulinic acid 

(5-ALA), extent of resection was determined and shown to be an independent 

prognostic marker when taking into account potential treatment bias [33].  In a 

landmark paper in 2005, Stupp et al. demonstrated that combined radiotherapy and 

chemotherapy (TMZ) had a significant survival advantage compared to radiotherapy 

alone.  The median survival increased by 2.5 months, while the 2-year survival 

increased by 16.1%.  As a result, the Stupp protocol has become a standard treatment 

regimen in GBM management, consisting of radiotherapy at 60 gray (Gy) in 30 

fractions, with a TMZ dose at 75 mg/m
2
, followed by adjuvant TMZ at 150-200 mg/m

2
 

for six months [34].  Interestingly, silencing of the MGMT gene through methylation 

was shown to be a positive prognostic factor for patients receiving TMZ [35]. 
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In an attempt to improve quality of life and survival, targeted therapies are being 

investigated to augment current treatment modalities.  Unfortunately, most therapies 

have not successfully translated to the clinical setting, and only recently a single anti-

angiogenic therapy is FDA approved for recurrent GBMs.  

1.4.5 Tumour Angiogenesis 

The concept of tumour-induced angiogenesis as a therapeutic target was proposed by 

Folkman in 1971 [36].  He recognised that for tumours to grow and metastasise, they 

would require the ability to produce their own vasculature stemming from existing 

vessels.  The induction of angiogenesis was thought to originate through the activities of 

a diffusible factor; therefore, intense work in the 1970s and 1980s followed to identify 

and isolate these factors [37].  In 1983, vascular endothelial growth factor (VEGF) was 

discovered from ascites and conditioned media derived from a hepatocarcinoma cell 

line injected into guinea pigs, which was termed Vascular Permeability Factor (VPF) at 

the time, resulting in an increase in microvascular permeability [38].  In 1989, VEGF 

was independently discovered from conditioned media of pituitary follicular cells, 

resulting in a pro-proliferative effect on endothelial cells [39].  In the same year, it was 

identified that VPF and VEGF contain the same sequence, and are indeed the same 

growth factor.  In 1997, a humanised anti-VEGF monoclonal antibody (bevacizumab) 

was developed [40].  Clinically, following positive clinical trials [41, 42], bevacizumab 

was approved for first line therapy in metastatic colorectal cancer in 2004.  Since GBMs 

are characterised as highly vascular tumours, and neoplastic growth is maintained by 

acquiring new blood supply, the selection of an inhibitor to angiogenesis followed 

shortly.  In recurrent GBM clinical trials, bevacizumab has increased progression free 
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survival, and the quality of life (QoL) for patients by reducing steroids required to 

manage tumour oedema [43, 44].  In 2009, bevacizumab was approved as a treatment in 

recurrent GBMs.  However, recent trials of bevacizumab in primary GBM did not 

improve overall survival [45]. 

Although VEGF has been the mainstream anti-angiogenic target for tumours, a recent 

study, screening multiple angiogenic factors on a biomimetic in vitro angiogenesis 

model, identified VEGF and S1P as two critical factors for angiogenesis [46].  Of 

interest, cross-talk between VEGF and S1P was observed previously, whereby S1P 

activation of endothelial nitric oxide synthase (eNOS) involves transactivation of 

VEGFR-2 [47].  Moreover, VEGF potentiates S1P activation of eNOS through 

upregulating S1P1 receptor expression [48].  Of note, S1P1 receptor in endothelial cells 

is essential for stabilising blood vessels [49].  The interlink between VEGF and S1P, a 

soluble sphingolipid with versatile signalling properties, is only one of many features 

that make S1P, and sphingolipids, an important lipid family in disease modulation. 

1.5 Sphingolipids 

In 1884, Thudichum first described sphingolipids, naming them “Sphingosin” due to 

their enigmatic nature [50].  The sphingolipid pathway accounts for 1 of 6 major lipid-

based families in mammalian cells [51].  Moreover, it has known structural and 

metabolic functions, including cell membrane organisation, activation of kinases, 

binding to G protein-coupled receptors (GPCRs), and modulation of transcription 

factors [52, 53].  Functionally, these lipids regulate cellular proliferation and migration, 

modulate inflammation, and support neovascularisation [53-55].  There are several 

sphingolipid hubs, as shown in Figure 1.2 below, with more than 300 distinct 
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metabolites.  All hubs are interconnected in a complex network that recycles most 

metabolites through a ‘salvage’ pathway, with ceramide, sphingosine, and sphingosine-

1-phosphate (S1P) as a central axis in the pathway.   

The most abundant sphingolipid is sphingomyelin (SM), which is ubiquitously found at 

the plasma membrane, and accounts for approximately 10% of brain lipids [56], 

contributing significantly to myelin in white matter [57].  Ceramide, a bioactive 

metabolite, is synthesised through three routes: SM hydrolysis by sphingomyelinase 

(SMase), reacylating sphingosine by ceramide synthases (salvage pathway), or through 

serine and palmitoyl CoA formation (de novo synthesis).  Within each sphingolipid hub, 

except for sphingosine and S1P, different acyl chain lengths are categorised as short 

chain (<C6), medium chain (C6-C12), long chain (C13-C21), and very long chain 

(C22>), which may be either unsaturated, double bonds between carbons (i.e. C=C), or 

saturated, single bonds between carbons (i.e. C–C).  Basic illustrations of sphingolipid 

biochemical structures are outlined in Figure 1.3.  The abundant mammalian 

sphingolipids are long chain and very long chain sphingolipids.  Individually, 

sphingolipids are referred to by the number of carbon atoms forming the acyl chain 

length, such as C18 ceramide or C24 ceramide, which are formed by ceramide synthase 

1 (CERS1) and ceramide synthase 2 (CERS2), respectively.  The difference in acyl 

chain length translates to specific biological functions.  For example, the specific loss of 

C18 ceramide observed in mice with CERS1 mutations resulted in cerebellar ataxia and 

lipo-fusion accumulation [58].  In contrast, CERS2 knockout mice resulted in a 

reduction of C24 ceramide, and biologically a loss of myelin and the development of 

hepatocarcinomas at 7 months [59].  Conversion of ceramide to other complex 

glycolipids, such as glucosylceramide (GlcCer) and galactosylceramide (GalCer), which 
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in turn can be converted to lactosylceramide (LacCer) and sulfatide, respectively, 

maintain the same carbon chain length.  CERS2 knockout mice with neurological 

deficits due to myelin degeneration have been attributed to a reduction in long chain 

GalCer and not just a loss of C24 ceramide [60].  This supports the notion that alteration 

of a specific sphingolipid can have downstream changes to other sphingolipids that is 

characterised as a loss or a compensatory gain, reflecting the interconnectedness of the 

sphingolipid pathway [53].  Importantly, each sphingolipid class contributes specific 

physiological functions, such as supporting angiogenesis for LacCer [61], stabilising 

myelination for sulfatide [62], or promoting migration for S1P [63, 64].  Moreover, the 

structural heterogeneity within a class of sphingolipids can exhibit different biological 

functions, and this will be discussed further within the ceramide family. 

 

Figure 1.2 Schematic Diagram of the Sphingolipid Pathway 

A basic outline of the relationship between the various sphingolipids, noting only a single entry 
point (de novo synthesis) and exit point (S1P catabolism by SGPL1) in the pathway.  
Metabolites are denoted in black, and enzymes forming the ceramide-S1P axis are in blue. 

 

In addition to ceramide conversion back to SM, or glycosylation into GlcCer or GalCer, 

collectively referred to as hexosylceramide (HexCer), ceramide is converted to 

sphingosine through acidic, neutral, and alkaline ceramidases.  Sphingosine, a monoacyl 

lipid, is the simplest functional sphingolipid structure [56].  As an intermediate 
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metabolite between ceramide and S1P, sphingosine has been shown to be a pro-

apoptotic metabolite, although exogenous sphingosine in vitro does not produce an 

apoptotic response in all systems [65, 66].  Sphingosine is then recycled into ceramide 

through the activity of ceramide synthases 1-6 (CERS1-6), which are acyl chain length 

specific, or phosphorylated to S1P.  Sphingosine kinase 1 (SPHK1) and 2 (SPHK2) are 

responsible for S1P formation, while sphingosine 1 phosphate phosphatases and lipid 

phosphate phosphatases dephosphorylate S1P to sphingosine.  Alternatively, S1P is 

degraded irreversibly by S1P lyase (SGPL) into hexadecenal and ethanolamine 

phosphate, and is referred to as the only “exit” to the pathway. 

 

Figure 1.3 Basic Sphingolipid Structures 

SM, ceramide, sphingosine, and S1P biochemical structures are depicted above (from the 
AOCS Lipid Library).  Sphingosine is the simplest structure, forming the backbone for all 
sphingolipids.  Both sphingosine and S1P are single molecular entities, while SM, ceramide, 
and other sphingolipids have varying fatty acid chain lengths, hence have multiple molecular 
entities [56]. 
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1.5.1 Ceramide 

Ceramide, an active sphingolipid mediator, plays a central role as a secondary 

messenger in cell growth arrest and apoptosis, in addition to cellular proliferation and 

differentiation.  Moreover, ceramide has a unique characteristic in inducing plasma 

membrane structural changes as a result of its hydrophobicity, thereby altering signal 

transduction [67].  Since ceramide production impacts cellular fate, it is important to 

understand the formation and metabolism of this bioactive lipid.  The synthesis of 

ceramides can occur in minutes by the catabolism of SM, whereby SMase is induced at 

the plasma membrane by a variety of stimuli.  Alternatively, ceramide generation can 

occur over hours through a de novo process at the endoplasmic reticulum involving the 

condensation of serine and palmitoyl-CoA, leading to the generation of 3-

ketosphinganine, then dihydrosphingosine, and finally dihydroceramide before 

conversion into ceramide [56, 68-72].  The pool of ceramide created from each pathway 

is distinct.  Moreover, different stimuli activate each pathway.  In general, the factors 

that produce cellular stress increase the production of ceramide.  The de novo pathway, 

for example, upon activation by different chemotherapeutic agents, tumour necrosis 

factor-α (TNFα), hypoxia, or FAS/FAS ligand generates ceramide.  The accumulated 

ceramide will lead to growth arrest at the G0/G1 phase, and apoptosis.  Equally, the SM 

pathway is activated by chemotherapeutic agents, radiation (UV or γ), oxidative stress 

or inflammatory cytokines, resulting in rapid hydrolysis of SM at the plasma membrane 

to produce ceramide.  The ceramide generated through the de novo pathway has a 

prolonged elevation compared to ceramide generated through the SM pathway [68, 71].  

Furthermore, it has been illustrated in MCF-7 breast cancer cells that TNFα can activate 

both pathways independently [73].  Of note, although inflammatory cytokines, such as 
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TNFα, induce sphingomyelinase to increase ceramide levels, ceramidase activity is not 

increased; consequently downstream metabolites such as sphingosine and S1P are 

unchanged [74].   

Ceramide, a neutral sphingolipid metabolite, has more than 50 distinct molecular 

species, including dihydroceramide, α-hydroxyceramide, and phytoceramide to name a 

few [53].  Additionally, different head groups may be added to give rise to more 

complex sphingolipids and glycosphingolipids.  Ceramide itself plays an important role 

in the execution of cell death induced by radiotherapy, chemotherapeutics, lethal 

autophagy, or pro-apoptotic TNF family ligands [53, 75-77].  These pro-death functions 

of ceramide are mediated through direct binding to protein targets such as the tumour 

suppressor protein phosphatase 2A (PP2A) [78], Kinase Suppressor of Ras (KSR) [79], 

and autophagy protein LC3B-II [75].  Ceramides also play an essential role in neural 

stem cell differentiation, mediated via direct binding to the kinase PKCζ [77]. 

Although ceramide has been shown to induce apoptosis [80], the premise that all 

ceramides produce a pro-apoptotic response is debatable.  Ceramide chain lengths differ 

in physiological functions, as described above, but more importantly, specific chain 

lengths may produce opposing functions, such as C16 and C18 ceramide.  C16 ceramide 

has been described to have both pro-apoptotic and anti-apoptotic properties.  In prostate 

cancer cells, elevation of C16 ceramide correlated with a loss of mitochondrial mass and 

apoptosis following inhibition of acid ceramidase (ASAH1) with N-oleoylethanolamine 

(NOE) or serum deprivation [81].  However, C16 ceramide in squamous cell 

carcinomas protected against endoplasmic reticulum (ER) stress mediated apoptosis 

[82].  Furthermore, reducing C16 ceramide mediated an increase in activating 
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transcription factor 6 (ATF6) and Golgi fragmentation due to calcium release from the 

ER [83].  Clinically, elevated C16 ceramide levels correlated with positive lymph node 

for breast cancer, suggesting a role in metastasis [84].  In contrast, C18 ceramide 

mediated pro-apoptotic signalling in squamous cell carcinomas through activating 

caspase-3 and caspase-9, and reducing C18 ceramide prevented cellular apoptosis by 

50% for cells treated with gemcitabine/doxorubicin [85].  Interestingly, head and neck 

squamous cell carcinomas (HNSCC) were screened for ceramide chain lengths using 

liquid chromatography tandem mass spectrometry (LC-MS/MS), and identified that 

C18 ceramide was specifically reduced in comparison to adjacent normal tissue [86]. 

Importantly, ceramide activity is opposed by downstream metabolites.  In 1996, the first 

evidence for the rheostat balance between ceramide and S1P was shown in leukaemic 

cells [65].  As mentioned previously, ceramide accumulation can be triggered through 

Fas-ligand or TNF-α stimulation, which results in apoptosis via c-Jun amino-terminal 

kinase/stress-activated protein kinase (JNK/SAPK).  In contrast, platelet-derived growth 

factor (PDGF), stimulating ceramidases and sphingosine kinases to yield S1P [74], or 

protein kinase C (PKC), stimulating sphingosine kinase to yield S1P [65], activates 

extracellular signal-regulated kinase (ERK) pathway.  S1P induction of ERK 

successfully blocked JNK/SAPK activity, thereby preventing ceramide-induced 

apoptosis and producing a cytoprotective effect critical for cellular survival [65]. 

1.5.2 Sphingosine-1-Phosphate 

S1P, an end metabolite of the sphingolipid cycle, has numerous physiological functions.  

As a pleiotropic secondary messenger, S1P has been shown to promote cell growth and 

survival, inhibit apoptosis, alongside modulating cellular migration and invasion.  S1P 
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also plays a role in the angiogenic process through inducing endothelial cell migration, 

in addition to regulating the immune system via lymphocyte trafficking [55].  Crucially, 

S1P is an essential metabolite for vascular and neuronal development.  S1P deficiency 

in mice, which require both SPHK1 and SPHK2 knockout, was embryonically lethal 

due to the development of intracranial haemorrhages, in addition to neural tube defects 

and disruption in neurogenesis [87].  These physiological roles, when applied to 

pathological conditions only further emphasize the importance of this small bioactive 

lipid molecule.  Cancer, inflammation, and the metabolic syndrome are areas which S1P 

is currently being investigated, whereby the levels of this metabolite are elevated [72, 

88]. 

The dual role, intracellular and extracellular, of S1P in signalling reflects its biological 

versatility.  S1P is involved in intracellular signalling as a secondary messenger, and is 

also capable of extracellular signalling as it binds to GPCRs known as S1P1-5.  

Sphingosine, located at the plasma membrane is converted to S1P through the activity 

of SPHK1 or SPHK2.  S1P can then signal intracellularly and have a multitude of 

interactions.  Equally, S1P can signal extracellularly through an ‘inside-out’ 

mechanism, whereby intracellular S1P is secreted via a transporter, thereby S1P can 

bind to its respective cell surface receptors or nearby cells and further propagate the 

signal in an autocrine or paracrine mode [55, 88].  The ATP-binding cassette (ABC) 

family has been implicated as the transporter involved in mediating release of 

intracellular S1P [89, 90].  Moreover, there are seven major subfamilies classed as 

ABCA to ABCG, each containing further subgroups, but only a few are related to the 

export of S1P, such as ABCA1 in astrocytes [91], along with ABCC1 and ABCG2 in 

breast cancer cells [92].  The ABC receptor is cell specific, and would have a varying 
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degree of efficiency, as has been illustrated between endothelial cells in comparison to 

fibroblasts and colon cancer cells [93, 94].  Of interest, circulating S1P found in plasma 

is more abundant than interstitial fluid, and a host of cells including platelets, red blood 

cells (RBCs), and the vascular endothelium all contribute to this phenomenon [93, 95, 

96].  The differential gradient created has an impact on the trafficking of immune cells.  

Notably, S1P is degraded rapidly in plasma, with a 15 min half-life, and is inactive 

when bound to lipoproteins such as albumin or high density lipoprotein (HDL) [52, 88, 

96], although mounting evidence suggests S1P bound to HDL is functionally active [97-

99].  Of note, S1P bound to HDL increases its’ half-life by four folds, hence protecting 

S1P from degradation and increases circulating S1P [88].  This interaction is currently 

being evaluated in the setting of atherosclerosis [88, 100, 101], but the impact on cancer 

regulation has not been defined. 

Extracellular and intracellular S1P signalling is summarised in Figure 1.4 [102].  S1P is 

secreted through an efflux transporter, and binds with low nanomolar (nM) potency to 

S1P1-5 receptors.  The activation of specific receptors stimulates functional responses 

that potentiate cell characteristics or modulate neighbouring cells.  For example, in the 

human GBM cell line U-373 MG, activation of S1P1-3 receptors with 10nM of S1P 

resulted in an increase in cellular proliferation due to ERK2 stimulation [103].  

Additionally, activation of S1P1 and S1P3 receptors in GBM cell lines with 10nM of 

S1P increased cellular motility via Rho and Rac signalling, while activation through 

S1P2 reduced cellular motility through Rho activation, but increased cellular invasion 

through upregulating CCN1/Cyr61 [63, 104, 105].  The antagonistic effect of S1P2 on 

motility and invasion was also confirmed in B16 melanoma cells [106, 107].  Moreover, 

inhibiting S1P1 receptor with a small interfering RNA (siRNA) in vivo for Lewis lung 



21 

 

carcinoma cells significantly reduced tumour volume through reducing tumour-induced 

angiogenesis and vascular stabilisation [108].  Of note, S1P receptor distribution and 

expression is cell specific, therefore activation of a specific receptor does not induce the 

same physiological effect in all cells [64].  In contrast to the functional consequences of 

extracellular signalling, intracellular S1P signalling regulates various proteins to induce 

epigenetic changes, suppress apoptosis, control mitochondrial respiration, and influence 

inflammatory cascades [102].  For example, S1P regulates histone acetylation by 

binding to and inhibiting histone deacetylase 1 (HDAC1) and 2 (HDAC2) through 

SPHK2 activity, in turn, HDAC1/2 directly affects the transcription of cyclin-dependent 

kinase inhibitor p21 and c-fos [109].  The anti-apoptotic property of S1P is mediated 

through upregulating Bcl-2 and Mcl-1, and down regulating Bad and Bax [110-113].  

Another intracellular target of S1P, Prohibitin 2 (PHB2), is localised at the 

mitochondria and regulates mitochondrial respiration.  A reduction in S1P, through 

SPHK2 depletion, or the reduction in PHB2 affected mitochondrial respiration, which 

suggests an interaction between S1P and PHB2 is required for maintaining adequate 

mitochondrial functioning [114].  Recently, S1P has been shown to be a vital co-factor 

for activating NF-κB by binding to TNF receptor-associated factor 2 (TRAF2) and 

resulting in RIP1 polyubiquitination, which is required to facilitate NF-κB dimer release 

[115, 116].  NF-κB downstream regulation influences the immune system and cellular 

fate [117], therefore S1P is implicated in contributing to inflammatory-based disease 

models.  Finally, an important outcome for potentiating S1P signalling is to counteract 

the precursor metabolite [65, 118], ceramide, hence blocking apoptosis, autophagy, and 

senescence; all key pathways induced through ceramide accumulation, and thus creating 

a sustainable environment for cells to survive.  Of note, not all S1P produced inhibits 
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ceramide accumulation.  Intracellular ceramide in HEK 293 cells was reduced due to 

overexpression of SPHK1, which supports an anti-apoptotic effect.  In contrast, 

intracellular ceramide was increased due to the overexpression of SPHK2, which 

supports a pro-apoptotic effect [119].  Of interest, exogenous S1P added to HEK 293 

cells stimulated the incorporation of [3H] palmitate to form C16 ceramide specifically 

through the activity of SGPP1 and ceramide synthases, while the incorporation of L-3-

[3H] serine formed longer chain ceramides through the de novo pathway [120], hence 

suggesting C16 ceramide formation is contributed to significantly through S1P 

recycling more so than the de novo process.  However, S1P can act as an inhibitor to 

specific ceramide synthases (i.e. CERS2), albeit C16 ceramide is commonly produced 

through CERS5/6 and not CERS2 activity [121].  The tight regulation of ceramide and 

S1P is a complex process, and the outcome of cellular fate is likely to depend on a host 

of factors, including enzyme-mediated activation, specific chain length accumulation, 

and subcellular localisation.  
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Figure 1.4 S1P Extracellular and Intracellular Signalling Targets 

Schematic diagram illustrating S1P activity and targets (from Maceyka et al.).  In blue, S1P 
extracellular signalling modulates the microenvironment in a paracrine mode, in addition to 
autocrine activity to promote cellular growth and migration.  In green, S1P intracellular 
signalling affects mitochondrial metabolism, NFκB pathway, and epigenetic regulation.  In red, 
S1P intracellular signalling inhibits ceramide, therefore protects cells from senescence, 
apoptosis, and autophagy [102]. 
 
 

S1P signalling has pleiotropic effects as described earlier, though this is mediated 

through different enzymes associated with forming and degrading S1P, in addition to 

specific S1P receptor activation.  The pathological effects of S1P will be addressed in 

the context of SPHK1, which has substantial sequence homology with SPHK2, but 

differs in subcellular localisation and tissue distribution [122, 123].  SPHK1, described 

previously, is located in the cytoplasm and when activated translocates to the plasma 

membrane to phosphorylate sphingosine to S1P [122].   
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Since the first study that illustrated SPHK1 overexpression results in normal fibroblasts 

acquiring an oncogenic phenotype and developed tumour in vivo [124], several studies 

followed linking an increase in SPHK1 expression with various malignancies.  SPHK1 

overexpression in cancer tissue was reported in breast [125, 126], lung [127, 128], colon 

[129, 130], head and neck [131, 132], and glioma [133, 134].  Clinically, SPHK1 

overexpression correlated with a poor survival outcome in GBM [134], as well as in 

breast [126], lung [128], and gastric cancer [135].  More specifically, in relation to 

GBM, the increased expression correlated with an increase in glioma progression.  The 

study examined more than 200 patient glioma tissue samples, and a direct correlation 

between SPHK1, at the mRNA and protein level, with tumour grade progression was 

identified.  Moreover, the 3-year overall survival for patients with high SPHK1 

expression amounted to 10.3%, in contrast with 57.7% survival for patients with low 

SPHK1 expression.  The authors of the study further advocate that SPHK1 may 

potentially be a prognostic marker for all astrocytomas [133].   

The impact of SPHK1 in oncogenesis has been further delineated in a knockout mouse 

model, in the setting of intestinal tumours, which revealed a significant reduction in 

colon cancer development and tumour size [129, 130].  Moreover, the actions of 

SPHK1 are not limited to promoting cell survival and growth, but seem to extend into 

evading apoptosis and regulating angiogenesis.  The anti-apoptotic effect and 

therapeutic resistance via SPHK1 seems to occur through different mechanisms.  In 

leukaemic cell lines, S1P and SPHK1 stimulation both inhibited cytochrome c and 

Smac/DIABLO translocation from the mitochondria, thereby inhibiting caspase-3 

activation, and preventing apoptosis.  Moreover, SPHK1 inhibition sensitised the cells 

to pro-apoptotic factors [136].  Additionally, in endothelial cell lines, overexpression of 
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SPHK1 resulted in activation of the PI3K/Akt pathway, accompanied with an increase 

in B cell lymphoma gene 2 (Bcl-2), an anti-apoptotic protein, and a decrease in Bcl-2 

interacting mediator of cell death (Bim), a pro-apoptotic protein [137, 138].  In the 

setting of GBM, SPHK1 inhibitors were used to treat temozolomide (TMZ) resistant 

and sensitive cells, and although the study aimed to focus on the role of SPHK1 with 

TMZ resistance, it unexpectedly led to apoptosis in both groups via the activation of 

caspase-3 [139].   

