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ABSTRACT 

Malignant gliomas (MG) are the most common and aggressive 

brain cancers. FABP7 is an intracellular lipid trafficking molecule whose 

expression correlates with reduced MG patient survival. FABP7 has been 

shown to increase the migratory behaviour of MG cells. Moreover, the 

migratory behaviour of FABP7-positive MG cells is mediated by ligands of 

FABP7. We hypothesize that FABP7 plays a central role in stabilizing the 

aggressive behaviour of MG cells in a manner that is dependent on the 

COX-2 pathway. 

          Here, we demonstrate that FABP7 alters the gene expression 

profile of MG cells, and the expression of potent inflammatory mediators. 

We provide evidence for a ligand-specific interaction between FABP7 and 

PPAR-β/δ, which could have consequences in mediating FABP7-

dependent gene expression. We also demonstrate a role for FABP7 in 

modulating the AA and DHA content of nuclear phospholipid classes, and 

suggest that DHA maybe useful for treatment of MG. 
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CHAPTER 1 
 
 
 

Introduction
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1.1 Malignant Glioma 

 Tumours that arise from the central nervous system (CNS) are a 

particularly deadly set of malignancies that vary widely in their 

characteristics and behaviour. Gliomas are the most common type of 

primary brain tumour and represent approximately 60% of all CNS 

malignancies. While these tumours have a relatively low yearly incidence 

(~3.0/100,000 persons in North America; Easaw et al., 2011), they pose 

some of the greatest challenges for cancer survival.  

 It is estimated that more than 80% of glial tumours are 

astrocytomas - a name that reflects the morphological similarities of the 

tumour cells to astrocytes of the CNS. The use of several histological 

criteria: cytological atypia, mitotic index, anaplasia, microvascular 

proliferation and necrosis, guide the grading of astrocytic tumours into low-

grade astrocytomas (WHO grades I and II) and high-grade astrocytomas 

(WHO grades III and IV; Louis et al., 2007). Grades III and IV 

astrocytomas (anaplastic astrocytoma and glioblastoma multiforme 

(GBM), respectively) are referred to as malignant glioma (MG) and are 

among the most aggressive cancers. In accordance with this, current 

treatment strategies for MG aim to be equally aggressive.  

 

1.1.1 Standard of care for MG 

 The current standard of care for persons >18 years of age who are 

diagnosed with either grade III or grade IV astrocytoma is surgical 
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resection followed by adjuvant radiation and chemotherapy. Initially, 

surgical resection of the tumour mass is used to obtain symptom relief and 

tissue for a more refined diagnosis. Though it is a topic for debate, 

maximal resection of the tumour mass is preferred to biopsy alone as it 

tends to increase the overall quality of life of patients (Tsitlakidis et al., 

2010). For patients with newly diagnosed GBM, adjuvant chemo- and 

radiation therapy is highly recommended following surgery. In fact, 

delaying the time between diagnosis and receiving radiotherapy (RT) by 

as little as one week is associated with shorter survival times (Irwin et al., 

2007). The current standard for RT is 60 Gy to the local tumour mass over 

a period of six weeks. Radiation doses as high as 90 Gy have been 

tested, but there has been no significant increase in overall survival in 

patients receiving more than 60 Gy (Chan et al., 2002). Despite the fact 

that surgery and RT can increase quality of life and prolong survival, these 

treatments are rarely curative in MG. As a result, most patients with MG 

also undergo chemotherapy. 

 The advantages of chemotherapy over surgery and RT are based 

on the ability of chemotherapeutic agents to target cancer cells that may 

be distal to the primary tumour mass. In fact, treating MG tumours with 

alkylating agents, such as temozolomide (TMZ), has led to improvements 

in patient survival. Esteller et al. showed that methylation of the promoter 

region of the gene, O6-methylguanine-DNA methyltransferase (MGMT) is 

a predictor of MG tumour responsiveness to alkylating agents (Esteller et 
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al. 2000). Alkylating agents add bulky adducts to the DNA, which causes 

mutations in the DNA. As a consequence, the DNA repair mechanisms of 

a cell can be overwhelmed, forcing it to undergo apoptosis. MGMT 

removes these bulky adducts from the DNA, reducing the mutation 

frequency of the DNA sequence. Hence, MGMT minimizes the amount of 

DNA damage that can occur in a cancer cell in response to alkylating 

agents. A randomized phase II clinical trial comparing GBM patients 

receiving RT + TMZ versus RT alone showed that the overall one year 

survival time was increased in the TMZ-treated group compared to those 

who received RT alone (56.3% vs. 15.7% respectively; Athanassiou et al. 

2005). In a large-scale phase III clinical trial, GBM patients receiving RT + 

TMZ achieved a 5-year overall survival rate of 9.8% compared to 1.9% in 

patients receiving RT alone; however, progression-free survival at 5 years 

was low in both groups (4.1% in the RT + TMZ group compared to 1.3% in 

the RT group; Stupp et al., 2009). These data were further stratified based 

on MGMT methylation status and this showed that patients whose MGMT 

promoter was unmethylated had higher survival rates than those with 

methylated MGMT (Stupp et al., 2009). However, as all patients benefited 

to some extent from TMZ treatment, RT + TMZ is highly recommended for 

the treatment of MG regardless of MGMT methylation status. 

Nevertheless, determination of MGMT methylation status is still of 

prognostic value. 
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 Despite these aggressive treatment strategies, the prognosis for 

MG remains dismal, with the majority of patients succumbing to their 

disease by 5 years (Stupp et al., 2009). This lethality is thought to be due 

to the infiltrative nature of MG cells. Interestingly, even low-grade gliomas 

have a tendency to infiltrate surrounding brain tissue and almost always 

recur as MG (Louis, DN., 2006). As such, a distinction is made between 

‘secondary’ MG that arise from low-grade astrocytomas and ‘primary’ MG 

(~90% of all GBM), which occur without previous indication of disease 

(Furnari et al., 2007). The importance of this distinction was not 

immediately recognized since these tumours appear to be identical. In 

Watanabe et al. (1996), it was shown that mutually exclusive genetic 

lesions were associated with primary versus secondary MG (Watanabe et 

al. 1996). These data are further supported by genomic and transcriptomic 

analyses (Maher et al., 2006 and Tso et al., 2006) and it is now 

recognized that primary and secondary MG have different pathologies. 

The ability to distinguish between subtypes of MG may suggest new 

treatment strategies, or identify groups of patients who are more likely to 

benefit from certain treatment modalities. This highlights the importance of 

identifying molecular subtypes of MG.   

 

1.1.2 Molecular analysis of MG 

 Large-scale genomic analyses have shown that MG are very 

heterogeneous in their genetics and response to therapy. In fact, MG even 
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show distinct genetic aberrations at different locations within the same 

tumour (Bonavia et al., 2011a). As such, it has been difficult to identify key 

pathways in their tumorigenesis and progression. Some early success in 

identifying these pathways has been obtained through cytologic and 

genetic analysis, and these studies are now being complemented by 

large-scale genomic analysis. 

 Loss of phosphatase-tensin homology (PTEN) function is a 

common genetic lesion observed in primary MG. PTEN is a phosphatase 

that antagonizes the phosphoinositide-3-kinase (PI3K) pathway. PTEN 

dephosphorylates the secondary messenger phosphatidylinositol-(3,4,5)-

triphosphate (IP3), a substrate for Akt, and thereby supports apoptosis. 

Loss of PTEN function results in uncontrolled IP3 production by PI3K, and 

this activates cell survival signals through Akt (Franke et al., 1997, 

Salmena et al., 2008). In a large-scale analysis of GBM tumours, 

homozygous deletions of PTEN were reported in 16/143 cases, whereas 

high-throughput sequencing analysis of 91 primary GBM showed that 

29/91 tumours contained somatic mutations in PTEN, confirming that 

inactivating mutations in PTEN are more common in MG than deletion of 

the gene (TCGA, 2008).    

 The most common genetic alteration in primary MG is over-

expression of the epidermal growth factor receptor (EGFR; TCGA, 2008). 

EGFR is a member of the receptor tyrosine kinase (RTK) family of 

proteins that transmit growth signals in the cell via PI3K-Akt signaling 
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networks. EGFR is also frequently mutated in MG where expression of the 

constitutively active variant, EGFRvIII, results in uncontrolled cell 

proliferation via PI3K-Akt signaling (Huang et al., 1997, Narita et al., 

2002). In a recent study, sequencing of 91 primary GBM specimens 

showed that 38/91 GBM tumours had amplification of EGFR. In addition, 

80/91 tumours had genetic aberrations in RTK-Ras-PI3K-Akt signaling 

networks (TCGA, 2008). Given these data, it is likely that this signaling 

network is important for MG; however, there are many associated 

difficulties with targeting RTK pathways as a cancer therapy (Huang et al., 

2009).   

 Genomic studies have identified combinations of genes that are 

commonly altered in MG. Four major molecular subtypes of MG have 

been identified in humans: proneural (PN), neural (N), classical (CL), and 

mesenchymal (MES; Verhaak et al., 2010). Impressively, the PN gene 

signature has been identified by independent studies (Li et al., 2009; 

Gravendeel et al., 2009; Verhaak et al., 2010). The molecular analysis 

reported by Verhakk et al. (2010) showed that amplifications and 

mutations in the platelet derived growth factor receptor A (PDGFRA) gene 

were most frequent in the PN subtype. PN tumours are also characterized 

by their high expression of PDGFRA, mutations in isocitrate 

dehydrogenase 1 (IDH1), and their high expression of oligodendrocytic 

development genes (Verhaak et al., 2010). This genetic background is in 

contrast to that of the CL subtype. MG classified as CL show high 
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expression and mutation of EGFR. This subclass shows high expression 

of genes involved in Notch and Sonic hedgehog signaling pathways, as 

well as markers for neural progenitor and stem cells (Verhaak et al., 

2010). From these data it is clear that MG are heterogeneous in their 

genetics, but it is not clear as to how this diversity came to be. The sub-

classification of glioma into molecular subtypes seems to indicate that 

certain MG tumours arise from very different sources. If we can exploit the 

properties of the cells that give rise to MG, then it may be possible to 

undermine the basic nature of MG tumours. 

 

1.1.3 MG: cell of origin 

  MG rapidly develop resistance to targeted therapies, which is likely 

a consequence of the diverse molecular profiles of the cells that make up 

the tumour (Huang et al., 2009; Lei et al., 2011). If we gain a better 

understanding of the cellular processes that are integral to MG initiation 

and progression, then we may be able to develop novel treatment 

strategies for these tumours. Therefore, it is important to understand the 

origins of this diversity. 

 The theory of somatic mutation proposes that malignant cells in a 

tumour are derived from a single replication-competent cell (the cell of 

origin) that has accumulated mutations in key regulators of the cell cycle. 

Mutations that accumulate in the cell of origin drive genetic instability, and 

in doing so, generate a population of cells associated with the malignancy 
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(Greaves and Maley, 2012). In MG, the cell of origin has long been a topic 

for debate. Astrocytes were long believed to be the cell of origin in MG 

since: (i) prior to the discovery of adult neural stem cells, astrocytes were 

the only cells in the mature brain that were known to be capable of 

replicating (Chen et al., 2012); (ii) astrocytes and MG cells share 

remarkably similar morphological characteristics; and (iii) MG express the 

astrocyte marker, glial fibrillary acidic protein (GFAP; Yang et al., 1994). 

More recent studies have demonstrated that gliomas can arise from 

astrocytes in vivo. Uhrbom et al. used Arf/Ink4A knock-out mice in 

conjunction with virally-induced oncogenic stimulation of K-ras to show 

that gliomas can develop from either astrocytes or glial progenitor cells, 

the former giving rise to the more malignant disease (Uhrbom et al., 

2005). Despite this evidence, proving that astrocytes are the cell of origin 

in MG remains difficult. As a case in point, GFAP was originally thought to 

be expressed only in mature astrocytes, but evidence now shows that 

precursors to astrocytes also express GFAP (Garcia et al., 2004). Since 

GFAP is used to track astrocytes in these MG tumour models, it is not 

clear whether the tumours are directly derived from astrocytes or their 

precursors.  

 The presence of another replication-competent cell in the adult 

mammalian brain raises the possibility of an alternative cell of origin in 

MG. Neural progenitor cells (NPCs) have self-renewal capacity, the ability 

to differentiate along multiple lineages, and a natural advantage for 
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accumulating oncogenic mutations as they are proliferative (Zhu et al., 

2005; Zhao et al., 2008; Chen et al., 2012). Alcantara Llaguno et al. used 

a conditional knock-out system in mouse brain to show that the disruption 

of a set of tumour suppressors in NPCs results in MG formation (Alcantara 

Llaguno et al., 2009). Interestingly, this effect was not observed when 

these tumour suppressors were altered in non-neurogenic brain tissue 

(Alcantara Llaguno et al., 2009). Similar results from other groups support 

the idea that genetic alterations in NPCs are necessary and sufficient for 

MG formation (Jacques et al., 2010; Liu et al., 2011). 

In further dissecting the role of NPCs in MG, Liu et al. used mosaic 

analysis with double markers to trace cell lineages and showed that a 

subset of NPCs, the oligodendrocyte precursor cells (OPCs), consistently 

gave rise to MG tumours (Liu et al., 2011). In light of these findings, it is 

reasonable to suppose that the MG cell of origin is a common precursor to 

astrocytes and oligodendrocytes. In fact, Godbout et al. showed that MG 

tumours and cell lines that express a NPC marker, brain fatty acid-binding 

protein (FABP7; B-FABP), also express the astrocyte marker GFAP 

(Godbout et al., 1998). This implicates a radial glial cell as the cell of origin 

in MG.  

 Radial glial cells are the precursors to neurons, astrocytes and 

oligodendrocytes, and are essential for CNS development. FABP7-

positive radial glia form long processes that infiltrate the brain tissue, and 

acts as a scaffold for migrating neurons (Feng et al., 1994; Patten et al., 
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2006). The mechanisms underlying the formation of these processes are 

complex, involving both physical and biochemical interactions (Hatten et 

al., 1985; Feng and Heintz, 1995; Patten et al., 2006). Interestingly, Notch 

signaling has been shown to positively regulate FABP7 expression in 

radial glia, which is required for radial glial process formation and 

regulation of radial glial differentiation (Anthony et al., 2005; Feng et al., 

1994; Patten et al., 2003; Patten et al., 2006). In regards to glioma, over-

expression of various components of the Notch pathway is associated with 

secondary GBM, and downregulation of Notch1 inhibits glioma formation 

in mice (Stockhausen et al., 2012; Mei et al., 2011). Furthermore, FABP7-

positive cells are located at infiltrating margins of MG tumours, and 

expression of FABP7 in MG cell lines is associated with the formation of 

radial glia-like processes and increased cell migration (Mita et al., 2007). 

Notch and FABP7 also appear to be associated with EGFR in MG 

(Stockhausen et al., 2012; Patten et al., 2003; Liang et al., 2006). The 

interrelation of these pathways in glioma is characteristic of their 

interactions in radial glia during normal CNS development. It is also 

remarkable that the invasive properties of radial glia are in-line with the 

behaviour of MG cells. In fact, invasion of MG cells is thought to precede 

tumour mass formation, which further supports the naturally invasive radial 

glial cell being the cell of origin of MG tumours (Sampetrean et al., 2011). 

 The cellular heterogeneity found in MG tumours can also be 

explained by the cancer stem cell (CSC) hypothesis. The underlying tenet 
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of the CSC hypothesis is that only a small fraction of the tumour cell 

population has the ability to form a tumour de novo, and that CSCs are 

responsible for maintaining the tumour cell diversity. Glioma stem cells 

(GSCs) were one of the first CSCs observed in solid tumours. Singh et al. 

showed that as few as 100 CD133+ cells isolated from a human MG were 

capable of forming a tumour in the brains of immunocompromised mice 

(Singh et al., 2004). In contrast, 100,000 of the CD133- cells were unable 

to form MG tumours (Singh et al., 2004). There is also evidence showing 

that GSCs are responsible for the recurrence of MG and its resistance to 

treatment, which suggests that GSCs may be crucial targets for future 

therapies (Bao et al., 2006; Beier et al., 2011; Kim et al., 2011).  In fact, 

there are already new lines of therapeutic approaches to MG based on 

GSCs (Piccirillo et al., 2006; Gil-Ranedo et al., 2011; Wang et al., 2012; 

Yang et al., 2012). These are novel treatment strategies, but 

unfortunately, our progress in developing these therapies has been 

hindered by our understanding of GSC biology (Chen et al., 2012). Thus, 

the hope remains that the ‘cells of origin’ in MG could be exploited, leading 

to new options for MG therapy. 

 

1.2 Fatty Acid-binding Proteins 

 Fatty acids are essential components of cell membranes and are 

used by the cell for metabolic energy, signaling and regulation of gene 

expression. Structurally, they consist of a carboxylic acid ‘head’ group and 
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a hydrophobic ‘tail’ of carbon atoms, which imparts fatty acids with an 

overall hydrophobic character. From the cell’s perspective, this presents a 

problem. How is a cell able to transport these important hydrophobic 

molecules through a hydrophilic environment like the cytosol? This is the 

role of fatty acid-binding proteins (FABPs). FABPs are, in a sense, the 

intracellular chaperones for fatty acids. The expression of 10 members of 

the FABP family have been documented in mammals (Haunerland and 

Spener, 2004; Liu et al., 2008), and a combination of FABPs are 

expressed in nearly every tissue (Haunerland and Spener, 2004). 

