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Abstract 

 Glioblastoma (GBM) is the most common primary brain malignancy and has a 

dismal prognosis. Despite advanced therapies, including surgery and concurrent 

radiotherapy with temozolomide (TMZ), GBM patients only have a 14.6-month median 

survival time. This dismal outcome can be attributed to the highly infiltrative nature and 

tumour heterogeneity in GBM, with the tumour cells infiltrating surrounding brain 

parenchyma at early stages of the disease. Brain fatty acid binding protein (B-FABP or 

FABP7) is highly expressed in GBM neural stem-like cells (GSCs), correlating with 

increased GBM cell migration/invasion and a poor clinical prognosis. Long chain 

polyunsaturated fatty acids (PUFAs) such as docosahexaenoic acid (DHA) and 

arachidonic acid (AA) are abundant in GBM tissues, with a considerably lower DHA 

content compared to normal adult brain. DHA and AA are preferred ligands of FABP7, 

with DHA having the stronger affinity for FABP7. Our combined studies have revealed 

that FABP7 affects GBM migration through several possible PUFA-dependent 

mechanisms, including membrane lipid remodeling, PUFA storage and energy production, 

and FABP7 cargo transport via GBM microtubes. 

 FABP7 is involved in both DHA and AA transport from membrane to cytosol. In 

Chapter 2, we used a quantitative fluorescence microscopy technique (Laurdan) and 

super-resolution STED microscopy to investigate FABP7-mediated DHA effect on the 

GBM cell membrane fluidity, GBM cell membrane FABP7 nanoscale domain formation 

and the impact of these biophysical properties on GBM cell migration. Our results 

demonstrate that FABP7 expression in GBM cells correlates with increased membrane 
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lipid order and punctate FABP7 nanodomains, which are particularly enriched at the 

migrating front of GBM cells. High-DHA/low-AA supplemented culture conditions result in 

dramatically diminished lipid order and disrupted FABP7 nanodomains. 

 In Chapter 3, we examine the role of FABP7 in the uptake of DHA from the culture 

medium. Using gas-chromatography and FABP7-depleted GSCs, we show that FABP7 

expression facilitates: (i) uptake of DHA into GSC lipids, (ii) formation of lipid droplets, (iii) 

increasing the ω-3:ω-6 ratio in lipids (2-fold, p < 0.0001), and (iv) mitigating migration of 

GSCs. DHA supplementation in FABP7-expressing GSCs also inhibits their migration. 

Our results demonstrate that it may be possible to increase the DHA content in GSCs 

which are believed to drive GBM infiltrative properties.  

 Experiments in Chapters 2 and 4 also show that a preferred FABP7 subcellular 

localization in GBM cells is mitochondria, suggesting a role for FABP7 in mitochondrial 

PUFA β-oxidation and energy production. Using a highly aggressive patient-derived GSC 

line, A4-007N, we show that FABP7 affects GSC microtube formation. Microtubes serve 

as intercellular communication channels in GBM tumours. We propose that microtubes 

may also facilitate the transport of FABP7/PUFA across the tumour and perhaps into 

neighboring brain parenchyma.  

 We propose a model whereby FABP7 and relative levels of DHA versus AA in the 

tumour microenvironment determines GBM migratory/invasive properties, particularly in 

GBM patient-derived GSCs. The mechanistic insight into the role of FABP7 and its ligands 

provided by our study suggests that dietary intervention using a DHA-rich diet combined 
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with the current standard therapy, may benefit GBM patients by slowing down infiltration 

of GSCs in the brain.  
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1.1 Glioblastoma 

1.1.1 Classification and epidemiology of gliomas 

 Brain tumours are characterized by their high mortality rates due to their location 

and/or infiltrative/invasive growth properties. The average annual incidence of primary 

brain tumours and other central nervous system (CNS) tumours in the United States 

between 2013 and 2017 was 23.79 per 100,000 Individuals, approximately 29.7% of 

which were malignant (Ostrom et al., 2020). Malignant brain and CNS cancers were the 

3rd most common cause of cancer death during this period of time. Meningioma and 

glioma were the most common adult primary brain tumours, while embryonal tumours 

were the most common histologic types for children and adolescents with primary brain 

tumours (Ostrom et al., 2020).  

 Glioma accounts for approximately 25.1% of all primary brain tumours and 80.8% 

of brain malignancies (Ostrom et al., 2020). Based on US cancer statistics (CBTRUS 

Statistical Report 2013-2017), the majority of gliomas occur in the supra-tentorium 

regions (includes frontal 26.8%, temporal 20.2%, parietal 11.6%, and occipital 2.8%), 

which accounts for 61.4% of glioma cases. Only a small proportion of glioma occur in 

CNS regions other than brain, such as spinal cord (4.1%) (Ostrom et al., 2020).  

 Under the World Health Organization (WHO) classification system, glioma is 

graded into four histological grades based on the increasing degree of undifferentiation 

and aggressiveness. Grade I is the least aggressive with the best prognosis, and grade 

IV is the most aggressive with the worst prognosis (Louis et al., 2007). According to the 

histological features, glioma can also be classified into several major groups, including 

astrocytoma (e.g., glioblastoma multiforme (GBM)), oligodendroglioma, ependymomas, 
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and mixed glioma (e.g., oligoastrocytoma) (Louis et al., 2007). Further classification can 

include featured differentiation patterns (e.g., pilocytic), tumour location (e.g., brain stem) 

and features of anaplasia (e.g., mitotic activity, microvascular proliferation and necrosis). 

Most gliomas, the so-called ‘diffuse gliomas’ (WHO grade II to grade IV), are featured by 

more diffuse infiltrative growth in the neuropil, compared to ‘non-diffuse gliomas’ (e.g., 

pilocytic astrocytoma) that have a circumscribed growth pattern (Weller et al., 2015b).  