The angiogenic component of GBM cells is commonly present as microvascular 

proliferation, occurring frequently with central necrosis.  In both the hypoxic conditions 

and pro-angiogenic state, SPHK1 is highly expressed.  In hypoxia, which occurs in 50-

60% of solid tumours, hypoxia inducible factor-1 (HIF-1) translocates to the nucleus 

and activates several targets promoting angiogenesis (e.g. VEGF) [140].  In glioma cell 

lines, SPHK1 was upregulated in hypoxic conditions as a function of HIF-2α.  In 

addition, HIF-2α binds to SPHK1 promoter [141].  During angiogenesis, SPHK1 affects 

the endothelial cell migration and the subsequent stabilization, via junction assembly, of 

the newly formed vessels.  Interestingly, conditioned media from hypoxic tumour cells 

induced angiogenesis in human umbilical vein endothelial cells (HUVEC) partly via 

S1P1 receptor signalling [141].  The paracrine effect of SPHK1 mediating S1P 

formation, and not SPHK2, has been demonstrated in glioma and breast cancer cells, 

whereby a reduction in SPHK1 caused a reduction in secreted S1P and HUVEC tube 

formation [142].  Importantly, VEGF and VEGF-C silencing, did not attenuate the 

effect of tube formation driven by SPHK1 in glioma cells [142]. 
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Therapies targeting SPHK1 or S1P have been developed and utilized pre-clinically, 

with significant in vitro and in vivo efficacy at inducing apoptosis, reducing 

proliferative and angiogenic potential.  In glioma cell lines, a specific SPHK1 inhibitor 

(SK1-I) suppressed the growth, migration, and invasion of the cells.  Moreover, SK1-I 

reduced the growth rate of GBM xenografts and enhanced survival [143].  A separate 

study examined apoptotic sensitivity for glioma cells following SPHK1 inhibition with 

a siRNA or inhibitor.  The cells were sensitised in vitro and in vivo, partly through 

upregulating Bim, which was down regulated in SPHK1 overexpressing cells and tissue 

samples [144].  Under hypoxic conditions, upregulated SPHK1 in glioma cells induce 

proliferation through activating extracellular signal-regulated kinase (ERK), and 

SPHK1 inhibition resulted in reduced cell proliferation and attenuation of ERK [145].  

In addition, a colorectal cancer model with resistance to cetuximab (an EGFR inhibitor), 

was partially sensitised to treatment following SPHK1 inhibition.  High SPHK1 

expression had also correlated with cetuximab resistance in tissue samples.  Of clinical 

benefit, treatment with fingolimod, an oral drug approved for multiple sclerosis (MS), 

also sensitised the colorectal cells and improved survival outcome in tumour xenografts 

for cetuximab treatment [146].  Fingolimod, an S1P receptor antagonist, has also been 

shown to inhibit SPHK1 [147, 148].  In a GBM stem cell xenograft model, fingolimod 

has shown efficacy in reducing tumour growth, potentiating the effect of TMZ 

treatment, and increasing survival [149].  In lung cancer, fingolimod mediated tumour 

suppression in vivo partly through reactivating PP2A, a tumour suppressor enzyme, 

which was inactivated by inhibitor 2 of PP2A (I2PP2A/SET) [150]. 

SPHK1/S1P production systemically also plays an important role in promoting tumour 

progression and metastasis.  In prostate cancer, SPHK1
-/-

 mice inhibited lung metastasis 
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through the activation of breast carcinoma metastasis suppressor 1 (Brms1).  

Furthermore, S1P inhibition with a monoclonal antibody (Sphingomab) inhibited lung 

metastasis, and knockdown of Brms1 blocked the effect of Sphingomab [151].  

Sphingomab was also shown previously to inhibit VEGF-mediated angiogenesis and the 

release of pro-angiogenic cytokines in a panel of tumour cell lines [152].  Finally, in a 

murine model of breast cancer, SPHK1 inhibition with SK1-I reduced S1P levels, 

metastasis, and tumour burden.  Of interest, S1P stimulated angiogenesis was inhibited 

both in vitro and in vivo with SK1-I treatment [153].  To conclude, SPHK1/S1P 

inhibition has positive therapeutic potential based on extensive preclinical testing. 

1.6 Aims of Thesis 

For more than 25 years several groups around the globe have been diligently delineating 

the importance of specific sphingolipids in cancer, yet an overview of sphingolipid 

changes has not been presented for any cancer.  Therefore, the premise of my work 

begins with a basic yet fundamental question that remains unanswered until now: what 

are the levels of sphingolipids in normal brain tissue and glioma?  What are the levels in 

plasma?  Understanding the bigger picture and building a “roadmap” of changes in the 

sphingolipid pathway will assist in identifying therapeutic targets with functional 

relevance.  By integrating sphingolipid levels in GBM with clinical and genetic factors, 

this thesis will provide a novel platform to assess the potential correlations between 

lipids and the expression of cancer driver mutations. 

The specific aims of the thesis are: 
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1. To establish sphingolipid levels in normal grey matter (NGM), diffuse 

astrocytoma (AII), anaplastic astrocytoma (AIII), and glioblastoma (GBM) 

samples. 

2. To identify potential sphingolipid targets, and examine the biological effect of 

their modulation in the context of proliferation, clonogenicity, and angiogenesis 

in GBM cells. 

3. To correlate sphingolipid levels in GBM tissue to patient survival, genetic 

mutations, and MGMT methylation. 

4. To compare sphingolipid levels in GBM plasma with normal plasma, GBM 

tissue with matched GBM plasma, and to correlate GBM plasma with patient 

survival. 
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Chapter 2: Methods 

2.1 Introduction 

This section will outline the methods applied throughout the thesis.  Methods are 

presented in a similar order as they appear in Chapters 3, 4, and 5 where possible.  

Methods applied to later chapters are only described when they are first applied, 

included all variations of the method. 

2.2 Clinical Samples 

Fresh frozen tissue samples were obtained for diffuse astrocytoma (n=26), anaplastic 

astrocytoma (n=10), and GBM (n=20) samples from the Steve & Lynette Waugh Brain 

Tumour Bank.  Normal grey matter (n=20) samples were obtained from the New South 

Wales Tissue Resource Centre, Australian Brain Bank Network (ABBN).  The analysis 

and results for these samples are presented in Chapter 3. 

Fresh frozen tissue samples were obtained for an independent primary GBM cohort 

(n=47) from the Australian Genomics and Clinical Outcomes of Glioma (AGOG), 

which included relevant clinical data.  GBM plasma samples (n=47) were also obtained 

from AGOG, of which 43 were matched to tissue samples.  Normal plasma samples 

(n=21) were obtained from the South Eastern Area Laboratory Services (SEALS), 

Haematology Department, Prince of Wales Hospital.  The analysis and results for these 

samples are presented in Chapter 5. 
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All experiments conducted on clinical samples had the required ethics approval, HREC 

reference number 10/174, which was granted from the South Eastern Sydney Illawarra 

Area Health Service Human Research Ethics Committee. 

2.3 Lipid Methods 

2.3.1 Tissue Sample Preparation 

All tissue samples (Chapter 3 and 5) used for sphingolipid or DNA extractions were 

prepared in the same manner.  Appropriate protective equipment (lab coat, gloves, 

closed shoes, eye shield, and a face mask) were used during the tissue preparation, and 

performed in a biosafety cabinet.  Samples were removed from the -80°C freezer and 

cut into small sections on dry ice, collecting approximately 20-30 mg per sample.  

Samples were placed in a pre-weighed and pre-labelled 1.5 ml Eppendorf tube, and 

crushed on dry ice using a micropestle (Eppendorf, Hamburg, Germany).  Micropestles 

were decontaminated between samples in 1% sodium hypochlorite, washed in MilliQ 

water, and then 70% (v/v) ethanol.  Samples were weighed again to record the accurate 

tissue weight prior to sphingolipid extraction.  Sphingolipid levels measured were 

adjusted to the tissue weight, cell numbers, or plasma volume.  Cell line preparation will 

be discussed in Cell Culture Methods (section 2.5).  DNA extraction will be discussed 

in DNA Methods (section 2.6). 

2.3.2 Sphingolipid Extraction 

2.3.2.1 Tissue Samples and Cell Lines 

Tissue samples or cell pellets stored at -80°C were slowly defrosted on ice.  Extraction 

solution prepared, referred to herein as Solution 1, was composed of 
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isopropanol/water/ethyl acetate (30:10:60 v/v/v).  Solution 1 was added to each sample 

at a total volume of 1.5 ml, and transferred to 16 x 125 mm borosilicate glass tubes with 

lids (Thermo Scientific, Waltham, MA, USA).  Internal standards (ISTDs) were added 

at 50 μl per sample, containing: C17 S1P, C17 ceramide, C17 sphingosine at 

concentrations of 1 μM, in addition to C12 HexCer, C12 LacCer, C12 sulfatide at 5 μM 

concentrations, and C17 SM at 25 μM.  Note, ISTDs are only added once during the 

first lipid extraction.  Samples were vortexed and then sonicated (WUC-A10H, 

Thermoline Scientific, Australia) for 30 min at 38°C, which were repeated twice.  

Subsequently, samples were centrifuged (Megafuge 1.0R, Heraeus, Thermo Scientific, 

Waltham, MA, USA) at room temperature (4000 rpm, 10 min) and the supernatant was 

transferred using disposable glass pipettes into new 12 x 75 mm borosilicate glass tubes 

(Livingstone International Pty Ltd, Australia).  The remaining residue was re-extracted 

again with 1 ml of Solution 1, followed by the same steps as above, but performed once 

only.  The supernatants were combined for each sample and dried overnight using a 

speed vacuum (SC210 SpeedVac, Thermo Scientific, Waltham, MA, USA).  The dry 

residues were reconstituted in a mobile phase (200 μl) containing 1mM ammonium 

formate in methanol/milliQ water (80:20 v/v) with 0.2% formic acid.  Samples were 

vortexed and centrifuged for 5 min at 3000 rpm, and the supernatant (150 μl) was 

transferred to a liquid chromatography (LC) vial with a 300 μl glass insert (03-FISV, 

Chromacol, Thermo Fisher, Waltham, MA, USA).  Samples were stored at -20°C, or 

directly run for sphingolipid analysis.  All organic solvents used were analytical grade 

(Merck KGaA, Darmstadt, Germany).  Importantly, sphingolipid extraction was 

conducted in a fume hood with appropriate protective equipment as previously stated 

(no face mask required). 
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2.3.2.2 Plasma Samples 

Plasma samples (250 μl) stored at -80°C were thawed on ice.  RPMI 1640 media 

(Gibco®, Invitrogen, Life Technologies, CA, USA) was added to each sample to a total 

volume of 2 ml in a 16 x 125 mm borosilicate glass tube.  Samples were then extracted 

with 2 ml of solution 2, which was composed of isopropanol/ethyl acetate (15:85 v/v).  

ISTDs (50 μl) were added per sample.  Samples were vortexed well and centrifuged at 

3000 rpm for 15 min to separate the phases.  The upper organic phase was transferred 

into a new 12 x 75 mm borosilicate glass tube, and the remaining lower aqueous phase 

was acidified with 100 μl of formic acid (98%) and re-extracted with another 2 ml of 

solution 2.  Samples were vortexed and centrifuged as described previously.  The 

supernatants were combined with the first extract, dried overnight and reconstituted as 

per the sphingolipid tissue sample extraction (section 2.3.2.1). 

2.3.3 Liquid Chromatography Mass Spectrometry  

Liquid Chromatography tandem Mass Spectrometry (LC-MS/MS) was performed on a 

triple quadrupole mass spectrometer, TSQ Quantum Access (Thermo Scientific, 

Waltham, MA, USA), with an electrospray ionisation (ESI) source, run in positive ion 

mode at the Bioanalytical Mass Spectrometry Facility (BMSF, UNSW).  Samples were 

separated using an Eclipse XDB-C8 column with a 5 μm particle size (Agilent 

Technologies Australia Pty Ltd, Australia).  The liquid chromatography and sampling 

injection used the Accela™ UPLC system (Thermo Scientific, Waltham, MA, USA), at 

a flow rate of 500 ml/min with mobile phase A and B.  Mobile phase A contained 2 mM 

ammonium formate in water with 0.2% formic acid, and mobile phase B contained 1 
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mM ammonium formate in methanol with 0.2% formic acid.  The chromatography 

gradient was: 0 min 20:80 A/B, 7 min 13:87 A/B, 14 min 0:100 A/B; 28 min 0:100 A/B; 

and 30 min 20:80 A/B.  Injections of 20 μl were used for all samples, blanks, and 

external standards (ESTDs).  The ESTD curve covered the following concentrations in a 

serial dilution: 8000 nM, 4000 nM, 2000 nM, 500 nM, 125 nM, 32 nM, 8 nM, and 2 

nM.  All ISTDs and ESTDs were purchased from the distributor Auspep Pty. Ltd., 

Australia (Avanti Polar Lipids, Inc., Alabaster, AL, USA).  Table 2.1 below contains 

the parameters for the sphingolipids analysed in the LC-MS/MS run.  ISTDs are 

highlighted in blue, and were used for assessing the extraction efficiency for their 

respective sphingolipid class only.  In bold are the commercial ESTDs, which were used 

for quantification.  For sphingolipids with no commercial ESTD, the nearest chain 

length ESTD was used to quantify those sphingolipids.  Visualisation and quantification 

of peaks was performed using the XCalibur software 2.0.7 (Thermo Scientific, 

Waltham, MA, USA) and Metabolite Mass Spectrometry Analysis Tool (MMSAT) as 

described previously [154, 155]. 

Table 2.1 Sphingolipids Parameter Settings on the LC-MS/MS 

Sphingolipid 
Parent Mass 

(m/z) 

Fragment 

Mass (m/z) 

Collision 

Energy (eV) 

Retention 

Time (min) 

C17_Sphingosine 286.1 268 17 2.603 

Sphingosine 300.2 264.1 18 2.959 

C17_S1P 366.1 250.1 23 3.728 

S1P 380.1 264.1 23 4.465 

C14_Cer 510.6 264.1 24 14.938 
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C16_Cer 538.6 264.1 30 15.864 

C17_Cer 552.7 264.1 30 16.300 

C18:1_Cer 564.6 264.1 30 16.175 

C18_Cer 566.7 264.1 30 16.783 

C20:1_Cer 592.7 264.1 30 17.105 

C20_Cer 594.7 264.1 30 17.847 

C22:1_Cer 620.7 264.1 30 18.159 

C22_Cer 622.7 264.1 30 19.143 

C23:1_Cer 634.7 264.1 30 18.807 

C23_Cer 636.7 264.1 30 19.873 

C24:1_Cer 648.8 264.1 30 19.448 

C24_Cer 650.8 264.1 30 20.689 

C25:1_Cer 662.8 264.1 30 20.194 

C25_Cer 664.8 264.1 30 21.537 

C26:1_Cer 676.8 264.1 30 21.021 

C26_Cer 678.8 264.1 30 22.370 

C12_Sulfatide 724.5 264.1 40 12.118 

C14_Sulfatide 752.5 264.1 40 13.466 

C16_Sulfatide 780.5 264.1 40 14.315 

C18:1_Sulfatide 806.6 264.1 40 14.379 

C18_Sulfatide 808.6 264.1 40 15.232 

C20_Sulfatide 836.6 264.1 40 16.028 

C22:1_Sulfatide 862.6 264.1 40 16.236 

C22_Sulfatide 864.6 264.1 40 16.921 
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C23:1_Sulfatide 876.6 264.1 40 16.665 

C23_Sulfatide 878.6 264.1 40 17.414 

C24:1_Sulfatide  890.6 264.1 40 17.047 

C24_Sulfatide 892.6 264.1 40 17.912 

C25:1_Sulfatide 904.6 264.1 40 17.561 

C25_Sulfatide 906.6 264.1 40 18.492 

C26:1_Sulfatide 918.6 264.1 40 18.088 

C26_Sulfatide 920.6 264.1 40 19.120 

C18_Sulfatide_OH 824.6 264.1 40 14.880 

C22:1_Sulfatide_OH 878.6 264.1 40 15.956 

C22_Sulfatide_OH 880.6 264.1 40 16.657 

C23_Sulfatide_OH 894.6 264.1 40 17.078 

C24:1_Sulfatide_OH 906.6 264.1 40 16.811 

C24_Sulfatide_OH 908.6 264.1 40 17.602 

C25:1_Sulfatide_OH 920.6 264.1 40 17.248 

C25_Sulfatide_OH 922.6 264.1 40 18.041 

C26:1_Sulfatide_OH 934.6 264.1 40 17.769 

C12_LacCer 806.6 264.1 40 12.391 

C16_LacCer 862.6 264.1 40 14.529 

C18_LacCer 890.6 264.1 40 15.496 

C24:1_LacCer 972.6 264.1 40 17.370 

C24_LacCer 974.6 264.1 40 18.255 

C25:1_LacCer 986.6 264.1 40 17.911 

C25_LacCer 988.6 264.1 40 18.856 
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C26:1_LacCer 1000.6 264.1 40 18.470 

C12_HexCer 644.6 264.1 35 12.855 

C14_HexCer 672.7 264.1 35 13.991 

C16_HexCer 700.7 264.1 35 15.005 

C18:1_HexCer 726.7 264.1 35 15.361 

C18_HexCer 728.7 264.1 35 15.931 

C20:1_HexCer 754.7 264.1 35 16.133 

C20_HexCer 756.7 264.1 35 16.747 

C22:1_HexCer 782.7 264.1 35 16.982 

C22_HexCer 784.7 264.1 35 17.752 

C23:1_HexCer 796.7 264.1 35 17.497 

C23_HexCer 798.7 264.1 35 18.324 

C24:2_HexCer 808.6 264.1 40 17.262 

C24:1_HexCer 810.8 264.1 35 17.976 

C24_HexCer 812.7 264.1 35 18.963 

C25:1_HexCer 824.6 264.1 40 18.584 

C25_HexCer 826.8 264.1 35 19.646 

C26:2_HexCer 836.6 264.1 40 18.412 

C26:1_HexCer 838.8 264.1 35 19.231 

C26_HexCer 840.8 264.1 35 20.400 

C18_HexCer_OH 744.7 264.1 35 15.571 

C20_HexCer_OH 772.7 264.1 35 16.441 

C22:1_HexCer_OH 798.7 264.1 35 16.690 

C22_HexCer_OH 800.7 264.1 35 17.360 
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C23:1_HexCer_OH 812.7 264.1 35 17.390 

C23_HexCer_OH 814.7 264.1 35 17.950 

C24:1_HexCer_OH 826.8 264.1 35 17.869 

C24_HexCer_OH 828.8 264.1 35 18.494 

C25:1_HexCer_OH 840.8 264.1 35 18.456 

C25_HexCer_OH 842.8 264.1 35 19.275 

C26:1_HexCer_OH 854.8 264.1 35 18.865 

C26_HexCer_OH 856.8 264.1 35 19.959 

C12_SM 647.5 184.0 35 13.178 

C14_SM 675.5 184.0 35 14.329 

C16:1_SM 701.6 184.0 35 14.625 

C16_SM 703.6 184.0 35 15.321 

C18:1_SM 729.6 184.0 35 15.607 

C18_SM 731.6 184.0 35 16.195 

C20:1_SM 757.6 184.0 35 16.497 

C20_SM 759.6 184.0 35 17.203 

C22:1_SM 785.6 184.0 35 17.515 

C22_SM 787.6 184.0 35 18.335 

C23:1_SM 799.6 184.0 35 17.938 

C23_SM 801.6 184.0 35 19.010 

C24:1_SM 813.7 184.0 35 18.553 

C24_SM 815.7 184.0 35 19.610 

C25:1_SM 827.7 184.0 35 19.257 

C25_SM 829.7 184.0 35 20.393 
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C26:1_SM 841.7 184.0 35 20.011 

 
Abbreviations: S1P – sphingosine-1-phosphate, Cer – ceramide, OH – hydroxylated, HexCer – 
hexosylceramide, LacCer – lactosylceramide, SM – sphingomyelin. 
 

2.4 RNA Methods 

All equipment and workspace was cleaned with RNaseZap® (Invitrogen, Life 

Technologies, CA, USA) prior to any RNA work.  RNA methods described below 

relate to Chapter 3 (tissue work) and Chapter 4 (cell line work). 

2.4.1 RNA Extraction 

RNA extraction was performed using a commercial kit (RNeasy® Mini Kit, Qiagen, 

Hilden, Germany).  Steps described are as per the manufacturer’s protocol.  Tissue 

samples and cell pellets stored at -80°C were gently thawed on ice. 

For tissue extractions, 20-30 mg of tissue was used, requiring 600 μl of Buffer RLT 

after homogenising each sample as described in section 2.3.1.  Samples with Buffer 

RLT were transferred to a QIAshredder homogeniser and centrifuged at full speed for 2 

min.  The lysate was centrifuged for 3 min at full speed, and the supernatant was 

transferred to a new 1.5 ml Eppendorf tube for further RNA extraction.  An equal 

volume of 70% (v/v) ethanol was added to each sample and mixed by pipetting several 

times.  The mixed sample was added onto an RNeasy spin column with a 2 ml 

collection tube, then centrifuged at ≥10,000 rpm for 15 sec.  The flow-through in the 

collection tube was discarded and 700 μl of Buffer RW1 was added to the spin column.  

Samples were centrifuged at ≥10,000 rpm for 15 sec to wash the column membrane.  

The flow-through was discarded.  Subsequently, 500 μl of Buffer RPE was added to the 
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spin column and centrifuged as previously mentioned.  The flow-through was discarded 

and the step was repeated, but the centrifuge component was set at ≥10,000 rpm for 2 

min.  The collection tube used for each spin column was replaced with a new 2ml 

collection tube, and placed in the centrifuge for 1 min at full speed.  The spin column 

was then placed in a new 1.5 ml collection tube, and 30 μl of RNase-free water was 

added directly to the spin column membrane.  Each sample was centrifuged at ≥10,000 

rpm for 1 min.  The eluted RNA collected in the 1.5 ml collection tube was quantified 

using the NanoDrop® ND-1000 spectrophotometer (Thermo Fisher Scientific, 

Wilmington, DE, USA). 

For cell lines, 350 μl of Buffer RLT was used for the RNA extraction.  If cells were 

more than 5 x 10^6, then 600 μl of Buffer RLT was added instead.  A mixture of β-

mercaptoethanol (β-ME, Sigma-Aldrich, St. Louis, MO, USA) and Buffer RLT was 

made using a ratio of 10 μl of β-ME per 1 ml of Buffer RLT.  An equal volume of the 

mixture was added to the Buffer RLT with the sample.  Samples were homogenized by 

vortexing.  An equivalent amount of 70% ethanol (350 μl or 600 μl) was added to each 

sample and mixed by pipetting several times.  The extraction steps followed the same 

steps as the tissue extraction at this stage. 

2.4.2 RNA Quantification 

RNA was quantified and assessed for quality with the NanoDrop® spectrophotometer.  

First, 2 μl of nuclease-free water (Ambion®, Life Technologies, CA, USA) was used as 

a blank.  Samples, at 2 μl volumes, were then measured at an absorbance of 260 and 280 

nm.  A ratio greater than 2.0 for the 260/280 ratio, indicating RNA purity, was used as a 

cut-off for further sample processing.  Lower ratios indicated potential contamination 
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with protein, phenol or other substances.  Therefore, samples were treated with Lithium 

Chloride (LiCl) (described in detail in 2.4.3) and measured again using the NanoDrop®.  

RNA samples were equalised to 250 ng/μl, then stored at -80°C.  Nuclease-free water 

was used to dilute the concentrated RNA samples. 

2.4.3 LiCl Precipitation of RNA  

Total RNA extracted, as described in section 2.4.1, was mixed with LiCl (Ambion®, 

Life Technologies, CA, USA) to a final concentration of 2.5 mol/l.  Samples were 

vortexed and incubated for 2 h at -20°C.  Thereafter, samples were centrifuged at 4°C, 

12,000 rpm, for 10 min.  The supernatants were discarded, and 1 ml of 75% ethanol 

(v/v) was added to each pellet and vortexed.  This was repeated (centrifuge, discard 

supernatant, and add ethanol).  Samples were centrifuged and the ethanol was discarded, 

but the pellet was air dried for 1-2 min to insure ethanol evaporation.  The pellet was 

dissolved in nuclease-free water and the RNA was quantified again with the 

NanoDrop® as described in section 2.4.2. 

2.4.4 Synthesis of cDNA 

Equalised RNA samples at 250 ng/μl were converted to cDNA using the SuperScript
™

 

III First-Strand Synthesis System (Invitrogen, Life Technologies, CA, USA).  Each 

component, in addition to the RNA samples, were thawed on ice, mixed, and 

centrifuged briefly.  Each RNA sample (1 μl) was added to the following mixture: 50 

ng/μl Random Hexamers (1 μl), 10 mM dNTP mix (1 μl), and nuclease-free water (7 

μl).  The new mixture was incubated in the thermal cycler (S1000™, Bio-Rad, CA, 

USA) at 65°C for 5 min, followed by 1 min on ice before adding the cDNA Synthesis 
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Mix (10 μl) to each sample.  The cDNA Synthesis Mix contains: 10X RT buffer (2 μl), 

25 mM MgCl2 (4 μl), 0.1 M DTT (2 μl), 40 U/μl RNaseOUT
™

 (1 μl), and 200 U/μl 

SuperScript
™

 III RT (1 μl).  The new RNA mixture of 20 μl was mixed and centrifuged 

briefly before incubation in the thermal cycler.  An RT control, with 1 μl of nuclease-

free water instead of SuperScript
™

 III was added for cDNA synthesis.  The cycling 

conditions were 10 min at 25°C, then 50 min at 50°C, and finally 85°C for 5 min.  

Samples were chilled on ice and diluted (1:10) with nuclease-free water prior to storage 

at -80°C. 