Originally, FABPs were named according to the tissues from which they 

were first isolated or in which they were predominantly expressed (i.e. A-

FABP in adipose tissue, B-FABP in brain), but it is now known that the 

expression of a particular FABP is not limited to just one tissue. 

Accordingly, a numerical naming system has been introduced to avoid 

confusion (Hertzel and Bernlohr, 2000; Storch and Thumser, 2010) (Table 

1.1). Moreover, FABPs exhibit a wide range of spatio-temporal expression 

patterns, which suggests that they may be key regulators of processes 

including, but not limited to: metabolism, gene expression, and cell 

signaling. 

Little is known about the genetic regulation of FABPs. Their specific 

tissue distribution patterns have led to speculation that the presence of a 

particular FABP is a reflection of the lipid-metabolizing capacity of the 

tissue in which it is found. Indeed, FABPs make up between 1% and 5% 
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of the soluble cytosolic fraction in liver, heart and adipose tissue and these 

values increase during lipid influx (Haunerland and Spener, 2004). There 

have been some reported successes in linking fatty acid metabolism to 

FABP expression. The peroxisome proliferator-activated receptor (PPAR) 

family of transcription factors appears to regulate the lipid-dependent 

expression of FABPs in certain tissues and most FABP genes contain 

PPAR regulatory elements in their promoter region (see 1.2.2 and 1.4). 

These FABP properties are in contrast to those observed for FABP7. 

FABP7 is highly expressed in the brain during neuronal 

development even though lipid catabolism is not the primary source of 

energy in this tissue (Feng and Heintz, 1995; Thorens, 2012). Various 

pathways and transcription factors have been shown to regulate FABP7 

expression, including: PAX6, Notch, OCT1/6, BRN2 (Liu et al., 2012; Arai 

et al., 2005; Anthony et al., 2005; Takaoka et al., 2011). Brun et al. 

showed a complex role for the family of transcription factors, nuclear factor 

1 (NFI), in directly regulating FABP7 expression in MG cell lines (Brun et 

al., 2009). This control of FABP7 expression may be further regulated by 

differential phosphorylation of NFI (Bisgrove et al., 2000). The scope of 

complexity of FABP7 expression also extends beyond the transcriptional 

level, as its expression is both spatially and temporally regulated in some 

astrocytes (Gerstner et al., 2006; Gerstner et al., 2012). Given these 

complex patterns of genetic regulation, it is likely that FABP7 plays a very 

important role in brain function. 
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 Source Tissue Original Name (Numerical Name) 
Liver L-FABP (FABP1) 

Intestinal I-FABP (FABP2) 
Heart H-FABP (FABP3) 

Adipocyte A-FABP (FABP4) 
Epidermal E-FABP (FABP5) 

Ileal IL-FABP (FABP6) 
Brain B-FABP (FABP7) 

Myelin M-FABP (FABP8) 
Testicular T-FABP (FABP9) 

Testicular and retina FABP12 

 

 

 

 

Table 1.1 Original and numerical naming systems for FABPs.
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1.2.1 FABPs: structure and ligand binding 

 There is a highly variable degree of amino acid sequence homology 

among members of the FABP family. Despite this, they share a highly 

conserved tertiary structure (Figure 1.2.1A). All FABPs are characterized 

by a β-barrel domain that consists of 2 β-sheets that are sandwiched 

together to form the hydrophobic ligand-binding pocket (Balendiran et al., 

2000). It is thought that the variability in the primary structure of FABPs 

may be indicative of their distinct ligand preferences (Liu et al., 2010). In 

support of this, crystallographic analysis of FABP7 has shown that unique 

residues present in the FABP7 binding pocket interact with the 

distinguishing features of its polyunsaturated fatty acid (PUFA) ligands 

(Balendiran et al., 2000; Figure 1.2.1B). 

 The tertiary structure of FABPs also contains a helix-turn-helix 

(HTH) domain that covers the entrance to the binding pocket. This domain 

mediates ligand transfer between FABPs and cell membranes (Liou and 

Storch, 2001; Corsico et al., 2004) and, more recently, has been proposed 

to be involved in protein-protein interactions. Smith et al. (2008) showed 

that a charge quartet located in the HTH domain of FABP4 is responsible 

for its physical interaction with hormone sensitive lipase (HSL; Smith et al., 

2008). This interaction also appears to be dependent on whether or not 

FABP4 is bound to its fatty acid ligand (Smith et al., 2008). In addition to 

these data, the same charge quartet was also shown to be involved in 

fatty acid-dependent interaction of FABP4 with JAK2 (Thompson et al.,  
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Figure 1.2.1 Crystal structure of FABP7 bound to DHA, a PUFA 

(Yellow). (A) FABPs have a characteristic barrel structure capped by a 

pair of helices. (B) Three residues coordinate the binding of DHA in the 

binding pocket of FABP7; F104 (Fuschia), R126 (Red), Y128 (Teal). 

Structural data were obtained from the Protein Data Bank (PDB ID: 1FE3; 

Balendiran et al., 2000) and rendered using PyMOL. 
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2009). In light of these findings, it is possible that binding of fatty acids to 

FABPs alters their conformation in order to manipulate specific FABP 

functions. 

The conserved tertiary structure of FABPs combined with the 

variability in their primary structure suggests that different FABPs may be 

better suited to bind different fatty acid ligands. Indeed, this has been 

confirmed in vitro using a wide range of techniques (Xu et al., 1996; 

Hohoff et al., 1999; Balendiran et al., 2000; Liu et al., 2008). It is important 

to note that even though the binding constants reported in these papers 

are not numerically consistent, they do show trends in FABPs binding 

specific subsets of fatty acids. For example, Balendiran et al. used 

isothermal titration calorimetry (ITC) to show that FABP7 binds the ω-3 

PUFA docosahexaenoic acid (DHA) and the ω-6 PUFA arachidonic acid 

(AA) with a KD = 0.053 μM and 0.207 μM, respectively (Balendiran et al., 

2000). When these associations were measured using Lipidex1000 by Xu 

et al. (1996), the observed KD was 0.010 μM for DHA and 0.25 μM for AA 

(Xu et al., 1996). In either case, there is a demonstrated ability for FABP7 

to bind DHA and AA at relatively low concentrations. Some FABPs have 

been shown to exhibit similar binding affinities for the same ligands, and 

this suggests that these FABPs may have overlapping roles in the cell. In 

support of FABP binding to specific fatty acids, Fabp3-gene ablated mice 

showed marked deficiencies in their ability to incorporate AA into brain 

lipids, despite expression of Fabp5 and Fabp7 (Murphy et al., 2005). This 
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in vivo evidence suggests that without Fabp3 there is a deregulation of AA 

metabolism that is not compensated for by the other FABPs.    

 

1.2.2 Functional roles for FABPs 

 Lipids and fatty acids were long thought to be required solely for 

formation of cell structure and metabolism, but now are gaining notoriety 

as key players in regulating gene expression. It has been proposed that 

FABPs play an important role in fatty acid-dependent gene expression, 

where they bind their fatty acid ligands and deliver them to fatty acid-

activated nuclear receptors (Storch and Corsico, 2008). FABP1 has been 

shown to interact with the fatty acid-activated transcription factors, 

peroxisome proliferator-activated receptor alpha (PPAR-α) and gamma 

(PPAR-γ) (Wolfrum et al., 2001; Hostetler et al., 2009). It should be noted 

that both PPAR-α and FABP1 share similar binding constants for the 

same long chain fatty acids (LCFA; Hostetler et al., 2006; Storch and 

Corsico, 2008; Hostetler et al., 2009) and that high levels of FABP1 are 

required for LCFA to activate the transcription of PPARs (Wolfrum et al., 

2001). In addition, FABP1 has been found to localize to the nucleus when 

cells are transfected with FABP1 expression constructs and treated with 

LCFA (Huang et al., 2002). Taken together with reports showing similar 

properties for FABP4 and FABP5 (Gillilan et al., 2007; Ayers et al., 2007; 

Kannan-Thulasiraman et al., 2010; Tan et al., 2002), these data support 

the idea that FABPs act as chaperones for fatty acids which in turn can 

 19



 

modulate gene expression. It is likely that this mechanism for regulating 

gene expression applies to the entire family of FABPs, and that 

differences in ligand specificity and FABP protein-protein interactions can 

lead to a wide range of outcomes in different tissues. Interestingly, the 

presence of regulatory elements for PPARs, peroxisome proliferator-

responsive elements (PPREs), in the promoter regions of FABP genes 

(Schachtrup et al., 2004) suggests that FABPs may be involved in 

regulating their own expression.  

 FABPs have been implicated in many cellular pathways; however, 

their physiological roles remain unclear. In vivo manipulation of whole 

organisms has provided significant insight into the roles of FABPs. Knock-

out (KO) mice have been generated for most of the FABP family members 

and, not surprisingly, KO of FABPs results in defects associated with fatty 

acid metabolism (Haunerland and Spener, 2004; Storch and Corsico, 

2008). In contrast to most FABP KO mouse models, the Fabp7 KO mice 

show relatively little change in lipid metabolism (Owada et al., 2006). In 

fact, brains from Fabp7-null P0 and P70 mice show no difference in the 

incorporation of fatty acids into phospholipid subclasses compared to wild-

type mice. Furthermore, there was no observed compensatory up-

regulation of other FABPs, which is a common consequence of disrupting 

members of this family. However, there was a significant 5% decrease in 

the DHA content of the total phospholipid fraction of Fabp7-null mice at 

P0. Interestingly, the Fabp7-null P70 mice showed remarkable behavioral 
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and memory defects in spite of showing little change in membrane fatty 

acid composition (Owada et al., 2006), suggesting a unique physiological 

role for FABP7 compared to other FABPs. 

 

1.2.3 FABP7 in cancer 

 The interest in FABP7 involvement with cancer was sparked by the 

discovery of a novel tumour growth inhibitor, mammary-derived growth 

factor inhibitor-related gene (MRG). Shi et al. sequenced the MRG locus 

and found that MRG expression is low in high-grade breast carcinoma, but 

high in normal breast tissue (Shi et al., 1997). They further showed that 

over-expression of MRG in MRG-negative breast cancer cell lines leads to 

a decrease in tumour cell growth (Shi et al., 1997). Analysis of MRG by 

another group showed that its sequence is 100% identical to FABP7 

(Hohoff and Spener, 1998). FABP7 has since been reported to be 

expressed in the mammary gland, and promotes cell differentiation 

through JAK/STAT signaling (Alshareeda et al., 2012).  

  Molecular profiling analysis has revealed distinct clinical and 

molecular subtypes of breast cancer (Perou et al., 2000; Sørlie et al., 

2001). The most aggressive subtype is the basal-like tumours, which are 

biologically and clinically heterogeneous. Basal-like breast cancers are 

sometimes referred to as triple-negative breast cancer (TNBC) because 

they do not express the three major prognostic indicators (estrogen 

receptor, progesterone receptor and HER2) used for breast cancer. Zhang 
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et al. showed that low FABP7 immunoreactivity is associated with the 

basal phenotype and that tumours expressing high amounts of FABP7 

protein have a better clinical outcome (Zhang et al., 2010). This is in 

contrast to other studies which show that high FABP7 expression is 

associated with the basal-like phenotype (Tang et al., 2010; Liu et al., 

2012). These discrepancies highlight the heterogeneity of breast cancers 

even within molecular subtypes. Thus, the prognostic value of FABP7 in 

these tumours may also reside in its downstream effectors. A recent study 

published by Liu et al. shows that high levels of FABP7 and RXRβ, a 

nuclear receptor for DHA, are adverse prognostic indicators in TNBC (Liu 

et al., 2012). The subcellular localization of FABP7 to the nucleus has 

been found to be associated with basal-like breast cancer (Alshareeda et 

al., 2012). In light of these findings, it will be important for future studies to 

consider the pathways involved with FABP7 function as these may give 

clearer insight into the role of FABP7 in the tumour. 

 FABP7 has also been shown to be involved in renal cell carcinoma 

and melanoma (Domoto et al., 2007; Takaoka et al., 2011) and to have 

prognostic significance in melanoma (Goto et al., 2010).  In melanoma, 

FABP7 is frequently over-expressed and plays a role in regulating cell 

proliferation and invasion (Goto et al., 2006; Slipicevic et al., 2008). 

FABP7 also plays an important role in the progression of melanoma. Goto 

et al. showed that loss of heterozygosity (LOH) at the locus containing 

FABP7 is associated with metastasis of malignant melanoma tumours. 
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Furthermore, these investigators found poorer overall survival in the cases 

where FABP7 expression was maintained in the tumour metastases (Goto 

et al., 2010). 

 One striking observation from the studies of FABP7 in cancer is 

that they implicate FABP7 in highly malignant disease. In accordance with 

this, FABP7 is expressed in MG tumour biopsies and a subset of MG cell 

lines, and is associated with poor survival in MG (Godbout et al., 1998; 

Liang et al., 2005; Kaloshi et al., 2007). Specifically, nuclear FABP7 is 

associated with infiltrative GBM that over-express EGFR (Liang et al., 

2006). These data indicate an important role for nuclear FABP7 in MG 

biology. Mita et al. stably transfected a FABP7 expression construct into 

the FABP7-negative MG cell line, U87, and observed a significant 

increase in cell proliferation and migration. The reverse effect was seen in 

the FABP7-positive MG cell line, U251, upon stable knock-down of FABP7 

(Mita et al., 2007). These investigators also analyzed human brain tissue 

biopsies and showed that FABP7 is localized to infiltrating margins of MG 

tumours (Mita et al., 2007). These results support the idea that FABP7 

enhances the infiltrative properties of MG tumours; however, little is known 

about the mechanisms involved. The transcription factors NFI and PAX6 

have been shown to regulate FABP7 expression in MG cells, but there 

has been no work done relating this to MG cell migration (Bisgrove et al., 

2000; Brun et al., 2009; Liu et al., 2012). Thus, further investigations into 

the role of FABP7 in MG are warranted. 
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1.3 Fatty Acids 

 Over the past 50 years our view of the cell membrane has changed 

dramatically. It was once thought that these membranes were stagnant, 

homogeneous assemblies of lipids whose function was purely for 

structure. In many ways, the structure of the cell membrane still dictates 

its function; however, its content is far from homogeneous, and this has 

unraveled a myriad of possibilities for its functions in the cell.  

  

1.3.1 Essential fatty acids in cell signaling 

 Fatty acids are hydrophobic molecules that are essential for cell 

structure, metabolism, transcriptional regulation and cell signaling. 

Structurally, they consist of a carboxylic acid ‘head’ group and a variable 

length ‘tail’ of carbon atoms. The length and structure of this carbon tail 

determines the fate of the fatty acid within the cell. In humans, most fatty 

acids are synthesized de novo in the liver, adipose tissue and mammary 

glands; however, some fatty acids need to be obtained from the diet - 

these are the essential fatty acids (EFAs). EFAs are important 

constituents of cell membranes and have the ability to influence the 

behaviour of membrane-bound enzymes and receptors (Das et al., 2006). 

EFAs also play an important role in the developing nervous system, where 

their bioavailability is tightly controlled (Clandinin, 1999; Belkind-Gerson et 

al., 2008). AA and DHA, respectively a ω-6 and a ω-3 PUFA, are the 

major EFAs found in human brain and their deficiencies are linked with 
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major neurological disorders (O’Brien and Sampson, 1965; Hamilton et al., 

2007). Thus, EFAs are subject to dynamic regulation in the cell and this is 

controlled in part by their storage in the cell membrane. 

 Phospholipids are the main constituents of cell membranes and 

contribute to structural, biochemical and regulatory processes in cells. 

Structurally, they consist of a polar phosphate group attached to an 

acylated glycerol moiety. The identity and degree of unsaturation of the 

fatty acids at these positions has important consequences for cell 

signaling. For example, AA located at the sn-2 position of phospholipids is 

specifically used to generate prostaglandins, a potent family of signaling 

molecules involved in homeostasis and inflammation (see Section 1.5). 

The presence of phospholipids containing DHA is important for stabilizing 

the activity of rhodopsin in the eye (Bennett and Mitchell, 2008). In the 

latter case, it is the unique length and degree of unsaturation of DHA that 

is proposed to enhance cell membrane fluidity by reducing the packing 

density of lipids. This suggests that altering the fatty acid content of 

phospholipids could have important consequences on their downstream 

signaling cascades.  

 Microdomains of lipids located on the plasma membrane are 

gaining attention as important components for cell signaling. These lipid 

rafts are regions of the plasma membrane that are enriched in cholesterol 

and sphingolipids, and act as platforms that compartmentalize cell 

signaling at the membrane (Simons and Vaz, 2004). Even though the 
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physiological relevance of lipid rafts has been questioned, these structures 

are undoubtedly changing our understanding of the cell membrane. 