 According to the 2013-2017 CBTRUS Statistical Report (5-year statistics for 

104,103 glioma cases in both adults and children), 57.7% of gliomas are GBM, 7.1% are 

diffuse astrocytomas, 6.8% are anaplastic astrocytomas and 5.3% are 

oligodendrogliomas (Ostrom et al., 2020). In adults, the common gliomas are infiltrative 

astrocytomas (WHO grades II to IV), while pilocytic astrocytoma (WHO grade I) and 

diffuse midline gliomas (WHO grade IV) are the most common gliomas in children and 

young adults (Weller et al., 2015b). 

 In the 20th century, the glioma histological classification and grading system were 

the “gold standard” for glioma diagnosis and treatment, which is summarized in WHO 

Classification of CNS tumours published in 2007 (Louis et al., 2007). This histological 

classification is based on light microscopy features, such as levels of differentiation and 

cell-of-origin based on immunohistochemistry (IHC) analysis of different lineage protein 

markers (Louis et al., 2007). Based on this system, gliomas are mainly classified into 

three groups: oligodendroglioma, astrocytoma, and oligoastrocytoma. Even though this 

system has served clinicians well, it is associated with inter-observer variation, particularly 

in the classification of infiltrative gliomas (van den Bent, 2010; Weller et al., 2015a).  
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 Over the last decade, more dedicated research in genomic, transcriptomic and 

epigenetic profiling of glioma has improved our understanding of the molecular 

pathogenesis of glioma in both adults and children (Weller et al., 2015b). In 2014, a 

meeting held in Haarlem, Netherlands, sponsored by the International Society of 

Neuropathology, reached the decision to incorporate the molecular parameters of CNS 

tumour diagnosis into a new classification scheme (Hainfellner et al., 2014). The 

combination of histological and molecular features to classify gliomas established better 

diagnostic criteria than the purely histological-based classification, particularly for 

infiltrative gliomas (Chen et al., 2017a). The new WHO classification that was published 

in 2016 changed the century-old principle of classifying gliomas based entirely on 

histology, thus allowing more precise tumour categorization (Komori et al., 2016).  

 Under the 2016 WHO classification for primary brain tumours, gliomas are 

classified based on multilayered parameters which include histological tumour type, WHO 

tumour grade (I to IV) and molecular information. For the first time, classification of diffuse 

glioma incorporates testing for isocitrate dehydrogenase (IDH) mutation, chromosome 

1p/19q deletion, and histone mutations (Louis et al., 2016; Reifenberger et al., 2017). For 

example, diffuse astrocytoma, anaplastic astrocytoma and GBM are divided into IDH-

mutant and IDH-wild type, and oligodendrogliomas are defined as IDH-mutant and 1p/19q 

co-deleted. Diffuse midline gliomas, more commonly occurring in children, are defined by 

histone H3 K27M mutations (Komori et al., 2016). When molecular testing is not available, 

a diagnostic designation of NOS (not otherwise specified) is allowed for some glioma 

types (Louis et al., 2016). (Figure 1.1). The mechanisms underlying these molecular 

alterations and their correlation with patient outcome are described in the next section. A 



5 

 

better understanding of glioma pathogenesis at the molecular level will improve the 

discovery of new therapeutic targets that offer the potential for improving patient outcome.  

 GBM accounts for 57.7% of all glioma cases, and has the lowest five-year survival 

(5%) amongst all CNS tumours (Ostrom et al., 2020) (Figure 1.2). According to several 

contemporary clinical trials (Chinot et al., 2014; Gilbert et al., 2014), the median survival 

for GBM patients is approximately 14-17 months. Under the 2016 WHO classification, 

GBM is divided into IDH-mutant type and IDH-wild type. Patients with mutations in IDH-1 

or IDH-2 (~10% of GBM cases) are generally younger, with a history of lower grade 

glioma and a better prognosis than IDH-wild-type GBM patients (Ohgaki and Kleihues, 

2013; Sturm et al., 2012). IDH-wild-type GBM manifests as ‘primary tumour’ with a short 

onset (less than three months) before diagnosis, without a pre-existing lower-grade 

glioma (Louis et al., 2016). In addition to the two GBM variants already listed in the 2007 

classification (i.e., giant cell GBM and gliosarcoma), epithelioid GBM was introduced in 

the 2016 classification of IDH-wild-type GBM. This new variant is characterized by large 

epithelioid cells with abundant eosinophilic cytoplasm, large melanoma-like nucleoli, 

limited glial fibrillary acidic protein (GFAP) immunostaining, and is more common in 

children and young adults (Louis et al., 2016). 
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Figure 1.1 Classification of diffuse gliomas based on histological and genetic features. 

Abbreviations; ATRX, α-thalassemia mental retardation X-linked; IDH, Isocitrate dehydrogenase; Tp53, Tumor protein p53; CDKN2A, Cyclin 

dependent kinase inhibitor 2A; CIC, capicua transcriptional repressor; TERTp, Telomerase reverse transcriptase; PTEN, Phosphatase and tensin 

homolog; EGFR, Epidermal growth factor receptor; EGFRvIII, Epidermal growth factor receptor variant III; NOS, Not otherwise specified; (Modified 

from 2016 WHO CNS tumour classification) (Louis et al., 2016). 
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Glioblastoma (57.7%)

Glioma Malignant, NOS (7.8%)

Diffuse Astrocytoma (7.1%)

Anaplastic Astrocytoma (6.8%)

Ependymal Tumors (6.6%)

Oligodendrogliomas (5.3%)

Pilocytic Astrocytoma (5%)

Oligoastrocytic Tumors (1.5%)

All other Gliomas (2.2%)

 

Figure 1.2 Percentages of primary gliomas in humans. 

(Data obtained from CBTRUS Statistical Report 2020) (Ostrom et al., 2020) 

 

 

 Clinical presentation of GBM includes persistent headaches (~50%) (Forsyth and 

Posner, 1993), new onset of seizures (20% to 40%) (Glantz et al., 2000), as well as 

cognitive difficulties and personality changes (e.g., when tumour is located in specific 

prefrontal areas) (Zwinkels et al., 2016). Brain magnetic resonance imaging (MRI) with 

and without contrast (i.e., gadolinium) is the diagnostic approach when a patient has a 

suspected brain tumour such as GBM. The MRI typically reveals a necrotic core 

surrounded by white matter edema (Shukla et al., 2017). 