2.4.5 Quantitative Real Time – Polymerase Chain Reaction (qRT-PCR) 

The total RNA converted to cDNA was 250 ng / 20 μl (12.5 ng/μl).  Samples dilution 

(1:10) produced a concentration of 1.25 ng/μl.  Input cDNA for both tissue and cell line 

qRT-PCR was 5 ng (4 μl per well) in a MicroAmp
™

 Optical 96-Well Reaction Plate 

(Applied Biosystems, Life Technologies, CA, USA). 

Taqman® and SYBR® Green chemistries were used for the tissue sample analysis in 

Chapter 3.  Setup for the 96-well plate was done using an automated pipetting system, 

epMotion 5075 (Eppendorf, Hamburg, Germany), which dispensed 5 ng cDNA 

template, followed by a 16 μl mixture of Taqman® or SYBR® Green chemistry into 

each well.  The Taqman® chemistry mixture contained: 1 μl Taqman® probe (Applied 

Biosystems, Life Technologies, CA, USA), 10 μl Taqman® Gene Expression Master 

Mix (Applied Biosystems, Life Technologies, CA, USA), and 5 μl nuclease-free water.  

The SYBR® Green chemistry mixture contained: 0.3 μl forward primer, 0.3 μl reverse 
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primer, 10 μl SensiFAST SYBR Lo-ROX (Bioline Australia Pty. Ltd, Australia), and 

5.4 μl nuclease-free water.   

An optical sealant was applied to each 96-well plate.  The plate was mixed for 30 sec on 

the MixMate (Eppendorf, Hamburg, Germany), and briefly centrifuged (Centrifuge 

5804 R, Eppendorf, Hamburg, Germany) prior to starting a qRT-PCR run.  Taqman® 

probes were run on the ABI 7900HT platform (Applied Biosystems, Life Technologies, 

CA, USA) using standard run parameters.  SYBR® Green probes were run on the 

Stratagene Mx3005P platform (Agilent Technologies, Santa Clara, CA, USA) using the 

following cycling parameters: 95°C for 15 sec, 62°C for 30 sec, and 72°C for 45 sec; 40 

cycles in total.  SYBR® Green probes were assessed with a melt curve analysis at the 

end of the run.  A cDNA standard curve was setup on all plates; hence absolute gene 

expression was quantified and adjusted to each house keeping gene (18S and GAPDH) 

separately.  Each probe was repeated twice for all samples. 

Table 2.2 Taqman® Probes for qRT-PCR 

CERS1: Hs04195319_s1 CERS2: Hs00371958_g1 CERS4: Hs00226114_m1 

UGCG: Hs00234293_m1 ACER2: Hs01892094_g1 ACER3: Hs00218034_m1 

ASAH1: Hs00602774_m1 ASAH2: Hs01015655_m1 SGPL1: Hs00900722_m1 

SGPP1: Hs00229266_m1 SGPP2: Hs00544786_m1 SPHK1: Hs00184211_m1 

SPHK2: Hs00219999_m1 GAPDH: Hs03929097_g1 18S rRNA: 4319413E-0909046 

 

Table 2.3 SYBR® Green Primers for qRT-PCR 

CERS1 forward: GCT ACA GTG CCT ACC TGC TGT TT 

CERS1 reverse: TAG GAG GAG ACG ATG AGG ATG AG 

CERS2 forward: TTC TGG TGG GAA CGT CTG TG 
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CERS2 reverse: GCC ACG TAC AGC TCA AAG AAG 

CERS5 forward: AGA TTT CTC TGG TCG TCA CCT TG 

CERS5 reverse: AGG AGA AGG AGA TAA GCC CAA TG 

CERS6 forward: TCA TGA TTC AGC TGA TGC TCT TC 

CERS6 reverse: CTC CCA GCT TTC AAA TAA TGT GG 

SPHK1 forward: AGG CTG AAA TCT CCT TCA CGC 

SPHK1 reverse: GTC TCC AGA CAT GAC CAC CAG 

SPHK2 forward: GCT GCT GCG CCT TTT CTT G 

SPHK2 reverse: CCT GTA GCG GCC CAT ACT C 

GAPDH forward: TGT TGC CAT CAA TGA CCC CTT 

GAPDH reverse: CTC CAC GAC GTA CTC AGC G 

18S rRNA forward: GTA ACC CGT TGA ACC CCA TT 

18S rRNA reverse: CCA TCC AAT CGG TAG TAG CG 

 
 

Cell line cDNA, which was assessed in Chapter 4.2.2-4.2.3, was run using Taqman® 

chemistry only.  The parameter setup was similar to tissue sample qRT-PCR, except 

that cell line samples were pipetted manually, were run on the ViiA™ 7 platform 

(Applied Biosystems, Life Technologies, CA, USA), and relative quantification was 

performed using the ViiA™ 7 software. 

2.5 Cell Culture Methods 

2.5.1 Cell Culture Conditions 

The human GBM cell line, U87-MG (American Type Culture Collection) was cultured 

in minimum essential medium (MEM), supplemented with 10% fetal bovine serum 

(FBS) and 2 mM L-glutamine, in a humidified atmosphere with 5% CO² at 37°C.  Cells 

were passaged as they near confluence.  Cells were washed with phosphate buffered 

saline (PBS), and then cells were detached with a mixture of trypsin (2.5 mg/ml) and 
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ethylenediaminetetraacetic acid (EDTA; 1 mg/ml).  U87MG culture media was used to 

neutralise the trypsin-EDTA (Sigma-Aldrich, St. Louis, MO, USA).  Cells were 

centrifuged at 1000 rpm for 5 min, and resuspended in fresh culture media for plating. 

RN1, a patient derived glioma cell line kindly supplied by the Boyd Laboratory [156], 

QIMR was cultured in Neurobasal™ A Medium with Advanced DMEM/F12 (1:1), 

supplemented with 2 mM L-glutamine, B27 supplement, 20 ng/ml beta fibroblast 

growth factor (bFGF) and 20 ng/ml epidermal growth factor (EGF) [157].  Cell culture 

flasks and plates were pre-coated with matrigel (1:100 dilution in PBS).  Cells were 

passaged as described for U87MG cells, but with accutase (Sigma-Aldrich, St. Louis, 

MO, USA) instead of Trypsin-EDTA.  Accutase was neutralised with trypsin inhibitor 

(Sigma-Aldrich, St. Louis, MO, USA). 

The Human Microvascular Endothelial Cell line (HMEC-1) was cultured in MCDB 131 

medium (Gibco®, Life Technologies, CA, USA), supplemented with 10% FBS, 5 U/ml 

penicillin/streptomycin, 2 mM L-glutamine, 10 ng/ml EGF, and 1 μg/ml hydrocortisone 

(Sigma-Aldrich, St. Louis, MO, USA).  Cells were passaged as per U87MG cells. 

Cell counting for determining seeding density, or cell numbers for lipid extraction, was 

performed using 2 x 10 μl cell suspensions for each sample.  Each 10 μl suspension was 

mixed with 10 μl of trypan blue.  From the mixture, 10 μl was placed on a disposable 

haemocytometer.  Cells were counted using the Countess® Automated Cell Counter 

(Invitrogen, Life Technologies, CA, USA). 

Cell culture reagents were purchased from Life Technologies Australia Pty. Ltd., 

Australia.  Growth factors were purchased from Sigma-Aldrich, St. Louis, MO, USA.  
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Matrigel was purchase from BD Biosciences, Franklin Lakes, NJ, USA.  Tissue culture 

flasks and plates were purchased from Nunc, Thermo Fisher Scientific Australia Pty. 

Ltd., Australia.  Cell culture work was performed aseptically in a Class II Biosafety 

Cabinet.  All cells were regularly tested for Mycoplasma, which was not present in our 

cell lines. 

2.5.2 Small Interfering RNA (siRNA) Transfections 

Transfections with ASAH1 and SPHK1 siRNAs were carried out for U87MG and RN1 

cell lines to assess gene silencing and effect on sphingolipid levels (Chapter 4.2.3), 

along with functional consequences (Chapter 4.2.4).  The ASAH1 siRNA, s498 

(Ambion®, Life Technologies Australia Pty. Ltd., Australia), the SPHK1 siRNA, 

Hs_SPHK1_6 (Qiagen Australia Pty. Ltd., Australia), and a non-targeting negative 

control siRNA, Silencer® Select Negative Control No. 1 (Ambion®, Life Technologies 

Australia Pty. Ltd., Australia) were utilised for those experiments.   

U87MG cells were plated 12-16 h prior to siRNA transfection with Lipofectamine 2000 

(Invitrogen, Life Technologies Australia Pty. Ltd., Australia).  Lipofectamine was 

diluted (1:100) in Opti-MEM® (Invitrogen, Life Technologies Australia Pty. Ltd., 

Australia) and combined with the siRNA.  The mixture was briefly vortexed and 

incubated at room temperature for 30 min.  U87MG standard media was washed and 

replaced with Opti-MEM®, and then the siRNA mixture was added to each well at a 

concentration of 50 nM.  The siRNA transfection mixture was replaced after 6 h with 

MEM (10% FBS and 2mM L-glutamine).  Transfection efficiency for U87MG cells was 

confirmed (seeding density: 7 x 10^4 cells/well on a 6-well plate) with qRT-PCR at 48 

h, and following a time course as presented in Chapter 4.2.3.  Moreover, cells were 
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seeded on 10 cm dishes at a density of 1 x 10^6 cells/dish for 72 h to identify the 

sphingolipid changes as presented in Chapter 4.2.3. 

RN1 cells were transfected with Lipofectamine as well, but in suspension, as 

transfections on matrigel were not efficient.  Additionally, the siRNA transfection 

mixture was halved; therefore the incubation of RN1 cells with the mixture was at a 

concentration of 25 nM.  Following 30 min incubation, RN1 cells were seeded onto pre-

coated matrigel wells.  Transfection efficiency for RN1 cells was confirmed (seeding 

density: 5 x 10^4 cells/well on a 6-well plate) with qRT-PCR at 72 h. 

2.5.3 Drug Treatments 

Dimethyl sulfoxide (DMSO, Sigma-Aldrich, St. Louis, MO, USA), SKI-1a (potent 

SPHK1 inhibitor), and SKI-1b (stereoisomer control for SKI-1a) examined the effect of 

specific SPHK1 inhibition on sphingolipid levels, cell proliferation, and angiogenesis in 

vitro.  The SPHK1 inhibitors (SphynKx Therapeutics LLC, University of Virginia, 

Charlottesville, VA, USA) were prepared in DMSO; therefore DMSO was the vehicle 

control in all experiments.  U87MG cell density for sphingolipid level assessment was 1 

x 10^6 cells / 10 cm dish for a 72 h time course.  Cell counting (section 2.5.1), 

sphingolipid extraction (section 2.3.2.1), and analysis (2.3.3) were described previously.  

Seeding densities for the cell proliferation assay (section 2.5.4) and angiogenesis assay 

(section 2.5.7) are detailed below.  Drug concentrations are presented in Chapter 4.2.5-

4.2.7. 
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2.5.4 MTT Assay 

The MTT assay was used to assess cellular proliferation for the SPHK1 drug inhibition 

experiments in U87MG, RN1, and HMEC-1 cell lines.  Cells were seeded (500 

cells/well) onto a 96-well plate in quadruplicate as per standard culture conditions, and 

allowed to settle for 24 h prior to the addition of vehicle control (DMSO) or drugs (SKI-

1a and SKI-1b) at various concentrations as indicated in Chapter 4.2.6.  Surrounding 

wells were loaded with 200 μl of PBS to reduce medium evaporation from treatment 

wells.  Media and drug treatments were replaced every 48 h.  On day 7 from treatment, 

cells were incubated for 2 h with 10 μl of 5 mg/mL MTT (Sigma-Aldrich Pty. Ltd., 

Australia) in PBS.  Formation of MTT formazan crystals (blue) was observed under a 

light microscope (CKX41 Olympus, Olympus Australia Pty. Ltd., Olympus 

Corporation, Tokyo, Japan).  Subsequently, 100 μl of 100 mg/mL sodium dodecyl 

sulfate (SDS) / 10 mM HCl was added to each well.  Wells were mixed on a plate 

shaker for 6 h to dissolve the crystals, and absorbance was measured at 570 nm using a 

spectraMAX 190 absorbance microplate reader (Molecular Devices, Sunnyvale, CA, 

USA).  Blank wells with media only were used to subtract the cell culture media 

background. 

2.5.5 Flow Cytometry 

Flow cytometry was used to assess cellular proliferation for the siRNA experiments 

(Chapter 4.2.4).  Cells (U87MG and RN1) were siRNA transfected and cultured in 24-

well plates as previously described (section 2.5.1 and 2.5.2).  U87MG cells were seeded 

at 1.25 x 10^4 cells/well and collected after 96 h.  U87MG cells were detached with 150 

μl of trypsin-EDTA in PBS, and neutralised with 300 μl of MEM (10% FBS and 2 mM 
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L-glutamine).  RN1 cells were seeded at 1 x 10^4 cells/well and collected after 10 days.  

RN1 cells were detached with 150 μl of accutase, and neutralised with 300 μl of trypsin 

inhibitor.  Cells were centrifuged at 1000 rpm for 5 min, and then washed in 500 μl of 

PBS.  Cells were resuspended in 300 μl of 2 μg/ml propidium iodide (PI, Invitrogen 

Australia Pty. Ltd., Australia) in PBS for 10 min on ice.  A positive PI control (cells 

treated with 5 μM staurosporine) was also used.  Cell counting and PI staining were 

determined on a BD FACSCanto™ II flow cytometer (BD Biosciences, Franklin Lakes, 

NJ, USA).  Cell counting was performed over a 30 sec collection period, and at a 

constant high flow rate.  PI staining analysis (positive = dead cells, negative = alive 

cells) was performed on the FlowJo software (TreeStar Inc., USA). 

2.5.6 Clonogenic Assay 

Clonogenicity was measured by seeding RN1 cells (5000 cells/well) post siRNA 

transfection in 6-well plates, which were pre-coated with matrigel.  Cell culture media 

was replaced every 96 h.  Following 14 days, cells were fixed with 4% 

paraformaldehyde.  Each well was washed gently with PBS, and stained with 0.5% 

crystal violet (Sigma-Aldrich, St. Louis, MO, USA) at 500 μl/well, and placed for 30 

min on a plate shaker.  Crystal violet staining was washed twice with PBS.  Colonies 

were counted using ImageJ 1.46 image analysis software (NIH, USA). 

2.5.7 Angiogenesis Assay 

The angiogenesis assay assessed the effect of siRNA (Chapter 4.2.4) and SPHK1 drug 

treatments (Chapter 4.2.7) on U87MG cells inducing HMEC-1 sprout formation as 

shown in Figure 2.1.  The 3D fibrin gel co-culture model has been established 
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previously [158].  Briefly, near confluent HMEC-1 cells were incubated with 

Cytodex™ 3 microcarrier beads (GE Healthcare, Buckinghamshire, UK) for 72 h.  

Following the 72 h incubation, the fibrin gel was setup.  Fibrinogen (Sigma-Aldrich, St 

Louis, MO, USA) was mixed with 2 ml of saline (10 mg/ml) for 30 min at 37°C.  

DMEM media (5 ml) with no phenol red (Invitrogen, Life Technologies, CA, USA) was 

mixed with the fibrinogen, the solution pH was adjusted to 7.6 (+/-0.05), and then 

filtered through a 0.2 μm filter (Millex®–GP, Millipore Ireland Ltd., Tullagreen, Co. 

Cork, Ireland).  Microcarriers were detached by manually shaking the HMEC-1 culture 

flask, washed twice with PBS adjusted to pH 7.6 (+/-0.05), and resuspended in 10 ml of 

PBS.  For each well, on a 24-well plate, 525 μl fibrinogen solution, 50 μl microcarriers, 

18 μl aprotinin (Sigma-Aldrich, St Louis, MO, USA), and 7.5 μl thrombin (Sigma-

Aldrich, St Louis, MO, USA) were mixed quickly.  A final volume of 500 μl was added 

per well.  The fibrin gel polymerises with the addition of thrombin within 1 min, 

allowed to settle at room temperature for 10 min, then placed in the cell culture 

incubator for 30 min prior to equilibrating with 500 μl of MEM (2% FBS and 2 mM L-

glutamine).  U87MG cells (1 x 10^4 cells/well for siRNA transfections; 2.5 x 10^4 

cells/well for SPHK1 drug treatments) in 1 ml of media (with drug treatment if 

indicated) were seeded on top.   

Media, drug treatments, and 30 μl aprotinin (reduces rate of gel degradation by 

proteasomes) were replaced every 48 h.  Control wells with no U87MG cells seeded 

were included in all experiments, and minimal background sprouting was observed 

under these conditions.  U87MG cell conditioned medium for use in this assay was 

prepared by taking supernatant from near confluent U87MG cells after 72 h of culture in 
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MEM (2% FBS and 2 mM L-glutamine).  Quantification of angiogenic sprouts was 

performed after 96 h.  Images of 6-10 beads per well were acquired with an Axio 

Vert.A1 inverted microscope (Zeiss, Jena, Germany).  The number and length of 

angiogenic sprouts was quantified using AxioVision V4.8.2.0 software (Zeiss, Jena, 

Germany), and verified by a second (treatment blinded) assessor. 

 

Figure 2.1 Schematic Diagram for the Angiogenesis In Vitro Model 

 

2.6 DNA Methods 

2.6.1 DNA Extraction from fresh frozen tissue 

Fresh frozen tissue samples were prepared as described in section 2.3.1.  Samples stored 

at -80°C were placed on ice.  All work performed was in a fume hood, and adequate 

personal protective equipment was used.  All waste was disposed of as per standard 

regulations. 

Each sample was homogenised in 450 μl TESS lysing agent (10 mM Tris at pH 7.8, 1 

mM EDTA, 100 mM NaCl, 1% SDS) with a micropestle.  Proteinase K (Roche, 
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Indianapolis, IN, USA) was added at a final concentration of 0.5 mg/ml (11 μl from 20 

mg/ml proteinase K stock).  Samples were vortexed for 2 sec and incubated on a heat 

block overnight at 55°C. 

Phase Lock Gel™ (PLG, 5 Prime, Hamburg, Germany) tubes were centrifuged at 

12,000 rpm for 5 min prior to usage.  Tissue lysates incubated overnight were also 

centrifuged at 12,000 rpm for 5 min, then transferred (approximately 500 μl) to the PLG 

tubes.  Phenol/chloroform/isoamyl alcohol (25:24:1 v/v/v) was added (450 μl) to the 

aqueous samples and mixed thoroughly, but not vortexed.  The PLG tubes were 

centrifuged (12,000 rpm for 5 min) to separate the phases in the fume hood microfuge 

(Centrifuge 5415 D, Eppendorf, Hamburg, Germany).  RNase If was added to each PLG 

tube at a final concentration of 250 U (i.e. 5 μl of 50 U/μl of RNase If).  Samples were 

mixed gently by inversion, and then incubated on a heat block for 45-90 min at 37°C.  

Another 450 μl of phenol/chloroform/isoamyl alcohol was added to each PLG tube, 

mixed thoroughly (not vortexed), and centrifuged at 12,000 rpm for 5 min.  Chloroform 

was added (450 μl) to the aqueous samples, mixed thoroughly (not vortexed), and 

centrifuged at 12,000 rpm for 5 min.  The upper aqueous phase was transferred to a new 

1.5 ml Eppendorf tube.  Ice-cold absolute ethanol (900 μl) and 3 M sodium acetate (45 

μl) were added to the aqueous samples, and the tubes were gently inverted until DNA 

precipitates were visible.  For samples with no visible DNA, glycogen at a 

concentration of 1 μg/μl (i.e. 70 μl from a 20 mg/ml stock) was added, and then samples 

were left at -20°C overnight to co-precipitate the DNA.  Samples were centrifuged at 

12,000 rpm for 30 min, and the supernatant was discarded.  DNA pellets were washed 

with 1 ml of 70% ethanol (v/v), centrifuged at 12,000 rpm for 5 min, and the 
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supernatant was discarded.  Samples were centrifuged again at 12,000 rpm for 2 min, 

and residual 70% ethanol was removed.  DNA pellets were air dried for 30 min prior to 

resuspending in 100 μl of 1x Tris-EDTA (TE) solution.  DNA extracts were quantified 

with the NanoDrop® as previously described in section 2.4.2, and then stored at -80°C. 

2.6.2 Bisulfite Treatment 

Extracted tissue DNA was bisulfite treated using the EZ DNA Methylation-Gold™ Kit 

(Zymo Research, Irvine, CA, USA).  The kit only converts unmethylated cytosine into 

uracil, while methylated cytosine remains unchanged.  A negative control, unmethylated 

DNA Epitect human DNA (Qiagen, Hilden, Germany), and positive control, human 

HCT 116 DKO Methylated DNA Standard (Zymo Research Corp., CA, USA) were 

included in the experiment.  Sample DNA input of 500 ng was used for bisulfite 

treatment, for a total volume of 20 μl (i.e. 25 ng/μl).  The CT Conversion Reagent was 

prepared by mixing water (900 μl), M-Dilution Buffer (300 μl), and M-Dissolving 

Buffer (50 μl) regularly over 10 min.  DNA samples (20 μl) were combined with the CT 

Conversion Reagent (130 μl) in PCR tubes, and placed on a thermal cycler with the 

following conditions: 98°C for 10 min, 64°C for 2.5 h, and held at 4°C.  DNA samples 

were then added onto a Zymo-Spin™ IC Column containing the M-Binding Buffer (600 

μl), and placed in a collection tube.  The column was inverted several times to mix the 

DNA and buffer, and centrifuged at full speed (>10,000 rpm) for 30 sec.  Flow-through 

was discarded and M-Wash Buffer (100 μl) was added to the column, followed by 

centrifuging at full speed for 30 sec, and discarding the flow-through again.  M-

Desulphonation Buffer (200 μl) was added to the column, incubated for 15 min at room 

temperature, centrifuged at full speed for 30 sec, and the flow-through was discarded.  
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The column was washed twice with M-Wash Buffer (200 μl).  Each column was 

transferred to a 1.5 ml Eppendorf tube, and M-Elution Buffer (10 μl) was added to the 

column matrix directly.  The columns were centrifuged at full speed for 30 sec, and the 

eluted bisulfite treated DNA was stored at -20°C. 

2.6.3 MGMT Pyrosequencing 

MGMT promoter pyrosequencing for bisulfite treated DNA was performed using the 

PyroMark Q96 CpG MGMT kit (Qiagen, Hilden, Germany).  PCR reaction mixture (50 

μl) was prepared using the following reagents: 1x PCR buffer (5 μl), 1.5 mM MgCl2 

(1.5 μl), 10 mM dNTP mix (1 μl), 20 μM forward primer (1 μl), 20 μM reverse primer 

(1 μl), nuclease-free water (37.25 μl), 1.25 U Taq DNA polymerase (0.25 μl), and 

bisulfite treated DNA (3 μl).  Sample mixture was mixed on the MixMate® for 30 sec, 

followed by a short centrifuge (5 sec).  Thermal cycling conditions were: 95°C for 15 

min, followed by 45 cycles of 95°C for 20 sec, 53°C for 20 sec, and 72°C for 20 sec, 

and ending at 72°C for 5 min before holding at 4°C.  PCR products (5 μl) were run on a 

1.5% agarose gel to confirm target amplification.  The remaining 45 μl was incubated 

with 3 μl streptavidin sepharose beads (GE Healthcare, Buckinghamshire, UK) and 37 

μl pyrosequencing binding buffer for 20 min on the MixMate® (1600 rpm).  While 

mixing the sample, 0.4 μM primer sequence (40 μl) in annealing buffer was prepared 

and added onto the pyrosequencing plate.  The vacuum machine was prepared; PCR 

tubes were removed from the MixMate®, and placed on the vacuum to capture the 

beads.  The vacuum was washed with 70% ethanol for 10 sec, denaturation solution (0.2 

M NaOH) for 5 sec, and wash buffer for 10 sec.  The vacuum prep tool was turned off 

and transferred to the pyrosequencing 96 well plate (pre-filled with 0.4 μM primer 
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sequence).  The prep tool was washed with MilliQ water for 15 sec.  The 

pyrosequencing plate was then heated at 90°C for 2 min to denature the template.  

Instrument parameters were selected according to the manufacturer’s instructions, and 

the cartridge was loaded with the substrate, enzyme and dNTPs as per the program 

calculations.  The plate was placed into the PyroMark Q96 ID instrument, and analysed 

for the following sequence: ‗T/CGTTTTGT/CGTTTT/CGAT/CGTTT/CGT/CAGG‘ 

(Qiagen, Hilden, Germany), entered into the PyroMark™ CpG software version 1.0.11 

(Qiagen, Hilden, Germany).  The software evaluated the sequence quality and 

methylation percentage over five CpG sites.  Samples were considered methylated when 

MGMT methylation was ≥10%.  The negative control (unmethylated sample) had less 

than 3% MGMT methylation, while the positive control (methylated sample) had 

greater than 80% MGMT methylation.  The bisulfite treatment and pyrosequencing 

were done with Wendy Ha. 

2.6.4 Ion Torrent Sequencing 

Sequencing of 44 primary GBM tissue samples was performed at the University of 

Western Australia by Tania Tabone.  The extracted DNA was quantified using the Qubit 

2.0 Fluorometer and Qubit dsDNA HS Assay Kit (Life Technologies, CA, USA).  

Library preparation, sample sequencing, and data analysis are briefly summarised 

below. 