Several proteins are known to associate with lipid rafts, including: src 

family kinases, the Gα subunit of the heterotrimeric G-proteins, Hedgehog, 

H-Ras, and T-cell receptors (Simons and Toomre, 2000; Simons and Vaz, 

2004). These proteins are either acylated with saturated fatty acids or 

have a strong interaction with the components of lipid rafts. In some 

cases, lipid raft-protein interactions are stabilized by the presence of 

phospholipids with unsaturated fatty acids, though the reasons for this 

have yet to be determined (Simons and Vaz, 2004). It is conceivable that 

altering the fatty acid composition of sphingolipids, or other phospholipids, 

with EFAs could alter cell signaling. In fact, the incorporation of DHA into 

phosphatidylethanolamine (PE) is associated with higher levels of protein 

kinase C (PKC) at the cell membrane and its increased activity (Giorgione 

et al., 1995). These results are likely to be cell- or tissue-specific, since 

others have reported an opposite effect for DHA-containing PE in PKC 

signaling (Castillo et al., 2005). Furthermore, Schley et al. show that 

treating breast cancer cells with ω-3 EFAs alters EGFR signaling by 

changing the composition of lipid rafts (Schley et al., 2007). This may 

represent a new avenue for manipulating these signaling pathways in 

disease. 

 The presence of fatty acids in the phospholipid molecule has 

important consequences for its downstream signaling, but so does altering 
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its overall structure. Enzymes known as phospholipases alter the structure 

of phospholipids by cleaving them at specific bonds. For example, 

phospholipase A1 and A2 (PLA1 and PLA2) cleave phospholipids at the 

sn-1 and sn-2 position, respectively, to generate free fatty acids (FFA) that 

can be used for the regulation of gene expression or cell signaling (see 

Sections 1.4 and 1.5). The other cleavage products generated in these 

reactions are the lysophospholipids, which are extremely important for cell 

signaling. Lysophosphatidate (LPA) is generated from 

lysophosphatidylcholine (LPC) by the action of autotaxin (ATX), and can 

affect cell migration, proliferation and apoptosis (Okudaira et al., 2010; 

Samadi et al., 2008).  

 

1.3.2 EFAs in cancer 

 Given the extensive roles of lipids and fatty acids in regulating 

developmental processes, gene expression and cell signaling, it is not 

surprising that their deficiency, or their over-abundance, is involved with 

disease. In mouse models of breast cancer, it has been shown that ω-3 

and ω-6 fatty acids have opposite effects on tumours with ω-3 EFAs 

suppressing, and ω-6 EFAs promoting tumour cell growth and metastasis 

(Rose et al., 1995). Interestingly, Martin et al. showed that the AA 

composition of human MG tumour tissue is much higher than that of 

normal brain (Martin et al., 1996). This is in contrast to the DHA levels, 

which are lower in MG tumours (Martin et al., 1996). These findings are 

 27



 

paralleled by findings in MG cells. Mita et al. showed that AA increases 

and DHA decreases the migration of MG cells (Mita et al., 2010). 

Moreover, this effect on cell migration appears to be dependent on the 

subcellular localization of FABP7 (Mita et al., 2010). Given the 

involvement of FABP7 in MG, this suggests that the ligands for FABP7 

may also play a role in mediating MG cell behaviour. 

It has been suggested that EFAs could be used as adjuvants to 

chemotherapy (Biondo et al., 2008; Spencer et al., 2009). For example, 

DHA has been shown to induce apoptosis in human melanoma cell lines 

(Serini et al., 2012). The involvement of FABP7 in this process has yet to 

be determined; however, given the role of AA and DHA in modulating 

FABP7-dependent cell migration in MG, we should consider the FABP7 

expression status of tumours as this may predict a response to DHA 

treatment. The activity of other downstream effectors for fatty acids may 

also generate insight when considering treatments with DHA or other 

EFAs. Thus, we may be able to develop new strategies for treating 

cancers by examining the relationship between FABPs and pathways that 

mediate the effects of fatty acids in the cell. 

 

1.4 Peroxisome proliferator-activated receptors (PPARs) 

 PPARs are members of the nuclear receptor superfamily which 

function as ligand-activated transcription factors (Kota et al., 2005). There 

are three members of the PPAR family, PPAR-α, -β/δ, -γ, with each 
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member displaying similar structural features. Despite their overall 

structural similarities, PPARs demonstrate a range of expression patterns 

and affinities for ligands (Kota et al., 2005). Peroxisome proliferators 

(PPs), as the name suggests, are a class of compounds that increase the 

number of peroxisomes in a cell. PPARs display differential binding 

affinities to certain classes of PPs and mediate their proliferative effects in 

the cell (Kota et al., 2005). 

 The thiazolidinediones (TZDs) are exogenous PPs that function 

primarily by inducing the transcriptional activity of PPAR-γ (Lehmann et 

al., 1996; Wilson et al., 1996). These exogenous ligands for PPARs were 

discovered long before their physiological counterparts were recognized. 

The endogenous ligands for PPARs include saturated fatty acids, PUFAs, 

and derivatives of prostaglandins (Kota et al., 2005). The binding of these 

ligands also sheds light on the physiological roles of PPARs in the cell. 

For instance, PPAR-α is activated by several classes of fatty acids, which 

is in-line with the essential role of PPAR-α in regulating lipid homeostasis 

(Pyper et al., 2010). PPAR-β and -γ have also been shown to regulate a 

number of physiological processes. PPAR-γ expression is highest in 

adipose tissue where it plays an essential role in regulating adipocyte 

differentiation, and is also required for development of cardiac and 

placental tissue (Lehrke and Lazar, 2005; Chawla et al., 1994; Rosen et 

al., 1999; Barak et al., 1999). PPAR-β is expressed at high levels in skin, 

skeletal muscle, and inflammatory cells, and is involved in regulating lipid 
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homeostasis (Wagner and Wagner, 2010). PPAR-β is also involved in 

regulating differentiation of muscle cells, neurons, and epithelial cells 

(Bonala et al., 2012; D’Angelo et al., 2011; Peters et al., 2012). 

  

1.4.1 Fatty acids, FABPs and PPARs 

 The DNA-binding domain of PPAR is well-conserved and mediates 

DNA binding by interacting with PPAR-responsive elements (PPREs) in 

the promoter regions of PPAR target genes (Zhou and Waxman, 1999). 

The mechanism of this process is well understood in general terms. After 

binding ligand, PPARs undergo a conformational change that causes 

them to lose their interaction with histone deacetylase (HDAC) co-

repressors and heterodimerize with other nuclear receptors (Peters et al., 

2012). This PPAR complex recruits RNA polymerase II and several co-

activators to the PPRE, and together they remodel local chromatin 

structure and increase transcription (Peters et al., 2012).  

 Retinoid-X-receptor (RXR) is a family of fatty acid-activated nuclear 

receptors that heterodimerize with PPARs. Kliewer et al. have shown that 

RXR-α enhances the binding of PPAR-α to PPREs, and promotes the 

transcription of several genes associated with peroxisomal β-oxidation of 

fatty acids (Kliewer et al., 1992). These effects are further enhanced by 

addition of the ligands for RXR-α (Kliewer et al., 1992). Researchers have 

also shown that PPAR-α and -γ undergo nucleo-cytoplasmic shuttling 

upon binding to their ligands (Umemoto and Fujiki, 2012). FABPs display 
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this same activity, and could potentially be involved in delivering ligands to 

PPARs in the cytoplasm. This idea is supported by the fact that FABPs 

enhance PPAR activity by delivering fatty acids directly to PPARs (See 

1.2.2). The significance of this interaction occurring in the cytoplasm, 

followed by re-localization of PPAR to the nucleus, has yet to be 

determined. Interestingly, when PPAR-β/δ is not bound to a ligand, it may 

repress transcription of PPAR-α and PPAR-γ (Shi et al., 2002; Peters et 

al., 2012). These combined data highlight the complexity of fatty acids, 

FABPs and PPARs in regulating gene transcription. This level of 

complexity indicates that this pathway plays an intricate role in the cell, 

and that deregulation of FABPs and PPARs in cancer may provide targets 

for new therapies. 

 

1.4.2 PPARs in cancer 

All members of the PPAR family are associated with cancer. Even 

before PPARs were discovered, the PPAR-α agonist, Wy-14,643, had 

been shown to induce hepatocellular carcinomas (HCC) in rats (Reddy et 

al., 1980). Peters et al. showed that this was dependent on PPAR-α as 

Ppara -/- mice did not develop HCC in response to long-term exposure to 

Wy-14,643 (Peters et al., 1997). PPAR-β/δ has also been implicated in 

many different types of cancers; however, its mechanism of action 

remains controversial. Wagner et al. showed that PPAR-β/δ is expressed 

at high levels in liposarcoma cell lines, and that this expression promotes 
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cell migration and proliferation (Wagner et al., 2011). These observed 

effects were dependent on the presence of PPAR-β/δ binding elements in 

the promoter region of the leptin gene. Leptin is an adipose tissue 

secretory factor that inhibits cell migration and proliferation in 

liposarcomas (Wagner et al., 2011). PPAR-β/δ acts as a transcriptional 

repressor of leptin, and thereby inhibits the anti-proliferative and anti-

migratory effects of leptin (Wagner et al., 2011). Yang et al. showed that in 

colon cancer, PPAR-β/δ may be an inhibitor to carcinogenesis and tumour 

progression (Yang et al., 2010). Furthermore, ligand activation of PPAR-

β/δ inhibits skin tumorigenesis (Bility et al., 2010). These findings indicate 

opposite roles for PPAR-β/δ in different cancers. This presents a problem 

at the clinical level, as it’s not clear whether PPAR-β/δ activity should be 

inhibited or activated in cancer treatment. Given the functional relationship 

between FABPs and PPARs, characterization of FABPs and fatty acids 

may shed light on whether specific cancers should be treated with 

inhibitors or activators of PPAR-β/δ.  

PPAR-γ agonists are generally thought to prevent cancer formation in 

breast and colon tissue, and have been shown to inhibit cell growth and 

invasion through β-catenin in a panel of MG cell lines (Peters et al., 2012; 

Wan et al., 2011). A retrospective analysis of diabetic MG patients using 

PPAR-γ agonists has suggested that those who used PPAR-γ agonists 

were less likely to develop high grade gliomas (Grommes et al., 2010). 15-

Deoxy-Delta-(12,14)-Prostaglandin J(2) (15d-PGJ2), an agonist of PPAR-
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γ, has also been shown to inhibit growth of CD133+ glioma stem cells 

(Chearwae and Bright, 2008). Mita et al. found a possible relationship 

between EFAs (DHA, AA), FABP7, PPAR-β/δ and PPAR-γ in MG (Mita et 

al., 2010). These authors showed that knock-down of PPAR-γ prevents 

FABP7-mediated inhibition of cell migration by DHA. This suggests that 

FABP7 bound to DHA acts through PPAR-γ to inhibit cell migration in MG 

cells that express FABP7 (Mita et al., 2010). Furthermore, it appears as 

though AA and FABP7-mediated increases in cell migration are not 

inhibited by restricting FABP7 localization to the cytoplasm, but perhaps 

are mediated though PPAR-β/δ and cyclooxygenase (COX; Mita et al., 

2010). It is then possible that PPAR-β/δ acts to promote cell migration, or 

other tumorigenic properties, through FABP7 and metabolites of AA. 

  

1.5 Cyclooxygenase (COX) 

 COX are enzymes that catalyze the committed step in 

prostaglandin (PG) biosynthesis (Yuan et al., 2009). There are two 

isoforms, COX-1 and COX-2, that function as homodimers to convert fatty 

acid substrates into prostaglandin H2 (PGH2; Vecchio et al., 2010; Figure 

1.5.1). This process occurs in two major steps at the inner luminal 

membrane of the endoplasmic reticulum (ER; Mbonye et al., 2008). The 

substrate enters the COX homodimer through a hydrophobic channel and 

binds to the active site of one of the partnered COX monomers 

(Thuresson et al., 2001; Yuan et al., 2009). This allosterically induces the  
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Figure 1.5.1 COX activity in the cell. (A) The COX enzyme consists of 

homodimers that are anchored to the inner luminal membrane of the ER. 

A hydrophobic channel in the membrane binding domain of COX allows 

entry of ligands into the hydrophobic binding pocket located in proximity to 

the active site. (B) COX activity is the rate limiting step in the production of 

all prostaglandins. Structural data were obtained from the Protein Data 

Bank (PDB ID: 1CVU; Kiefer et al., 2000) and rendered using PyMOL. 
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other COX monomer to carry out the catalytic activity (Yuan et al., 2009). 

The first catalytic step is oxygenation, which effectively adds two O2 to the 

backbone of the substrate (Yuan et al., 2009). This step is followed by 

cyclization of the O2 group with the substrate backbone, and is catalyzed 

by the peroxidase activity of COX (Yuan et al., 2009). This gives the PGs 

their characteristic ring structure and, in the case when AA is the 

substrate, is called PGH2. 

The major substrate for COX is AA (Wada et al., 2007; Yuan et al., 

2009). AA, located at the sn-2 position of phospholipids, is preferentially 

cleaved by phospholipase A2 (PLA2) and used as substrate for COX 

(Strokin et al., 2003). While the activity of PLA2 can affect the expression 

of COX-2 through PPAR-γ (Pawliczak et al., 2004), the production of PGs 

is limited by the amount of PGH2 that can be produced from substrates of 

COX. Data obtained from non-steroidal anti-inflammatory drugs (NSAIDs) 

has led to the suggestion that COX isoforms have some non-overlapping 

physiological roles. NSAIDs have been shown to inhibit activity of both 

COX isoforms (Laneuville et al., 1994). Interestingly, NSAIDs that bind to 

both COX-1 and COX-2 can inhibit inflammation, but are also associated 

with potentially severe side-effects (Snowden et al., 2011). Significant 

differences in the amino acid sequences of COX-1 and COX-2 (~60% 

identity; Tanabe and Tohnai, 2002), combined with the differential 

expression of COX-1 and COX-2, suggest unique roles for these two 

proteins. 
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1.5.1 Regulation of COX-1 and COX-2 

 COX-1 is constitutively expressed in most cell types and plays a 

role in maintaining tissue homeostasis (Tanabe and Tohnai, 2002). There 

is also evidence that COX-1 expression may be inducible in certain cell 

types, where it could play a role in regulating cell differentiation (Mroske et 

al., 2000). On the other-hand, COX-2 is generally an inducible enzyme 

whose expression is affected by several growth factors, tumour promoters 

and cytokines (Tanabe and Tohnai, 2002; Vecchio et al., 2010). The 

transcriptional regulation of COX-2 plays a significant role in regulating PG 

production in the cell. The nuclear transcription factor kappa B (NFκΒ) 

pathway has been shown to regulate COX-2 transcription in several 

systems (Inoue et al., 2000; Nadjar et al., 2005). Interestingly, PPAR-γ 

plays a role in negatively regulating COX-2 expression through NFκΒ 

(Inoue et al., 2000). The over-production of PGD2 caused by high 

expression of COX-2 activates PPAR-γ, which then inhibits NFκΒ-

mediated COX-2 expression (Inoue et al., 2000). Growth factors such as 

EGFR have also been shown to affect the transcription of COX-2 through 

p38 mitogen-activated protein kinase (MAPK)-dependent activation of the 

Sp1/Sp3 transcription factors, a process that is dependent on protein 

kinase C-δ (PKC-δ; Xu et al., 2007; Xu et al., 2009). In addition to gene 

regulation mechanisms, there are inherent features of COX-1 and COX-2 

mRNAs that determine their expression levels.  
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 A key difference between COX-1 and COX-2 mRNA is the 

presence of instability elements in the COX-2 mRNA. AU-rich elements 

have been shown to destabilize mRNA and this plays an important role in 

regulating the expression of inducible proteins (Chen et al., 1994). The 3’-

untranslated region (UTR) of COX-2 mRNA has a series of AUUUA-

repeats that serve as flags for exonuclease cleavage (Tanabe and Tohnai, 

2002). In contrast, the 3’-UTR of COX-1 mRNA does not contain these 

AU-rich repeats, which help to explain its stability compared to that of 

COX-2 mRNA (Mbonye et al., 2008). In fact, the stability of COX-1 has 

generated concern as to the biological relevance of altering COX-1 

expression. 

 Work by Mroske et al. has demonstrated that COX-1 is expressed 

upon differentiation of the megakaryoctyic cell line, MEG-01 (Mroske et 

al., 2000), consistent with the fact that PGs produced by COX-1 in 

platelets play a major role in activating thrombosis. Platelets are anucleate 

and so they lack the ability to transcribe the COX-1 gene; hence, COX-1 

must be obtained from their precursors, the megakaryocytes (Morske et 

al., 2000). Megakaryocytic cells lines can undergo differentiation into 

platelets when treated with 12-0-tetradecanoylphorbol-13-acetate (TPA). 

Treatment of MEG-01 with TPA results in a 1.8 fold increase in COX-1 

transcript levels (Morske et al., 2000). COX-1 transcription can also be 

induced by HDAC inhibitors in human astrocytes (Taniura et al., 2002). 