 Over the last two decades, several molecular target therapies have failed in phase 

III clinical trials. Thus, the classical treatment for GBM remains maximal surgical resection, 

radiotherapy and chemotherapy (Reifenberger et al., 2017). After neuroimaging, patients 

with a suspected GBM will be scheduled for surgical resection or stereotactic biopsy (i.e., 
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inoperable tumours), aiming at relieving mass effect and providing tumour tissue for 

histologic diagnosis. As surgical resection is not curative, it is followed by radiation 

therapy (i.e., total dose of 60 Gy, divided into 30 fractions) and concomitant administration 

of temozolomide (TMZ) (i.e., 75 mg daily per square meter of body-surface area for 42 

days). Addition of temozolomide to the treatment regimen increased GBM patient overall 

median survival to 14.6 months compared to 12.1 months with radiotherapy alone (Davis, 

2016; Stupp et al., 2005). The 2-year survival rate increased to 26.5% with TMZ 

concomitant with radiotherapy, compared to 10.4% for radiotherapy alone (Stupp et al., 

2005). Unfortunately, clinical trials have shown that neither dose-intensified TMZ (Gilbert 

et al., 2013) nor the vascular endothelial growth factor A (VEGFA)‑specific antibody 

bevacizumab (Chinot et al., 2014; Gilbert et al., 2014) improves overall GBM patient 

survival. As GBM tumours are infiltrative and incompletely resectable, tumour progression 

and recurrence typically occur. The treatment options for recurrent GBM depend on 

pattern of failure and the type of initial treatment (Reifenberger et al., 2017). 

 

1.1.2 GBM molecular biomarkers, subtypes, and their related therapies  

 Determining the molecular biomarkers and subtypes of GBM is increasingly 

requested by neuro-oncologists for guiding post-surgery therapy in GBM patients. In 

addition to important diagnostic biomarkers such as IDH mutation for glioma classification, 

other predictive biomarkers are showing promise for GBM management: e.g., MGMT-

promoter methylation for predicting response to TMZ (Gilbert et al., 2013); IDH mutation 

to guide treatment with IDH inhibitors (Rohle et al., 2013; Schumacher et al., 2014); and 

epidermal growth factor receptor (EGFR) amplification/EGFRvIII positivity to guide 
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treatment with EGFR inhibitors or antibody-based therapies (Sampson et al., 2014; 

Zahonero et al., 2015). 

 O6‑methylguanine-DNA methyltransferase (MGMT) is a DNA repair protein that 

diminishes DNA damage induced by the alkylating agent temozolomide (TMZ), which is 

the standard drug used in GBM therapy (Hegi et al., 2005). Approximately 40% of IDH-

wild-type GBM have hypermethylation of an MGMT-associated 5ʹ-CpG island (Wick et 

al., 2014), which is known as MGMT promoter methylation. MGMT promoter methylation 

is closely correlated with benefits from TMZ and better survival in IDH wild‑type glioma 

patients (Gilbert et al., 2013).  

 The phase 3 clinical trial conducted by Stupp, Mason et al. showed the benefit of 

combined radiation therapy and TMZ (i.e., median survival: 14.6 months) compared to 

radiation therapy alone (i.e., median survival: 12.1 months), which is the guideline for 

GBM treatment (Stupp et al., 2005). However, this trial only included GBM patients 70 

years of age or younger. The standard of care for GBM patients >70 years remained 

surgical resection followed by radiation therapy (Keime-Guibert et al., 2007). In 2012, 

phase III clinical trials showed benefits in elderly patients from TMZ therapy alone (i.e., 

median survival: 9 months) compared to radiation therapy alone (i.e., median survival: 

5.2 months) (Malmstrom et al., 2012; Wick et al., 2012). Similar results were observed 

when TMZ combined with radiation therapy was compared to a short-course of radiation 

therapy alone (Perry et al., 2017). Thus, MGMT promoter methylation has become a 

predictive marker to select patients for TMZ treatment, with particular benefits in elderly 

patients. Currently, the MGMT promoter methylation status is determined by methylation-
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specific PCR and the Infinium (Illumina) methylation bead array technique (Wick et al., 

2014). 

 IDH mutations are common in WHO grade II and WHO grade III gliomas (>80%), 

as well as secondary GBM malignancies (73%), but rarely occur in primary GBM 

malignancies (3.7%) (Nobusawa et al., 2009; Parsons et al., 2008; Yan et al., 2009). IDH 

enzymes catalyse the oxidative decarboxylation of isocitrate, playing essential roles in 

the tricarboxylic acid (TCA) cycle and cellular energy homoeostasis. The catalytic sites of 

IDH1 (located in the cytoplasm and peroxisomes) and IDH2 (located in mitochondria) 

exhibit affinity for the substrate isocitrate, and catalyze its oxidative decarboxylation, 

resulting in the formation of α-ketoglutarate (α-KG). The frequently mutated active sites 

in gliomas are arginine 132 (R132) for IDH1, R140 or R172 for IDH2, resulting in the 

failure of substrate recognition (Hurley et al., 1991; Yan et al., 2009). Mutant IDH enzymes 

promote conversion of a-KG for D-2-hydroxyglutarate (D-2-HG). The impact of IDH 

mutation and D-2-HG accumulation in GBM includes reprogrammed metabolism (i.e., 

inhibiting a-KG-dependent dioxygenases) (Xu et al., 2011), epigenome alterations (i.e., 

wide-spread global DNA hypermethylation and histone methylation) (Unruh et al., 2019) 

and redox homoeostasis [i.e., accumulation of reactive oxygen species (ROS) and 

oxidative damage] (Han et al., 2020; Turkalp et al., 2014).  