2.6.4.1 Library Preparation 

Preparation of amplicon libraries for each sample, amplifying 50 gene targets, was 

performed using the Ion AmpliSeq Ready-to-use Panel with an input of 10 ng genomic 
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DNA.  A single multiplex PCR reaction used the Ion AmpliSeq™ Cancer HotSpot 

Panel v2 and AmpliSeq HiFi Master Mix (Ion AmpliSeq Library Kit 2.0, Life 

Technologies, CA, USA) to amplify the target regions.  The output multiplexed 

amplicons, 207 primer pairs, were treated with FuPa Reagent (Life Technologies, CA, 

USA) to partly digest primer sequences and phosphorylate amplicon ends.  Agencourt 

AMPure XP Reagent (Beckman Coulter, Brea, CA, USA) was used to ligate the 

sequence adapters with unique barcodes (Ion Xpress Barcode Adapters 1-96, Life 

Technologies, CA, USA) to the amplified products and purify them.  The amplicon 

libraries were amplified again using the Agilent 2100 Bioanalyser and Agilent High 

Sensitivity DNA Kit (Agilent Technologies, Santa Clara, CA, USA) to quantify and 

visualise the library fragments.  The library concentration used for sequencing was 

standardised to 100 pM in low TE buffer (Life Technologies, CA, USA). 

Table 2.4 Ion AmpliSeq™ Cancer HotSpot Panel v2  
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2.6.4.2 Emulsion PCR and Sequencing 

Barcoded libraries with eight samples, 100 pM per sample, were pooled and a final 

concentration was adjusted to 9 pM in nuclease-free water.  Biotinylated primers were 

then used to clonally amplify the pooled barcoded libraries onto Ion Sphere Particles 

(ISPs; Ion Xpress Template Kit 2.0) by emulsion PCR (emPCR) using the OneTouch 2 

System (Life Technologies, CA, USA).  Streptavidin-coated beads (Ion OneTouch 2 

Kit) bound to template positive ISPs following centrifugation and recovered the ISPs.  

Enriched ISPs were ligated with a sequencing primer prior to loading onto an Ion 316™ 

Chip for sequence analysis.  Sequencing was performed on the Ion Personal Genome 

Machine (PGM™) Sequencer using the Ion PGM™ 200 Sequencing Kit (Life 

Technologies, CA, USA).  All reagents in this section were produced by Life 

Technologies. 

2.6.4.3 Coverage and Data Analysis 

Torrent Suite v3.6.2 Software (Life Technologies, CA, USA) was used to extract 

barcoded reads, align reads to the reference genome (human genome build 19; hg19), 

and base call.  Additionally, sequence run parameters, such as chip loading efficiency, 

total read counts, total coverage and quality were also extrapolated.  Variant 

identification and amino acid alterations were analysed with the ANNOVAR (Biobase) 

software.  Visualising read alignment, variants, and confirming variant calling (i.e. 

strand bias or sequencing errors) was performed using the Integrative Genomics Viewer 

(IGV). 
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2.7 Statistical Analysis 

Chapter 3 statistics was performed using SPSS Statistics Software 21.0 (SPSS Inc., 

IBM® Company, Chicago, IL, USA) with Benjamin Daniels and Maarit A. Laaksonen.  

Sphingolipid levels and enzyme gene expression data were normalised for distribution 

through log transformation.  One-Way ANOVA was applied to determine statistical 

significance.  Variance was tested using Levene’s test.  If the variance between groups 

was equal, Tukey’s post-hoc test was applied.  If the variance between groups was 

unequal, Dunnett T3 post-hoc test was applied.  Correlation analysis was performed 

using Spearman correlations due to non-normal distribution of data. 

Chapter 4 statistics was performed using GraphPad Prism 6.0 (GraphPad Software, Inc., 

CA, USA).  One-Way ANOVA was used to determine statistical significance with a 

Dunnett’s post-hoc test.  For the SPHK1 drug inhibition experiments using the 

stereoisomer control, a 2-Way ANOVA was used to determine statistical significance 

with a Bonferroni’s post-hoc test to compare SKI-1a and SKI-1b. 

Chapter 5 statistics was performed using R software with Chris Pardy, SAS (SAS 

Institute Inc., Cary, NC, USA) with Jake Olivier, and GraphPad Prism 6.0.  Assessment 

of gene mutation correlation with metabolite levels was screened using Mutual 

Information [159], followed by unpaired Student’s t-test to determine significance.  

Mutual Information examines the dependency between variables.  Comparison between 

plasma groups was assessed with unpaired Student’s t-test.  Spearman correlations 

examined the relationship between tissue and plasma sphingolipids.  Survival analysis 

was examined using Kaplan Meier curves, Log-Rank p-value to determine significance, 

and cox proportional hazard regression model to determine hazard ratio.  For each 
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metabolite of interest, the cut-off value to separate “high” vs. “low” levels was 

determined using ROC curve analysis, and grouping was informed by specificity and 

sensitivity outcomes.  Statistical significance for all data presented in this thesis was 

defined as a p-value < 0.05. 
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Chapter 3: A Sphingolipid Map for 

Normal Grey Matter & Gliomas 

3.1 Introduction 

Sphingolipids are a major lipid-based family in mammalian cells [51], with known 

structural and metabolic functions as discussed previously.  There are several 

sphingolipid hubs, and all are interconnected in a complex network that recycles most 

metabolites, with ceramide, sphingosine, and S1P as a central axis in the pathway.   

As shown in Figure 3.1, SM is catabolised into ceramide.  Ceramide, an important 

sphingolipid hub, is broken down into sphingosine by ceramidases, or can be 

glycosylated to form HexCer.  HexCer can subsequently be built upon to form complex 

glycolipids, including LacCer and sulfatide.  Sphingosine is then recycled back into 

ceramide or phosphorylated by SPHK1 or SPHK2 into S1P.  S1P is converted back into 

sphingosine or irreversibly broken down into hexadecanal and ethanolamine phosphate. 
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Figure 3.1 Schematic Diagram of the Sphingolipid Pathway 

 

Although previous studies on clinical samples have shown important sphingolipid 

alterations, the scope was limited to specific metabolites, enzymes and/or receptors.  In 

addition, experimental therapeutics were developed based on the aforementioned 

studies, and therefore may have missed potential targets.  In order to move 

sphingolipidomics into the forefront of glioma targeted therapies, an adequate 

understanding of changes in the pathway is required.  This is vital, as the pathway has a 

rheostat mechanism, thereby changes in one metabolite have a knock-on effect onto 

other metabolites with biological consequences [53]. 
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3.1.1 Hypothesis and Aims 

Working hypothesis for this chapter: 

1. Sphingolipid metabolism in gliomas, specifically GBM, is altered compared to 

NGM, favouring the production of S1P. 

2. Targeted enzyme gene expression in the sphingolipid pathway will support an 

S1P increase over precursor metabolites, such as ceramide and sphingosine. 

The overall aim of this chapter is to examine the baseline sphingolipid metabolism in 

NGM, in addition to AII, AIII, and GBM using LC-MS/MS and RT-PCR. 

The specific aims of this chapter: 

1. To examine the ceramide-S1P balance between NGM and gliomas. 

2. To identify other sphingolipids common in brain, and establish the levels in 

NGM and gliomas, specifically SM, HexCer, sulfatide, and LacCer in addition 

to the ceramide-S1P axis. 

3. To examine the relationship between enzyme expression and metabolite levels 

in the ceramide-S1P axis.  
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3.2 Results 

3.2.1 Sphingolipid Levels in Normal and Glioma Tissues 

NGM and glioma tissue samples were processed and analysed as discussed previously 

(see Chapter 2.2).  The heat map, in Figure 3.2, indicates the changes in each 

sphingolipid class as a mean fold change when compared to NGM.  For sphingolipids 

with several chain lengths analysed, the total sum of the chain lengths is represented in 

the respective class (SM, HexCer, LacCer, sulfatide, and ceramide).  Overall, there is a 

reduction in HexCer, sulfatide, and ceramide, which is accompanied by an increase in 

LacCer and S1P for GBM tissue compared to NGM. 

 

Figure 3.2 Sphingolipids in NGM, AII, AIII, and GBM 

The heat map represents the various sphingolipids for each tissue group.  Colour scheme 
represents the mean fold change in the tissue groups, as indicated on the scale, for each 
sphingolipid class adjusted to NGM. 
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3.2.1.1 Sphingomyelin Levels in Normal and Glioma Tissues 

SM levels in the different tissue groups are illustrated in Figure 3.3.  Total SM, 

representing the sum of all SM chain lengths, was quantified as shown in Figure 3.3.A.  

AII and AIII samples had similar levels of total SM.  Equally, NGM and GBM had 

similar levels of total SM.  SM was significantly elevated in both AII and AIII samples 

compared to either of NGM and GBM samples.   

The most abundant chain lengths, listed in Figure 3.3.B-D, include C16, C18, and 

C24:1.  C16 SM (see Figure 3.3.B) was similar between the various glioma grades, but 

was significantly elevated in all gliomas compared to NGM.  In contrast, C18 SM (see 

Figure 3.3.C) was similar between NGM with either AII or AIII samples, but was 

significantly reduced in GBM compared to either NGM or AII samples.  Of interest, 

C24:1 SM showed the same pattern as total SM, whereby AII and AIII samples had 

significantly higher levels than NGM or GBM. 
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Figure 3.3 Sphingomyelin Levels in NGM, AII, AIII, and GBM 

(A)Levels of total SM are presented in the scatter plot for each individual sample.  (B-D) The 
three most common SM chain lengths are represented as scatter plots for C16 SM (B), C18 SM 
(C), and C24:1 SM (D).  All values in the scatter plots represent the absolute quantification in 
pmoles adjusted to tissue weight (mg).  *p-value <0.05, **p-value <0.01, ***p-value <0.001, ns 
= not significant. 
 

3.2.1.2 Hexosylceramide Levels in Normal and Glioma Tissues 

HexCer is an important precursor for complex glycolipids.  Although there were similar 

levels of total HexCer between NGM and AII samples, there was a trend decrease in 

AIII samples, and a significant reduction in GBM compared to NGM and AII samples.  

Interestingly, with regards to C16 HexCer, all glioma samples had significantly higher 

levels than NGM.  C18 HexCer was relatively similar between all groups, with the 

exception of a significant reduction in levels for GBM compared to AII samples.  C24:1 

HexCer (see Figure 3.4.D), the most abundant HexCer chain length, had the same 

reduction pattern as total HexCer in Figure 3.4.A. 
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Figure 3.4 Hexosylceramide Levels in NGM, AII, AIII, and GBM 

(A) Levels of total HexCer are presented in the scatter plot for each individual sample.  (B-D) 
The three most common HexCer chain lengths are represented as scatter plots for C16 HexCer 
(B), C18 HexCer (C), and C24:1 HexCer (D).  All values in the scatter plots represent the 
absolute quantification in pmoles adjusted to tissue weight (mg).  *p-value <0.05, **p-value 
<0.01, ***p-value <0.001, ns = not significant. 
 

3.2.1.3 Lactosylceramide Levels in Normal and Glioma Tissues 

Total LacCer levels were significantly increased in AII and GBM samples compared to 

NGM and AIII samples, as evident in Figure 3.5.A.  NGM and AIII samples were 
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similar in LacCer content, and equally AII and GBM samples had relatively similar 

levels.  Of note, AII samples were more clustered together, while GBM samples had a 

larger distribution of LacCer levels between the samples.  However, C16 LacCer was 

significantly elevated in all glioma samples compared to NGM, and AII and GBM 

samples had significantly higher levels than AIII samples.  Having said that, the GBM 

samples had a wider spread than AII samples for C16 LacCer, whereby some samples 

overlapped with the distribution of AIII samples.  C18 LacCer levels were significantly 

increased in AII samples only compared to all other groups.  In contrast, C24:1 LacCer 

levels were significantly reduced in AIII samples only compared to NGM and AII 

samples. 
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Figure 3.5 Lactosylceramide Levels in NGM, AII, AIII, and GBM 

(A) Levels of total LacCer are presented in the scatter plot for each individual sample.  (B-D) 
The three most common LacCer chain lengths are represented as scatter plots for C16 LacCer 
(B), C18 LacCer (C), and C24:1 LacCer (D).  All values in the scatter plots represent the absolute 
quantification in pmoles adjusted to tissue weight (mg).  *p-value <0.05, **p-value <0.01, 
***p-value <0.001, ns = not significant. 
 

3.2.1.4 Sulfatide Levels in Normal and Glioma Tissues 

Sulfatide levels, as depicted in Figure 3.6.A, were equal between NGM, AII and AIII 

samples, but significantly reduced in GBM compared to all three groups independently.  

C16 sulfatide, as seen in Figure 3.6.B, was increased significantly in AII and AIII 

samples compared to NGM.  Moreover, AIII samples were significantly higher in C16 

sulfatide compared to GBM.  Of note, GBM and NGM had similar C16 sulfatide levels, 

but the spread of GBM samples was wide, with several samples well below or above 

most NGM samples.  In contrast, C18 sulfatide was relatively similar amongst all 

groups.  C24:1 sulfatide was only significantly reduced in GBM samples compared to 

NGM or AII samples. 
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Figure 3.6 Sulfatide Levels in NGM, AII, AIII, and GBM 

(A) Levels of total sulfatide are presented in the scatter plot for each individual sample.  (B-D) 
The three most common sulfatide chain lengths are represented as scatter plots for C16 
sulfatide (B), C18 sulfatide (C), and C24:1 sulfatide (D).  All values in the scatter plots represent 
the absolute quantification in pmoles adjusted to tissue weight (mg).  *p-value <0.05, **p-
value <0.01, ***p-value <0.001, ns = not significant. 
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3.2.1.5 Ceramide Levels in Normal and Glioma Tissues 

Ceramide is a central metabolite in the sphingolipid pathway.  Total ceramide, present 

at levels approximately 10% of total SM in NGM, was progressively reduced as glioma 

grade increased.  Although there was no statistical difference between NGM and AII or 

AIII samples, a trend in ceramide reduction is apparent in Figure 3.7.A, with a 

significant reduction in ceramide content when comparing GBM to NGM.  More 

importantly, the three abundant ceramide chain lengths in Figure 3.7.B-D illustrate 

divergent shifts.  C16 ceramide was significantly lower in AII samples compared to 

NGM or AIII samples, while GBM had significantly high levels compared to all groups.  

In contrast, C18 ceramide was significantly reduced as histological grade increased 

compared to NGM.  C24:1 ceramide had similar levels among all four groups. 
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Figure 3.7 Ceramide Levels in NGM, AII, AIII, and GBM 

(A) Levels of total ceramide are presented in the scatter plot for each individual sample.  (B-D) 
The three most common ceramide chain lengths are represented as scatter plots for C16 
ceramide (B), C18 ceramide (C), and C24:1 ceramide (D).  All values in the scatter plots 
represent the absolute quantification in pmoles adjusted to tissue weight (mg).  *p-value 
<0.05, **p-value <0.01, ***p-value <0.001, ns = not significant. 
 
 

The relationship between C16 and C18 ceramide levels is outlined in Figure 3.8 for 

each group.  C18 ceramide was noted as the independent measure, and C16 ceramide as 

the dependent measure for the purpose of the spearman correlation analysis only.  In 

NGM, as C18 ceramide levels increased, C16 ceramide increased as well.  The 

significant positive correlation between the two ceramide chain lengths was maintained 

in AII samples as well.  However, in AIII samples and GBM, the relationship between 

C16 and C18 ceramide was not significant.  The levels of C18 ceramide, as noted in 

Figure 3.7.C previously, was clearly reduced as histological grade increased.  Similar to 

Figure 3.7.B, C16 ceramide levels were lower in NGM, AII, and AIII samples 

compared to GBM. 
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Figure 3.8 Balance between C16 Ceramide and C18 Ceramide in NGM, AII, AIII and GBM 

(A-D) Bivariate correlation between C16 ceramide and C18 ceramide in NGM (A), AII (B), AIII 
(C), and GBM (D).  Data points represent the absolute levels for each sample in pmoles 
adjusted to weight (mg).  P-values were determined using a spearman correlation. 
 

3.2.1.6 Sphingosine Levels in Normal and Glioma Tissues 

Sphingosine, the precursor to S1P, illustrates a step-wise gradient change between the 

glioma groups.  Unexpectedly, AII samples had significantly lower sphingosine 

compared to NGM.  Sphingosine trended to increase in AIII samples compared to AII 

samples, and was significantly elevated in GBM compared to either AII or AIII 

samples.  However, NGM and GBM did not statistically differ in sphingosine levels. 
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Figure 3.9 Sphingosine Levels in NGM, AII, AIII, and GBM 

Levels of sphingosine are presented in the scatter plot for each individual sample.  All values in 
the scatter plots represent the absolute quantification in pmoles adjusted to tissue weight 
(mg).  *p-value <0.05, **p-value <0.01, ***p-value <0.001, ns = not significant. 
 

3.2.1.7 S1P Levels in Normal and Glioma Tissues 

S1P, present at levels less than 5% of sphingosine in NGM, was significantly elevated 

in all glioma samples when compared to NGM.  Although AII samples had significantly 

higher levels of S1P that NGM, the spread of S1P levels was wide, with a few samples 

falling below the level of all NGM samples.  In contrast, AIII samples and GBM were 

uniform in distribution, and 26 out of 30 samples (87%) had higher S1P levels than 

NGM.  There were no differences between GBM with either of AII or AIII samples, but 

AIII samples had significantly higher levels of S1P than AII samples.  
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Figure 3.10 S1P Levels in NGM, AII, AIII, and GBM 

Levels of S1P are presented in the scatter plot for each individual sample.  All values in the 
scatter plots represent the absolute quantification in pmoles adjusted to tissue weight (mg).  
*p-value <0.05, **p-value <0.01, ***p-value <0.001, ns = not significant. 
 

3.2.2 Sphingolipid Enzymes Expression in Normal and Glioma Tissues 

Enzyme expression was determined through absolute quantification and normalised to 

GAPDH or 18S.  Figure 3.11 contains an overview of the enzymes analysed, their 

position in sphingolipid metabolism, and a heat map expression with the mean fold 

change adjusted to NGM.  The heat map is arranged in a streamlined order, 

commencing with enzymes responsible for forming ceramide, followed by enzymes that 

catabolise ceramide, then enzymes responsible for forming S1P, and finally enzymes 

that recycle or catabolise S1P.  A total of 15 enzymes in the pathway were measured for 

gene expression, but only 14 are listed in the heat map as ASAH2 was below the limit 

of detection. 
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Figure 3.11 Sphingolipid Enzymes Expression in NGM, AII, AIII, and GBM 

(A) Schematic diagram of the sphingolipid pathway.  All enzymes listed were analysed. (B) Heat 
map representing the various sphingolipid enzymes for each tissue group.  Colour scheme 
represents the mean fold change in the tissue groups, as indicated on the scale, for each 
enzyme adjusted to NGM. Data presented is normalised to 18S (similar pattern with GAPDH). 
 

3.2.2.1 Ceramide Synthases in Normal and Glioma Tissues 

Ceramide formation is contributed by six ceramide synthases.  CERS3 is not expressed 

in brain tissue, and was therefore excluded from the gene expression analysis.  Each 

ceramide synthase has a preferential carbon chain length (N-acyl), hence regulating 

specific ceramides, but overlap (as outlined in Table 3.1) in synthesis occurs [160].  
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Table 3.1 List of Ceramide Synthases and Target Ceramide Chain Length 

 

 

Scatter plots for each ceramide synthase are outlined in Figure 3.12.  CERS1 

synthesises C18 ceramide, while CERS4 synthesises C18 and C20 ceramide.  CERS1 

expression was similar among the four groups.  Conversely, C18 ceramide target was 

significantly reduced as grade increased as previously described.  CERS4 was relatively 

stable across all four groups, except for a significant reduction in expression for GBM 

samples compared to AIII samples only.  C20 ceramide target was significantly reduced 

in all glioma samples equally compared to NGM.  CERS2, synthesising C22 and C24 

ceramide, was significantly upregulated in all glioma samples equally in comparison to 

NGM.  C22 ceramide target was significantly upregulated in AIII and GBM samples in 

comparison to AII samples only, while C24 ceramide target was significantly 

upregulated in AII and GBM samples compared to NGM and AIII samples only.  

Finally, CERS5 and CERS6 synthesise C16 ceramide.  In all glioma groups, CERS5 

was significantly upregulated in comparison to NGM.  There were no differences 

between the glioma groups for CERS5 expression.  In contrast, CERS6 remained stable 

across all four groups.  C16 ceramide target was significantly reduced in AII samples 

compared to NGM, and increased significantly with grade as previously discussed. 
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Figure 3.12 Ceramide Synthases Expression in NGM, AII, AIII, and GBM 

(A-E) Absolute quantification of gene expression adjusted to 18S for the various ceramide 
synthases as indicated: CERS1 (A), CERS2 (B), CERS4 (C), CERS5 (D), and CERS6 (E).  *p-value 
<0.05, **p-value <0.01, ***p-value <0.001, ns = not significant. 
 

3.2.2.2 Ceramide Conversion in Normal and Glioma Tissues 

Ceramide can be converted to several sphingolipids, but the focus presented herein is 

the conversion of ceramide to HexCer through the activity of UDP-glucose ceramide 

glucosyltransferase (UGCG) (Figure 3.13.A), or the conversion to sphingosine through 

the activity of ceramidases (Figure 3.13.B-D). UGCG was relatively stable between all 

groups, even though NGM had a wide-spread gene expression compared to gliomas.  

ASAH1 was significantly upregulated in all gliomas compared to NGM.  More 

specifically, AII and AIII samples had a significantly higher ASAH1 expression than 

GBM.  In contrast, alkaline ceramidase 2 (ACER2) was relatively stable between NGM, 

AII and AIII samples, but was significantly down regulated in GBM compared to NGM.  

Alkaline ceramidase 3 (ACER3) was significantly upregulated in AII samples compared 

to NGM and GBM only, which were both at similar levels of gene expression.  Of note, 
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alkaline ceramidase 1 (ACER1) is not expressed in brain tissue, hence was excluded 

from the analysis. 

 

 

Figure 3.13 Ceramide Glycosylation and Ceramidase Enzymes Expression in NGM, AII, AIII, 
and GBM 

(A -D) Absolute quantification of gene expression adjusted to 18S for UGCG (A), ASAH1 (B), 
ACER2 (C), and ACER3 (D).  *p-value <0.05, **p-value <0.01, ***p-value <0.001, ns = not 
significant. 
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3.2.2.3 S1P Formation and Catabolism in Normal and Glioma Tissues 

S1P formation and breakdown is controlled by multiple enzymes, as outlined in Figure 

3.11.A.  Phosphorylation of sphingosine to S1P is catalysed through SPHK1 or SPHK2.  

SPHK1 (Figure 3.14.A) illustrated a significant upregulation in AII and AIII samples 

compared to NGM.  Moreover, GBM samples were further upregulated in comparison 

to NGM, AII, and AIII samples.  In contrast, SPHK2 (Figure 3.14.B) was significantly 

down regulated in AII samples compared to NGM.  A trend reduction in AIII samples 

was apparent when compared to AII samples.  GBM samples illustrated a significant 

reduction in SPHK2 expression compared to NGM and AII samples.  Following S1P 

formation, enzymes can either catabolise or recycle S1P.  Recycling S1P back into the 

sphingolipid pathway occurs through SGPP1 or SGPP2.  All samples had similar 

expression of SGPP1 (Figure 3.14.C), with the exception of GBM, which was 

significantly down regulated in SGPP1 expression when compared to AII samples.  

Moreover, SGPP2 (Figure 3.14.D) was significantly down regulated in all glioma 

samples in comparison to NGM, and was significantly down regulated in GBM 

compared to AII samples.  SGPL1 (Figure 3.14.E) irreversibly breaks down S1P into 

hexadecenal and ethanolamine phosphate.  All glioma groups upregulated SGPL1 

significantly in comparison to NGM; specifically, AII and AIII samples had similar 

expression of SGPL1, but both were significantly upregulated in comparison to GBM. 
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Figure 3.14 S1P-Related Enzymes Expression in NGM, AII, AIII, and GBM 

(A-E) Absolute quantification of gene expression adjusted to 18S for the various S1P-related 
enzymes as indicated: SPHK1 (A), SPHK2 (B), SGPP1 (C), SGPP2 (D), and SGPL1 (E).  *p-value 
<0.05, **p-value <0.01, ***p-value <0.001, ns = not significant. 
 
 

Examining the relationship between metabolites and enzymes assists in understanding 

changes occurring in tandem.  In Table 3.2, a correlation matrix identified the positive, 

negative, and neutral relationships between all components surrounding S1P formation.  