These examples demonstrate that COX-1 transcription can indeed be 
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modified, albeit under highly specific conditions. When Duquette and 

Laneuville treated MEG-01 cells with TPA they not only observed an 

increase in COX-1 mRNA, but also lagged increase in COX-1 protein 

expression (Duquette and Laneuville, 2002). Further work by this group 

revealed that the 3’-UTR of COX-1 mRNA contains a conserved 20 

nucleotide (nt) sequence that regulates COX-1 expression at the post-

transcriptional level (Duquette and Laneuville, 2002). 

 Other structural features of COX mRNA control its fate in the cell. 

For example, COX-1 expression is regulated by secondary structures in its 

5’-UTR (Bunimov et al., 2007; Bunimov and Laneuville, 2010). HuR is a 

stabilizing factor for mRNAs with AU-rich sequences (Doller et al., 2008). 

Although HuR has not yet been implicated in COX-1 post-transcriptional 

regulation, HuR which has been phosphorylated by PKC-δ has been 

shown to bind the AU-rich region of COX-2 mRNA and promote its nuclear 

export (Doller et al., 2008). From these studies it is clear that COX 

expression is tightly controlled at multiple levels.  

 The half-life (τ1/2) of COX-1 in murine NIH/3T3 fibroblasts is greater 

than 12 hours, whereas the τ1/2 for COX-2 in these cells is 2 hours 

(Mbonye et al., 2006). This group showed that by inhibiting the 26S 

proteasome, they could increase the τ1/2 of COX-2 (Mbonye et al., 2006). 

The same trends are observed for COX-1 and COX-2 in HEK293 cells (τ1/2 

is 24 hours and 5 hours, respectively; Mbonye et al., 2006). While the 

primary structures of COX-1 and COX-2 are similar, they differ in that 
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COX-2 has an extra 19 amino acid (aa) cassette in its C-terminus 

(Mbonye et al., 2006). Deletion of the 19 aa does not interfere with COX-2 

subcellular localization or activity, but does increase the τ1/2 of COX-2 

(Mbonye et al., 2006). Specifically, the 19 aa cassette was shown to target 

COX-2 to the endoplasmic reticulum-associated degradation (ERAD) 

system (Mbonye et al., 2006). This helps to explain the higher turnover of 

COX-2 protein in relation to COX-1. 

 Of note, two distinct pathways for COX-2 degradation have been 

described and the one that is used depends on the activity of COX-2 

(Mbonye et al., 2008). The first mechanism involves a 27 aa ‘instability’ 

motif that regulates post-translational N-glycosylation of Asn-594 and 

occurs at a constant rate (Mbonye et al., 2008). The second pathway is 

initiated by substrate binding to COX-2 (Mbonye et al., 2008). Using 

NIH/3T3 cells, researchers showed that COX-2 degradation increases 

when AA is added to the cells, and this effect subsides when COX-2 is 

inhibited using flurbiprofen or NS-398 (Mbonye et al., 2008). It should also 

be noted that proteasome and lysosomal protease inhibitors do not affect 

COX-2 degradation through this pathway, which suggests that ligand-

mediated suicide inactivation of COX-2 is an important mechanism for 

controlling COX-2 activity (Mbonye et al., 2008). Proteins have been 

identified that can regulate COX-2 activity by interfering with its 

degradation. As an example, integrin-mediated cell adhesion has been 

shown to promote COX-2 activity by inhibiting its degradation by 

 39



 

lysosomes, while simultaneously increasing its transcription through Src, 

PI3K, ERK1/2, and p38 MAPK (Zaric and Ruegg, 2005).  

  

1.5.2 Ligands for COX 

 COX isoforms share ~60% amino acid identity and their crystal 

structures are virtually superimposable; however, they show remarkable 

differences in the structure of their active sites (Vecchio et al., 2010). In 

fact, a highly conserved I523V substitution in the COX-2 isoform makes its 

binding pocket ~20% larger than the pocket in COX-1 (Kurumbail et al., 

1996; Vecchio et al., 2010). COX-1 and COX-2 have a similar binding 

affinity for AA, but they differ in their catalytic efficiency (Wada et al., 2007; 

Yuan et al., 2009). Wada et al. have shown that COX-2 is able to 

oxygenate AA ~30% more efficiently than COX-1 (Wada et al., 2007). The 

fatty acid eicosapentaenoic acid (EPA) has also been shown to bind COX 

enzymes, albeit with lesser affinity than AA (Wada et al., 2007). COX-2 

oxygenates EPA at ~30% efficiency compared to AA, whereas COX-1 

oxygenation of EPA is <5% as efficient as that of AA (Wada et al., 2007). 

It has been proposed that the residue Leu-531 in the COX-2 active site is 

responsible for COX-2 being able to bind a wider range of fatty acids 

compared to COX-1 (Vecchio et al., 2010). The flexibility of Leu-531 is 

thought to stabilize the larger binding pocket in COX-2 and may allow 

larger substrates to access its active site (Vecchio et al., 2010). Thus, 

COX-2 may be able to generate a more diverse array of PGs, which helps 
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to explain its involvement in a wide variety of physiological processes and 

diseases.  

 

1.5.3 COX-2 in MG 

 Pro-inflammatory signaling can induce angiogenesis, cell 

proliferation and invasion in cancer cells (Hanahan and Weinberg, 2011). 

As such, there is great interest in targeting inflammatory pathways as a 

cancer therapy. In accordance with the role of inflammation in tumour 

progression, increased COX-2 expression and activity have been 

observed in many cancers from different origins, including: skin (Amirnia 

et al., 2012); digestive tract (Thiel et al., 2011); liver (Xu et al., 2006); 

breast (Holmes et al., 2011); and brain (Shono et al., 2001). For example, 

COX-2 is estimated to be expressed in ~40% of all breast cancers and its 

expression correlates with larger tumours, metastases to lymph nodes and 

bone, and reduced overall survival (Singh et al., 2006; Holmes et al., 

2011). High COX-2 expression is generally an indicator of poor prognosis 

and is associated with resistance to chemo- and radiation therapy (Xu et 

al., 2009). 

 COX-2 is also involved in MG. Shono et al. showed that high levels 

of COX-2 are associated with clinically more aggressive MG, and is a 

strong predictor of poor overall survival (Shono et al., 2001). In an analysis 

of 83 cases of grades II, III and IV astrocytomas, Perdiki et al. found that 

COX-2 was expressed in 79 cases, with higher expression in the grades 
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III and IV astrocytomas (Perdiki et al., 2007). COX-2 expression has also 

been shown to correlate with the proliferative activity of MG tumour cells, 

total vascular area, and levels of vascular endothelial growth factor 

(VEGF) and hypoxia inducible factor (HIF)-1α (Perdiki et al., 2007). 

Despite these correlations, elucidating the mechanisms that are 

responsible for the clinical behaviour of MG in relation to COX-2 has been 

difficult as COX-2 is constitutively expressed in normal brain (Herrmann et 

al., 2005). These difficulties are further compounded by clinical findings 

showing that high levels of PGE2, a product of the COX-2 pathway, 

correlate with increased patient survival in GBM (Lalier et al., 2007). 

 Work by Xu et al. has demonstrated that EGFR is capable of 

inducing COX-2 expression in glioma cell lines, and that this induction is 

mediated by p38 MAPK and PKC-δ (Xu et al., 2009). The constitutively 

active EGFRvIII has been shown to regulate glioma angiogenesis and 

growth through NFκB, which controls the in vivo expression of Cox-2 in 

normal rat brain (Bonavia et al., 2011b; Nadjar et al., 2005), as well as 

COX-2 expression in CD133+ U87 glioblastoma cells (Annabi et al., 2009). 

Interestingly, when U87 cells were sorted by CD133 status, the CD133+ 

cells grew as neurospheres and expressed higher levels of COX-2 

(Annabi et al., 2009). As MG stem cells have been shown to be resistant 

to therapy, this raises the question as to what role COX-2 plays in 

mediating GSC resistance to therapy. 
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 One potential role that COX-2 may be playing in MG cells is in 

modulating the ability of the immune system to recognize and destroy 

tumour cells. Dendritic cells (DCs) are professional antigen presenting 

cells that can process tumour-associated antigens (TAAs) and display 

TAA epitopes on their cell surface using the major histocompatability 

complex (MHC)-I and -II (Akasaki et al., 2004). CD4+ T cells only 

recognize epitopes on the MHC-II receptors, and can initiate lysis of 

malignant cells. This effect is also controlled by regulatory T cells (Tr) and 

helper T cells (Th), which can suppress or enhance T cell-mediated cell 

lysis (Akasaki et al., 2004). Patients with MG display a broad suppression 

of cell-based immunity (Dix et al., 1999). PGE2 has long been known to 

have immunosuppressive functions, and has been shown to inhibit DC 

function and T cell response (Harizi et al., 2002). U87 MG cells that 

express high levels of COX-2 induce a CD4+ Tr cell response via CD11c+ 

DCs that suppresses T cell-mediated lysis (Akasaki et al., 2004). 

Conditioned medium from U251 MG cells can induce PGE2 production in 

macrophages, in further support of the idea that MG tumours interact with 

immune cells to control immune system function through COX-2 (Nakano 

et al., 2006).  

 Although the mechanisms controlling COX-2 expression in MG 

remain to be investigated, there is evidence that PPARs can regulate 

COX-2 transcription in other tumours. Xu et al. have shown that PPAR-β/δ 

induces COX-2 expression in hepatocellular carcinoma (Xu et al., 2006). 
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This is a ‘feed-forward’ mechanism whereby PPAR-β/δ activation of COX-

2 activity results in phosphorylation of cPLA2α, which further activates 

PPAR-β/δ and promotes tumour growth (Xu et al., 2006). PGE2 can also 

promote tumour progression through PPARs in other systems (Inoue et 

al., 2000; Han et al., 2004; Han and Roman, 2004; Xu et al., 2006). Given 

the involvement of COX-2 with fatty acids and PPARs, and the 

involvement of FABPs with fatty acids and PPARs, it is possible that 

FABPs play a role in regulating COX-2 activity. U87 MG cells transfected 

with a FABP7 expression construct express elevated levels of COX-2 

RNA and protein compared to the FABP7-negative U87 cells (Mita et al., 

2010). Furthermore, increased COX-2 expression is associated with a ~6-

fold increase in PGE2 levels (Mita et al., 2010). In light of the 

demonstrated and proposed roles for FABPs, PPARs and COX-2 in MG, it 

is possible that targeting a fatty acid-FABP-PPAR-COX-2 axis could lead 

to successful strategies for treating MG tumours. 

 COX-2 has been shown to interact with p53 and interfere with p53-

dependent transcription and apoptosis (Corcoran et al., 2005). Choi et al. 

also showed that COX-2 regulates p53 activity and is capable of inhibiting 

DNA damage-induced apoptosis (Choi et al., 2005). This interaction has 

been demonstrated in vivo and is inhibited by NS-398 (Choi et al., 2005). 

Human glioblastoma cells treated with a COX-2 specific inhibitor, 

celecoxib, harbour higher levels of DNA damage and undergo p53-

dependent G1 cell cycle arrest, and p53-dependent autophagy (Kang et 
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al., 2009). The COX-2 inhibitor E-6087 enhances the effects of 

radiotherapy in orthotopic models of glioma in mice (Wagemakers et al., 

2009), suggesting that it might be useful to treat MG patients undergoing 

radiotherapy with COX-2 inhibitors. Interestingly, NS-398 was shown to 

inhibit glioma cell proliferation in monolayer cultures of U87 and U251 MG 

cell lines, and inhibit tumour growth and outgrowth of spheroids derived 

from U87 and U251 cells (Joki et al., 2000). What is striking about these 

results is that the effects were much more pronounced in U251 compared 

to U87 cells. U251 cells express FABP7 whereas U87 cells do not express 

this protein (Mita et al., 2007). In agreement with these data, a reduction in 

cell migration was observed when FABP7-transfected U87 cells were 

treated with the COX-2-specific inhibitor, NS-398 (Mita et al., 2010). No 

effect on cell migration was observed in FABP7-negative U87 control 

cells. Even though FABP7-positive MG tumours have been associated 

with poor survival in MG, these data indicate that FABP7-positive tumours 

may respond better to treatment with COX-2 inhibitors. It is possible that 

COX-2 inhibitors could magnify the effects of DHA and FABP7 on MG cell 

migration, thereby targeting the infiltrative tumour cells. 

1.6 Working Hypothesis 
 

We propose that FABP7 and its fatty acid ligands play a central role 

in regulating the expression of factors involved with MG tumour 

progression. We further propose that FABP7-positive MG cells are 
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inherently migratory and infiltrative, properties mediated in part by the 

activity of COX-2.
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CHAPTER 2  
 
 
 

Materials and methods
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2.1. Stable transfection of U87 cells 

 U87 is a FABP7-negative [FABP7(-)] human MG cell line that was 

obtained from Dr. Jorgen Fogh (Sloane Kettering Institute, Rye, NY, USA; 

Godbout et al., 1998). U87 cells were stably transfected with either empty 

pREP4 vector or a pREP4-FABP7 expression construct as described in 

Mita et al. (2007). From this point forward, U87C will refer to the FABP7(-) 

cell line that was clonally derived from U87 cells stably transfected with 

control vector (as described in Mita et al., 2007). Similarly, U87B will refer 

to the FABP7(+) cell line that was clonally derived from U87 cells stably 

transfected with the pREP4-FABP7 expression construct. Stably 

transfected cells were selected in 50 μg/ml hygromycin B.  

 

2.2 Cell culture 

 Cells were cultured in Dulbecco’s Modified Essential Medium 

(DMEM) supplemented with 10% fetal calf serum (FCS), 100 μg/mL 

streptomycin and 100 U/mL penicillin. Cells were maintained at 37oC in a 

humidified 5% CO2 atmosphere. Prior to lipid extraction, U87C and U87B 

cultures were supplemented with either 60 μM BSA, 60 μM AA, or 60 μM 

DHA for 24 hours. Cells were harvested and pellets were stored at -80oC. 

 

2.3 Preparation of fatty acids 
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 Fatty acids (Sigma) were dissolved in 100% ethanol, then 

complexed to fatty acid-free BSA (Sigma) over a constant stream of 

nitrogen gas. Residual ethanol accounted for <0.1% of total volume. 

 

2.4 Gene expression microarray analysis 

 Microarray analysis was carried out using RNAs prepared from 3 

independent cultures of U87C (U87C1, U87C2, U87C3) and three 

independent cultures of U87B (U87B1, U87B2, U87B3). Total RNA was 

isolated from each of these cell lines using the Qiagen RNeasy Plus kit 

according to the manufacturer’s protocol. Only high quality RNA was used 

in these experiments (RNA integrity number >8.5/10) as measured by a 

Bioanalyzer 2100 (Agilent technologies). The RNA was then labeled and 

used to probe Agilent whole genome arrays (Liu et al., 2011). 

 

2.5 Reverse transcription-PCR (RT-PCR) analysis of microarray data  

 RT-PCR was carried out as described (Liu et al., 2011) using RNA 

isolated from U87C1, U87C2, U87C3, U87B1, U87B2 and U87B3 cell 

lines. The following oligonucleotides were used in the RT-PCR analysis: 

FABP7, forward 5’ -TGG AGG CTT TCT GTG CTA C- 3’, reverse 5’ -TAG 

GAT AGC ACT GAG ACT TG- 3’; PPAR-α,  forward 5’ -ATT CGC CAT 

GCT GTC TTC TG- 3’, reverse 5’ -CTC CTT TGT AGT GCT GTC AG- 3’; 

PPAR-β/δ, forward 5’ -AGC CTC AAC ATG GAG TGC C- 3’, reverse 5’ -

ATG TCG TGG ATC ACA AAG GG- 3’; PPAR-γ, forward 5’- CAG GAG 
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ATC ACA GAG TAT GC- 3’, reverse 5’ -CAA CTG GAA GAA GGG AAA 

TG- 3’; COX1, forward 5’ -TGT TTG GGC TGC TTC CTG G- 3’, reverse 

5’- ATT CCT CCA ACT CTG CTG C- 3’; COX-2, forward 5’ -TCC TGT 

GCC TGA TGA TTG C- 3’, reverse 5’ -TGG AAC AAC TGC TCA TCA CC- 

3’; PLA2G4A, forward 5’ -GCC TCT GGA TGT CAA AAG TA- 3’, reverse 

5’ -GCT TTC AAC CAT GGC TTC TT- 3’; PLA2G4C, forward 5’ -CCT GTT 

CAA CAT AGA TGC CT- 3’, reverse 5’ -CCT TCT TCT GAA TGA CGC 

TA- 3’; L1CAM, forward 5’ -CCC ACT CAG CCA CAA CGG- 3’, reverse 5’ 

-GAT GAA GCA GAG GAT GAG C- 3’; CDH18, forward 5’ -GGC GGA 

GGA GAT TTA GTC G- 3’, reverse 5’ -AGA GTC ATA AGG GGG AAC G- 

3’; MMP2, forward 5’ -TAC AGC CTG TTC CTC GTG G- 3’, reverse 5’ -

TGC TCC AGT TAA AGG CGG C- 3’; MMP3, forward 5’ -CCA CTC ACA 

TTC TCC AGG CT- 3’, reverse 5’ -GCT AGT AAC TTC ATA TGC GGC- 

3’; MMP12, forward 5’ -CCT GGA GAT GAT GCA CGC A- 3’, reverse 5’ -

TGT CAT CAG CAG AGA GGC G- 3’; MMP 14, forward 5’ -GCA GGC 

CGA CAT CAT GAT CT- 3’, reverse 5’ -CAG TGT TGA TGG ACG CAG 

G- 3’; MMP15, forward 5’ -GGT ACG AGT GAA AGC CAA CC- 3’, reverse 

5’ -GGT ACC GTA GAG CTG CTG G- 3’; PLSCR4, forward 5’ -CGG TAT 

CAG CCT GGC AAA TA- 3’, reverse 5’ -CAT GGC CCA CGA ACT CTC- 

3’; PRKCZ, forward 5’ -CAG GAG AAG AAA GCC GAA TC- 3’, reverse 5’ 

-CAT CCA TCC CAT CGA TAA CTG- 3’; ENPP2, forward 5’ -GTC TGT 

TGT CAT CCC TCA CG- 3’, reverse 5’ -CGT GAG ATT GGC AAT AAT 

GGC- 3’; HLA-DMA, forward 5’ -AAC CAC ACA TTC CTG CAC AC- 3’, 
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reverse 5’ -GTG TAG CGG TCA ATT TCG TG- 3’; β-actin, forward 5’ -

CTG GCA CCA CAC CTT CTA C- 3’, reverse 5’- CAT ACT CCT GCT 

TGC TGA TC- 3’. PCR products were separated on a 1% agarose gel, 

stained with ethidium bromide and visualized under UV light. 