 Rohle et al. reported the first synthetic small-molecule inhibitor of mutant IDH1 

(R132H), called AGI-5198, which decreased production of D-2-HG and reduced IDH1-

mutated patient-derived anaplastic oligodendroglioma (WHO grade III) tumour growth in 

murine xenografts (Rohle et al., 2013). A recent phase I clinical trial reported that AG-881 

(a dual inhibitor of both mutant IDH1 and IDH2) was associated with a favorable safety 
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profile (at doses <100 mg) in glioma patients (K. et al., 2019; K. et al., 2018). In a study 

using a U87 GBM cell line transfected with a mutated IDH1 (R132H) expression construct, 

both in vitro and in vivo U87 tumour proliferation was reduced; however, the cells were 

still able to form tumours in a xenograft mouse model (Bralten et al., 2011). This result 

suggests some challenges to the development of IDH-targeted therapies.  

 GBM is a highly heterogeneous tumour. To better understand determinants of 

GBM tumour evolution and therapeutic resistance, genome-wide expression studies were 

carried out with hundreds of GBM patients. Using these data, a GBM transcriptome-based 

classification was established that displayed features of four distinct GBM molecular 

subtypes: classical, mesenchymal, proneural, and neural (Verhaak et al., 2010) (Figure 

1.3).    
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Figure 1.3 Glioblastoma molecular subtypes based on key genes. 

Abbreviations; GBM, Glioblastoma; IDH, Isocitrate dehydrogenase; Tp53, Tumor protein p53; PTEN, Phosphatase and tensin homolog; EGFR, 

Epidermal growth factor receptor; EGFRvIII, Epidermal growth factor receptor variant III; NF1, Neurofibromin 1; PDGFRA, Platelet-derived growth 

factor receptor A; GABRA1, Gamma-aminobutyric acid type A receptor alpha1; NEFL, Neurofilament light polypeptide; OS, Overall survival; TMZ, 

Temozolomide; MET, MET proto-oncogene; SOX2, SRY-box transcription factor 2; DCX, Doublecortin; OLIG2, Oligodendrocyte transcription factor 

2; Summarized from (Verhaak et al., 2010; Wang et al., 2017) 
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 The classical subtype showed the highest expression of EGFR amplification 

compared to the other subtypes. The mesenchymal subtype was associated with a high 

frequency of NF1 mutations/loss. Loss/mutations of NF1 (observed in ~13% of GBM 

patients) is correlated with increased invasion, proliferation, and tumour aggressiveness 

in GBM (Fadhlullah et al., 2019). Both primary and recurrent tumours of the mesenchymal 

subtype showed worse patient survival than classical and proneural subtypes (Verhaak 

et al., 2010; Wang et al., 2017). The proneural subtype is found primarily in younger 

patients, particularly in lower grade glioma and secondary GBM, and features high 

platelet-derived growth factor receptor A (PDGFRA) gene expression and IDH mutation. 

Patients with the proneural subtype of GBM have better survival rates than the other 

subtypes (Phillips et al., 2006; Verhaak et al., 2010). However, when patients with IDH 

mutations are excluded from the analysis, the proneural subtype has a worse prognosis 

than the other subtypes (Sturm et al., 2012). The neural subtype is characterized by high 

levels of neuronal markers [e.g., GABRA1 (gamma-aminobutyric acid type A receptor 

alpha1) and NEFL (Neurofilament light polypeptide)] (Verhaak et al., 2010). More recently, 

further cluster analysis re-classified GBM in three subtypes (i.e., classical, mesenchymal 

and proneural). It was deemed that the neural signature was associated with non-

tumourigenic cells in the tumour microenvironment (Behnan et al., 2019; Wang et al., 

2017). Recent GBM tumour single cell RNA-sequencing analyses demonstrated that 

GBM bulk tumours consist of 2 or 3 GBM subtypes (Patel et al., 2014; Wang et al., 2017). 

Thus, subtype switching from primary to recurrent GBM is common, such as proneural to 

mesenchymal transition (Wang et al., 2017). 
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 Epidermal Growth Factor Receptor (EGFR) is a transmembrane receptor tyrosine 

kinase enriched in the classical subtype of GBM. EGFR amplification is detected in 57.4% 

of GBM tumours (Brennan et al., 2013), and is correlated with poor clinical prognosis in 

GBM patients (Li et al., 2018). The most common mutated form of EGFR found in GBM 

shows deletion of exons 2–7 (i.e., EGFRvIII, found in 20–25% of IDH wild-type GBM) 

(Nishikawa et al., 1994). EGFRvIII lacks 268 amino acids (from 6 to 273), resulting from 

an in-frame deletion of 801 base pairs in the extracellular domain. As a result, EGFRvIII 

is constitutively active without ligand binding (An et al., 2018). Both EGFR amplification 

and EGFRvIII can enhance GBM angiogenesis and tumour invasion (Keller and Schmidt, 

2017).  

 The most widely studied EGFR inhibitors in GBM are small molecule tyrosine 

kinase inhibitors and monoclonal antibodies. First-generation (e.g., gefitinib and erlotinib), 

second-generation (e.g., afatinib) (An et al., 2018), third-generation EGFR (e.g., 

panitumumab) inhibitors, as well as EGFR monoclonal antibody (e.g., cetuximab) (Neyns 

et al., 2009) have not shown efficacy as a mono-therapy in clinical trials due to multiple 

resistance mechanisms (Saleem et al., 2019). The two main mechanisms of resistance 

to EGFR inhibitors/monoclonal antibodies are target independence (i.e., alterations in 

expression/structure of the target, such as EGFRvIII mutants) and target compensation 

(i.e., alternative signaling pathways are activated, such as platelet-derived growth factor 

β (PDGFβ)) (Saleem et al., 2019). Thus, overcoming resistance to EGFR-based therapies 

may require combination with EGFR co-occurred mutation targets or EGFR downstream 

specific targets. 
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 Multi-target therapies for EGFR amplification may provide excellent strategies to 

move forward, such as antibody drug conjugates (ADCs). For example, a new ADC, 

depatuxizumab mafodotin (ABT-414) that targets both EGFR and EGFRvIII, releases a 

potent anti-microtubule agent inside targeted cancer cells (Phillips et al., 2016). A recent 

phase II clinical trial for recurrent GBM reported that combined ABT-414 and TMZ can 

slightly improve median overall patient survival (9.6 months), compared to ABT-414 alone 

(7.9 months) and chemotherapy alone (8.2 months) (van den Bent et al., 2020).  