Spearman correlations were applied because the data was not normally distributed.  A 

positive correlation indicated that measurements move in the same direction, while a 

negative correlation indicated that measurements move in opposite directions.  A neutral 

relationship is not significant.  At the metabolite level, sphingosine and S1P have a 

significant positive correlation.  S1P forming enzyme, SPHK1, has a significant positive 

correlation with S1P as expected, but interestingly, SPHK2 has a significant negative 

correlation with S1P.  Additionally, SGPP2, which recycles S1P into sphingosine, has a 

significant negative correlation with S1P. 
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Table 3.2 Correlations between S1P-Related Measurements 

 

 
 

In a multivariate model, the correlation of enzyme expression to metabolite levels per 

sample was tested as indicated in Table 3.3.  The model examined the effect of SPHK1 

and SPHK2 to yield S1P, both independently and when combined with sphingosine.  

The reverse reaction, S1P dephosphorylation by SGPP1 and SGPP2 to yield 

sphingosine, was also examined in the same manner.  Grade was adjusted for in the 

model, as most measurements were significantly different between the grades as 

previously stated.  Measurements were divided into low and high based on their median, 

which was used to generate the mean values for the metabolite examined.  Sphingosine, 

when divided into low and high, was significantly predictive of S1P mean levels.  

Unexpectedly, SPHK1 and SPHK2 independently did not successfully predict S1P 

levels.  Furthermore, the interaction of sphingosine with either of SPHK1 or SPHK2 

was not predictive of S1P levels.  For the reverse reaction, S1P was significantly 

predictive of sphingosine mean levels.  SGPP1 and SGPP2, however, were not 

predictive of sphingosine levels either independently or in combination with S1P.  
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Table 3.3 Mean (95% CI) Values of Sphingosine and S1P Measurements 

According to Median Levels of SPHK1, SPHK2, SGPP1, and SGPP2 (N=67) 
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3.3 Discussion 

Omic technologies are exponentially unlocking the complexities of molecular 

aberrations that occur in a cancerous cell.  Identifying the differences between cancer 

and normal tissue is an important step in understanding the bigger picture.  A clearer 

characterisation of DNA mutations in gliomas and other cancers has been possible with 

the revolution in sequencing technologies.  The documentation of oncogenic changes 

though is taking place at multiple levels, including post transcriptional regulation, post 

translational modifications, and epigenetic influences, thus representing some of the 

complex layers in tumour biology.  As a result, focusing only on mutational gains and 

losses may not be sufficient in developing therapeutically viable targets.  Moreover, 

alterations in tumour metabolism are well documented, with a focus on an increase in 

glycolytic activity as a hallmark of cancer [161].  Metabolism though is not only 

characterised by carbohydrates, as lipid metabolism is also an important component of 

cellular regulation.  Of interest, alteration in lipid metabolism can promote glycolytic 

activity [162].  Furthermore, at the sphingolipid level, only ceramide dysregulation in 

gliomas has been documented [163].  Additionally, a pathway centric approach has 

never been presented in any cancer for sphingolipid metabolism.  In this context, we 

present a blue-print for all the sphingolipid changes, complemented with a focused 

enzymatic screen, between NGM and various glioma grades. 

This chapter focuses on identifying the sphingolipid pathway changes at the metabolite 

level.  In saying that, a discussion on the cohorts utilised is relevant to rationalise the 

potential meaning of any changes identified, and the limitations when interpreting the 

datasets.  NGM samples obtained were from post mortem tissues, while AII, AIII, and 
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GBM samples were fresh frozen.  Although post mortem tissue may be associated with 

lipid degradation, a study examining lipids in rat spinal cord found minimal effects for 

autolysis on lipid degradation within a 4 hour window [164].  More recently, a study by 

Yao et al. examined lipids in schizophrenic and control patients, with varying post 

mortem intervals (PMI), and found that there was no association of PMI with their lipid 

analysis [165].  Moreover, the normal control selected for the study was grey matter 

tissue as opposed to white matter tissue, since white matter contains a higher abundance 

of sphingolipids due to myelin.  Myelin does not reflect the composition of gliomas, 

although gliomas may invade white matter.  To account for the difference in tissue 

storage conditions or potential differences in tissue composition, we have included 

lower grade gliomas (i.e. AII) to compare with GBM as an added control, thus 

emphasising that sphingolipid changes are specific to the tumour cells and not to the 

microenvironment.  Sample size is relatively similar among NGM (n=20), AII (n=26), 

and GBM (n=20), but AIII (n=10) is a significantly smaller cohort.  Therefore, 

interpretation of changes in this group should be taken with caution, as the low numbers 

reduce precision of the data.  Finally, glioma samples, specifically GBM, were 

surgically resected and have not been exposed to chemotherapy or radiotherapy to the 

best of our knowledge.  This restricts the interpretation of sphingolipid alteration to a 

pre-treatment setting, excluding the effect of surgery.  As a result, the current 

sphingolipid profile described cannot be assumed to represent recurrent tumours that 

have been exposed to multiple therapies.  This could be examined in future studies to 

assess the effect of chemotherapy and radiotherapy on tumour sphingolipid metabolism 

and associated consequences. 
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SM, the most abundant sphingolipid, is an important component of myelin.  In our 

cohort groups, AII and AIII samples had higher levels of total SM than NGM and 

GBM, which were similar in levels.  The difference in total SM levels is due to the 

higher abundance of very long chain SMs, such as C24:1 in AII and AIII samples.  This 

may be the result of more myelin incorporated in our samples, or a unique characteristic 

of low grade gliomas that increase very long chain SMs in AII, and as it progresses into 

an AIII gradually reduces SM levels, before returning to normal levels in GBM.  Of 

note, the higher level of very long chain SMs in AII and AIII samples is also mirrored 

in very long chain ceramides.  Alternatively, the difference may be due to analysing 

samples on the LC-MS/MS on different days.  Having said that, rigorous quality control 

is factored into the experimental design through the use of internal and external 

standards for each run.  Moreover, this possibility is less likely to be the case, as the 

most abundant SM chain length, C18 SM, is equal between NGM, AII, and AIII 

samples, although significantly reduced in GBM compared to NGM or AII samples.  

NGM and GBM samples were analysed concurrently, therefore experimental setup 

errors would not account for differences in C18 SM chain lengths.  Additionally, when 

examining C16 SM, it is significantly increased in all glioma samples equally when 

compared to NGM.  This supports the notion that differences in SM chain lengths 

between all groups are most probably due to true biological or tissue-composition 

differences (i.e. malignancy-related or myelin incorporation). 

HexCer, combining GlcCer and GalCer, is significantly reduced in GBM.  GlcCer and 

GalCer have the same mass, fragment mass, and elution profile for a gradient elution; 

therefore, it is difficult to resolve the difference between both compounds using a C8 

column for the LC-MS/MS run.  However, GlcCer is the precursor to LacCer, and 
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GalCer is the precursor to sulfatide.  Since LacCer is increased in GBM, and sulfatide is 

reduced in GBM, then it is likely that the reduction in HexCer is due to a reduction in 

GalCer.  An increase in GlcCer is plausible, to account for a significant increase in 

LacCer; however, to prove this definitively would require the separation of GlcCer and 

GalCer using a silica column and an isocratic (i.e. single continuous mobile phase) 

elution profile to give a 0.5-1 min separation between both sphingolipids [166].  For the 

purposes of our study, identifying and quantifying sphingolipids using the current 

methodology without the need to further separate groups (i.e. HexCer) is sufficient to 

answer key questions on sphingolipid composition in NGM and gliomas. 

HexCer, associated with oligodendrocytes and Schwann cells due to myelin 

composition, is reduced in GBM samples compared to NGM and AII samples.  

Moreover, AIII samples have a trend reduction in HexCer levels compared to NGM.  

The reduction in HexCer levels in high grade gliomas may be contributed in part by the 

cellular composition of these tumours.  As high grade astrocytomas have a rapid 

proliferation of mutated astrocyte-derived cells, the normal cytoarchitecture is replaced 

and destroyed.  NGM, although it does not contain white matter, retains a balance 

between the various glial cells, which include oligodendrocytes.  AII samples have a 

lower proliferation rate for neoplastic astrocytes compared to AIII and GBM samples 

[5].  Having said that, C16 HexCer is significantly elevated in all gliomas in comparison 

to NGM, which may reflect the increase noted in C16 SM causing a downstream 

increase in successive metabolites. 

Following from HexCer, specifically GlcCer, LacCer is elevated in absolute levels and 

percentage compositions in specifically AII samples and GBM.  AIII samples are 
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similar to NGM, but C16 LacCer is significantly elevated in AIII samples as well 

compared to NGM.  Similar to HexCer, the increase in C16 LacCer may reflect 

upstream changes as opposed to a gain of function specific to LacCer.  Of interest 

though, LacCer promotes cell migration of smooth muscle cells in the context of 

vascular disease [167].  LacCer has also been shown to interact with VEGF and induce 

angiogenesis in vitro and in vivo [61], therefore, an increase in C16 LacCer may have a 

role in promoting or supporting glioma-induced angiogenesis.  The stark difference 

though in total LacCer levels between AIII samples compared to AII and GBM samples 

is difficult to explain.  However, the AIII sample cohort is unequal in size compared to 

the other cohorts, therefore interpretation of absolute differences for AIII samples 

should be taken in context of the other cohorts, and further repeated measures would be 

required to ensure the validity of the AIII samples results. 

Sulfatide, similar to HexCer, is an important component of myelin, forming 4% of total 

myelin lipid by mass [168].  In addition to being abundant in oligodendrocytes and 

Schwann cells, sulfatide is also present in astrocytes and neurons, albeit small amounts 

[169, 170].  As presented previously, HexCer has a trend reduction in AIII samples 

compared to NGM and AII samples, and a significant reduction in GBM samples 

compared to NGM and AII samples.  Sulfatide has the same pattern, with the added 

significant reduction in sulfatide for GBM compared to AIII samples.  The differences 

noted are likely due to the changing cellular balance, with a significant increase in 

astrocyte content in comparison to myelinating cells, such as oligodendrocytes.  The 

possibility of a functional effect is plausible, as sulfatide binds to adhesion molecules P-

selectin and L-selectin, inducing migration of immune cells [171].  Moreover, a mixture 

of literature reports an elevation of sulfatide in some cancers, and a reduction in other 
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cancers [172].  In our glioma cohort, sulfatide is reduced overall, with the exception of 

C16 sulfatide.  As noted previously, C16 is elevated in SM, HexCer and LacCer.  The 

elevation in C16 sulfatide is most likely due to an increase in C16 synthesis and 

incorporation into the sphingolipid pathway. 

Ceramide reduction in glioma, identified previously [163], is reduced further as the 

histological grade is increased.  This reduction is accounted by the loss of the most 

abundant ceramide chain length, namely C18 ceramide.  Since ceramide is a known pro-

apoptotic metabolite [80], regulator of cell polarity [173] and stem cell differentiation 

[174, 175], a reduction in this central metabolite has potential biological consequences, 

including a reduction of cellular stress in gliomas, and maintenance of a stem cell 

phenotype.  Importantly though, as previously mentioned regarding C16 accumulation, 

C16 ceramide is also elevated, though only significantly upregulated in GBM compared 

to NGM, as opposed to all glioma groups.  There is a notable increase in C16 ceramide 

as glioma grade increases.  Again, the increase in C16 ceramide could simply be due to 

an increase in C16 fatty acid (palmitate) incorporation into the sphingolipid metabolic 

pathway, and the observations on increased sphingolipids with C16 acyl chains are 

downstream consequences.  However, there is a concept known as “many ceramides”, 

where each ceramide chain length has a different biological action as reviewed recently 

by Hannun and Obeid [176].  Ceramide is understood to be composed of multiple 

entities that are interconnected and function differently within the cellular compartment 

it localises.  This complexity cannot be addressed in the data we present, but interesting 

and valid changes can be noted.  When examining the relationship between C16 and 

C18 ceramide, a clear positive correlation is observed in NGM, which is maintained for 

AII samples, but is lost in AIII and GBM samples.  The balance between C16 and C18 
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ceramide is biologically important: C18 ceramide has been specifically implicated as a 

pro-apoptotic metabolite [82, 85], and a potential predictive marker for chemotherapy 

response in head and neck squamous cell carcinomas (HNSCC) [177]; in contrast, C16 

ceramide is described as a protective ceramide against cellular endoplasmic reticulum 

(ER) stress in HNSCC, thereby facilitating tumour growth in vivo [82, 83].  Within our 

dataset, C18 ceramide is progressively reduced as a function of glioma grade, while C16 

ceramide is significantly increased, thereby creating a protective environment for 

gliomas to survive and resist apoptotic stimuli.  This is achieved by the suppression of 

apoptotic stimuli coupled with protection from cellular ER stress.  These features may 

not be unique to gliomas, but possibly a common alteration in tumourigenesis, as this 

specific imbalance has been noted previously in HNSCC [86].  More importantly 

though, the layered complexity in ceramides and the concept of ‘interconnectedness’ 

implies that the shift in ceramide chain lengths does not end there, and has further 

knock-on effects to further elements in the sphingolipid pathway.  

The reduction in ceramide is followed by an elevation in sphingosine in GBM compared 

to AII and AIII samples.  Unexpectedly, levels between GBM and NGM were similar.  

Since ceramide was lower in GBM and S1P was higher compared to NGM, 

sphingosine, an intermediate metabolite, would have been expected to be higher in 

GBM compared to NGM.  To account for the similar levels, sphingosine is likely to be 

rapidly interconverted to S1P or ceramide, which is supported by SPHK1, CERS2, and 

CERS5 overexpression.  Moreover, the pattern of change for sphingosine between the 

four groups is similar to that of C16 ceramide.  Although sphingosine is noted as a pro-

apoptotic metabolite [178], the elevation in GBM compared to AII and AIII samples 

may reflect the drive of the rheostat pathway away from ceramide and towards S1P.  
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This is supported by the multivariate modelling, whereby high sphingosine levels 

significantly predicted high S1P levels.  In contrast to ceramide, S1P, a known pro-

proliferative [103, 179, 180], anti-apoptotic [65], and pro-angiogenic [153, 181] lipid 

mediator is elevated in all gliomas compared to NGM.  The bioactive signalling of S1P 

is evidently enhanced in gliomas, and consequently its pleiotropic activity likely 

supports these tumours by evading apoptosis and stimulating angiogenesis as possible 

outcomes. 

The enzymatic screen, mirroring most metabolomic changes observed, provides an 

insight to pivotal enzymes that have altered expression within the ceramide-S1P axis.  

When considering ceramide species, ceramide synthases are crucial in understanding 

the complex regulation, redundancies in the pathway and compartmentalized activity for 

de novo or salvage pathways in ceramide synthesis [160, 182].  With our dataset, we 

identify an upregulation of CERS5 but not CERS6, which is likely responsible for the 

elevated C16 ceramide levels in GBM.  In contrast, CERS1, the key enzyme for C18 

ceramide synthesis is relatively stable between NGM and gliomas.  Since C18 ceramide 

is reduced as a function of glioma grade, and C18 ceramide is a specific product of 

CERS1 activity, the stability of this gene between the cohorts is unexpected.  

Potentially, proteasome-mediated degradation of the enzyme could explain this, as 

previously reported [183], such that CERS1 enzyme is degraded resulting in a reduction 

in C18 ceramide levels despite normal gene expression.  Alternatively, a shift in the 

catabolic processing may account for the reduction in C18 ceramide specifically and 

ceramides in general to sphingosine.  This is supported by an upregulation in 

ceramidases, namely acidic ceramidase (ASAH1) and alkaline ceramidase (ACER3).  

Moreover, the phosphorylation of sphingosine to S1P is catalysed by SPHK1, which is 
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significantly upregulated in the gliomas, and the reverse reaction catalysed by SGPP2 is 

significantly down regulated as well, indicating a predisposition towards enhancing S1P 

signalling in gliomas in comparison to NGM.  Of note, SPHK2 which also 

phosphorylates sphingosine to S1P is down regulated significantly in gliomas, and 

illustrates a step-wise reciprocal pattern with SPHK1, whereby as SPHK1 increases 

there is a reduction in SPHK2, suggesting a negative feedback mechanism.  Recently, in 

a model of colitis-associated cancer, SPHK2
-/-

 mice showed a significant overexpression 

of SPHK1, and an increase in S1P levels, suggesting that SPHK2 down regulation 

amplifies S1P levels through upregulating SPHK1 [184]. 

When examining the associations between the enzymes forming or catabolising S1P, 

many associations were significant within the results.  In contrast, the modelling for 

conversion of sphingosine to S1P, and the reverse reaction, did not yield significant 

results for enzyme predictions.  Having said that, the metabolites were closely 

associated, whereby if sphingosine was elevated, then S1P would be elevated, and vice 

versa.  That association is linked with tissue grade, and adds emphasis that alteration in 

sphingolipid metabolism is interlinked with cancer formation and progression.  

However, the discrepancy between the correlation matrix and the multivariate analysis 

raises a few issues.  First, the adjustment for grade, although statistically valid, may 

overshadow the basic biology, hence modelling enzymes and metabolites might be 

more appropriately examined in a homogenised group of samples.  Second, our sample 

number was relatively small, and a larger cohort would increase the power to examine 

more variables.  Third, since our data represents a single time point, dynamic changes 

were unaccounted for in the model; therefore, a suitable design including flux might 

address this limitation.  In our attempt to model this pathway with our current data, we 
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identified a strong association between sphingosine and S1P, independent of tissue 

grade, but were unsuccessful in identifying the enzyme predictions for metabolite levels 

with the aim of further emphasising critical enzymes in the pathway. 

In summary, the changes observed in metabolites, and even at the chain length, are an 

important confirmation that the sphingolipid rheostat is relevant to gliomas, and indicate 

potential changes in cellular differentiation status, apoptotic sensitivity, and 

angiogenesis as a result.  In the following chapter, the functional significance will be 

investigated for the significant reduction in ceramide and increase in S1P for GBM 

samples. 
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Chapter 4: Assessing the Functional 

Effects of ASAH1 and SPHK1 Reduction 

in GBM cells 

4.1 Introduction 

Aberrant sphingolipid metabolism, as presented in the previous chapter and supported 

by the literature holds great potential to be modulated by targeting key enzymes in the 

pathway.  The selection of the therapeutic targets is based on the degree of enzyme 

dysregulation, the target metabolite of interest, and the therapeutic potential.  Each 

sphingolipid group presented has a degree of dysregulation, but our target metabolites 

of interest are ceramide and S1P due to their opposing biological properties, and their 

rheostat nature.  Our metabolite data clearly demonstrated a reduction in ceramide for 

GBM, hence overexpression of ceramidases (i.e. ASAH1) that catabolise ceramide 

make an attractive target.  Similarly, with a significant increase in S1P, overexpressed 

sphingosine kinases (i.e. SPHK1) that form S1P will also be targeted.  Additionally, the 

combination of simultaneously inhibiting overexpressed ASAH1 and SPHK1 will be 

evaluated herein. 
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4.1.1 ASAH1 

N-acylsphingosine amidohydrolase, also known as ASAH1, is a lysosomal enzyme that 

degrades ceramide into sphingosine.  ASAH1 was first purified into apparent 

homogeneity in 1995 [185].  The gene, located on chromosome 8, contains 14 exons 

and 13 introns.  An inherited deficiency in this enzyme leads to Farber Disease (FD), 

whereby ceramide accumulates in the lysosomes, and manifests clinically through 

painful nodule formation in the joints, hoarseness, growth retardation, and death by 2-3 

years of age [186]. 

ASAH1 is one of five ceramidase enzymes, which hydrolyse ceramide into sphingosine 

[187].  Different stimuli induce ceramidases expression, including: cytokines (i.e. 

TNFα, IL-1β), dexamethasone, chemotherapy (i.e. doxorubicin), and γ-radiation 

amongst other stimuli.  ASAH1 has an optimum pH of 4.5, and a substrate preference 

for C6 to C16 ceramide [187].  Since ceramide is involved in cell growth arrest and 

apoptosis, ASAH1 is thought to mediate resistance to therapies in various cancers.  

Indeed, in the U87MG glioma cell line with a functional p53, overexpression of ASAH1 

was induced by γ-radiation, and inhibition of ASAH1 with N- oleoylethanolamine 

resulted in ceramide accumulation and sensitisation to γ-radiation [188].  Additionally, 

ASAH1 has been shown to be overexpressed in prostate cancer [189], thereby 

protecting cells from TNF-induced apoptosis and mediating resistance to chemotherapy 

[190, 191].  In breast cancer, overexpression of ASAH1 correlated with tumour size and 

oestrogen receptor status [192].  Furthermore, stimulation of ASAH1 in MCF-7 breast 

cancer cells induced cellular proliferation [193], while in A375 melanoma cells, 

overexpression resulted in resistance to dacarbazine, a chemotherapeutic agent [194].  
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Since ASAH1 is overexpressed in gliomas, as presented in chapter 3, silencing this 

enzyme with a subsequent increase in ceramide should affect cellular progression. 

4.1.2 SPHK1 

SPHK1 has been described in Chapters 1 and 3, however in brief SPHK1 is 

overexpressed in a number of cancers, and more importantly, correlated with poor 

survival outcome in two independent studies in GBM [133, 134].  Moreover, 

overexpression of SPHK1 correlated with an increase in tumour grade progression from 

AII, to AIII, to GBM [133].  Furthermore, S1P generated by SPHK1 has been shown to 

induce tumour angiogenesis in breast cancer cells in vitro and in vivo [142, 153], and 

glioma cells, which was insufficiently blocked by VEGF inhibition [142].  The clinical 

correlations and pro-angiogenic tumour phenotype, along with the elevated S1P levels 

in GBM, strongly suggest SPHK1 is an important target to modulate.  The effect of 

SPHK1 modulation using siRNA and pharmacological inhibition will be presented in 

the context of this chapter. 

4.1.3 Hypothesis and Aims 

Working hypothesis for this chapter: 

1. The ceramide-S1P axis can be regulated by targeting key overexpressed 

sphingolipid enzymes; specifically, ceramide can be increased by inhibiting 

ASAH1, and S1P can be reduced by inhibiting SPHK1. 

2. Regulating the ceramide-S1P axis will affect biological processes, thereby 

creating an unfavourable environment for cancer growth and progression. 
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The overall aim of this chapter is to examine the functional consequences of 

manipulating two overexpressed enzymes, ASAH1 and SPHK1, in GBM sphingolipid 

metabolism. 

The specific aims of this chapter: 

1. To examine the metabolite changes as a result of down regulating ASAH1 and 

SPHK1. 

2. To examine proliferation, clonogenicity, and angiogenesis in the context of 

altering sphingolipid metabolism. 

3. To examine the specific effect of bulk S1P reduction, using pharmacological 

inhibitors, on tumour proliferation and angiogenesis. 
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4.2 Results 

In order to establish which cell line to examine for functional in vitro assays, the 

expression of ASAH1 and SPHK1 was analysed in a panel of immortalised GBM cell 

lines, and patient derived GBM (PDG) cell lines.  In tandem, the ceramide-S1P axis was 

quantified in the immortalised GBM cell line panel.  Two cell lines, one immortalised 

and one PDG cell line, were then selected for siRNA knockdown experiments.  

Successful knockdown of ASAH1 and SPHK1 was verified for gene expression, in both 

cell lines, and sphingolipid changes (immortalised cell line only).  Functional work on 

cellular proliferation, clonogenicity, and angiogenesis were examined in the context of 

ASAH1 and SPHK1 silencing.  Finally, pharmacological inhibition of SPHK1 activity 

and the consequences for proliferation and angiogenesis were examined in collaboration 

with researchers in Dr. Don’s group (Qiao Qiao & Azadeh Matin). 

4.2.1 Ceramide, Sphingosine, and S1P Levels in GBM Cell Lines 

A simple schematic diagram outlining the ceramide-S1P axis and the relation of the 

metabolites with ASAH1 and SPHK1 enzymes is illustrated in Figure 4.1.A.  The 

immortalised cell lines listed in Figure 4.1 were originally derived from primary high 

grade gliomas, with the exception of DBTRG, which was derived from a recurrent 

GBM.  As evident in Figure 4.1.B, ceramide content is highest in DBTRG by almost 2-

fold compared to most cell lines, and in some cases 3-fold.  Similarly in Figure 4.2.C 

and Figure 4.2.D, DBTRG has high levels of sphingosine and S1P.  Interestingly, U251 

has low levels of ceramide, sphingosine, and S1P compared to the other cell lines.  In 

contrast, U87MG has low levels of ceramide and sphingosine, but high levels of S1P. 



99 

 

 

 

 

 



100 

 

 

Figure 4.1 Ceramide-Sphingosine-S1P Levels in Immortalised GBM Cell Lines 

(A) Schematic diagram of the ceramide-S1P rheostat axis.  (B-D) Levels of ceramide, 
sphingosine, and S1P are presented in the bar graphs for each cell line (n=3) as mean +/- 
standard deviation (SD).  All values represent the absolute quantification in pmoles adjusted to 
10^6 cells. 
 
 

Levels of C16 ceramide, as seen in Figure 4.2.A, mirror total ceramide for the cell lines.  

Moreover, C16 ceramide contributes to the majority of ceramide content.  In contrast, 

C18 ceramide follows a similar trend as sphingosine for cell-to-cell variation.  