  

2.6 Western blot analysis 

 Whole cell lysates were prepared by incubating cells on ice for 20 

min in buffer B: 50 mM Tris-HCl pH 7.5, 150 mM NaCl, 1% NP-40, 0.5% 

sodium deoxycholate, 0.1% SDS, 1X protease inhibitor cocktail (Roche), 1 

mM PMSF, 2 mM DTT. For the analysis of PLA2G4A, cell lysates were 

prepared using either buffer B or buffer A (buffer B + 2 mM sodium 

fluoride, 2 mM sodium orthovanidate, 25 mM sodium pyrophosphate). 

Lysates were centrifuged at 14,000 x g for 15 minutes, and the 

supernatant was collected and stored at -80oC. Protein concentration was 

measured using the Bradford assay. Fifty μg of whole cell lysate were 

separated by electrophoresis in a 13.5% SDS-polyacrylamide gel followed 

by electroblotting onto nitrocellulose membranes. Membranes were 

immunostained with rabbit anti-FABP7 antibody (1:500 dilution) (Godbout 

et al., 1998), goat anti-COX-2 antibody (1:500 dilution) (sc-1747; Santa 

Cruz) or rabbit anti-PLA2G4A antibody (1:1000 dilution) (ab73406; 

Abcam), and detected with horseradish peroxidase-conjugated secondary 

antibodies (Jackson ImmunoResearch Biotech) using the ECL detection 

system (GE Healthcare). 
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2.7 Co-immunoprecipitations (co-IP) 

 U87B cells were cultured to ~70% confluency and then treated with 

either 60 μM BSA, AA, or DHA for 24 hours. Following this treatment, the 

cells were washed in PBS and cell pellets were used to prepare protein 

extracts. For the standard co-IP, immunoprecipitation assay buffer [50 mM 

Tris-HCl pH 7.5, 150 mM NaCl, 0.5% sodium deoxycholate, 1% NP-40, 2 

mM PMSF, 1 mM DTT, 1X protease inhibitor cocktail (Roche)] was used 

to prepare fresh U87B whole cell lysate. A total of 750 μg cell lysate were 

pre-cleared by adding 40 μl of washed recombinant Protein A Sepharose 

beads (GE Healthcare) to the cell lysate in an Eppendorf tube, followed by 

a 3 hour incubation at 4oC. The supernatant was removed by centrifuging 

tubes in a microcentrifuge for 2 minutes at 4,000 rpm. Five μl goat anti-

PPAR-β/δ (GenScript) was added to the supernatant and incubated at 4oC 

for 3 hours. Fifty μl of bead slurry (50% beads, 50% immunoprecipitation 

buffer, by volume) was added to the tubes containing PPAR-β/δ antibody 

and incubated overnight at 4oC. The following morning, the tubes were 

centrifuged at 4,000 rpm for 2 minutes and the supernatant stored at -

20oC for western blotting. The bead fraction was washed 3 times with 500 

μl of immunoprecipitation assay buffer and analysed by western blotting.  

The procedure for cross-linked co-IP is a modification of Thompson 

et al., (2009). Briefly, cultured U87B cells supplemented with BSA, AA, or 

DHA were washed once in PBS, then cross-linked with 0.5% 

formaldehyde for 10 minutes at room temperature. The cross-linking 

 52



 

reaction was terminated by adding 125 mM glycine to the cells and 

incubating at room temperature for 5 minutes. Cells were harvested by 

scraping directly in immunoprecipitation assay buffer (50 mM Tris-HCl pH 

7.5, 50 mM NaCl, 0.1% sodium deoxycholate, 0.5% NP-40, 1 mM PMSF, 

2 mM DTT, 1X protease inhibitor cocktail) and sonicated at 30% power, 3 

times for 15 seconds at 4oC using a Model 300 V/T ultrasonic 

homogenizer (BioLogics, Inc). Co-immunoprecipitation was as described 

previously using either rabbit anti-FABP7 or goat anti-PPAR-β/δ antibody. 

 

2.8 Enzyme-linked immunosorbent assay (ELISA) 

 PGE2 levels were measured by ELISA using the protocol supplied 

by the manufacturer (Amersham Prostaglandin E2 Biotrak Enzyme 

Immunoassay System, GE Healthcare). Cells were seeded in triplicate in 

96-well plates at 50,000 cells/well and cultured in serum-free medium for 

24 hours. Cells were then lysed and PGE2 was quantified using 

manufacturer’s protocol 8.4. One hundred μl of 1 M H2SO4 were added to 

each well following substrate incubation and the plates were read at 450 

nm using a microplate reader (FLUOstar OPTIMA, BMG 

Labtechnologies). 

 

2.9 Live cell imaging of PGE2-treated U87B cells 

 PGE2 (Sigma P5640) was resuspended in 100% ethanol and 

diluted to 1 mM using 10 mM KH2PO4 pH 7.22. Fifty thousand U87B cells 
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were plated on 35-mm culture dishes with a glass coverslip embedded in 

the bottom of the dish. Cells were cultured under standard conditions for 

24 hours and then washed twice with PBS. Following these washes the 

medium was replaced with serum-free DMEM. Cells were incubated for 1 

hour at 37oC in a humidified 5% CO2 chamber attached to an Axiovert 

200M microscope (Zeiss) set up for phase contrast microscopy with a 20X 

objective lens. The cells were then treated with either 10 μM KH2PO4 pH 

7.2 or 10 μM PGE2. Metamorph version 7.7.0 (Molecular Devices, LLC) 

was used to capture a single differential interference contrast (DIC) image 

every minute for 2 hours. Data were exported to Imaris x64 version 7.5.0 

for video and image processing (Bitplane).    

 

2.10 Isolation of nuclei from U87C and U87B 

 All reagents were kept on ice. Nuclear extracts were prepared 

using a modification of Gorski et al. (1986). Cell pellets from 2 150-mm 

tissue culture plates of either U87C or U87B cells, treated with 60 μM 

BSA, 60 μM AA or 60 μM DHA, were washed in PBS and kept on ice for 

10 minutes prior to homogenization. Cells were homogenized using a 7 

mL dounce homogenizer in a modifed Gorski homogenization buffer (HB; 

10 mM HEPES pH 7.6, 25 mM KCl, 1 mM EDTA, 0.15 mM spermine, 0.5 

mM spermidine, 0.2 mM PMSF, 5% glycerol, 2 M sucrose). HB containing 

no sucrose was also prepared and used to dilute the 2 M sucrose HB to 

generate a sucrose gradient (0 M, 0.3 M, 1.5 M and 2.0 M sucrose). The 
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following were added to all HB immediately prior to use: 0.15 mM 

spermine, 0.5 mM spermidine and 0.2 mM PMSF. Cell pellets were 

resuspended in 3 mL of 0.3 M sucrose HB and homogenized 5 times 

using a loose pestle, followed by 100 strokes (U87B) or 150 strokes 

(U87C) using a tight pestle. The volume was doubled by adding 3 mL of 2 

M sucrose HB and the homogenate layered in 50 cc Beckman polyallomer 

tubes containing 10 ml of a 1.5 M sucrose HB cushion. Tubes were 

centrifuged in a HB6 rotor at 9000 rpm for 2.5 hours at 4oC. The 

supernatant was removed using a glass pipet and the walls were wiped 

down using tissue. The cell pellets were stored at -80oC prior to lipid 

extraction. 

 

2.11 Isolation of lipids from cells and nuclei  

 Lipids were extracted from cells or nuclei using a modified Folch 

procedure in detergent-free glass tubes. Chloroform:methanol extraction 

in the presence of 10 mM KCl was used to isolate the total lipid fraction 

from U87C and U87B whole cells or nuclei. Tubes were left overnight at 

4oC to allow for phase and debris separation. The following morning, the 

tubes were centrifuged at 2,000 rpm for 2 minutes and the organic phase 

was transferred into detergent-free glass vials using a glass Pasteur 

pipette. The vials were held under a steady stream of nitrogen gas to 

evaporate the solvent. The remaining lipid pellet was resuspended in 100 

μl hexane and stored at -80oC. 

 55



 

 2.12 Phospholipid analysis 

Phospholipid subclasses were separated from total lipid extracts by 

thin layer chromatography on 10 X 10 cm HPK silica gel plates (Whatman) 

using a chloroform:methanol:2-propanol:0.25% KCl (w/v):triethylamine 

solvent system (60:18:50:12:36 by volume), as previously described 

(Bradova et al. 1990). Separated phospholipids were visualized with 8-

anilino-1-naphthalene-sulfonic acid (Sigma) and identified under UV light 

using appropriate standards as references (Supelco). Phosphatidylcholine 

(PC), phosphatidylethanolamine (PE), phosphatidylinositol (PI), and 

phosphatidylserine (PS) fatty acid methyl esters were prepared from the 

scraped silica bands using 14% (w/v) BF3/methanol reagent (Sigma). 

Fatty acid methyl esters were separated by automated gas liquid 

chromatography (Varian CP-3800) on an SGE BP20 column (60 mm x 

0.25 mm internal diameter). The analytical conditions were designed to 

separate all saturated, mono-, di-, and polyunsaturated fatty acids from 14 

to 24 carbons in chain length. The relative amount of AA or DHA in each 

phospholipid subclass was determined by calculating the area of the peak 

corresponding to AA or DHA, divided by the total area under the gas 

chromatogram.
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3.1 Gene expression analysis of FABP7(-) versus FABP7(+) U87 MG 

cells 

3.1.1 Stable expression of FABP7 alters the gene expression profile of 

U87 cells 

 Previous work has shown that stable expression of FABP7 in U87 

cells increases their motility and cell migration (Mita et al., 2007). The 

effect of FABP7 on cell migration was dependent on whether FABP7-

expressing cells were cultured in AA-enriched or DHA-enriched medium 

(Mita et al., 2010). As transfection of FABP7 into U87 cells affected their 

growth properties and FABPs had previously been shown to play a role in 

the regulation of gene expression, we used whole genome gene 

expression (cDNA) microarrays to examine the expression profiles of 

U87B and U87C cells. Over 1,000 genes were differentially expressed in 

U87B cells compared to U87C cells, including families of genes involved 

in cell adhesion, cell migration, inflammation and immune modulation. 

These results were consistent among all three independent preparations 

of U87C and U87B MG cells. A subset of genes that are differentially 

expressed in U87C versus U87B MG cells is highlighted in Table 3.1.  

 

3.1.2 RT-PCR analysis of U87C versus U87B cell lines identifies potential 

mechanisms of FABP7-dependent MG cell migration  

 In order to elucidate the potential mechanisms for FABP7-

dependent MG cell migration, RT-PCR was used to confirm the differential  
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Table 3.1 A selection of genes that are differentially expressed in 

U87C compared to U87B MG cells based on cDNA microarray data. 

PGE2 receptor (EP1, 2, 3, 4); adenylate cyclase 8 (ADCY8); interleukin-1β 

(IL-1β); sphingosine-1-phosphate receptor 1 and 2 (S1PR1/2) 

lysophosphatidic acid receptor 1 (LPAR1); ectonucleotide 

pyrophosphatase/phosphodiesterase (ENPP1 ,4, 5); autotaxin (ATX); 

tumor necrosis factor receptor superfamily member (TNFRSF); chemokine 

(C-X-C) receptor (CXCR4, 12); No change (NC); p-values were calculated 

using a two-tailed students t test, n=6.
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Gene Fold change with FABP7 expression p value 

PPAR-α NC - 

PPAR-β/δ +2.5 p<0.0001 

PPAR-γ -8.2 p<0.0001 

COX-1 -42 p<0.0001 

COX-2 +11.2 p<0.0001 

c-PLA2α +27 p<0.0001 

i-PLA2 -3.7 p=0.008 

EP1 NC - 

EP2 -2 p=0.0002 

EP3 -2.1 p=0.049 

EP4 NC - 

ADCY8 +96.3 p<0.0001 

IL-1β +13 p<0.0001 

S1PR1 +14.2 p=0.00016 

LPA1 -2.3 p=0.001 

S1PR2 +4.1 p=0.01 

ENPP1 +3.4 p<0.0001 

ATX +4.9 p<0.0001 

ENPP4 +4.5 p<0.0001 

ENPP5 +213 p<0.0001 

PKCζ -25 p<0.0001 

TNFRSF11B -16.6 p=0.0012 

TNFRSF19 +4.8 p<0.0001 

CXCR4 -46 p<0.0001 

CXCR12 +2 p=0.024 
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expression of a subset of genes from the microarray data. As some 

FABPs have been shown to interact with PPARs and alter PPAR 

transcriptional activity, we examined the effect of FABP7 on PPAR-α, 

PPAR-β/δ, and PPAR-γ expression in U87C versus U87B MG cells 

(Figure 3.1.1). While PPAR-α RNA levels were similar in U87C and U87B 

cells, there was an increase in PPAR-β/δ RNA levels, and a decrease in 

PPAR-γ RNA levels, in FABP7-positive U87 cells compared to FABP7-

negative U87 cells. 

Mita et al. demonstrated that AA could increase MG cell migration 

in U87B, but not in U87C cells, and that this effect was independent of 

FABP7 nuclear localization (Mita et al., 2010). Since PPARs regulate COX 

expression and FABP7 is associated with increased PPAR-β/δ expression 

in U87 cells, we examined the expression of COX-1 and COX-2 in U87C 

versus U87B MG cells. There was a significant decrease in COX-1 

expression in U87B cells compared to U87C cells. In contrast, an increase 

in COX-2 RNA levels was observed upon FABP7 expression in U87 cells 

(Figure 3.1.2). In accordance with these findings, upstream mediators of 

the AA/COX pathway were also affected by FABP7 expression. We 

observed an increase in PLA2G4A expression in the U87B cells, whereas 

another PLA2G family member (PLA2G4C) showed decreased expression 

in U87B cells (Figure 3.1.2). 

The tumour microenvironment plays an important role in the 

maintenance of CSCs and MG tumour progression. We observed that 
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Figure 3.1.1 Differential expression of PPAR-β/δ and PPAR-γ in 

FABP7-expressing U87 MG cells. RNAs isolated from 3 independent 

preparations of FABP7-negative U87C cells (lanes 1, 2, 3) and 3 

independent preparations of FABP7-positive U87B MG cells (lanes 4, 5, 6) 

were reverse-transcribed to generate the corresponding cDNAs. The 

expression patterns of PPAR family members was examined by semi-

quantitative RT-PCR using primers specific to PPAR-α, -β/δ or -γ. RT-PCR 

reactions using β-actin primers served as controls for amount of RNA 

present in each reaction. PCR products were electrophoresed in 1% 

agarose gels and stained with ethidium bromide.  
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Figure 3.1.2 Differential expression of COX-1, COX-2, PLA2G4A and 

PLA2G4C in FABP7-expressing U87 MG cells. RNA from 3 

independent preparations of U87C cells (lanes 1, 2, 3) and 3 independent 

preparations of FABP7-positive U87B MG cells (lanes 4, 5, 6) was 

converted into cDNA using a reverse transcriptase. The expression 

patterns of the indicated genes were determined by semi-quantitative RT-

PCR using primers specific to COX-1, COX-2, PLA2G4A or PLA2G4C. 