 

1.1.3 GBM cell-of-origin and stem-like cells  

 Identification of the cell-of-origin in GBM is key to our understanding of disease 

etiology and development of new therapies. There has been controversy about the cell-

of-origin of GBM for decades. Currently, there are two main hypotheses for the cell-of-

origin of GBM: (i) neural stem-like cells (NSCs), and (ii) oligodendrocyte precursor or 

progenitor cells (OPCs). The evidence supporting NSCs versus OPCs as the cell-of-origin 

is based on the following: (i) similarity of cell surface markers and gene profiling, and (ii) 

tumorigenic capacity in xenograft mouse models.  

 Neural stem cells (NSCs) are self-renewing, multipotent cells that generate the 

multiple cell types in the nervous system, including neurons and glia (astrocytes and 

oligodendrocytes) during embryonic development (Gage, 2000; Reynolds and Weiss, 

1992). NSCs divide symmetrically to self-renew or divide asymmetrically to generate 

progenitor cells that have limited self-renewal potential (Morrison and Kimble, 2006). In 

mammalian brain, NCSs persist into adulthood and contribute to brain plasticity 

throughout life, with a primary site of plasticity being the dentate gyrus of the hippocampus. 
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In adult rodent brain, there are two major niches for NSCs: the subventricular zone (SVZ) 

and the subgranular zone (SGZ) (Bond et al., 2015).  

 Adult SVZ NSCs (radial glia-like cells, also named type B cells) give rise to 

transient amplifying progenitors (type C cells), which undergo several divisions before 

becoming neuroblasts (type A cells) (Doetsch et al., 1999). SVZ astrocytes express GFAP 

and maintain stem cell characteristics (Doetsch et al., 1999). The hypothesis that GBMs 

may originate from SVZ NSCs that have undergone malignant transformation has been 

investigated in a study by Lee et al. in 2018 (Lee et al., 2018). This study showed that 

normal SVZ tissue distantly located from the tumour carries low levels of GBM driver 

mutations, which are present at high levels in their matching GBM. These authors also 

presented evidence from genome-edited mouse models showing that astrocyte-like 

NSCs carrying driver mutations can migrate from the SVZ and develop GBM in distant 

brain regions (Lee et al., 2018). In terms of clinical implications for GBM management, 

several clinical studies have already shown that radiotherapy targeting the SVZ NSC 

niches significantly improves progression-free survival (e.g., from 7.2 months to 15 

months in one study) (Evers et al., 2010; Nourallah et al., 2017). 

 In contract to NSCs, OPCs are generally considered as lineage-restricted 

precursor cells, which also share expression profile markers with GBM cells (e.g., Olig2 

and NG2). Liu et al. provided the first convincing evidence in support of OPCs serving as 

the cell-of-origin for GBM, by studying concurrent p53/Nf1 mutations in mice to model 

gliomagenesis (Liu et al., 2011; Zong et al., 2005). More evidence supporting OPCs as 

the GBM cells-of-origin comes from OPC-specific conditional knock-out mice (e.g., NG2-

CreERT) (Alcantara Llaguno et al., 2015). Using their mouse model, Alcantara et al. 
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showed that both NSCs and OPCs can function as cells-of-origin for GBMs, giving rise to 

different GBM subtypes and contributing to the intertumoral heterogeneity characteristic 

of GBMs (Alcantara Llaguno et al., 2015). With the tremendous progress recently made 

in high throughput technologies (i.e., drug screening, deep sequencing, single-cell 

analysis), a better understanding of the cell-of-origin of GBM can help in the development 

of novel targeted therapeutic strategies.  

 To date, many GBM mouse models have been developed using disease-relevant 

initiating mutations in tumour suppressors (e.g., PTEN, Trp53 and Nf1) and oncogenes 

(e.g., EGFRvIII and PDGFRA) (Huse and Holland, 2009). For example, Alcantara et al. 

used a transgenic mouse strain carrying tamoxifen-inducible Cre (Nestin-CreERT2) to 

target neural stem/progenitor cells in vivo and drive PTEN, p53 and Nf1 deletion 

specifically in postnatal SVZ. Nestin-CreERT2 transgenic mice were injected with 

tamoxifen at either embryonic day (E13.5) or adult (4 weeks of age). Similar to E13.5 

mouse, adult transgenic mice showed regionally restricted Cre activity, particularly in 

neural stem and progenitor cells located at the SVZ and the SGZ. Tamoxifen induction in 

both E13.5 and adult transgenic mice resulted in diffusely infiltrating grade III or IV 

astrocytomas. (Alcantara Llaguno et al., 2009). Other studies using different approaches 

to target neural stem-like cells or progenitor cells have shown similar results (Chow et al., 

2011; Holland et al., 2000). A study aimed at addressing whether more mature neural 

cells may also serve as cells-of-origin for GBM suggest that increased lineage restriction 

is accompanied by decreased susceptibility to GBM transformation (Alcantara Llaguno et 

al., 2019).   
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 GBM is characterized by tumour heterogeneity and therapeutic resistance, which 

are thought to be promoted by a subpopulation of GBM stem cells (Bao et al., 2006; Chen 

et al., 2012). Human NSCs were first isolated in 2000 (Uchida et al., 2000). This was 

followed by a burst of reports showing that GBM stem cells share features with NSCs 

including expression of NSC markers such as CD133, SSEA1, FABP7 and SOX-2,  and 

the ability to generate multi-lineage progeny (Berezovsky et al., 2014; De Rosa et al., 

2012; Singh et al., 2004; Son et al., 2009). GBM stem cells are defined based on three 

principal functional features that include sustained self-renewal, tumour initiation and 

persistent proliferation. Several methods have been used for GBM stem cell isolation. 