Interestingly, C18 ceramide constituted only a small percentage of ceramide content for 

all cell lines.  The relationship between C16 and C18 ceramide, as examined with a 

Pearson’s correlation, was identified as a significantly positive correlation, therefore an 

increase in C18 ceramide would be accompanied by an increase in C16 ceramide, and 

vice versa.  
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Figure 4.2 C16 and C18 Ceramide Levels in Immortalised GBM Cell Lines 

(A-B) Levels of C16 and C18 ceramide are presented in bar graphs for each cell line as mean +/- 
SD (n=3).  (C) Pearson correlation between C16 and C18 ceramide in cell lines was used to 
determine the p-value as indicated.  All values represent the absolute quantification in pmoles 
adjusted to 10^6 cells. 
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4.2.2 ASAH1 and SPHK1 Relative Gene Expression in GBM Cell Lines 

Gene mRNA expression for ASAH1 and SPHK1 in a panel of immortalised GBM cell 

lines is illustrated in Figure 4.3.A-B.  Surprisingly, the recurrent cell line, DBTRG, had 

baseline levels of ASAH1 and SPHK1 in comparison to the immortalised cell lines.  

Moreover, U87MG cells had the highest expression of both ASAH1, by 2- to 3-fold, 

and SPHK1, by 5- to 10-fold, relative to the panel.  U251 had moderate ASAH1 

expression, but low SPHK1 expression in comparison to the panel.  Figure 4.3.C-D 

includes recurrent PDG cell lines (G1, G13, and G28) and primary (treatment naive) 

PDG cell lines (BAH1, HW1, PB1, RN1, and WK1).  The expression of both enzymes 

is variable amongst the panel of PDG cells.  ASAH1 was expressed highly in WK1, 

while SPHK1 was expressed highly in G1, a recurrent cell line, and RN1, a primary cell 

line, compared to the panel. 
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Figure 4.3 ASAH1 and SPHK1 Relative Gene Expression in GBM Cell Lines 

(A-B) Relative gene expression for ASAH1 and SPHK1 in a panel of immortalized cell lines 
compared to U251.  (C-D) Relative gene expression for ASAH1 and SPHK1 in a panel of primary 
PDG cell lines compared to PB1.  Gene expression is normalised to 18S rRNA, and expressed as 
mean +/- SD for triplicate measurements. 

 

4.2.3 ASAH1 and SPHK1 Knockdown Validation 

Based on the gene expression data for the immortalised cell lines, U87MG was selected 

for further functional work, due to the high ASAH1 and SPHK1 expression.  As for the 

PDG cell lines, RN1 was selected for further functional work, due to the high SPHK1 

expression, although ASAH1 was only moderately expressed in comparison to the 

panel.  Recurrent cell lines were not selected, as the tissue work conducted in chapter 3 

was primarily newly diagnosed gliomas with no prior exposure to chemotherapy or 

radiotherapy, therefore only cell lines derived from primary gliomas were deemed 

appropriate. 

U87MG cells were transfected with siRNA to SPHK1 and ASAH1 mRNA expression 

of the targets assessed after 48 h (Figure 4.4.A), 5 days (Figure 4.4.B), and 8 days 
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(Figure 4.4.C).  ASAH1 was successfully knocked down after 48 h, and this was 

maintained throughout the time course of 8 days.  The combination knockdown of 

SPHK1 + ASAH1 at 48 h partially reduced ASAH1 expression.  SPHK1 was also 

successfully knocked down at 48 h, and remained reduced in expression at 5 days, but is 

re-expressing at near-normal expression by 8 days.  The combination knockdown of 

SPHK1 + ASAH1 at 48 h reduced SPHK1 expression. 
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Figure 4.4 Gene Expression Analysis Post ASAH1 and SPHK1 Knockdown in U87MG Cells  

(A-C) Relative gene expression for ASAH1 (i) and SPHK1 (ii) in the U87MG cell line at 48 h (Ai, 
Aii), 5 days (Bi, Bii), and 8 days (Ci, Cii) following transfection as indicated in each group.  
Negative siRNA is a non-targeting siRNA control.  Gene expression is normalised to 18S rRNA, 
and expressed as mean +/- SD for triplicate measurements (n=2 for A, n=1 for B and C). 
 
 

Following the knockdown of ASAH1 and SPHK1 in U87MG, sphingolipid analysis 

was performed to assess the impact on the ceramide-S1P axis at 72 h, as shown in 

Figure 4.5.  Ceramide levels were unaffected following SPHK1 silencing, but ASAH1 

reduction resulted in the significant accumulation of ceramide.  The combination of 

SPHK1 + ASAH1 also enhanced ceramide accumulation, but not significantly.  

Sphingosine levels, surprisingly, were unaffected by either or both of ASAH1 and 

SPHK1 reduction.  S1P, following SPHK1 reduction was significantly reduced, but 

unaffected by ASAH1 reduction.  The combination of SPHK1 + ASAH1 also resulted 

in a reduction in S1P levels.  A ratio, illustrating the amount of ceramide relative to S1P 

identified the combination treatment as having the most significant impact on the 

rheostat balance, followed by ASAH1 reduction, and a trend increase in the ceramide to 

S1P ratio with SPHK1 reduction.  Of note, elevation of ceramide, following ASAH1 or 
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the combination of SPHK1 + ASAH1, was evident in all chain lengths, with both C16 

and C18 ceramide accumulating as seen in Figure 4.5.E-F. 
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Figure 4.5 Sphingolipid Analysis Post ASAH1 and SPHK1 Knockdown in U87MG Cells 

Levels of ceramide (A), sphingosine (B), S1P (C), C16 ceramide (E), and C18 ceramide (F) are 
presented in bar graphs for the U87MG cell line as mean +/- SD (n=3) following transfection for 
72 h.  (D) Ratio of ceramide/S1P is presented in a bar graph representing the relative amounts 
of metabolites in each condition.  Metabolite values represent the absolute quantification in 
pmoles adjusted to 10^6 cells.  Statistical significance was determined with an ANOVA and 
Dunnett’s post hoc test, comparing each transfection with Lipofectamine.  *p-value <0.05, 
**p-value <0.01, ***p-value <0.001. 
 
 

Knockdown of ASAH1 and SPHK1 were also performed for 72 h in the PDG line, RN1 

(Figure 4.6).  Similar to U87MG knockdowns, ASAH1 and SPHK1 + ASAH1 siRNAs 

successfully reduced ASAH1 expression in the RN1 cell line.  Moreover, SPHK1 and 

SPHK1 + ASAH1 siRNAs successfully reduced SPHK1 expression as well compared to 

controls. 
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Figure 4.6 Gene Expression Analysis Post ASAH1 and SPHK1 Knockdown in RN1 Cells 

(A-B) Relative gene expression for ASAH1 (A) and SPHK1 (B) in the RN1 cell line at 72 h 
following transfection as indicated in each group.  Gene expression is normalised to 18S rRNA, 
and expressed as mean +/- SD for triplicate measurements (n=2). 

 

4.2.4 Functional Consequences of SPHK1 and ASAH1 Knockdown 

Following the validation of ASAH1 and SPHK1 knockdown, three in vitro assays 

(proliferation, clonogenicity, and angiogenesis) were examined to assess the effect of 

inhibiting either or both enzymes in the sphingolipid pathway.  Proliferation was 

assessed for 96 h in U87MG cells.  Viable cells, staining negative for propidium iodide 

(PI), were assessed with flow cytometry cell counting.  SPHK1 knockdown 

significantly reduced proliferation of U87MG cells, while ASAH1 knockdown had no 

effect on proliferation.  The combination of SPHK1 + ASAH1 knockdown had a 

negative trend reduction in U87MG proliferation as indicated in Figure 4.7.A.  RN1 

cells were assessed for proliferation at 10 days.  Similar to U87MG cells, SPHK1 

knockdown significantly reduced proliferation of RN1 cells, while ASAH1 knockdown 
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had no effect.  However, the combination knockdown also significantly reduced 

proliferation of RN1 cells. 

 

Figure 4.7 Effect of SPHK1 and ASAH1 Knockdown on Proliferation in U87MG and RN1 Cells 

(A-B) Relative viable cell numbers for U87MG (A) and RN1 (B) cell lines at 96 h and 10 days, 
respectively, following transfection with the indicated siRNA.  Relative viable cells, determined 
with cell counting and PI staining, are expressed as mean +/- SD for triplicate (A) or 
quadruplicate transfections (B).  Statistical significance was determined with an ANOVA and 
Dunnett’s post hoc test, comparing each transfection with negative siRNA.  *p-value <0.05, 
***p-value <0.001.  Note: experiment performed in conjunction with Qiao Qiao. 
 
 

Clonogenicity assesses the ability of single cells to form their own colonies, which 

tumours, and specifically stem cells, are capable of forming.  RN1 was assessed for 

clonogenicity at day 14 following transfection with the indicated siRNAs (see Figure 

4.8).  SPHK1 knockdown significantly reduced RN1 colony formation, while ASAH1 

had no significant affect, and the combination had a negative trend reduction in colony 

formation.  Representative images for colonies, stained with 0.5% crystal violet and 

quantified with ImageJ, include negative siRNA (i), SPHK1 (ii), ASAH1 (iii), and 

SPHK1 + ASAH1 (iv) as presented below.  SPHK1 (ii) has clearly lower colonies 

formed than the other groups as per the visual representation. 
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Figure 4.8 Effect of SPHK1 and ASAH1 Knockdown on Clonogenicity in RN1 Cells 

RN1 colony counts, 14 days after transfection with the indicated siRNA, are expressed as a 
percentage of control.  Colony counts percentage, as identified with ImageJ, is expressed as 
mean +/- SD for quadruplicate transfections.  Representative images of negative siRNA (i), 
SPHK1 (ii), ASAH1 (iii), and SPHK1+ASAH1 (iv) for colony formation are presented.  Statistical 
significance was determined with an ANOVA and Dunnett’s post hoc test, comparing each 
transfection with negative siRNA.  ***p-value <0.001. 
 
 
Angiogenesis, a hallmark of many solid tumours [161], was assessed using a co-culture 

method as described in Chapter 2.5.7.  Briefly, Human Microvascular Endothelial Cell 

line (HMEC-1) cells were grown on microcarriers and embedded into a fibrin gel.  

U87MG cells were seeded on top, but were transfected for 72 h prior to seeding (see 

Figure 4.9).  A “no cells” control, where no U87MG cells are seeded on top of HMEC-1 

bound to microcarriers, was added to each experiment to account for background 

sprouting as indicated in Figure 4.9.  The angiogenesis assay was quantified for the 

numbers of sprouts per microcarrier (A), average sprout length (B), and percentage of 
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sprouts greater than 100 µm in length (C).  The “no cell” control was significantly lower 

in all three categories compared to the negative siRNA.  Only SPHK1 knockdown of 

U87MG cells resulted in a significant reduction of the average sprout length and 

percentage of sprouts greater than 100 µm in length, while the number of sprouts per 

microcarrier illustrated a trend reduction in comparison to the negative siRNA.  In 

contrast, ASAH1 and the combination of SPHK1 + ASAH1 did not affect U87MG 

induced angiogenesis for HMEC-1 cells, despite a trend reduction in the percentage of 

sprouts greater than 100 µm in length. 
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Figure 4.9 Effect of SPHK1 and ASAH1 Knockdown on Angiogenesis in Co-cultured U87MG 
and HMEC-1 Cells 

(A-C) U87MG induced angiogenesis is quantified for the number of HMEC-1 sprouts per 
microcarrier (A), average sprout length (B), and percentage of sprouts greater than 100 µm in 
length (C).  Each bar graph represents the mean +/- SD of two independent experiments, with 
a range of 4-8 microcarriers analysed per experiment following 7 days post transfection of 
U87MG cells.  Seeding of U87MG cells with HMEC-1 cells bound to microcarriers was at 72 h 
post transfection, and lasted for 4 days.  Media was replenished every 48 h.  Statistical 
significance was determined with an ANOVA and Dunnett’s post hoc test, comparing each 
transfection with negative siRNA.  *p-value <0.05, **p-value <0.01, ***p-value <0.001. 
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4.2.5 Pharmacological Inhibition of SPHK1 

In support of the siRNA work, selective drug inhibition is key in illustrating that 

functional consequences are not due to off-target effects, but specifically as a result of 

target modulation.  In this context, SPHK1 was selectively targeted using a nanomolar 

potency inhibitor, SKI-1a, recently published [195].  Additionally, a stereoisomer 

control for SPHK1 inhibition, SKI-1b, which is two orders of magnitude [or 100-fold] 

less potent as a SPHK1 inhibitor, was used to illustrate the specificity of SKI-1a.  

ASAH1 was not selected for drug inhibition due to the lack of a suitably potent, 

selective, and cell-permeable inhibitor. 

The changes in S1P (A), sphingosine (B), and ceramide (C) as a result of SPHK1 drug 

inhibition in U87MG cells are shown in Figure 4.10.  SKI-1a, and not SKI-1b, dose-

dependently reduced cellular S1P content significantly in U87MG cells, reaching 

statistical significance at 300 nM.  In contrast, SKI-1a, and not SKI-1b, resulted in 

significant accumulation of sphingosine at 1000 nM, and the significant accumulation 

of ceramide at 300 nM in U87MG cells. 
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Figure 4.10 S1P, Sphingosine, and Ceramide Levels Post SPHK1 Drug Inhibition in U87MG 
Cells 

(A-C) Levels of S1P (A), sphingosine (B), and ceramide (C) in U87MG cells following 72 h 
treatment with SKI-1a or 1b at indicated concentrations.  Results are mean +/- SD derived from 
triplicate treatments.  Statistical significance was determined using a 2-way ANOVA and 
Bonferroni’s post hoc test to compare SKI-1a to 1b.  *p-value <0.05, **p-value <0.01, ***p-
value <0.001.  Note: experiment performed in conjunction with Dr. Don. 

 

4.2.6 Effect of SPHK1 Drug Inhibition on Proliferation 

U87MG, RN1, HMEC-1 cells were treated with SKI-1a or SKI-1b for 7 days with 100 

nM, 300 nM, or 1000 nM.  Proliferation was assessed with an MTT assay (described in 

Chapter 2.5.4).  U87MG cellular proliferation was not affected by either SKI-1a or SKI-

1b, though at 1000 nM there was a trend reduction in viable cells for both compounds.  

Similarly, RN1 cellular proliferation was not affected by either drug, but at 1000 nM a 

more pronounced trend reduction in viable cells was apparent for both compounds.  

Finally, HMEC-1 cells were not affected, even at the higher dose of 1000 nM, by either 

compound.  This data contrasts the siRNA proliferation data presented previously. 
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Figure 4.11 Effect of SPHK1 Drug Inhibition on Proliferation in U87MG, RN1, and HMEC-1 
Cells 

(A - C) Effect of SKI-1a and 1b on proliferation of U87MG (A), RN1 (B), and HMEC-1 (C) cells was 
assessed after 7 days by MTT assay.  Results are mean +/- SD derived from two independent 
experiments.  Statistical significance was determined using a 2-way ANOVA and Bonferroni’s 
post hoc test to compare SKI-1a to 1b.  *p-value <0.05, **p-value <0.01, ***p-value <0.001.  
Note: experiment performed by Azadeh Matin. 

 

4.2.7 Anti-angiogenic Effect of SPHK1 Drug Inhibition 

U87MG cells were co-cultured with HMEC-1 bound to microcarriers, and treated with 

different doses of SKI-1a or SKI-1b for 4 days.  Representative images of HMEC-1 

cells sprouting from a microcarrier for the following seeding conditions: no U87MG 

cells (i), U87MG + vehicle (ii), U87MG + 300 nM SKI-1a (iii), and U87MG + 300 nM 

SKI-1b (iv) are shown in Figure 4.12.A.  Quantification of number of sprouts per 

microcarrier (B), average sprout length (C), and percentage of sprouts greater than 100 

µm in length (D) were assessed.  SKI-1a, at 100 nM, had a trend reduction in all three 

parameters.  Moreover, doses of 300 nM and 600 nM showed a significant reduction in 

all three parameters for SKI-1a compared to SKI-1b.  Average sprout length and 

percentage of sprouts greater than 100 µm in length progressively reduced as SKI-1a 

dosage increased, while SKI-1b had an insignificant impact on the in vitro angiogenic 

process. 
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Figure 4.12 Effect of SPHK1 Drug Inhibition on Angiogenesis in Co-cultured U87MG and 
HMEC-1 Cells 

(A) Representative images for HMEC-1 cells bound microcarriers treated with no U87MG cells 
(i), U87MG + vehicle (ii), U87MG + 300 nM SKI-1a (iii), or U87MG + 300 nM SKI-1b (iv).  Scale 
bar equals 100 μm.  (B-D) U87MG induced angiogenesis is quantified for the number of HMEC-
1 sprouts per microcarrier (B), average sprout length (C), and percentage of sprouts greater 
than 100 µm in length (D).  Each value represents the mean +/- SD of three independent 
experiments, with approximately 6-10 microcarriers analysed per experiment following 4 days 
of co-culture treatment at the indicated concentrations.  The negative control of HMEC-1 
bound microcarriers with no U87MG cells is indicated as a dotted line on the graphs.  
Statistical significance was determined using a 2-way ANOVA and Bonferroni’s post hoc test to 
compare SKI-1a to 1b.  *p-value <0.05, **p-value <0.01, ****p-value <0.0001.  Note: 
experiment performed in conjunction with Azadeh Matin. 
 
 

The co-culture treatment with SKI-1a or SKI-1b may be affecting either or both of 

U87MG and HMEC-1 cells.  Therefore, U87MG cells were pre-treated for 48 h with 

SKI-1a or SKI-1b at 500 nM, and the conditioned media, which includes the respective 

drug treatments, was added for 4 days to HMEC-1 cells bound to microcarriers as 

indicated in Figure 4.13.  Conditioned media from U87MG cells treated with SKI-1a 
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produced a significant reduction on sprouts per microcarrier, average sprout length, and 

percentage of sprouts greater than 100 µm in length, while SK1-1b had no effect 

compared to the vehicle-treated conditioned media.  S1P, at 100 nM, was added directly 

to the co-culture with treated conditioned media.  The addition of S1P into conditioned 

media from U87MG cells treated with SKI-1a had a significant impact in rescuing 

HMEC-1 sprouting, while the addition of S1P to the SKI-1b condition had no 

significant effect in further promoting sprouting of HMEC-1 cells. 

 

Figure 4.13 Effect of SPHK1 Drug Inhibition on Angiogenesis in Co-cultured U87MG Treated 
CM and HMEC-1 Cells 

(A-C) Number of HMEC-1 sprouts per microcarrier (A), average sprout length (B), and 
percentage of sprouts greater than 100 μm in length (C) were determined for HMEC-coated 
microcarriers cultured for 4 days in conditioned medium taken from U87MG cells treated with 
vehicle (Veh), 500 nM SKI-1a (1a), or 500 nM SKI-1b (1b).  S1P (100 nM) was added directly to 
the angiogenesis assay where indicated.  Results shown are mean +/- SD derived from a 
minimum of ten microcarriers per condition.  Statistical significance was determined using an 
ANOVA and Dunnett’s post hoc test comparing each treatment to the vehicle control.  *p-
value <0.05, **p-value <0.01, ***p-value <0.001.  Note: experiment performed in conjunction 
with Azadeh Matin. 
 
 

To examine the effect of SKI-1a on HMEC-1 cells directly, conditioned media from 

untreated U87MG cells was added to the co-culture angiogenesis assay.  HMEC-1 cells 

bound to microcarriers were treated with vehicle or SKI-1a for 4 days.  Sprouting 
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induced by U87MG conditioned media was not affected by SKI-1a for all three 

parameters, as shown in Figure 4.14.A-C. 

 

Figure 4.14 Effect of SPHK1 Drug Inhibition on Angiogenesis in Co-cultured U87MG 
Untreated CM and HMEC-1 Cells 

(A-C) Number of sprouts per microcarrier (A), average sprout length (B), and percentage of 
sprouts greater than 100 μm in length (C) were determined for HMEC-1 bound microcarriers 
cultured for 4 days in U87MG conditioned medium and treated with vehicle or 500 nM SKI-1a.  
No statistical significance was identified between vehicle control and SKI-1a using unpaired t-
tests.  
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4.3 Discussion 

The work presented in this chapter subdivides into three main areas for discussion.  

First, sphingolipid analysis and enzyme expression for the cell line panel and 

knockdown validation established the experimental platform.  Second, siRNA silencing 

to assess proliferation, clonogenicity, and angiogenesis provided the functional 

relevance of pathway modulation in limiting tumour progression.  Third, drug testing 

with a selective potent inhibitor for SPHK1 confirmed the siRNA functional work and 

sets the focus for in vivo experiments.  

4.3.1 Cell Line Screen and Knockdown Validation 

The sphingolipid profile for the cell lines, although focused on the ceramide-

sphingosine-S1P axis only, contained interesting sphingolipid changes that in some 

cases were comparable to the GBM tissue data in chapter 3, and in other cases were 

non-representative of clinical disease profile.  Ceramide levels in the recurrent cell line, 

DBTRG, were higher than the immortalised cell lines derived from treatment naive high 

grade gliomas.  Although our GBM tissue data presented included only newly 

diagnosed GBMs that were treatment naive, tissue from recurrent GBMs were assessed, 

and had higher levels of ceramide compared to treatment naive GBMs.  The data was 

not presented, as the cohort of recurrent GBMs was less than 5 samples, therefore 

conclusions drawn from that sample size may be misleading.  Higher ceramide levels in 

recurrent tissue samples or cell lines derived from recurrent tumours is plausible, 

because ceramide accumulation can be induced through chemotherapy, radiotherapy, 
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hypoxia, and other cellular stress causing agents [196].  However, the permanency of 

high ceramide levels, created through de novo synthesis or SM hydrolysis, is unknown.  

Of interest, the levels of C16 and C18 ceramide in GBM cell lines compared to GBM 

tissues were different in percentage composition; C16 ceramide was the main 

contributor for total ceramides in cell lines, while C18 ceramide was the main 

contributor for total ceramides in GBM tissue.  The low C18 ceramide and high C16 

ceramide in our GBM cell lines may reflect a characteristic of cells grown artificially, as 

opposed to a functional consequence.  However, in a study examining HNSCC 

compared to adjacent normal tissue, C18 ceramide was reduced significantly in the 

carcinoma samples, while C16 ceramide was increased.  Moreover, when C18 ceramide 

was increased 2-fold by over expressing CERS1, previously known as LAG1, cellular 

proliferation was reduced by 70-80% [86].  Since C18 ceramide induces caspase 

activation and reduces tumour growth, while C16 ceramide protects against 

endoplasmic reticulum (ER) stress thereby promoting tumour survival [82], it is 

plausible that the low levels of C18 ceramide, and equally, high levels of C16 ceramide 

support the tumour cells.  Alternatively, the low levels of C18 ceramide may reflect 

rapid conversion to downstream metabolites, such as sphingosine and S1P. 

Sphingosine, previously noted to account for 5-10% of ceramide content in NGM and 

glioma samples, illustrated extremely high levels in GBM cell lines, accounting for 

approximately 50% of ceramide content.  S1P levels however, were at concentration 

levels similar to GBM tissue samples, although exact conversion is not an accurate 

measure as tissue samples were adjusted per mg, while cells lines were adjusted per 10
^6
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cells.  S1P levels were variable among the immortalised cell lines, with the highest 

levels present in DBTRG, A172 and U87MG cells. 

ASAH1 and SPHK1 gene expression did not reflect the variation in metabolites.  For 

example, U87MG had the highest expression of ASAH1, and relatively low ceramide 

levels, which should result in higher sphingosine levels.  However, sphingosine was 

relatively low in U87MG, which may be explained by the 5- to 10-fold increase in 

SPHK1 that manifests with high S1P levels.  In contrast, DBTRG has similar ASAH1 

and SPHK1 expression to the other cells lines, yet has high ceramide, sphingosine, and 

S1P levels in comparison.  The inconsistency between gene expression predicting 

metabolite levels underscores the complexity of the sphingolipid pathway, and the 

influence multiple enzymes have on a single metabolite.  As discussed earlier, S1P 

levels are directly controlled by multiple enzymes, including sphingosine kinases, S1P 

phosphatases, and S1P lyase.  Therefore predicting levels based on the expression of 

one enzyme is likely to be overly simplistic.  Having said that, enzyme knockdown of 

ASAH1 or SPHK1 had profound effects on ceramide and S1P levels respectively, 

therefore the contribution of both enzymes to metabolite levels is evident. 

The PDG cell line panel also showed variable expression of ASAH1 and SPHK1.  The 

cell lines: WK1, HW1 and G28 had the highest ASAH1 expression, while G1 and RN1 

had the highest SPHK1 expression.  Selection of cells lines was determined based on 

SPHK1 expression, which is an unfavourable prognostic marker for survival in GBM, 

and correlated with increased glioma grade progression, therefore clinically relevant 

[133, 134].  As a result, U87MG was chosen for functional analysis for the 
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immortalised cell lines.  Additionally, a primary PDG cell line was selected instead of a 

recurrent PDG cell line; hence RN1 was studied for siRNA functional experiments. 