RT-PCR reactions using β-actin primers served as controls for amount of 

RNA present in each reaction. PCR products were electrophoresed in 1% 

agarose gels and stained with ethidium bromide.  
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several members of the matrix metalloproteinase (MMP) family (MMP2, 

MMP3, MMP14, MMP15) were over-expressed in U87B cells (Figure 

3.1.3). Several other interesting molecules displayed differential 

expression in U87C versus U87B cells. For example, levels of protein 

kinase C zeta (PRKCZ) and L1 cellular adhesion molecule (L1CAM) were 

reduced in U87B cells. In contrast, phospholipid scramblase 4 (PLSCR4), 

ectonucleotide pyrophosphatase/phosphodiesterase 2 (ENPP2), cadherin 

18 type 2 (CDH18) and  major histocompatability complex class II DM 

alpha (HLA-DMA) all showed increased expression in U87B cells (Figure 

3.1.4). 
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Figure 3.1.3 Increased expression of MMPs in FABP7-expressing U87 

MG cells. RNAs isolated from 3 independent preparations of FABP7-

negative U87C cells (lanes 1, 2, 3) and 3 independent preparations of 

FABP7-positive U87B MG cells (lanes 4, 5, 6) were converted to cDNAs 

using reverse transcriptase. Expression patterns were examined by semi-

quantitative RT-PCR using primers specific to MMP2, MMP3, MMP14 or 

MMP15. RT-PCR reactions using β-actin primers served as controls for 

amount of RNA present in each reaction. PCR products were 

electrophoresed in 1% agarose gels and stained with ethidium bromide. 
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Figure 3.1.4 Differential gene expression profiles in U87C versus 

U87B MG cell lines. RNAs isolated from 3 independent preparations of 

FABP7-negative U87C cells (lanes 1, 2, 3) and 3 independent 

preparations of FABP7-positive U87B MG cells (lanes 4, 5, 6) were 

converted to cDNAs using reverse transcriptase. The expression patterns 

of the genes were examined by semi-quantitative RT-PCR using primers 

specific to L1CAM, CDH18, ENPP2, HLA-DMA, PRKCZ or PLSCR4. RT-

PCR reactions using β-actin primers served as controls for amount of RNA 

present in each reaction. PCR products were electrophoresed in 1% 

agarose gels and stained with ethidium bromide.  
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3.1.3 A potential ligand-dependent interaction between FABP7 and PPAR-

β/δ 

 It is well-established that some FABPs deliver fatty acid ligands to 

PPARs, which in turn activates PPAR and thereby alters the expression of 

PPAR target genes. We hypothesize that there is a direct interaction 

between FABP7 and PPARs in U87B cells, which may mediate the effects 

of FABP7 on gene expression. Initially, we attempted co-

immunoprecipitation (co-IP) of FABP7 and PPAR-β/δ using a standard co-

IP protocol; however, no interaction was detected in these co-IPs using 

either FABP7 or PPAR-β/δ antibodies (data not shown).  

It is possible that the hydrophobic conditions under which the co-IP 

were carried out interfered with fatty acid-FABP7 interaction, which in turn 

may have affected FABP7-protein interactions. In light of this conjecture, 

we used low concentrations of formaldehyde in an attempt to physically 

cross-link FABP7, an approach previously used to demonstrate a fatty 

acid-dependent interaction between FABP4 and JAK2 (Thompson et al., 

2009). Through a series of experiments to optimize co-IP conditions, we 

were able to obtain preliminary data supporting ligand-dependent 

interaction between FABP7 and PPAR-β/δ in U87B cells cultured in 

serum-free DMEM supplemented with either 60 μM BSA, 60 μM AA or 60 

μM DHA for 24 hours (Figure 3.1.5). A weak band was observed when 5 

μl of PPAR-β/δ antibody was used to co-immunoprecipitate PPAR-β/δ 

from cross-linked U87B cells, suggesting PPAR-β/δ interaction with 
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FABP7 in a ligand-dependent manner (Figure 3.1.5A). This effect was 

enhanced with the addition of 10 μl PPAR-β/δ antibody (Figure 3.1.5B). 

The signal obtained with U87B cells treated with 60 μM BSA was stronger 

in both experiments. Interestingly, there was a differential interaction of 

FABP7 and PPAR-β/δ in the AA-treated cells compared to the DHA-

treated cells, with the AA treatment resulting in less interaction than the 

DHA-treated cells. 
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Figure 3.1.5 Potential ligand-dependent interaction of FABP7 and 

PPAR-β/δ in U87 MG cells. U87B cells were cultured in DMEM in the 

absence of fetal calf serum and treated with either 60 μM BSA, 60 μM AA 

or 60 μM DHA every 8 hours for a total of 24 hours. Cells were cross-

linked in 0.5% formaldehyde and whole cell lysates were prepared. Five 

hundred μg of whole cell lysates were used for co-immunoprecipitation 

with 5 μl (A) or 10 μl (B) anti-PPAR-β/δ antibody. Co-immunoprecipitated 

FABP7 was detected by immunoblotting the supernatant and bead 

fractions of immunoprecipitation reactions on a nitrocellulose membrane. 

FABP7 was detected by immunostaining with anti-FABP7 antibody 

followed by horseradish-peroxidase-conjugated secondary antibody. 
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3.2 COX-2 expression and activity in U87C and U87B MG cells 

3.2.1 FABP7 increases COX-2 expression and activity in U87 MG cells 

 COX-2 is over-expressed in many cancers, including MG (Perdiki et 

al., 2007). AA is the main substrate for COX-2 and the conversion of AA 

into prostaglandins (e.g. PGE2) by COX-2 has been shown to play a role 

in many cellular processes, including migration of cancer cells (Mita et al., 

2010). Western blot analysis of COX-2 expression in U87C compared to 

U87B cells showed that COX-2 is over-expressed in U87B cells (Figure 

3.2.1A). In accordance with this, U87B cells showed a 6-fold increase in 

PGE2 levels based on an ELISA assay (Figure 3.2.1B). 

Cytosolic phospholipase cPLA2 releases AA from phospholipids in 

the cell membrane. AA released by cPLA2 is generally used to generate 

inflammatory mediators. Based on our gene expression microarray data 

(Table 3.1) and RT-PCR analysis (Figure 3.1.2), PLA2G4A RNA levels are 

increased upon FABP7 expression in U87 cells. Western blot analysis 

indicates increased levels of PLA2G4A protein in U87B compared to 

U87C cells (Figure 3.2.2A). However, bands were observed at ~45 kDa 

rather than the predicted ~100 kDa. 
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Figure 3.2.1 COX-2 levels and PGE2 production are up-regulated 

upon FABP7 expression in U87 MG cells. (A) Western blot analysis of 

whole cell lysates (25 μg/lane) prepared from U87C and U87B MG cells. 

Nitrocellulose membranes were sequentially immunostained with goat 

anti-COX-2 and mouse anti-actin antibody, and the signal detected using 

horseradish peroxidase-conjugated secondary antibodies. (B) ELISA was 

used to measure PGE2 levels in U87C and U87B cells. The data were 

obtained from two independent experiments measured in triplicate. No 

error bars are shown for U87B as all the wells were saturated for PGE2. A 

version of this figure was published in Mita et al. (2010). 
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Figure 3.2.2 PLA2G4A levels are elevated in U87B compared to U87C 

MG cells. (A) Western blot analysis of whole cell lysates (25 μg/lane) 

prepared from U87C and U87B MG cells. Nitrocellulose membranes were 

sequentially immunostained with rabbit anti-PLA2G4A and mouse anti-

actin antibody, and the signal detected using horseradish peroxidase-

conjugated secondary antibodies. (B) U87C and U87B cells were serum 

starved for 24 hours in the presence of 60 μM BSA, 60 μM AA, or μM 

DHA. Whole cell lysates (25 μg/lane) from each culture, along with lysates 

from U251 and U373 MG cells, were electrophoresed in 13.5% 

polyacrylamide gels and blotted onto nitrocellulose membranes. 

Membranes were immunostained with rabbit anti-PLA2G4A antibody. (C) 

U87C or U87B cells were harvested in either buffer A or buffer B (see 

Materials and Methods) and electrophoresed (25 μg cell lysates/lane) in 

13.5% polyacrylamide gels, blotted onto a nitrocellulose membrane and 

immunostained with a rabbit anti-PLA2G4A antibody.  
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To further investigate the identity of the 45 kDa protein, we treated 

U87C and U87B cells with either 60 μM BSA, 60 μM AA or 60 μM DHA. 

Treatment with fatty acids did not affect the size of the band detected with 

anti-PLA2G4A antibody in U87 cells. However, bands of the expected size 

were detected in the two FABP7-positive MG cell lines, U251 and U373 

(Figure 3.2.2B). Further analysis revealed a relation between the 45 kDa 

and 100 kDA bands. In whole cells lysates of U87C and U87B cells 

prepared with buffer A (no phosphatase inhibitors) (see Section 2.6), we 

observed higher levels of the 100 kDa PLA2G4A band in relation to the 45 

kDa product in both U87C and U87B cells, with slightly higher levels of the 

100 kDa band in the U87B cells (Figure 3.2.2C). When U87C and U87B 

cells were lysed in buffer B (containing phosphatase inhibitors), we 

observed a significant reduction in the levels of the 100 kDa PLA2G4A 

band in U87B cells. This decrease was accompanied by a significant 

increase in the levels of the 45 kDa product (Figure 3.2.2C). These results 

suggest that the 45 kDa product may be a cleaved form of PLA2G4A.  

 

3.2.3 The effect of PGE2 treatment on U87B cells 

 We also investigated the effects of PGE2 treatment on U87B cells in 

vivo. Based on our live cell imaging analysis, there were no changes to 

the behaviour of U87B cells when treated with saturating levels of PGE2 

(Figure 3.2.3). 
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Figure 3.2.3 The response of U87B cells to PGE2. U87B cells were 

treated with either 10 μM K2PO4 (A) or 10 μM PGE2 (B) in the absence of 

serum and tracked with DIC microscopy using Metamorph imaging 

software. Images were exported and processed using Imaris x64 version 

7.5.0.  
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3.3.1 AA and DHA incorporation into the phospholipids of U87C versus 

U87B cells  

 Changes in the PUFA content of phospholipids can affect 

membrane properties and membrane-based signaling pathways. To 

investigate the mechanisms by which DHA inhibits, and AA promotes cell 

migration in U87B cells, we treated U87C and U87B cells with BSA, AA or 

DHA for 24 hours and examined the content of AA and DHA in the 

phospholipid classes PC, PS, PI and PE. There was no difference in the 

AA or DHA content of PC, PS, PI and PE in whole cell lipid extracts 

prepared from BSA-treated U87C and U87B cells (Figure 3.3.1). In these 

BSA-treated cells, the relative percent AA relative to total fatty acids was 

lowest in PC and PS and highest in PI and PE. The DHA content relative 

to total fatty acid content was highest in PE and lowest in PC.  

Treatment of U87C and U87B cells with either AA or DHA for 24 

hours resulted in significant increases in the relative content of AA or DHA 

in phospholipids compared to BSA-treated cells (Figure 3.3.2). When 

U87C and U87B cells were treated with 60 μM DHA, we observed ~20-

fold, ~7-fold, ~8.5-fold and ~6-fold increases in the DHA content of PC, 

PS, PI and PE, respectively (Figure 3.3.2A). Similarly, we observed ~8.4-

fold, ~2-fold, ~2.6-fold and ~1.5-fold increases in the AA content of PC, 

PS, PI and PE, respectively, when U87C and U87B cells were treated with 

60 μM AA compared to BSA (Figure 3.3.2B).  

 76



 

To determine how AA treatment might affect DHA content, and how 

DHA treatment might affect AA content of phospholipids, we also 

examined the AA and DHA content of DHA-treated and AA-treated U87C 

and U87B cells. In AA-treated cells, the percent DHA in PC, PS, PI and 

PE was similar to that observed in BSA-treated U87C and U87B cells, with 

no change in PC and slight decreases of ~1.5-fold, ~2.4-fold and ~1.4-fold 

in PS, PI and PE, respectively (Figure 3.3.2A). We also observed ~1.8-

fold, ~1.3-fold, and ~2-fold increases in the AA content of PC, PS and PI, 

respectively, and an ~2-fold decrease in the AA content of PE in U87C 

and U87B cells treated with 60 μM DHA compared to BSA (Figure 3.3.2B). 

Two notable differences were observed in U87C and U87B cells 

treated with AA versus DHA in terms of relative AA and DHA fatty acid 

composition in phospholipids. First, there was an ~5-fold increase in the 

DHA content of PS when cells were treated with DHA compared to BSA, 

in contrast to an ~2-fold increase in the AA content of PS in cells treated 

with AA compared to BSA (Figure 3.3.3). Second, there was a ~6-fold 

increase in the DHA content of PE when U87C and U87B cells were 

treated with DHA versus BSA, in contrast to the ~1.5-fold increase in the 

AA content of PE in cells treated with AA versus BSA (Figure 3.3.4). 
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Figure 3.3.1 DHA and AA content of phospholipids purified from 

U87C and U87B MG cells treated with BSA. (A) Percent DHA (relative 

to total fatty acids) in the indicated phospholipid classes (PC, PS, PI, PE). 

(B) Percent AA in the indicated phospholipid classes (PC, PS, PI, PE). 

Data points are percent mean ± SD, n=3. 
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Figure 3.3.2 The DHA and AA content of phospholipid classes is 

increased in both U87C and U87B MG cells when treated with DHA 

and AA. (A) Percent DHA in the indicated phospholipid classes (PC, PS, 

PI, PE) purified from U87C and U87B cells treated with either 60 μM AA or 

60 μM DHA for 24 hours. (B) Percent AA in phospholipid classes (PC, PS, 

PI, PE) purified from U87C and U87B cells treated with either 60 μM AA or 

60 μM DHA for 24 hours. Data points are the percent mean ± SD, n=3.
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Figure 3.3.3 Effect of DHA and AA treatment on DHA and AA content, 

respectively, of PS in U87C and U87B cells. (A) DHA content of PS 

purified from U87C and U87B cells treated with either 60 μM BSA or 60 

μM DHA for 24 hours. (B) AA content of PS purified from U87C and U87B 

cells treated with either 60 μM BSA or 60 μM AA for 24 hours. Data points 

are the mean ± SD, n=3. *p<0.05 pooled two-tailed t-test. 
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Figure 3.3.4 Effect of DHA and AA treatment on DHA and AA content, 

respectively, of PE in U87C and U87B cells. (A) DHA content of PE 

purified from U87C and U87B cells treated with either 60 μM AA or 60 μM 

DHA for 24 hours. (B) AA content of PE purified from U87C and U87B 

cells treated with either 60 μM AA or 60 μM AA for 24 hours. Data points 

are the mean ± SD, n=3. *p<0.05 pooled two-tailed t-test.
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3.3.2 AA and DHA incorporation into the nuclear phospholipids of U87C 

versus U87B cells 

 FABP7 is found in both the cytoplasm and nucleus (Mita et al., 

2007) and the presence of FABP7 in the nucleus is associated with a 

worse prognosis in GBM (Liang et al., 2006). To investigate the possibility 

that the effect of FABP7 on MG growth might be mediated through 

alterations in the fatty acid composition of nuclear membranes, we purified 

nuclei from U87C and U87B cells treated with BSA, 60 μM AA or 60 μM 

DHA. Lipids were extracted from these nuclei preparations and 

phospholipids separated by thin layer chromatography. 

 FABP7 expression in U87 cells treated with BSA was associated 

with a significant decrease in both the AA and DHA content of PC; 

however FABP7 expression had no effect on the AA and DHA content of 

PS, PI or PE (Figure 3.3.5). As previously noted in phospholipids from 

whole cells, treating U87C and U87B cells with either AA or DHA for 24 

hours resulted in a significant increase in the relative content of AA or 

DHA in nuclear PC, PS, PI and PE compared to BSA-treated cells (Figure 

3.3.6). As with whole cell phospholipids, we tested whether or not 

treatment with 60 μM AA or 60 μM DHA would change the DHA or AA 

content, respectively, of nuclear phospholipid classes in U87C and U87B 

cells. We observed ~1.3-fold, ~1.3-fold, ~2-fold decreases in the DHA 

content of nuclear PS, PI and PE, respectively, and a ~2.7-fold increase in 

the DHA content of PE in nuclei prepared from U87C and U87B cells 
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treated 60 μM AA (Figure 3.3.6A). We also observed ~1.6-fold, and ~1.2-

fold increases and no change in the AA content of PC, PS and PI, 

respectively, and a ~1.4-fold decrease in the AA content of PE, when 

U87C and U87B cells were treated with 60 μM DHA (Figure 3.3.6B). 
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Figure 3.3.5 DHA and AA content of phospholipid classes in nuclei of 

U87C and U87B MG cells treated with BSA. (A) DHA content of 

phospholipids  (PC, PS, PI, PE) purified from nuclei prepared from U87C 

and U87B cells treated with 60 μM BSA for 24 hours. (B) AA content of 

phospholipids (PC, PS, PI, PE) purified from nuclei prepared from U87C 

and U87B cells treated with 60 μM BSA for 24 hours. Data points are the 

mean ± SD, n=3.
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Figure 3.3.6 The DHA and AA content of nuclear phospholipid 

classes is increased in U87C and U87B MG cells treated with DHA or 

AA. (A) DHA content of the indicated phospholipid classes (PC, PS, PI, 

PE) purified from nuclei prepared from U87C and U87B cells treated with 

either 60 μM AA or 60 μM DHA for 24 hours. (B) AA content of 

phospholipid classes (PC, PS, PI, PE) purified from nuclei prepared from 

U87C and U87B cells treated with either 60 μM AA or 60 μM DHA for 24 

hours. Data points are the mean ± SD, n=3.
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 As with the whole cell phospholipids, we observed a ~5.5-fold 

increase in the DHA content of nuclear PS when either U87C or U87B 

were treated with DHA compared to BSA (Figure 3.3.7A). In contrast, the 

AA content of PS in U87C and U87B only increased ~2-fold upon AA 

treatment (Figure 3.3.7B). Again, as with the whole cell phospholipids, we 

observed a ~5.2-fold increase in the DHA content of nuclear PE when 

either U87C or U87B were treated with DHA compared to BSA (3.3.8A). 