These include neurosphere cultures (based on inclusion of epidermal growth factor and 

fibroblast growth factor in culture medium (Pastrana et al., 2011) and flow cytometry 

(based on expression by GBM stem cells of drug efflux transporters like ATP-binding 

cassette (ABC) transporters) (Bleau et al., 2009). Recent studies are more focused on 

the interactions of GBM stem cells with their microenvironment and the metabolic 

reprogramming of cancer stem cells. The formation of hypoxic-necrotic niches enriched 

in GSC cells is one of the main characteristics of GBM (Hambardzumyan and Bergers, 

2015). Hypoxia facilitates the maintenance of GSCs through both hypoxia-inducible 

factor-1α (HIF-1α) and HIF2α in the nutrient-restricted microenvironment, driving GBM 

progression and resistance to therapy (Li et al., 2009; Qiang et al., 2012; Semenza, 2013). 

Emerging evidence has demonstrated that compared to their more differentiated 

counterparts, GBM stem cells are less glycolytic and preferentially utilize mitochondrial 

oxidative phosphorylation for their energy needs (Hoang-Minh et al., 2018; Lin et al., 

2017). Thus, the tumour microenvironment and metabolism-targeting approaches are 
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upcoming potential therapeutic avenues for GBM, in particular when combined with 

conventional treatment (Garnier et al., 2019).  

 

1.2 Brain fatty acid binding protein  

1.2.1 FABPs family  

 Long chain fatty acids (LCFAs) are highly hydrophobic molecules, so their 

intracellular transportation is highly dependent on fatty acid transporters. Fatty acid 

binding proteins (FABPs) are small protein vehicles that facilitate fatty acid uptake and 

transport. FABPs transport fatty acids to specific intracellular organelles such as lipid 

droplets for lipid storage, mitochondria or peroxisome for fatty acid β-oxidation, 

endoplasmic reticulum (ER) for lipid metabolism and phospholipid synthesis, or nucleus 

for lipid-mediated transcriptional factor activation (Coe and Bernlohr, 1998; Liu et al., 2010; 

Storch and Corsico, 2008). Since the discovery of the first FABP in 1972, 9 additional 

FABPs have been identified in humans.  

 FABPs exhibit tissue-specific expression patterns, different lipid binding affinities 

and different mechanisms for binding to their lipid ligands (Furuhashi and Hotamisligil, 

2008). Using X‑ray crystallography, nuclear magnetic resonance and other biochemical 

and biophysical techniques on isolated recombinant proteins, these ~15 kDa FABPs have 

been shown to have highly conserved structures, which consist of two orthogonal β-

sheets (i.e.,10-stranded antiparallel β‑barrel structure) and an α-helical cap 

(Chmurzynska, 2006). The fatty acid binding pocket is located inside the β-barrel, and the 

N‑terminal helix–loop–helix ‘cap’ serves as the fatty acid (FA) entry site (Chmurzynska, 

2006).  
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 FAs from the extracellular milieu are known to diffuse across phospholipid bilayers 

in cell membranes (Kamp et al., 1995). FAs can also be generated via hydrolysis of 

phospholipids by phospholipases (Bazinet and Laye, 2014). FABPs not only promote 

uptake of FAs from the microenvironment via FABP-phospholipid interactions  (Falomir-

Lockhart et al., 2011; Hsu and Storch, 1996), but also serve as intracellular FA 

transporters, which at least in theory, requires their direct ligand transfer from a donor 

membrane to a targeted acceptor membrane (Zamarreno et al., 2012). The helical N-

terminus of unliganded FABPs associates with membranes via electrostatic interactions. 

Nuclear Magnetic Resonance (NMR) and Electron Spin Resonance (ESR) were used to 

show that FABP7 binding to its polyunsaturated fatty acid (PUFA) ligands induces a 

conformational alteration resulting in its dissociation from the membrane   FABPs not 

only promote FA uptake from the microenvironment, but also transport FAs to the specific 

compartments within the cell, such as nucleus, ER and mitochondria (Furuhashi and 

Hotamisligil, 2008). Intestinal-FABP (I-FABP) and liver-FABP (L-FABP)) have been 

shown to transport their FA ligands to mitochondria, ER and/or Golgi (Karsenty et al., 

2009; Thumser and Storch, 2007). Such a role for FABP7 has not been investigated to 

date.  

 

1.2.2 FABPs in the brain  

 Three of the ten mammalian FABPs (FABP3, FABP5 and FABP7) are highly 

expressed in  the developing and/or adult brain (Liu et al., 2010). Unlike FABP3 which 

mainly participates in synaptogenesis and myelinogenesis after birth until adulthood, both 

FABP5 and FABP7 are primarily expressed during embryonic brain development, with a 
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gradual decrease in expression after birth (Owada et al., 1996). FABP7 is specifically 

expressed in radial glial cells, also recognized as NSCs (Feng et al., 1994; Kurtz et al., 

1994; Xu et al., 1996). Functional studies have revealed many different roles for FABP5 

and FABP7, such as neuronal/glial cell generation (De Leon et al., 1996) and radial glial 

fiber system establishment (FABP7) (Feng et al., 1994; Kurtz et al., 1994), and progenitor 

cell differentiation and migration (both FABP5 and FABP7) (Owada, 2008).  

 FABP3, FABP5 and FABP7 have preferences for specific FA ligands (Liu et al., 

2010). For example,  human FABP3 shows highest binding affinity for ω-6 PUFA (e.g., 

arachidonic acid (AA)), whereas human FABP5 and FABP7 show the highest binding 

affinity to saturated fatty acids (e.g. stearic acid (SA)) and ω-3 PUFA (e.g., 

docosahexaenoic acid (DHA)), respectively (Balendiran et al., 2000).  

 FABP3 is mainly expressed after birth until adulthood, and is involved in neurite 

formation and synapse maturation (Owada et al., 1996). FABP3 gene-ablated mice show 

a 24% reduction in ω-6 FA incorporation into the brain (Murphy et al., 2005). Interestingly, 

recent studies have demonstrated that FABP5 may also transport DHA across the blood-

brain barrier. In a FABP5 knock-out mice model, there was a 15% reduction in brain DHA 

compared to wild-type mice (Pan et al., 2015b; Pan et al., 2016). The same group of 

investigators further demonstrated that DHA supplementation can induce an upregulation 

of FABP5 protein expression in human brain microvascular brain endothelial cells and 

C57BL/6 mice brain micro-vessels (Pan et al., 2018).  