Reducing ASAH1 mRNA levels resulted in a further increase in ceramide levels 

compared to control cells.  Both C16 and C18 ceramide were significantly elevated 

demonstrating no effect of the reduced ASAH1 levels on preferentially increasing one 

ceramide chain length over another.  In contrast, knockdown of SPHK1 led to the 

significant reduction of S1P levels, with no evidence of sphingosine or ceramide 

accumulation.  Dual knockdown of both SPHK1 and ASAH1 resulted in an increase in 

ceramide levels (significant though not as pronounced), and a reduction in S1P.  Of 

note, control levels for ceramide and S1P differ for U87MG cells between the siRNA 

and the drug inhibitor experiments, which may be due to the different treatments 

applied (lipofectamine vs DMSO).  Alternatively, the experiment may reflect the 

variation between individuals in cell pipetting prior to cell counting.  Importantly, both 

experiments have been adequately controlled for the specific hypotheses examined. 

Although gene expression was examined at 48 h, metabolites were examined at 72 h to 

allow for the gene silencing effects to translate at the metabolite level.  The apparent 

compensatory increase of SPHK1 for ASAH1 knockdown, and ASAH1 for SPHK1 

knockdown was not significant at 5 days, and therefore will unlikely effect metabolite 

levels.  The time course assessed the length of time gene silencing was maintained to 

inform the design time for functional assays.  The clonogenic experiment has expanded 

beyond our time course, and the transient gene silencing is unlikely to be maintained for 

14 days.  However, the purpose of the experiment is to assess the initial impact of gene 



123 

 

silencing on colony formation, and the added length of time allowed the separation of 

the groups as indicated in Figure 4.8.  

4.3.2 Proliferation, Clonogenicity, and Angiogenesis in siRNA Experiments 

There was decreased proliferation for U87MG cells, and decreased proliferation and 

clonogenicity for RN1 cells following SPHK1 silencing, which is supported by other 

studies [130, 197-199].  Several mechanisms have been suggested for SPHK1 in 

promoting cancer cell proliferation.  In a study examining breast cancer cells, MCF-7, 

SPHK1 induced proliferation through an oestrogen-dependent mechanism, which 

involved the activation of extracellular signal-related kinases (ERK1/2).  As a result, 

activator protein 1 (AP-1) was enhanced, leading to cyclin D1 activation, hence an 

increase in proliferation.  The same cells had no effect on Akt induced cellular 

proliferation [200].  In contrast, another study examining 1321N1 human astrocytoma 

cells illustrated that TNF-α induced proliferation through several mechanisms including 

ERK and Rho activation, but signalling via SPHK1 mediated activation of the PI3K/Akt 

pathway and cyclin D [201].  In a third study, EGFRvIII stably transfected in a glioma 

cell line (U251-E18) showed increased SPHK1 activity, which partially enhanced ERK 

signalling to increase proliferation [198].  Since GBMs harbour multiple mutations, 

induction via SPHK1 may be through different growth factors and pathways, and 

downstream activators are likely to be cell type dependent.     

ASAH1 knockdown though had no impact on the proliferation of either U87MG or 

RN1 cells.  Although ASAH1 resulted in the accumulation of ceramide, a pro-apoptotic 

metabolite, the lack of chain length specificity could result in the null effect observed.  

As indicated in the knockdown validation for ASAH1, both C16 and C18 ceramide 
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were increased significantly.  Alternatively, the GBM cell lines might not be sensitive to 

ceramide accumulation in their lysosomes.  The combination had a trend reduction in 

proliferation for U87MG, and a significant reduction in proliferation for RN1 cells.  

This effect was likely mediated through SPHK1 knockdown, and not due to a shift in 

ceramide-S1P balance, which also occurs for ASAH1 knockdown, yet with no effect on 

proliferation.  Specific ASAH1 pharmacological inhibitors, at nanomolar potency, have 

been recently identified, and should be examined in future experiments to inform our 

current siRNA data [202]. 

Silencing SPHK1 affected angiogenesis activity significantly.  The effect may be 

mediated through a reduction in secreted extracellular S1P, which has been to shown to 

modulate sprout formation.  Alternatively, SPHK1 knockdown has been shown to affect 

proliferation, and may account for an apparent reduction in HMEC-1 sprouting as a 

result of fewer U87MG cells stimulating the process.  ASAH1 knockdown and the 

combination knockdown did not significantly reduce the angiogenic stimulation of 

U87MG cells.  Although the combination knockdown successfully reduced S1P levels 

equally as SPHK1 knockdown at 72 h, the angiogenesis assay was commenced 

following 72 h of transfection and lasted for 4 days.  Given that the combination 

knockdown had only half the siRNA dose as the single knockdown, and the time course 

for SPHK1 gene expression began to re-express at day 5 in the single knockdown, it is 

possible that the combination knockdown did not efficiently reduce S1P levels 

throughout the assay timeline.  Based on the current literature, S1P is known to have 

pro-angiogenic properties [203].  Moreover, S1P generated from SPHK1 is crucial for 

vascular and neural development.  Embryos lacking both SPHK1 and SPHK2 had 

widespread cranial haemorrhages [87].  Furthermore, S1P1
-/-

 mice have a similar 
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phenotype as the SPHK1
-/-

 SPHK2
-/- 

mice, suggesting the pro-angiogenic effect of S1P 

is partly dependent on S1P1 signalling [204, 205].  Finally, SPHK1 down regulation in 

glioma cell lines reduced extracellular S1P levels, and consequently reduced endothelial 

tube formation in vitro [142].  Taken together, the effect of S1P in angiogenesis is 

justifiable, but the potential anti-proliferative effect of SPHK1 silencing alongside the 

minimal effect SPHK1 + ASAH1 silencing had on the angiogenesis assay raises a few 

questions.  To resolve this, specific pharmacological inhibition of SPHK1 activity was 

examined in the context of proliferation and angiogenesis. 

4.3.3 SPHK1 Drug Inhibition and Functional Effects 

The selective SPHK1 inhibitor, SKI-1a, has a Ki of 100 nM [195].  The stereoisomer, 

SKI-1b, is 100-fold less potent as a SPHK1 inhibitor, hence acting as a control 

compound.  As expected, SKI-1a but not SKI-1b dose-dependently reduced S1P levels 

in U87MG cells, although no effect on cell proliferation was observed.  This is 

supported by a previous study demonstrating that this inhibitor does not affect cancer 

cell proliferation [195].  The SPHK1 inhibitor, PF-543 (Ki of 3.6 nM and 100-fold more 

selective for SPHK1 over SPHK2), also had no effect on cancer cell proliferation [206].  

However, those studies did not identify an accumulation of ceramide as a consequence 

of SPHK1 inhibition.  Additionally, our treatments were performed with 10% FBS, 

which contains S1P, thus potentially masking the anti-proliferative effects.  Moreover, 

S1P in serum is partly dephosphorylated by cells, and taken up as sphingosine [207], 

hence contributing to intracellular sphingolipids and may explain the accumulation of 

ceramide, since intracellular SPHK1 is inhibited.  Having said that, the new generation 

of highly selective SPHK1 inhibitors are in contrast to previous SPHK1 inhibitors that 
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have shown an effect on cellular proliferation [143, 208].  This is likely due to off-target 

effects, since higher concentrations of previous SPHK1 inhibitors, in the micromolar 

range, were required to reduce S1P levels, while the new SPHK1 inhibitors are much 

more potent and therefore likely to be much more selective [195, 206].  Moreover, 

previous SPHK1 inhibitors have the long-chain base structure, which are toxic to cells 

especially at micromolar concentrations [195, 206].  Interestingly, SPHK1 silencing in 

MCF-7 breast cancer cells reduced proliferation, but was independent of S1P signalling 

via S1P receptors [200].  Given the recent literature and current results, specifically the 

targeted drug inhibition of SPHK1, we may conclude that GBM cell proliferation, 

specifically U87MG and RN1 cells, was not directly dependent on bulk S1P production, 

but further serum deprivation experiments are required to ensure data is not confounded 

by other variables.  The conflicting data between our SPHK1 drug inhibition and siRNA 

data, for U87MG and RN1 cells, may suggest that siRNA treatment inhibits non-

catalytic functions of SPHK1, thus contributing to the reduced proliferation observed.  

For example, SPHK1 has been shown to increase Bim, a pro-apoptotic protein, when 

targeted by siRNA [144].  Additionally, SPHK1 signals via ERK to increase 

proliferation under hypoxic conditions, therefore siRNA targeting results in a reduced 

proliferative effect [145].  These examples illustrate that SPHK1 siRNA treatment may 

modulate other biological pathways, thereby reducing cellular proliferation independent 

of S1P production. 

S1P, a potent angiogenic factor, has a role in tumour angiogenesis as established using 

both genetic and pharmacological approaches [108, 153, 209].  The number of sprouts, 

average sprout length, and the proportion of long sprouts were reduced at 100 nM of 

SKI-1a, and significantly reduced at 300 nM of SKI-1a compared to SKI-1b.  The 
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reduction in early angiogenesis correlated well with the concentration needed to block 

S1P production by U87MG cells.  Importantly, SKI-1a and SKI-1b had no effect on 

HMEC-1 proliferation at concentrations up to 1000 nM; therefore, the observed effects 

indicate that SPHK1 activity is required for the transfer of angiogenic signals from 

GBM cells to co-cultured endothelial cells. 

To test whether SPHK1 activity in U87MG cells or HMEC-1 cells, or both, was 

required for angiogenesis, we added conditioned medium taken from U87MG cells to 

HMEC-1 cells on microcarriers and assessed sprouting in the presence or absence of 

SKI-1a.  Angiogenic sprouting was inhibited in conditioned medium taken from 

U87MG cells that had been treated with SKI-1a; but not when SKI-1a was added to the 

assay after collecting conditioned medium from untreated U87MG cells, indicating that 

SPHK1 activity in U87MG but not HMEC-1 cells was necessary to induce angiogenic 

behaviour in the co-culture system.  Moreover, endothelial sprouting in conditioned 

medium taken from U87MG cells treated with SKI-1a was rescued by the addition of 

100 nM S1P; strongly suggesting that S1P secreted by U87MG cells into the 

conditioned medium is an essential co-factor for endothelial sprouting.  Interestingly, 

work done in Dr. Don’s lab examining the effect of SKI-1a and SKI-1b on angiogenic 

cytokines in conditioned medium from U87MG cells following treatment suggests that 

there was no interaction with SPHK1 activity inhibition.  The expression of 55 different 

angiogenic cytokines were analysed using an antibody array, and secretion of 

angiogenic factors including VEGF, uPA, and IL-8 by the U87MG cells were clearly 

evident and unchanged with SKI-1a or 1b treatment.  A VEGF ELISA confirmed the 

lack of effect of SKI-1a treatment on secreted VEGF levels, indicating that bulk S1P 
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reduction affected in vitro angiogenesis independent of the secretion of angiogenic 

factors such as VEGF. 

Our results are in agreement with recent studies demonstrating anti-angiogenic effects 

after the addition of SPHK1 inhibitors [153].  An essential role for S1P, signalling 

through endothelial cell S1P1 receptors, in tumour angiogenesis has been demonstrated 

previously [108], and an anti-S1P monoclonal antibody was shown to inhibit tumour 

angiogenesis [209]. 

In conclusion, ASAH1 and SPHK1 have variable expression between glioma cells lines, 

and did not correlate accurately with sphingolipid levels.  ASAH1 silencing resulted in 

the non-preferential accumulation of C16 and C18 ceramide.  SPHK1 silencing resulted 

in the reduction of S1P, proliferation, clonogenicity, and angiogenesis.  SPHK1 activity 

was inhibited using a selective and potent SPHK1 inhibitor and angiogenesis was 

significantly inhibited.  Recently, anti-VEGF therapies were shown to improve the 

quality of life and progression free survival in GBM, but do not significantly enhance 

overall survival [44, 45].  Combining anti-VEGF treatments with inhibition of S1P 

synthesis could enhance the potency of anti-angiogenic therapies in GBM and other 

highly vascular tumours.  The current data, from the literature and experimental work 

presented here, provide important evidence supporting inhibition of S1P synthesis as a 

therapeutic target in cancer, and point to a new target for anti-angiogenic therapy in 

GBM. 
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Chapter 5: Examining Sphingolipids in 

GBM Tissue and Plasma 

5.1 Introduction 

The previous two chapters focused on two key concepts.  Firstly, the focus was to 

establish whether sphingolipids are altered in gliomas compared to normal grey matter 

(NGM), and secondly, to assess the functional consequences for specific imbalances in 

the pathway.  Our current data shows that sphingolipid metabolism is clearly altered in 

gliomas.  The localised changes identified support and promote tumour growth, through 

reducing anti-apoptotic factors and increasing pro-angiogenic factors.  However, the 

relationship of the observed changes to clinical and genetic factors remains unanswered.  

Given the paucity of lipid-related data in GBM, we sought to clarify the potential 

clinical correlations for sphingolipid changes in GBM by addressing three key aspects: 

genetic mutations interacting with the sphingolipid pathway [210], plasma sphingolipids 

[153, 211-213], and correlation with clinical outcome [133, 134, 177]. 

Figure 5.1 provides a schematic diagram outlining the correlations investigated in this 

chapter.  Key mutations in driver cancer genes and their association with metabolites is 

a growing research area.  Moreover, the genetic code can only predict a static image of 

metabolism [214], with no consideration of environmental influences.  Additionally, 

each omic dataset provides a portion of the biological picture [215].  By combining the 

cellular genetic code, with a snapshot of biological metabolism, new relationships and 
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interactions can be established [210].  Furthermore, addressing the correlation of 

sphingolipids in GBM tissue and GBM plasma is potentially useful, especially if plasma 

sphingolipids are informative of tissue changes.  Importantly, examining plasma 

sphingolipid levels in GBM patients and normal healthy controls is a novel dataset, 

which may pinpoint a specific dysregulation, and establishes a baseline measure for 

GBM plasma levels against normal levels.  Two previous studies in ovarian and breast 

cancer have shown higher levels of S1P in patient plasma and serum, respectively, 

compared to normal healthy controls [153, 211].  However, no direct correlations 

between tissue levels and circulating levels were examined.  Finally, the association of 

the sphingolipid pathway with survival has been illustrated in several studies.  As 

mentioned previously, SPHK1 overexpression has been shown to correlate 

unfavourably with survival in two independent studies [133, 134], yet no data regarding 

S1P and survival has been reported.  Moreover, plasma sphingolipids may have a role 

as predictive markers of therapy, as has been shown for C18 ceramide in HNSCC [177]. 
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Figure 5.1 Design Overview Examining GBM Sphingolipids with Several Factors 

This is the study overview for the factors being assessed in relation to tissue and plasma 
sphingolipids.  The numbers (1-5) reflect the order of result presentation within this chapter. 
 

5.1.1 Hypothesis and Aims 

Working hypothesis for this chapter: 

1. Sphingolipid changes in GBM are likely to be influenced by specific genetic 

mutations that support tumourigenesis. 

2. The sphingolipid levels in GBM plasma will be elevated compared to normal 

plasma levels, and will reflect GBM tissue changes for diffusible factors. 

3. Sphingolipids in GBM tissue and plasma may have a role as potential 

biomarkers. 



132 

 

The overall aim of this chapter is to examine the relationship between sphingolipids in 

tissue with known genetic mutations in GBM, plasma sphingolipids, and clinical 

markers. 

The specific aims of this chapter: 

1. To examine the relationship between sphingolipids in GBM tissue and mutations 

in key cancer genes. 

2. To examine sphingolipids in plasma from GBM patients and normal age-

matched controls. 

3. To examine the correlation between sphingolipids in GBM tissue with matched 

plasma samples. 

4. To examine the correlation between sphingolipids in GBM tissue and plasma 

with survival outcomes. 
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5.2 Results 

This section is subdivided into a brief review of the clinical cohort examined and patient 

survival outcome, followed by correlations between GBM tissue sphingolipids with 

known genetic mutations in the cohort and clinical associations.  Thereafter, matched 

GBM tissue and plasma sphingolipids are examined.  Finally, GBM plasma 

sphingolipids are assessed with normal control plasma sphingolipids and survival 

outcome. 

5.2.1 Clinical Cohort Overview 

Table 5.1 provides an overview of the clinical composition of the GBM cohort 

examined in this study. 

Table 5.1 Clinical Cohort Characteristics 
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Briefly, the cohort investigated comprised 47 primary GBM tissues and 47 GBM 

plasmas, of which 43 were matched with tissue samples.  Normal plasma controls 

(n=21) were age-matched with the GBM cohort.  The median age of the GBM patients 

was 64 years, with a median survival of 11.4 months.  Of note, a third of patients had 

either not completed concurrent chemotherapy and radiotherapy, or received only one 

treatment modality in addition to surgery.  MGMT promoter methylation was found in 

approximately a quarter of the cohort. 

5.2.2 Clinical Outcomes 

Kaplan Meier survival analysis and Log-Rank p-values were used to examine clinical 

factors, sphingolipids in tissue and plasma for the GBM patients.  Hazard ratios (HR) 

were determined using a cox proportional hazard regression model.  Of note, all 

survival graphs include the number of patients in each group and the attrition over the 

course of 40 months. 

Kaplan Meier curves for three clinical characteristics previously known to affect 

survival (age, treatment and MGMT methylation) are presented in Figure 5.2.A-C.  

Patient age was categorised into two groups: (1) patients younger than 50 (n=8) and (2) 

patients older than 50 years (n=43) [28].  There was no significant difference between 

both age groups in our cohort.  Patients completing the treatment regimen of concurrent 

chemotherapy and radiotherapy (n=35) showed a survival benefit compared to those 

patients who had an interrupted or incomplete course of treatment (n=8, p-value <0.05, 

HR = 0.38).  MGMT methylation, denoted as 1 in Figure 5.2.C, trended towards 

significance, with a survival advantage appearing after 13 months, and a 50% reduction 

in HR. 
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Figure 5.2 Survival Outcomes of Cohort Clinical Characteristics 

(A-C) Kaplan Meier graphs for age, completed chemotherapy and radiotherapy, and MGMT 
methylation are presented above.  Log-Rank p-value, hazard ratio, and 95% HR confidence 
interval (CI) for each graph, and legend where appropriate, are presented herein.  (A) P-value = 
0.22, HR = 0.61, 95% HR CI = 0.27-1.37.  (B) P-value <0.05*, HR = 0.38, 95% HR CI = 0.17-0.84.  
Legend: 0 = incomplete treatment, 1 = complete treatment.  (C) P-value = 0.17, HR = 0.50, 95% 
HR CI = 0.19-1.34.  Legend: 0 = unmethylated MGMT promoter, 1 = methylated MGMT 
promoter. 
 

5.2.3 Correlating Sphingolipids with Mutations in GBM 

Ion Torrent sequencing was used to identify mutations in “known” cancer genes.  Non-

synonymous mutations in 20 different cancer genes were identified in at least one GBM 

specimen and are presented in Table 5.2.  The commonest oncogenic-related mutations, 

involving more than 10% of patients, were found to occur at EGFR, KDR, KIT, 
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PIK3CA, PTEN, and TP53.  Of note, no IDH1 mutations were present in the primary 

GBM cohort. 

Table 5.2 Non-Synonymous Gene Mutations in GBM Cohort  

 

The six mutated genes highlighted in Table 5.2 were correlated with sphingolipid 

metabolite levels.  Other oncogenic-related mutations were not correlated with 

metabolites to avoid false positive associations due to a small number effect [216, 217].  

GBM specimens positive for mutations within the extracellular domain (EC) of EGFR 

correlated with specific chain length ceramides (Figure 5.3).  C16 and C22 ceramide 

were significantly elevated in EGFR mutant (mt) samples compared to EGFR wild-type 

(wt).  In contrast, C18 ceramide, and collectively all ceramides combined, were similar 
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between EGFR mt (median = 58.61 pmol/mg, 95% CI = 55.41-103.7 pmol/mg) and 

EGFR wt samples (median = 116.5 pmol/mg; 95% CI = 65.61-139.4 pmol/mg; p-value 

= 0.43).  No associations were observed with ceramide-S1P sphingolipids when 

categorised according to the mutations in the other five genes. 

 

Figure 5.3 Ceramide Levels in EGFR Wild-Type (wt) and Mutant (mt) GBM Tissues 

(A-D) Levels of C16 ceramide, C18 ceramide, C22 ceramide, and total ceramide are presented 
in the scatter plot for each individual sample.  All values in the scatter plots represent the 
absolute quantification in pmoles adjusted to tissue weight (mg).  *p-value<0.05, **p-value 
<0.01, ns=not significant. 
 

5.2.4 Sphingolipids in GBM Tissue and Survival 

The level of different sphingolipid metabolites, within the ceramide-S1P axis, was 

correlated with patient overall survival.  The only metabolite to show correlation with 
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survival outcome was S1P (Figure 5.4).  The data was dichotomised into two groups 

according to overall survival times: short term survivors (STS), defined as patients 

surviving less than 2 years, and long term survivors (LTS), which was defined as 

patients surviving more than 2 years [26].  Although there was no significance (as 

evidenced by the confidence interval overlap), high levels of S1P above 1pmol/mg were 

not found in any LTS.   

To determine the effect of S1P levels on patient survival, we grouped S1P into low 

levels (denoted as 0), and high levels (denoted as 1) based on a ROC curve cut-off of 

1.0 pmol/mg, as described previously in the methods section (Chapter 2.7).  A Kaplan 

Meier survival curve, shown in Figure 5.4.B, illustrates that S1P in tissue has an effect 

on patient survival, which was statistically significant (Log-Rank p-value <0.05; HR of 

2.93).  Of interest, when MGMT status was categorised according to high or low S1P 

levels, a strong interaction between both MGMT and S1P was observed for predicting 

survival outcome, as shown in Figure 5.4.C.  Specifically, MGMT methylation and low 

S1P levels correlated with a good survival outcome, while MGMT methylation and high 

S1P levels correlated with a poor survival outcome (HR = 0.13).  In contrast, 

unmethylated MGMT correlated with a poor survival outcome irrespective of S1P 

levels (HR = 1.01). 
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Figure 5.4 Survival Outcome of S1P in GBM Tissue 

(A) Distribution of S1P in GBM tissue for STS (n=25) and LTS (n=6) in a box-and-whisker plot.  
(B-C) Kaplan Meier graphs for S1P in GBM tissue and for MGMT categorisation with S1P are 
presented above.  Log-Rank p-value, HR, 95% HR CI, and legend where appropriate are 
presented herein.  (B) P-value <0.05*, HR = 2.93, 95% HR CI = 1.03-8.33.  Legend: 0 = low S1P, 1 
= high S1P.  (C) HR for high/low S1P with MGMT unmethylated = 1.0, 95% HR CI = 0.39-2.58; 
HR for high/low S1P with MGMT methylated = 0.13, 95% HR CI = 0.01-1.27. 
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5.2.5 Sphingolipids in GBM Plasma and Normal Plasma 

The levels of S1P, sphingosine, ceramide, and SM for GBM and normal plasma are 

presented in Figure 5.6.  S1P, ceramide and SM were significantly elevated in GBM 

plasma compared to normal age-matched controls, while sphingosine was significantly 

lower.  Of note, HexCer and LacCer, which are relatively abundant components of 

plasma, and sulfatide, were not altered significantly between GBM plasma and controls. 

 

Figure 5.5 SM-Ceramide-Sphingosine-S1P Levels in GBM and Normal Plasma 

(A-D) Levels of SM, ceramide, sphingosine, and S1P are presented in the scatter plot for each 
individual sample.  All values in the scatter plots represent the absolute quantification in 
pmoles adjusted to plasma volume (μl).  **p-value <0.01, ***p-value <0.001. 
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5.2.6 Sphingolipids in GBM Tissue and GBM Plasma 

A summary of the sphingolipid measurements for all patient tissue samples is presented 

in Table 5.3.  The data was dichotomised into STS and LTS, as indicated previously.  

The STS group of patients, on average, showed higher sphingolipid levels when 

compared to the LTS patients, though this was not statistically significant. 

Table 5.3 Summary of Sphingolipids in GBM Tissue  

 
 
 

No correlations were observed between GBM tissue sphingolipids and plasma 

sphingolipids as presented in Figure 5.5.  
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Figure 5.6 Correlations between GBM Tissue and Plasma Sphingolipids 

(A-D) Correlation of S1P, sphingosine, ceramide, and SM are presented in the scatter plot for 
each individual sample.  All values in the scatter plots represent the absolute quantification in 
pmoles adjusted to tissue weight (mg) or plasma volume (μl). 
 

5.2.7 Sphingolipids in GBM Plasma and Survival 

Similar to the GBM tissue analysis with survival, the focus for GBM plasma 

sphingolipids was the ceramide-S1P axis, with only S1P data illustrating a significant 

difference in survival.  S1P measurements in the plasma (taken from the patient pre-

operatively or post-operatively) were categorised into low levels (denoted as 0) or high 

levels (denoted as 1) based on a ROC curve cut-off of 0.54 pmol/μl, as described in the 
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methods section (Chapter 2.7).  Low levels of S1P in plasma were significantly 

correlated with a good survival outcome, while high levels of S1P in plasma correlated 

with a poor survival outcome (HR = 2.56), as shown in Figure 5.7.A.  Some plasma 

samples (n=10) were taken from patients after concurrent chemotherapy and 

radiotherapy treatment.  We performed an analysis of SIP and survival in this subgroup 

(Figure 5.7.B).  A significant correlation between low S1P levels and survival was 

observed (Log-Rank p-value <0.05), with a HR of 6.07. 
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Figure 5.7 Survival Outcome of S1P in GBM Plasma 

(A-B) Kaplan Meier graphs for S1P in plasma, and S1P in plasma post treatment are presented 
above.  Log-Rank p-value, HR, 95% HR CI, and legend for each graph are presented herein.  (A) 
P-value <0.05*, HR = 2.56, 95% HR CI = 1.15-5.68.  (B) P-value <0.05*, HR = 6.07, 95% HR CI = 
1.12-32.82.  Legend: 0 = low S1P, 1 = high S1P. 
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5.3 Discussion 

The translation of sphingolipids, as potential biomarkers, into clinical practice requires 

examining clinical cohorts and identifying the relevance of this pathway in GBM.  