This is in contrast to the AA content of nuclear PE in U87C and U87B, 

where only a ~2-fold increase was observed upon treatment with AA 

(Figure 3.3.8B).  Most notable, however, was the significant differences in 

AA and DHA composition observed in nuclear PC phospholipids purified 

from U87C versus U87B cells (Figure 3.3.9). Specifically, a ~40-50% 

reduction in DHA content was observed in U87B cells, compared to U87C 

cells, treated with BSA and DHA. Furthermore, a reduction in AA content 

was observed in U87B cells treated with BSA, AA and DHA compared to 

similarly-treated U87C cells. Thus, FABP7 expression appears to be 

associated with a general decrease in the AA and DHA content of nuclear 

PC.  
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Figure 3.3.7 Effect of DHA and AA treatment on DHA and AA content, 

respectively, of PS in U87C and U87B nuclei. (A) DHA content of PS 

purified from nuclei prepared from U87C and U87B cells treated with 

either 60 μM BSA or 60 μM DHA for 24 hours. (B) AA content of PS 

purified from nuclei prepared from U87C and U87B cells treated with 

either 60 μM BSA or 60 μM AA for 24 hours. Data points are the mean ± 

SD, n=3. *p<0.05 pooled two-tailed t-test. 

 87



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.3.8 Effect of DHA and AA treatment on DHA and AA content, 

respectively, of PE in U87C and U87B nuclei. (A) DHA content of PE 

purified from nuclei prepared from U87C and U87B cells treated with 

either 60 μM BSA or 60 μM DHA for 24 hours. (B) AA content of PE 

purified from nuclei prepared from U87C and U87B cells treated with 

either 60 μM BSA or 60 μM AA for 24 hours. Data points are the mean ± 

SD, n=3. *p<0.05 pooled two-tailed t-test.
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Figure 3.3.9 FABP7-dependent changes in DHA and AA content of 

nuclear PC. (A) DHA content of PC isolated from nuclear lipid extracts 

prepared from U87C and U87B MG cells treated with either 60 μM BSA, 

60 μM AA or 60 μM DHA for 24 hours. (B) AA content of PC isolated from 

nuclear lipid extracts prepared from U87C and U87B MG cells treated with 

either 60 μM BSA, 60 μM AA or 60 μM DHA for 24 hours. Data points are 

the mean ± SD, n=3. *p<0.05 two-tailed t-test. 
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4.1 Discussion 

4.1.1 Malignant Glioma: Picking up the pieces 

 MG are amongst the most aggressive tumours. Although they are 

relatively rare in comparison to other cancers, they carry a dismal 

prognosis. Despite an aggressive treatment regimen, patients with GBM 

rarely survive beyond one year. It is therefore imperative that new 

strategies be identified for the treatment of MG.  

 The frontline MG therapy consists of surgical resection and 

radiation therapy.  Though the extent of surgical resection remains a 

controversial subject in the field, there is evidence suggesting that 

younger patients (<65 years) whose GBM undergo maximal tumour 

resection (>98% tumour volume) have improved survival compared to 

patients with resection levels less than 98% (Kuhnt et al., 2011; Sanai et 

al., 2011). While achieving such high levels of resection remains difficult, 

recent improvements in intra-operative magnetic resonance imaging (MRI) 

have allowed neurosurgeons to achieve greater levels of tumour resection 

while reducing the risk of damaging healthy brain tissue (Kuhnt et al., 

2011). 

 There have been several attempts at designing dose-escalation 

trials with radiation therapy that have failed to yield any clear survival 

benefit to patients with GBM. Nieder and Mehta (2011) provide evidence 

that certain subsets of GBM may be more resistant to radiotherapy, thus 

providing a rationale to revisit previous radiation dose-escalation trials 
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(Nieder and Mehta, 2011). If radiation-sensitive populations of GBM cells 

can be identified, than perhaps hyper-fractionation regimens of radiation 

therapy can be used to improve survival in a subset of radiation-sensitive 

patients. Although these treatment modalities may improve the survival of 

patients with MG, they have inherent limitations. Both surgery and 

radiotherapy target local disease, and infiltration of MG cells into 

surrounding brain tissue, the hallmark of MG tumours, ultimately results in 

their recurrence. Thus, in order to achieve long-term survival of patients 

with MG, we must aim to target these infiltrative cells. 

 The use of chemotherapeutic agents is an attractive option for 

treating disseminated MG; however, their usefulness can be limited to 

particular subsets of patients. Furthermore, the use of chemotherapeutic 

agents is often accompanied by severe side effects and the development 

of drug resistance. As an example, BCNU wafers that are surgically 

implanted into the brain have significantly improved patient survival in 

randomized phase III clinical trials of patients with newly diagnosed GBM 

(Westphal et al., 2003); however, the side effects associated with these 

devices are much more severe than originally anticipated (Bock et al., 

2010). Thus, there is a need for new chemotherapeutic agents that target 

MG growth properties associated with tumour progression and tumour 

recurrence, but which have little to no side effects. To find such a target, 

we must deconstruct MG tumours to their fundamental pieces, and rebuild 

our understanding of this disease. 
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4.1.2 FABP7 provides insight into MG tumour behaviour 

 In this study we have demonstrated several potential mechanisms 

for FABP7 affecting the growth of MG cells. Our model system consists of 

the FABP7-negative GBM cell line (U87C) and its stable FABP7-

transfected counterpart (U87B). Previous work has shown that U87B cells 

exhibit marked differences in cell motility and invasion compared to U87C 

cells. The role of FABP7 in mediating these processes is dependent on its 

subcellular localization to the nucleus (Mita et al., 2007; Mita et al., 2010). 

We have shown by microarray analysis that FABP7 expression is 

associated with extensive changes in the gene expression profiles of 

U87C and U87B cells. The experimental design of our microarray analysis 

ensures the reproducibility of our results. RNA from three independent 

preparations of both U87C and U87B cells were used to probe a total of 

six independent microarray chips. We observed remarkably consistent 

changes in the gene expression profiles of the three independent 

preparations of U87C and U87B cells. 

 RT-PCR analysis was used to confirm the relative expression 

patterns of genes in our cDNA microarrays. In light of the dramatic effects 

of FABP7 on the gene expression profile of U87B cells, we sought to 

investigate the potential mechanisms by which FABP7 might alter gene 

expression in these cells. Several FABPs have been shown to alter gene 

expression by delivering fatty acids to ligand-activated nuclear receptors 

(Ayers et al., 2007; Kannan-Thulasiraman et al., 2010; Tan et al., 2002). 
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We observed an FABP7-dependent effect on the expression profiles of 

members of the PPAR family of transcription factors, with PPAR-β/δ RNA 

levels increasing and PPAR-γ RNA levels decreasing in U87B cells. 

PPAR-α RNA levels were not altered upon FABP7 expression in U87 

cells. Work by Mita et al. (2010) confirmed these trends at the protein 

level. While PPAR-α is generally thought to be involved in the 

maintenance of lipid homeostasis (Pyper et al., 2010), PPAR-β/δ and -γ 

have been shown to be involved in regulating processes like inflammation 

and cell differentiation (Chalwa et al., 1994; Bonala et al., 2012; D’Angelo 

et al., 2011; Peters et al., 2012). Our microarray data suggest that FABP7 

expression in U87 is accompanied by changes in factors involved with the 

immune response and inflammation. Given the involvement of PPAR-β/δ 

in mediating inflammatory processes in various cell types, we investigated 

whether FABP7 could be affecting inflammation in MG through PPAR-β/δ.  

 We present preliminary evidence showing a potential ligand-

dependent interaction between FABP7 and PPAR-β/δ in U87B MG cells. 

We observed an increased interaction between FABP7 and PPAR-β/δ 

when cells were treated with DHA compared to AA. FABP7 binds 

preferentially to DHA and this may reflect the increased level of interaction 

compared to AA-treated cells. Strikingly, strongest interaction was 

detected in cells treated with fatty acid-free BSA. In order to further 

investigate the ligand-dependent interaction of FABP7 with PPAR-β/δ, we 

serum-starved our cells during fatty acid treatment. Serum starvation was 
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necessary as the 10% fetal calf serum used to culture our cells contains 

approximately 4 μM DHA and 11 μM AA. The increased interaction of 

FABP7 and PPAR-β/δ under these conditions may reflect a starvation 

response in the cell as PPAR-β/δ has been shown to up-regulate genes 

associated with lipid metabolism (Wagner and Wagner, 2010). This 

implicates FABP7 as a metabolic sensor for PPARs.  

 In order to further validate our findings, we propose to repeat these 

co-IP experiments in the presence of serum, and with higher 

concentrations of AA and DHA.  This may help to intensify our IP signals 

and yield more consistent results as FABPs bound to fatty acids may 

dictate the level of protein-protein interactions. Furthermore, we will have 

to work out the conditions for immunostaining western blots with anti-

PPAR antibodies, as we were not able to verify that PPAR-β/δ was co-

immunoprecipitated with FABP7. 

Smith et al. (2008) have identified a potential ‘protein-protein 

interaction motif’ in several FABPs (amino acid sequence: F-Acidic-Acidic-

YMKXXGVG). These authors propose that this domain interacts with a 

corresponding HIYK in other proteins via coordination of a charge quartet 

(Smith et al., 2008). The FABP7 protein contains the amino acid sequence 

FDEYMKALGVG, which implies that FABP7 protein-protein interactions 

may occur through similar mechanisms as FABP4 (Smith et al., 2008, 

Thompson et al., 2009). Intriguingly, a HIYK motif is located in the C-

terminal domains of both PPAR-β/δ and -γ, but not in PPAR-α. This 
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provides a rationale for pursuing these co-IP experiments and extending 

them further to test interactions between FABP7 and PPARs. To this end, 

it will be important to determine whether or not FABP7 and its ligands are 

capable of altering PPAR transcriptional activity. Reporter gene assays 

using vectors containing PPREs can be used to test whether FABP7 and 

its ligands can affect PPAR transcriptional activity in vitro. I have cloned a 

putative FABP7 ‘protein binding mutant’ by site-directed mutagenesis to 

generate FABP7 with the motif FDAAMAALGVG. This construct can be 

used as a negative control in future co-IPs of FABP7 with PPARs, and as 

a negative control in PPRE-driven gene reporter assays. Together, these 

experiments will test to what extent FABP7-PPAR ligand-dependent 

interactions are affecting gene transcription in our system and may even 

shed light on the functional roles of FABPs. 

  RT-PCR analysis of U87C and U87B cells showed that important 

inflammatory mediators were over-expressed in U87B cells compared to 

U87C cells. In particular, PLA2G4A (c-PLA2α), a cytosolic and calcium-

dependent PLA2, is up-regulated upon FABP7 expression in U87 cells. 

This is in contrast to another PLA2 family member, PLA2G4C (c-PLA2γ), a 

cytosolic calcium-independent PLA2, which showed decreased expression 

in the U87B cells. Together these findings point to a role for both calcium-

dependent (through their up-regulation) and calcium-independent PLA2 

(through their down-regulation) in the promotion of MG cell migration in 

our system. 
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To further interrogate the hypothesis that PLA2 is involved in MG 

cell migration, we examined c-PLA2α expression in U87C versus U87B 

cells. Using an antibody specific to c-PLA2α, we observed induction of a 

~45-55 kDa band in U87B cells compared to U87C; however, the 

appropriate size for c-PLA2α is ~100 kDa, as detected in cell extracts 

prepared from the FABP7-positive MG cell lines, U251 and U373. As our 

RT-PCR data indicate that PLA2G4A RNA levels are increased in U87B 

compared to U87C cells, we were interested in whether or not this smaller 

protein fragment was related to c-PLA2α. By testing buffers that either 

contained or were devoid of non-specific phosphatase inhibitors, we were 

able to demonstrate a relationship between the 100 kDa c-PLA2α band 

and the 45-55 band observed in U87C and U87B cells. Interestingly, we 

observed that in cell extracts prepared in the absence of generic 

phosphatase inhibitors, there is a loss of the 100 kDa c-PLA2α and an 

increase in the 45 kDa protein in U87B cells. A search of the literature 

revealed that c-PLA2α can undergo proteolytic cleavage by various 

caspases.   

 Cleavage of c-PLA2α by caspase-3 results in a 70 kDa inactive 

form of c-PLA2α (Adam-Klages et al., 1998; Luschen et al., 1998). 

Cleavage of c-PLA2α at Asn-459 was found to be mediated by caspase-1 

and generates a 55 kDa c-PLA2α fragment (Luschen et al., 1998). It is 

possible that these fragments retain some of their lipase activity, which 

could potentially allow them to remain active in the cell and release more 
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AA substrate for COX-2. Tumour necrosis factor receptors (TNFRs) have 

been shown to be involved in the phosphorylation-dependent membrane 

translocation and activation of c-PLA2α. Jupp et al. showed that TNFR1 

activation results in c-PLA2α cleavage (Jupp et al., 2003). Another family 

member, TNFR2, doesn’t appear to be involved in c-PLA2α cleavage, but 

does affect c-PLA2α translocation to perinuclear regions of the cell and 

enhances c-PLA2α activity (Jupp et al., 2003). Our microarray analysis 

showed that various members of the TNFR superfamily are differentially 

expressed with FABP7. It will be important to clarify to what extent c-

PLA2α cleavage is dependent on its phosphorylation status and the 

functional implications of phosphorylation on c-PLA2α cleavage products.  

 Given the relationship between c-PLA2α and pro-apoptotic 

caspases, we performed a FACS analysis of U87C and U87B cells and 

showed that FABP7 does not appear to induce apoptosis in our system 

(data not shown). Thus, in light of our findings it will be important to test 

the relevance of the 45 kDa c-PLA2α fragment in MG cell lines that 

express FABP7. We have preliminary data indicating that the relationship 

between the 100 kDa and 45 kDa c-PLA2α may be calcium-dependent 

(data not shown). A role for calcium in c-PLA2α  cleavage is an interesting 

possibility in light of previous experiments by Casas et al. (2005) 

demonstrating that over-expression of c-PLA2α can inhibit high Ca2+ influx-

dependent apoptosis. These researchers showed that the latter is 

dependent on the Ca2+ binding ability of c-PLA2α (Casas et al., 2005). 
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Since Ca2+ binding to c-PLA2α results in its translocation to membranes, it 

will be interesting to test the dependence of these processes on the AA 

content of the cell membrane. MG tumours are known to contain higher 

levels of AA compared to healthy brain tissue (Martin et al., 1996), and 

this relationship between FABP7 and c-PLA2α may have important 

implications for MG cell survival.  

 We have also analyzed downstream components of the PLA2 

pathway. PLA2 primarily cleaves AA from the sn-2 position of PC in the 

cell membrane. AA is then converted to prostaglandins by the enzymatic 

activity of cyclooxygenases (COX). RT-PCR analysis of COX-1 and COX-

2 showed that COX-1 RNA expression is significantly decreased upon 

FABP7 expression in U87 cells, in contrast to COX-2 RNA, which is 

significantly increased in U87B compared to U87C cells. An analysis of 

the literature revealed that regulation of COX activity is primarily through 

degradation of its RNA or protein, or by the presence of one COX isoform 

over the other. Since COX-1 RNA was not detected in U87B based on our 

RT-PCR analysis, we selected COX-2 for further analysis by western 

blotting. This analysis showed that COX-2 protein is more abundant in 

U87B cells than in U87C cells. These data, in combination with our data 

showing that PGE2 levels are increased in U87B compared to U87C cells, 

support the hypothesis that FABP7 is acting to promote PLA2-COX-2-

PGE2 signaling in MG.  
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 The expression of PGE2 receptors (PTGERs) may also dictate the 

function of PGE2 in our system. There are four PTGERs, also called EP 

receptors, and each is responsible for the effects of PGE2 on the cell. In 

our microarray analysis, EP1 and EP4 RNA were both expressed at 

similar levels in U87C and U87B cells, whereas EP2 and EP3 showed 

decreased RNA expression in U87B compared to U87C cells. Since the 

levels of EP1 and EP4 remain constant with FABP7 expression in our 

system, and the level of EP2 and EP3 are reduced, less PGE2 will bind to 

EP2 and EP3; therefore, PGE2 may preferentially activate EP1 and EP4 

receptors in our system. EP1 receptors in the cell membrane bind to 

extracellular PGE2, which causes them to activate phospholipase C (PLC). 