 During mammalian brain development, FABP7 is specifically expressed in radial 

glial cells (Feng et al., 1994; Kurtz et al., 1994). FABP7 serves as a transporter protein 

for both DHA and AA in the developing brain (Liu et al., 2010). FABP7 dramatically 
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declines after birth, while it is highly expressed in GBM and particularly in GBM stem-like 

cells (De Rosa et al., 2012). FABP7 knockout resulted in reduced neural progenitor cells 

numbers and attenuated neurogenesis in developing mouse brain (Watanabe et al., 

2007), with neonatal mice showing a small reduction in brain DHA (Owada et al., 2006).  

 

1.2.3 Roles of FABP7 in GBM 

 FABP7 expression in developing brain is important for neuronal migration and 

neurogenesis (Liu et al., 2010; Owada, 2008). Neutralization of FABP7 in co-cultures of 

immature cerebellar neurons and radial glia cells revealed a role for FABP7 in the 

establishment of the radial glial fiber system, which is necessary for the migration of 

immature neurons to establish cortical layers (Feng et al., 1994). A subsequent study by 

the same group showed that FABP7 expression in radial glial cells was induced by co-

culture with differentiating neurons (Feng and Heintz, 1995), with FABP7 up-regulated 

through activation of the Notch signalling pathway (Anthony et al., 2005).  

 High levels of FABP7 correlate with increased GBM tumour invasion, and poor 

prognosis in GBM patients (De Rosa et al., 2012; Kaloshi et al., 2007; Liang et al., 2005; 

Mita et al., 2007). Ectopic expression of FABP7 in non-FABP7 expressing GBM cells 

increases GBM cell migration, whereas FABP7 knockdown in FABP7-expressing GBM 

cells inhibits migration (Liang et al., 2005; Mita et al., 2007). These findings suggest an 

important role for FABP7 in the highly infiltrative and invasive properties of GBM tumours. 

In addition to GBM, FABP7 has also been shown to be associated with increased 

migratory/invasive properties and poor patient outcome in breast cancer, renal cell 

carcinoma and melanoma (Liu et al., 2012; Slipicevic et al., 2008; Tolle et al., 2011). 
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Furthermore, a recent study has shown that FABP7 expression in HER2+ breast cancers 

is associated with a higher incidence of brain metastasis with FABP7 driving metabolic 

reprogramming to allow better survival in the brain environment (Cordero et al., 2019). 

  Similar to brain, GBM tissue is rich in PUFAs, including ω-6 AA and ω-3 DHA 

(Martin et al., 1996). However, DHA levels are reduced by ~50% in GBM tumour samples 

compared to adult brain tissue, with AA levels remaining unchanged (Marszalek et al., 

2010; Martin et al., 1996). We previously reported that ectopic expression of FABP7 in 

the U87 GBM cell line increased cell migration (Mita et al., 2007). We further showed that 

cell migration was inhibited by supplementing culture medium with DHA (Mita et al., 2010). 

We found that AA-mediated cell migration was dependent on activation of the AA/COX-

2-pathway and prostaglandin E2 (PGE2) production (Mita et al., 2010).  

 In GBM patient tissue studies, nuclear expression of FABP7 was more specifically 

correlated with EGFR amplification and more invasive GBM tumours (Kaloshi et al., 2007; 

Liang et al., 2006). Nuclear FABP7 and its FA ligands are believed to play a role in gene 

regulation by activating peroxisome proliferator-activated receptors (PPARs) which have 

been implicated in multiple disease models (Adida and Spener, 2006; Kwong et al., 2019; 

Tripathi et al., 2017). In support of FABP7/PPARs playing a role in the regulation of GBM 

cell migration, De Rosa et al. found that PPARγ inhibition by PPAR antagonists resulted 

in inhibition of the migration of FABP7-expressing GBM patient-derived neurosphere cells 

(De Rosa et al., 2012). Conversely, PPARγ depletion in DHA-supplemented FABP7-

expressing cells increased cell migration (Mita et al., 2010). These results suggest the 

FABP7 expression and the DHA/AA ratio play key roles in PPARγ-mediated regulation of 

GBM cell migration (Elsherbiny et al., 2013). 
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 GBM, similar to other cancers, have long been thought to primarily use anaerobic 

glucose metabolism for energy production; however, emerging studies have revealed that 

FAs can also be important sources of energy production in cancer cells (Lin et al., 2017). 

Fatty acid oxidation has been shown to be a major contributor to aerobic respiration in 

GBM primary cells cultured under serum-free conditions (Lin et al., 2017). Furthermore, 

FABP7 depletion in GBM cell lines significantly decreased the formation of lipid droplets 

(LDs) after hypoxia, suggesting a role for FABP7 in LD formation (Bensaad et al., 2014). 

More recently, high levels of FABP7 in GBM slow-cycling cells (likely NSCs) was found 

to correlate with reduced glycolysis, increased LD formation, increased mitochondria 

oxidative phosphorylation and higher ATP levels compared to the more differentiated/low 

FABP7-expressing GBM cells (Hoang-Minh et al., 2018). These investigators did not 

examine the subcellular localization of FABP7 or possible roles for FABP7 and its ligands 

in metabolic reprogramming.  

 In addition to FABP7/PUFA-mediated PPARγ activation and possible effects on 

mitochondrial reprogramming, FABP7 also appears to play a role in plasma membrane 

remodelling. In a previous publication, we showed that FABP7 co-localizes with 

filamentous (F)-actin at the leading edge of GBM cells cultured in AA-rich medium (Mita 

et al., 2007). More recently, FABP7 was found to transcriptionally regulate the expression 

of caveolin-1 in membrane rafts of primary astrocytes in culture (Kagawa et al., 2015). As 

plasma membrane ordered domain formation is a key determinant in cancer cell 

migration/invasion (Erazo-Oliveras et al., 2018), further studies focused on the role of 

FABP7 in GBM membrane lipid remodeling will help to elucidate the role of FABP7 in 

driving GBM cell migration and invasion. 
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1.3 Fatty acids  

1.3.1 Polyunsaturated fatty acids (PUFAs) in the brain 

 Fatty acids are classified based on their carbon chain length and degree of 

saturation. Polyunsaturated fatty acids (PUFAs) are fatty acids that contain more than 

one double bond in their carbon backbone. Some PUFAs are defined as essential fatty 

acids, which means that they must be provided in the diet. Two essential PUFAs are 

alpha-linolenic acid (ALA, C18:3ω-3) and linoleic acid (LA, C18:2ω-6), precursors of 

docosahexaenoic acid (DHA) and arachidonic acid (AA), respectively (Czapski et al., 

2016; Simopoulos, 1999). It is recommended that DHA and eicosapentaenoic acid (EPA) 

should also be included in the diet because of their low conversion rates from ALA.   