Building upon the data presented in chapters 3 and 4, our objective herein was to 

examine correlations between GBM tissue sphingolipids with known oncogenes.  In 

addition, the sphingolipid levels in plasma from GBM patients had not been examined 

previously.  We obtained plasma from both GBM patients and an aged-matched 

population of healthy controls to determine the potential prognostic value of these 

lipids. 

The genetic composition of the GBM cohort represented is dominated by EGFR, TP53, 

PTEN, PIK3CA, KDR, and KIT mutations.  Rare PDGFRA and no IDH1 mutations were 

identified, therefore, the proneural GBM subtype was unlikely to be represented within 

our cohort [24].  The proneural subtype, which forms less than 10% of primary GBMs, 

and is primarily a secondary GBM clinically, may or may not have correlations with the 

sphingolipid pathway, and is a question unanswered in our cohort.  

MGMT methylation was identified in 27% of our cohort, which has been reported at a 

similar rate [218].  However, no survival advantage was predicted for concurrent 

chemotherapy and radiotherapy, which is also reported previously [9, 35].  This may 

reflect our small cohort sample of 32 patients.  The reduction in samples was due to 

eliminating patients with incomplete treatment, reflecting the lower median survival of 

11.4 months, therefore adjusting a potential confounder [9, 34].  Additionally, complete 

surgical resection and the Karnofsky score are two vital clinical factors that cannot be 

accounted for in our cohort, and both have been shown to affect survival [28, 32, 33].  
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Notably though, MGMT methylation appeared to correlate with a survival advantage 

after 13 months with a HR of 0.5. 

The combination of genetics and biochemistry is a powerful tool in understanding 

another layer of disease pathophysiology, which has potential consequences for 

treatment targeting.  The association of EGFR mutations with C16 and C22 ceramide is 

an interesting observation.  EGFR mutations targeted in clinical trials have been 

unsuccessful, and this was partly attributed to the drug (erlotinib) targeting mutations in 

the kinase domain, typical of lung cancer, while GBM mutations for EGFR are 

commonly in the extracellular domain [219].  C16 and C22 ceramide protect against 

ER-induced stress [182], and may present an added challenge in therapeutic resistance 

of GBMs targeted by a new generation of EGFR inhibitors.  Moreover, our initial 

screen of the CERS enzymes identified an upregulation in CERS5 and CERS2, which 

were responsible for the generation of C16 and C22 ceramide, respectively.  

Furthermore, similar levels of C18 ceramide, a pro-apoptotic metabolite, between 

EGFR mt and EGFR wt samples supports the changes observed are chain length 

specific, and ceramides as a whole are not increased.  Previously, EGFR mutations in 

tissue samples have been shown to increase fatty acid synthesis, through activating 

sterol regulatory element-binding protein 1 (SREBP-1), which was inhibited by 

treatment with lapatinib, an EGFR inhibitor [220].  SREBP-1 activation resulted in an 

increase in fatty acid synthesis.  Importantly, blocking fatty acid synthesis in vitro and 

in vivo for GBM models resulted in a decrease of tumour growth and an increase in cell 

death for EGFR mutated cell lines [220, 221].  Recently, SREBP-1 has been shown to 

protect against lipotoxicity for various GBM cancer cells, and a loss of desaturase 

activity mediated by stearoyl-CoA desaturase 1 (SCD1) resulted in reduced SREBP-1 
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activity, and a reduction in cell growth and viability [222].  Of note, SREBP-1, a 

transcription factor regulating sterol synthesis, is co-regulated with sphingolipids [223, 

224], with a previous study identifying an increase in ceramide correlates with an 

increase in precursor SREBP, but a reduction in mature SREBP in hamster ovary cells 

[225].  Our observations of EGFR mt and specific ceramide upregulation requires 

further validation, but opens new questions into the interaction of sphingolipids with 

unknown gene mutations driving tumourigenesis. 

Circulating sphingolipids are important, because they can be easily obtained and readily 

processed for mass spectrometry measurements, therefore clinical utility would be more 

promising if the profile in blood corresponds with clinical end-points.  We established 

that circulating levels of S1P, ceramide, and SM were elevated in GBM plasma 

compared to normal plasma.  Sphingosine, however, was reduced, and may reflect the 

rapid interconversion of sphingosine into either S1P or ceramide.  Of interest, Hex, 

LacCer, and sulfatide were unaltered, suggesting a specific activation of SM to S1P 

activity.  The correlation between all tissue sphingolipids and plasma sphingolipids 

though was not significant.  One potential explanation is that circulating sphingolipid 

levels were not elevated because of local production of tumour S1P; instead it may 

reflect a systemic response for tumour formation.  The role of systemic S1P can depress 

the immune mediated response, and support tumour growth by polarising macrophages 

towards an anti-inflammatory phenotype [226, 227].  Additionally, in a mouse model of 

breast cancer, circulating S1P levels were significantly higher as a result of tumour 

initiation, and a SPHK1 inhibitor reduced both tumour growth and circulating S1P 

levels [153].  One missing clinical parameter though is a volumetric analysis for GBM 
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samples through MRI scans, which may illustrate a correlation between tumour size and 

circulating S1P levels. 

Survival is a clinically crucial end-point, which all new biomarkers and treatment 

modalities are measured against.  The translation of biomarkers in the field of cancer 

from identification to clinical practice is limited [228, 229].  Our approach was to focus 

on metabolites of biological interest, and assess their potential as predictors of survival, 

as opposed to screening all metabolites.  Ceramides did not yield any positive results in 

tissue or plasma, yet it would be a potential candidate for following patients over a 

treatment time course as has been shown previously in HNSCC.  In a phase II clinical 

trial, patients with recurrent HNSCC were treated with two chemotherapeutic agents, 

gemcitabine and doxorubicin, and serial blood sample analysis identified higher C18 

ceramide levels with stable disease or remission, compared to C18 ceramide levels with 

progressive disease [177].  S1P, on the other hand, showed a significant prognostic 

association in tissue, but the spread of data for the STS and LTS groups indicated that 

S1P has poor sensitivity at differentiating between both groups.  Of note, S1P 

metabolism is a dynamic process regulated by several enzymes, hence our 

measurements only reflect a snapshot for time after surgical resection.  Thus, a larger 

cohort is needed to confirm if high levels of S1P are associated with a poor survival 

outcome.  Previous studies with SPHK1 illustrated a poor survival outcome with 

enzyme overexpression, which our data supports at the metabolite level, though the 

95% HR CI was 1.03-8.33, further emphasising the need for repeated measures and 

validation to establish clinical utility.  Interestingly, S1P had a strong interaction with 

MGMT methylation.  S1P has been shown to modulate epigenetic factors, including 

histone deacetylases [109], but an interaction with MGMT methylation in a clinical 



151 

 

setting is a novel observation, and low levels of S1P with only MGMT methylation 

seem to confer a 90% reduction in HR.  The mechanism for that interaction is unclear, 

and our data would require validation in an independent cohort prior to investigating 

potential pathway links.  Finally, S1P in plasma illustrated promising results, whereby 

elevated levels associate unfavourably with survival, and that was even more 

pronounced in the subgroup analysis for post chemotherapy and radiotherapy patients. 

With the current data, we identified ceramides, specifically C16 and C22 ceramide, 

were increased in EGFR mutated GBM samples, which may provide added resistance to 

therapy.  Additionally, we established that the SM-ceramide-sphingosine-S1P axis is 

activated in GBM plasma compared to normal plasma.  This increase in specific 

circulating sphingolipids does not appear to be as a direct result of local S1P tumour 

production, and may represent a systematic immune mediated response.  For our 

survival analysis, S1P in tissue has potential prognostic value, and a strong interaction 

with MGMT methylation, while circulating S1P has potential prognostic and predictive 

value.  Importantly, this requires further validation in an independent cohort with 

complete clinical data and genetic characterisation to adjust for potential confounders.  

Finally, the use of serial samples for monitoring possible treatment-related changes in 

circulating sphingolipids would be novel for GBM research. 
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Chapter 6: Summary & Future 

Directions 

 

GBM, a disease with the highest burden on society [13], has a poor track record for 

therapy response, despite aggressive surgery, radiotherapy, and chemotherapy.  

Consequently, targeted therapies form a fourth line aimed at neutralising overexpressed 

factors or mutated genes and their associated signalling pathways.  However, over the 

past decade, many clinical trials with targeted drug therapies have failed to add any 

benefit to patient survival, which begs the question “why has this treatment paradigm 

been unable to succeed?”  Most targeted therapies in GBM are protein or gene centric 

[14].  Lipids on the other hand, are gradually being recognized as important targets for 

disease modulation as their biological roles are being uncovered.  There are six lipid 

families in mammalian cells, of which, sphingolipids form an integral component of cell 

membranes and important transducers and effectors of cell signalling.  Most current 

literature has focused on sphingolipid dysregulation in the context of the enzymes and 

associated receptors.  In addition, no comprehensive data for sphingolipid alterations 

has been identified from human tissue studies.   

With the accessibility and availability of high-throughput mass spectrometry 

techniques, examining lipids has become less daunting and more practically feasible; 

therefore, I investigated the fundamental question of whether the sphingolipid 

metabolites, and not only enzymes in the pathway, are altered.  I measured numerous 
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sphingolipid metabolites in NGM, AII, AIII, and GBM human tissue samples using LC-

MS/MS to determine absolute sphingolipid levels.  In conjunction, I used qRT-PCR to 

determine gene expression for enzymes involved in the ceramide-S1P rheostat pathway.  

Several important observations can be concluded from this analysis.  Ceramide, a key 

metabolite in the pathway, is significantly down regulated in gliomas compared to 

NGM.  This has been reported previously [163], but I specifically identified C18 

ceramide, an important pro-apoptotic mediator, as the main chain length ceramide 

reduced.  Interestingly, C16 ceramide, an important anti-apoptotic mediator, was 

increased in GBM compared to NGM.  The imbalance between C16 and C18 ceramide, 

identified in HNSCC previously [86], adds another level of complexity to a 

dysregulated pathway, whereby different chain lengths within the same metabolite are 

altered, leading to a change in phenotypic response to therapy.  Increasing ceramide 

levels as a potential therapeutic approach to cancer has been suggested [69, 230-233], 

but so far no positive clinical outcome has been reported for this approach [234].  Since 

C16 and C18 ceramide levels are positively correlated in NGM, and the correlation is 

uncoupled in GBM, future studies may benefit the clinical paradigm by examining this 

context.  For example, most therapies aim to increase ceramide levels indiscriminate of 

the ceramide chain length, but with our current data and the literature, this does not 

appear to be a potent method at inducing proliferation arrest or apoptosis.  In vitro work 

can establish a comparison between ceramide generation as a whole or increasing 

specific chain lengths to yield better results as an adjunct to chemotherapy or 

radiotherapy.  Although this has been examined for C16 and C18 ceramide in HNSCC, 

it is important to note that the enzymatic changes observed underlying the ceramide 

changes are different than our results.  In HNSCC, CERS6 increase results in the 
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accumulation of C16 ceramide [82, 235], while our data suggests CERS5 increase 

results in the accumulation of C16 ceramide.  CERS1, on the other hand, is reduced in 

HNSCC, accounting for the reduction in C18 ceramide [86], while CERS1 in our 

dataset is similar in expression, though we have yet to investigate the post translational 

modification of the protein which has been attributed to reduce C18 ceramide as well 

[183].  Another important observation is the elevated levels of C16 fatty acids, also 

referred to as palmitic acid, for SM, HexCer, LacCer, and sulfatide in GBM samples 

compared to NGM.  The functional relevance of accumulating C16 fatty acids 

throughout the entire sphingolipid pathway in GBM samples, as per our data, is 

unknown, and should be investigated in future work.  The likely targets for increased 

C16 fatty acids are upstream of sphingolipid synthesis, hence implicating the de novo 

pathway.  A general screen for gene expression of enzymes controlling C16 fatty acid 

incorporation into the pathway, comparing NGM and gliomas, would be a suitable 

initial experiment. 

In addition to the ceramide changes observed, I observed ceramidases, specifically 

ASAH1 to be upregulated in gliomas when compared to NGM.  An increase in the 

catabolism of ceramide into sphingosine is followed by a significant upregulation in 

SPHK1 and down regulation of SPHK2 in glioma samples.  Moreover, the reverse 

reaction of S1P conversion back into sphingosine is down regulated in gliomas 

compared to NGM for SGPP2.  The increased expression of ASAH1 and SPHK1 in 

cancer is well documented in the literature, but the down regulation of SPHK2 and 

SGPP2 in human tissue samples has not been stated previously.  There are several 

points the qRT-PCR data provides.  First, an increase in catabolic activity of ceramides 

may explain the significant reduction in C18 ceramide in the absence of any change for 
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CERS1.  Second, the upregulation of multiple enzymes responsible for ceramide 

conversion to sphingosine, then sphingosine conversion to S1P, in tandem with a down 

regulation of the reverse reaction, supports the concept of a shift in the ceramide-S1P 

rheostat in favour of S1P, and at the expense of ceramide.  Third, the down regulation of 

SPHK2 coupled with an upregulation of SPHK1 as glioma grade increases compared to 

NGM, suggests an interplay between these two enzymes which form S1P in different 

cellular compartments.  In recent literature, SPHK2
-/-

 mice have been shown to have 

higher circulating S1P in blood compared to wild-type and SPHK1
-/-

 mice [236].  

Moreover, in an animal model of chronic colitis leading to colitis associated cancer, 

SPHK2
-/-

 mice resulted in a significant increase in S1P serum and tissue levels, SPHK1 

expression, and colitis severity in comparison to wild-type mice [184].  Therefore, 

although most research has emphasized SPHK1 upregulation, future work should 

examine the feedback loop that drives SPHK1 as SPHK2 is reduced, in addition to 

identifying the factors that drive SPHK2 reduction in the process.  Fourth, SGPP2 down 

regulation is a novel finding, and may or may not contribute significantly to S1P levels 

in the context of SPHK1 overexpression.  As a result, future work would be useful in 

determining SGPP2 protein expression to confirm the qRT-PCR findings, followed by 

functional work aimed at over expressing SGPP2 in a GBM cell line to identify the 

effect on S1P levels and the related biological consequences implicated in S1P 

signalling. 

S1P, a potent secondary messenger with pleiotropic activity, is clearly increased in 

glioma samples compared to NGM.  This is the first documented observation for S1P 

elevation in any human cancer samples.  Given the context of the enzymatic changes 

and metabolite changes described, this was a complementary finding.  Moreover, 
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previous in vitro and in vivo experiments have illustrated an elevation in S1P for cancer 

samples compared to controls.  Our data, through this integrated pathway approach, 

adds to that pool of knowledge, and further reaffirms the hypothesis that the ceramide-

S1P axis is shifted in GBM, favouring S1P.  In saying that, the findings outlined should 

not be confined to lab-based testing only, but should be examined in a clinical setting to 

identify potential translational benefits in the future.  Recently, a method to examine 

intra-operative glioma samples for metabolites using ambient mass spectrometry 

provided a clear diagnostic clinical utility, and an aid to assessing tumour margins [237, 

238].  The lipid results for the imaging mass spectrometry corresponded to the 

neuropathological diagnosis for various brain tumours and grades, providing the data 

within near-real time.  This novel approach is an example of similar work that can be 

conducted, though with a targeted sphingolipid profile, to assess the diagnostic potential 

of this pathway.  One non-invasive method would be to utilise magnetic resonance 

spectroscopy (MRS) clinically, and additionally nuclear magnetic resonance (NMR) in 

the lab.  Through collaborative work, we know that S1P, the least abundant metabolite 

in tissue, can be measured by NMR.  NMR though is more effective at identifying and 

measuring S1P due to the higher resolution, sample homogeneity, and the lack of 

interfering noise from the surrounding tissue and cranial vault.  Conversely, MRS may 

not be capable of measuring low abundant sphingolipids, though this has not been 

performed to the best of our knowledge.  In saying so, sphingomyelin, the most 

abundant sphingolipid in the brain, can be measured using MRS, and with the 

information of high C16 SM levels in glioma samples compared to NGM, it would be 

worthwhile investigating that relationship along with other metabolites in a patient 

setting.  Currently, there is no literature on sphingolipid analysis using any of these 
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techniques; therefore examining these lipids in a non-invasive process would be novel, 

challenging, and potentially useful clinically for the simple differentiation of tumour 

versus normal tissue, which is a major issue when evaluating tumour recurrence post 

operatively. 

I examined the functional consequences of low ceramide levels and high S1P levels, 

through targeting two key enzymes that were overexpressed in our qRT-PCR analysis: 

ASAH1 and SPHK1.  The work was divided into three main components: identifying 

the metabolite changes following ASAH1 and SPHK1 knockdown, defining the 

functional effects through proliferation, clonogenicity, and angiogenesis, and finally, 

examining the effect of SPHK1 drug inhibition for proliferation and angiogenesis. 

ASAH1 silencing resulted in a significant accumulation of ceramide levels, without 

discriminating between C16 or C18 ceramide.  SPHK1 silencing resulted in a 

significant reduction of S1P levels.  The combination knockdown of both enzymes 

reduced S1P levels and increased ceramide levels.  Hence, the cell line model was 

sufficient to examine S1P modulation, but was limited in examining ceramide 

accumulation; thus future work would examine the accumulation of specific ceramide 

chain lengths through a double knockout of ASAH1 and CERS5, to control for C16 

ceramide accumulation, while increasing C18 ceramide levels. 

The functional assessment of ASAH1 and SPHK1 knockdown was assessed in the 

context of proliferation, clonogenicity, and angiogenesis.  ASAH1 knockdown had no 

effect on the three assays described, and the combination knockdown had a partial effect 

on reducing proliferation and clonogenicity, which is likely due to SPHK1 knockdown.  

However, given the indiscriminate elevation of C16 and C18 ceramide, and the 
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limitation of the model for exhibiting a similar in vivo profile, the results should be 

taken cautiously, and cannot rule out specific functional effects when controlling the 

ceramide chain length accumulated intracellularly.  SPHK1 knockdown had a 

significant effect on reducing proliferation and clonogenicity.  Additionally, SPHK1 

knockdown resulted in a reduction of U87MG-induced angiogenesis.  Although the data 

is supported by the literature for the role of S1P in promoting angiogenesis, it is difficult 

to discern whether the reduction in U87MG-induced angiogenesis in our model was 

affected partly by a reduction in U87MG proliferation, even though we attempted to 

control for that variable by equal cell seeding following a 72 h knockdown. 

As a result, SPHK1 inhibition using a new nanomolar potent drug, SKI-1a, was 

assessed for metabolite changes, effect on proliferation and angiogenesis to further 

confirm our siRNA data.  SKI-1a illustrated a dose-dependent inhibition of S1P, while 

the stereoisomer control, SKI-1b, did not have a significant effect on reducing S1P 

levels.  Interestingly, SKI-1a and SKI-1b had no effect on the proliferation of U87MG, 

RN1, or HMEC-1 cell lines.  This is consistent with previous reports [195, 206], and 

adds to the controversy of the anti-proliferative activity of SPHK1 inhibition.  

Concisely, siRNA inhibition may affect proliferation due to non-catalytic inhibition of 

SPHK1.  The new generation of SPHK1 pharmacological inhibitors support this 

argument, as depletion of S1P has no correlation with an anti-proliferative effect.  Older 

generation of SPHK1 inhibitors do not support this argument, but it should be noted that 

they are less selective, more toxic at micromolar concentrations, and our stereoisomer 

control, SKI-1b, had no effect on S1P depletion yet has the same effect on cellular 

proliferation as SKI-1a.  S1P depletion, however, significantly reduced U87MG-

induced angiogenesis in a dose-dependent manner.  Moreover, the effect was localised 
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to U87MG release of S1P only, and not HMEC-1 endothelial cells.  This distinction was 

identified through a series of conditioned media experiments, suggesting GBM cells 

utilise S1P to recruit endothelial cells and form new blood vessels.  Of interest, this 

process was independent of VEGF levels, which is an important clinical target for 

controlling GBM-induced angiogenesis.  Recently, a study examining a biomimetic 

model for angiogenesis in vitro described VEGF and S1P as two vital modulators for 

angiogenesis mediating filopodial formation [46].  Our current data, from the siRNA 

and pharmacological inhibition experiments, suggest that the elevated levels of S1P 

identified in GBM tissue likely contributes to inducing angiogenesis by co-opting 

neighbouring endothelial cells, and thereby indirectly promoting cellular proliferation 

and survival.  The data opens the possibility for two different future projects.  One 

potential project would be to examine the efficacy of S1P depletion in vivo on GBM-

induced angiogenesis and growth using a stable new generation SPHK1 inhibitor.  

These inhibitors for in vivo work are currently being tested for pharmacokinetics, 

pharmacodynamics, and safety dosing.  The second project would examine the 

combinatorial effect of S1P and VEGF inhibition on reducing GBM-induced 

angiogenesis in vitro and in vivo, with the aim to prolong survival as a primary end-

point. 

Moving from the profiling and functional assays, we assessed the correlations of 

sphingolipids in GBM tissue with three key components: known genetic mutations in 

GBM, matched plasma sphingolipids, and survival.  The importance of establishing 

these parameters is to inform potential translation for clinical application, mainly 

biomarker work. 
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Through the targeted genetic sequencing, six gene missense mutations were present in 

more than 10% of the cohort, and were therefore sufficient for analysis with 

sphingolipid changes [217].  Interestingly, EGFR mutations affected specific ceramide 

chain lengths, namely C16 and C22 ceramide, which were significantly elevated 

compared to EGFR wild-type.  In contrast, C18 ceramide was similar between both 

groups.  The ceramides upregulated are anti-apoptotic ceramides, which are formed 

through the activity of CERS5 and CERS2, respectively [82, 239].  Both CERS2 and 

CERS5 were upregulated in our qRT-PCR screen, presented in Chapter 3, and notably, 

a double siRNA knockdown of both enzymes in MCF-7 breast cancer cell lines resulted 

in an ER stress response [182].  Future work would require confirming the association 

of EGFR mutation with the ceramide chain length changes in a separate tissue cohort, 

and to examine in vitro associations for EGFR mutated and wild-type cells with various 

ceramide chain lengths, and their biological consequences. 

GBM plasma was examined with normal control plasma to establish whether 

sphingolipids were altered in plasma samples in the context of cancer.  In support of 

this, literature for ovarian and breast cancer identify an increase in circulating S1P 

levels in comparison with normal controls [153, 211].  The generalised upregulation of 

circulating sphingolipids in our GBM plasma samples may potentially have a 

pathophysiological role or simply a surrogate reflection for sphingolipid changes, which 

should be examined further to explain these changes.  Furthermore, our data suggests 

that sphingolipids in GBM tissue have no correlation with circulating sphingolipids, 

thus, although S1P, for example, was elevated in cancer tissue samples and circulating 

plasma or serum, the changes in circulating S1P do not inform the tissue S1P changes. 
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Survival analysis can be affected by multiple variables, therefore we attempted to 

control for all known factors that can affect survival outcome prior to evaluating 

sphingolipids in tissue and plasma with patient survival.  The significant findings are 

centred upon S1P in tissue and plasma.  In tissue, high levels of S1P were a poor 

predictor of survival for patients.  Surprisingly, S1P levels illustrated a strong 

interaction with MGMT methylation, whereby low levels of S1P combined with 

MGMT methylation resulted in improved survival.  This is the first observation of a 

lipid interacting with an epigenetic process, which has strong clinical association to 

treatment; therefore, future work would require the validation of this observation, and if 

the interaction is confirmed, should be further examined to understand the mechanistic 

link between MGMT methylation and S1P levels.  Finally, S1P in plasma, although not 

directly correlated with S1P in tissue, has a significant association with poor survival if 

elevated.  In a subgroup analysis for post concurrent chemotherapy and radiotherapy, 

plasma S1P was very significantly associated with survival outcome.  The S1P plasma 

results are promising, and would certainly require validation in a cohort with regular 

matched plasma interval sampling from time of diagnosis onwards to outline the 

prognostic and predictive potential of S1P. 

In conclusion, I have demonstrated through this thesis that the sphingolipid pathway in 

GBM is dysregulated, and illustrated for the first time that S1P is elevated in human 

cancer samples.  Moreover, the increase in S1P provides a favourable pro-angiogenic 

microenvironment for GBM growth.  Clinically, the sphingolipid alterations correlate 

with EGFR mutation, interact with MGMT methylation, and may have a biomarker 

role.  With this thesis, I have added to the knowledge base for the lipid paradigm in 

GBM, thereby illuminating the importance of this pathway, which is currently not 
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targeted clinically in this disease, and contributed to the understanding of one of the 

many faces of GBM biology.  
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