Activation of PLC is associated with increased diacylglycerol levels and 

IP3 production, which activates protein kinase C (PKC) and intracellular 

Ca2+ release from the ER, respectively (Rundhaug et al., 2011). EP4 

receptors in the cell membrane bind to extracellular PGE2 and activate 

adenylate cyclase (AD) and the PI3K/Akt pathway. AD activity generates 

high intracellular levels of cyclic AMP (cAMP), which activates protein 

kinase A (PKA). We observed a substantial increase in brain adenylate 

cyclase (ADCY8) RNA expression in U87B cells compared to U87C, 

which may indicate that the EP4 receptor may be activated by PGE2 in our 

system. In glioma cells, PGE2 has been shown to induce cAMP response 

element-binding protein (CREB) transcriptional activity through PKA-

mediated inhibition of ERK activity (Bidwell et al., 2010). Together, this 
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shows how PGE2 and EP receptors can mediate processes like cell 

proliferation, survival, inflammation and invasion (Rundhaug et al., 2011). 

It is well-established that uncontrolled EGFR-PI3K-Akt signaling 

plays an important role in GBM (TCGA, 2008). Xu et al. (2009) reported a 

connection between EGFR and COX-2, where EGFR induced COX-2 

expression and activity via PKC-δ signaling. A relationship between EGFR 

and FABP7 has also been reported in GBM. In particular, Liang et al. have 

shown that nuclear FABP7 is associated with over-expression of EGFR, 

and correlates with a poor prognosis in GBM (Liang et al., 2006). To date, 

there have been no reports linking COX-2 expression/activity with EGFR 

expression in GBM tumours. In light of our results, we propose that 

FABP7 may be the missing link between EGFR and COX-2 in MG 

tumours. Mita et al. have shown that FABP7-positive cells surround blood 

vessels and are located at sites of infiltration in the margins of GBM 

tumours (Mita et al., 2007). This is interesting since COX-2 requires O2 for 

its catalytic activity. Thus, FABP7-positive cells located near blood vessels 

may express higher levels of COX-2, resulting in increased COX-2 activity 

in regions of the brain where its cofactors (O2) are readily available. 

Together, EGFR, FABP7 and COX-2-expressing cells may be setting up a 

specialized pro-survival niche within MG tumours where they can migrate 

away from the primary tumour mass and seed secondary MG tumours 

(Figure 4.1). 
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Figure 4.1 Potential role for FABP7 in stabilizing multiple positive 

feedback loops for COX-2-mediated glioma growth, survival and 

migration. Down-regulated (red) or up-regulated (blue); Positive feedback 

(+). 
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 Mita et al. (2010) demonstrated that inhibition of COX-2 activity 

reduced the migration of U87B cells compared to U87C, thereby 

implicating COX-2 and PGE2 in MG cell migration. Given this role for 

COX-2 in MG cell migration, and the evidence showing that COX-2 is 

predictor of poor survival in GBM, it is possible that COX-2 may be a good 

candidate for glioma therapy. Several inhibitors of COX-2 have been 

shown to inhibit COX-2 function in human gliomas (King Jr and Khalili, 

2001; Joki et al., 2000); however, there are some conflicting results. For 

example, researchers have shown that increased PGE2 biosynthesis 

correlates with patient survival in GBM (Lalier et al., 2007). It is possible 

that these counter-intuitive results are due to the variety of EP receptors 

expressed by these patients’ tumour cells. In light of our findings for 

FABP7 and COX-2 in MG cells, and the involvement of FABP7 with EP 

receptor expression, EGFR/FABP7/COX-2-expressing tumours may 

respond particularly well to treatments that target FABP7 in combination 

with COX-2 and other treatment modalities. Mita et al. have also shown 

that DHA treatment of U87B cells results in significantly reduced cell 

migration (Mita et al., 2010), suggesting that DHA may also be effective in 

preventing infiltration of FABP7-positive MG cells within the brain. If the 

cells are no longer migrating, then they may be more susceptible to 

radiation therapy. 

 E-6087, an inhibitor of COX-2 activity, enhances the effects of 

radiotherapy in orthotopic models of MG (Wagemakers et al., 2009). 
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Another COX-2 inhibitor, celecoxib, induces DNA damage via p53-

dependent G1 cell cycle arrest (Kang et al., 2009). COX-2 has also been 

shown to regulate p53 activity and inhibit DNA damage-induced apoptosis 

(Choi et al., 2005). This provides a rationale for treating FABP7/COX-2-

expressing MG tumours with adjuvant DHA and COX-2 inhibitors. This 

combined therapy may be especially effective as COX-2 inhibitors may 

play more than one role in targeting MG cells. Besides their effects in 

radiosensitizing MG cells, COX-2 inhibitors may inhibit MG cell growth in a 

manner that is exacerbated by FABP7 expression. In support of this idea, 

Joki et al. showed that NS-398, a COX-2 inhibitor, inhibits tumour growth 

in monolayer and spheroid cultures of U87 and U251 cells (Joki et al., 

2000). Interestingly, the effects of NS-398 were much more pronounced in 

the U251 cells compared to U87 cells. Since U251 are FABP7-positive 

and U87 are FABP7-negative, this suggests the interesting possibility that 

FABP7 and COX-2- positive tumours may respond well to COX-2 

inhibitors in combination with DHA. 

 

4.1.3 Fatty acid content of phospholipid classes in MG cells in response to 

treatment with AA and DHA 

 Expression of FABPs is known to enhance the uptake of fatty acids 

in the cell (Darimont et al., 2000; Burczynski et al., 1999). Our lab has 

previously shown that FABP7 expression in U87 cells results in an 

increase in the uptake of the polyunsaturated fatty acids, AA and DHA, but 
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that AA and DHA treatment of U87C and U87B cells had little effect on 

incorporation of AA and DHA in total phospholipids (data not shown). The 

goal of our experiments was to determine whether FABP7 expression in 

U87 cells affects the AA and DHA composition of the main phospholipid 

classes.  Our results indicate that FABP7 expression by itself does not 

alter the “steady-state levels” of AA and DHA in PC, PS, PI and PE 

purified from whole cell lipid extracts. These findings are consistent with 

those reported for FABP7 KO mice, and together suggest a unique role for 

FABP7 among the FABP family members. 

 Our findings using nuclear lipid extracts are in slight in contrast to 

our whole cell lipid data. In nuclear lipid extracts, we observed a FABP7-

dependent decrease in both the AA and DHA content of PC. Interestingly, 

c-PLA2α is known to specifically cleave AA at the sn-2 position of PC and 

COX-2 localizes to perinuclear membranes, as opposed to the ER-

localized COX-1 (Yazaki et al., 2012). The observed decreases in both the 

AA and DHA content of PC in nuclear lipid extracts may indicate increased 

activity of phospholipases and COX-2 at the nuclear membrane. An 

interesting possibility is that the decrease in COX-1 expression observed 

upon FABP7 expression in U87 cells acts as a way to increase COX-2 

activity by reducing competition for AA. This highlights an important point 

about our whole cell lipid data. FABP7 may be altering the AA and DHA 

content of phospholipids in specific subcellular compartments or 

organelles. By extracting lipids from plasma membrane and mitochondrial 
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fractions, rather than whole cells, we may be able to find further clues as 

to the role of FABP7 in MG cell phospholipid metabolism. 

 Mita et al. have shown that the ratio of AA to DHA is important in 

mediating the effects of AA and DHA on FABP7-dependent MG cell 

migration (Mita et al., 2010). We therefore tested the effects of AA and 

DHA treatment on DHA and AA content of phospholipid classes, in both 

whole cell and nuclear lipid preparations of U87C and U87B cells. In line 

with our previous data, FABP7 expression did not affect the AA and DHA 

content of phospholipid classes purified from whole cell lipids. Similarly, 

the AA content of PC after 24 hour treatment with AA or DHA was similar 

in nuclear extracts prepared from either U87C or U87B (Figure 3.3.9B). 

However, there was a FABP7-dependent increase in the DHA content of 

PC in AA-treated U87C and U87B cells (Figure 3.3.9A). This suggests that 

under pro-migratory conditions in U87 cells (FABP7-positive, +AA), there 

is an increased level of DHA in PC of nuclear membranes. One possible 

explanation for this effect may be that in the presence of high AA, c-PLA2α 

preferentially releases AA from PC, whereas DHA remains in PC. Under 

conditions where COX-2 is highly expressed, less availability of DHA 

compared to AA may result in the production of prostaglandins that favour 

cell survival and migration. It is also possible that a decrease in the 

availability of DHA leads to a reduction in the amount of anti-inflammatory 

molecules produced by the cell.  
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 The structural similarities between DHA and AA have led 

researchers to hypothesize that DHA may be metabolized by some of the 

same enzymes as AA. Vecchio et al. (2010) have shown that precursors 

of DHA are capable of binding the COX-2 enzyme, and in doing so, it is 

hypothesized that these molecules antagonize the effects of AA on the 

cell. This is in-line with evidence that suggests that ω-3 PUFAs like DHA 

have anti-inflammatory effects compared to the pro-inflammatory ω-6 

PUFAs, such as AA (Weylandt et al., 2012). Recently, molecules derived 

from EPA and DHA have been shown to play an important role in the 

resolution of inflammation within the cell. The D-series resolvins are a 

class of DHA-derived compounds that exhibit anti-inflammatory effects on 

cells, and are synthesized within the cell by 15-lipoxygenases (15-LOX; 

Sun, Oh et al., 2007). The mechanisms through which inflammation is 

resolved by the D1-series resolvins are broad and known to include 

inhibition of NF-κB activity and down-regulation of COX-2 expression 

(Spite et al., 2009; Zhao et al., 2011). The balance between the pro-

inflammatory COX-2 and the anti-inflammatory 15-LOX may dictate the 

inflammatory status of cells (Weylandt et al., 2012); however, this may 

also be mediated by the availability of DHA versus AA. This could 

potentially implicate FABP7 as a shuttle for AA and DHA to COX-2 and 

15-LOX respectively, and further implicates FABP7 in mediating the 

inflammatory status of cells. In summary, we propose a model where the 

ratio of AA and DHA in FABP7-positive MG cells may determine 
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phospholipase specificity, which in turn could effect COX-2 substrate 

availability, and ultimately change the array of prostaglandins that are 

secreted by MG cells (Figure 4.2).  

 We also observed increased levels of AA compared to DHA in the 

phospholipid classes PS and PE in both nuclei and whole cell lipid 

preparations of U87C and U87B cells. While it is not known what the 

consequences of this could be, this may be an important indication that 

certain phospholipid classes consistently retain a certain level of AA 

regardless of the AA or DHA content in their environment. This may have 

important consequences if one is to use DHA in the treatment of MG 

tumours. Since PE is required for the synthesis of PS, our observation that  

AA is found at comparatively higher levels in both PE and PS, and in both 

whole cell and nuclear lipids, suggests a difference in the regulation of PE 

and PS synthesis in response to AA or DHA. Given that PS externalization 

mediates interactions with macrophages as a consequence of apoptosis, 

future experiments should test the effects of DHA versus AA on MG cell 

growth and survival in relation to PS exposure on the cell surface. It 

should be noted that our RT-PCR analysis showed that a phospholipid 

scramblase (PLSCR4) was induced with FABP7 expression. These 

proteins regulate the distribution of phospholipids in membrane bilayers, 

and as such, may be a target for PS externalization in FABP7-positive MG 

cells.  
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Figure 4.2 Model of the role of FABP7 in COX-2 signaling in 

malignant glioma cells. Down-regulated (red) or up-regulated (blue) with 

FABP7; Positive feedback (+), negative feedback (-). 
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Lalier et al. have shown that PGE2 biosynthesis induces Bax-dependent 

apoptosis, a process that correlates with patient survival in GBM (Lalier et 

al., 2007). This implies that under certain conditions COX-2 activity 

induces apoptosis, rather than acting as an inflammatory enzyme. This is 

interesting in light of experiments which show that COX-2 plays a role in 

regulating immune cell function in U87 MG cells (Akasaki et al., 2004), 

and those that implicate PGE2 in suppression of immune cell function in 

MG (Harizi et al., 2002; Dix et al., 1999). MG cells may respond differently 

to PGE2 depending on which EP receptors they express, and this may 

form the basis for treating patients with FABP7/COX-2expressing MG with 

COX-2 inhibitors. Finally, our microarray data show large increases in the 

expression of virtually every member of the MHC class II genes in U87B 

compared to U87C MG cells. CD4+ T cells recognize MHC class II 

molecules on the cell surface of their target cells. Thus, FABP7 expression 

may be marking MG cells for T cell mediated lysis. Inhibition of COX-2 in 

these cells may limit their immune tolerance and assist in MG cell lysis by 

T cells.  

 

4.1.4 Future directions 

 Although FABPs are relatively simple proteins in terms of their 

overall structure, their exact roles in the cell remain elusive. Work in our 

lab has uncovered evidence that implicates FABP7 in regulating cell 

migration through its fatty acid ligands. While this work has potential 
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applications to understanding the nature of some aggressive cancers, it 

also illustrates the complexity of FABPs as a family. In order to gain 

insight into the functional role of FABP7, we have cloned both C and N-

terminal GFP-tagged FABP7 into mammalian expression vectors. These 

constructs will be used as a tool for investigating the behaviour and 

kinetics of FABP7-ligand interactions in live cells. In order to gain insight 

into the role of FABP7 in regulating gene expression or fatty acid 

incorporation into phospholipids, we propose live cell imaging experiments 

that track FABP7 subcellular localization over time in response to its 

ligands. By using specific markers of organelles, we can track the 

behaviour of FABP7 in real-time. Our lab has also prepared several 

mutant FABP7 constructs: a ligand binding mutant; a nuclear localization 

mutant; and a protein binding mutant. Live cell imaging experiments with 

these GFP-tagged FABP7 mutants will help to explain the functional roles 

of ligand binding, nuclear localization and protein-protein interactions in 

living cells. These experiments can also be extended to other FABPs that 

are expressed in MG cells, and together may reveal a specific 

coordination between specific fatty acids and FABPs, with cellular 

processes that promote or inhibit tumour progression. 

 We have shown evidence that suggests a relationship between 

FABP7 and PPAR-β/δ, and FABP7 and COX-2. As PPAR-β/δ regulates 

COX-2 expression in other systems, future experiments should investigate 

how the expression and activity of PPARs is related to COX-2 expression 

 111



 

in U87C versus U87B cells. In light of the FABP7-dependent effects of AA 

and DHA on MG cells, future experiments should also include an analysis 

of how AA and DHA alter PPAR and COX-2 activity in FABP7-positive MG 

cells. 

 While FABP7 expression in U87 cells increases production of 

PGE2, the effects of PGE2 on FABP7-negative versus FABP7-positive 

cells is still unknown. When we treated U87B cells with PGE2 there were 

no apparent changes in the cells’ behaviour, which suggests that the 

FABP7-dependent effects of PGE2 on U87B cells is saturated. However, 

the effect of PGE2 on U87C cells remains to be determined. U87B cells 

show increased cell migration compared to U87C cells, and this is 

dependent on COX-2 activity. The role of FABP7 in mediating this process 

could be further examined by testing the effects of PGE2 on U87C cell 

migration and comparing these to U87B cell migration. If U87C cells 

treated with PGE2 can reach a migration rate that is similar to those 

observed in U87B cells, this would suggest that FABP7 induces the COX-

2/PGE2 pathway to promote cell migration. One possibility is that FABP7 

expression stabilizes the cellular environment in a manner that is 

conducive to the promotion of PGE2 production. Should PGE2 treatment 

have no effect on U87C cells, this will suggest that FABP7 is sensitizing 

MG cells to the effects of PGE2. 

 Our phospholipid analyses examined the steady state effects of 

fatty acid treatment on the phospholipid content of U87C and U87B cells. 
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For the most part, it appears as though FABP7 does not play a role in 

regulating the fatty acid content of phospholipids; however, our 

experiments were not designed to test the short term effects of FABP7 on 

phospholipid content. In order to fully characterize the effects of FABP7 on 

AA and DHA content of phospholipid classes, we need to examine the 

effect of AA and DHA supplementation over a time course ranging from 15 

minutes up to 2 hours. This should shed light on the immediate effects of 

FABP7 on fatty acid incorporation, and may show that FABP7-positive 

cells are more efficient at changing the fatty acid composition of 

phospholipids. 

 

4.1.5 Conclusions 

 FABPs have long been proposed to play a wide array of functional 

roles within the cell, and have been implicated in both health and disease. 

However, evidence for specific functional roles of FABPs is scarce. 

FABP7 has been shown to have a clear role in promoting cell migration in 

MG, and this may spark various new treatment strategies for MG tumours. 

In order to develop these treatments, we need to improve our 

understanding of the mechanisms by which FABP7 can mediate specific 

cellular processes. Here, we have shown that the effects of FABP7 on MG 

cell migration are mediated in part by the COX-2 pathway. We also 

provide evidence that links FABP7 expression with molecules associated 

with aggressive behavior in MG tumours. As a step towards manipulating 
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FABP7 function for treating MG tumours, we show that 

phosphatidylcholine in the nuclear membranes of FABP7-positive MG 

cells may be the most manipulatable in terms of altering its DHA and AA 

content. This may provide a specific means of altering MG cell behaviour 

and response to treatment.  
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