 LA is the most abundant PUFA in nature, and is mainly found in seed oils (e.g., 

soybean, sunflower, and in wheat germ), meat and eggs (Whelan and Fritsche, 2013). 

LA is also the most abundant PUFA in Western diets, comprising between 40 to 50% of 

PUFA intake (Whelan and Fritsche, 2013). ALA is mostly found in leafy green vegetables, 

canola oil and flaxseeds (Moghadasian, 2008). Dietary ALA and LA are precursor fatty 

acids that undergo further desaturation and elongation steps and are converted into 

longer chain PUFAs such as C22:6ω-3 DHA and C20:5ω-3 EPA, and C20:4ω-3 AA) 

(Wiktorowska-Owczarek et al., 2015) (Figure 1.4).  
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Figure 1.4 Polyunsaturated fatty acid synthesis pathways in humans. 

Modified from (Bird et al., 2018; Laye et al., 2018)    
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 Less than 5% of dietary ALA is converted to DHA based on radiotracer studies 

using labeled ALA (Brenna, 2002). If diet has a high content of ω-6 PUFAs, this 

conversion rate is further reduced by 50% because of the competition between ω-3 and 

ω-6 PUFAs for the same metabolic enzymes (Gerster, 1998). Even though dietary ALA 

enters the brain, less than 0.2% of brain ALA is eventually converted into DHA due to the 

very low levels of PUFA elongases and desaturases in the brain (Demar et al., 2005). As 

a result, the brain relies on the constant supply of DHA and AA from the plasma (Bazinet 

and Laye, 2014).  

 The two predominant PUFAs in the adult brain are AA and DHA, which are 

esterified to the cell membrane phospholipid bilayers and regulate the function of neurons, 

glial cells and signal transduction at synapses. AA and DHA each make up ~10% of brain 

total lipids and total phospholipid fractions (Martin et al., 1996). In healthy adult brain, >80% 

of DHA is esterified into phospholipids (Taha et al., 2013). However, in GBM tissue, DHA 

levels are reduced by ~50% resulting in 2-fold higher levels of AA relative to DHA (Martin 

et al., 1996).  Other PUFAs, such as ω-6 LA, ω-3 EPA and ALA, are either not detectable 

in the brain or are present at much lower concentrations than AA and DHA.  

 There are 4 different phospholipid classes in the cell membrane including 

phosphatidylethanolamine (PE), phosphatidylcholine (PC), phosphatidylserine (PS) and 

phosphatidylinositol (PI).  Brain DHA is primarily esterified into PE and PS, whereas AA 

is preferentially esterified into PE and PI (Green and Yavin, 1993; Svennerholm, 1968). 

The distinct distribution of DHA or AA across phospholipid classes is believed to be 

regulated by specific enzymes involved in the de novo phospholipid synthesis and 

phospholipid remodelling pathways (Lacombe et al., 2018).  
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  PUFAs have been proposed to cross the blood-brain-barrier through several 

potential mechanisms, including transmembrane lipid transporter proteins (e.g., major 

facilitator superfamily domain containing 2a (Mfsd2a)), lipoprotein receptors (e.g., low-

density lipoprotein receptor (LDLR)) and passive diffusion (e.g., flip-flop mechanism) 

across the endothelial membrane (Bazinet and Laye, 2014; Lacombe et al., 2018; 

Montecillo-Aguado et al., 2020). PUFA cytosolic transport in the brain (e.g.,  endothelial 

cells, astrocytes and neurons) relies on fatty acid binding proteins (e.g., FABP3, FABP5 

and FABP7) (Liu et al., 2010).  

The enrichment of brain PUFA starts from conversion of non-esterified-fatty acids 

into fatty acid-CoA by long chain fatty acid CoA synthetase (Watkins, 1997). The most 

common forms of plasma DHA are the non-esterified-DHA, as well as the esterified-DHA, 

the most common of which are triacylglycerol-bound DHA found within lipoproteins and 

lysophosphatidylcholine (LysoPtdCho or LPC)-DHA (Nguyen et al., 2014). Both non-

esterified-DHA and LysoPtdCho-DHA can be complexed with albumin, serving as the 

main circulating lipid pools for brain DHA supply. Upon reaching the endothelial luminal 

plasma membrane, non-esterified-DHA can passively diffuse across these blood-brain-

barrier plasma membranes.In contrast, the incorporation of LysoPtdCho-DHA into the 

brain endothelium is facilitated by the LysoPtdCho transporter, Mfsd2a (Bazinet and Laye, 

2014; Lacombe et al., 2018) (Figure 1.5). Recently, both Mfsd2a (Nguyen et al., 2014) 

and Acyl-CoA synthetase long chain family, member 6 (ACSL6) have been linked to 

enrichment of DHA in brain (Fernandez et al., 2018). 
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Figure 1.5 DHA uptake into normal brain. 

Abbreviations; ACSL, long-chain acyl-CoA synthetase; acyl-CoA, acyl-Coenzyme A; DHA, docosahexaenoic acid; FABP, fatty acid binding protein; 

LPLAT, lysophospholipid acyltransferase; Mfsd2a, major facilitator superfamily domain-containing protein 2a; PLA2, phospholipase A2; LysoPL, 

lysophospholipid; Modified from (Lacombe, Chouinard-Watkins et al. 2018)   
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 Mfsd2a belongs to the major facilitator superfamily, which is expressed exclusively 

in the brain endothelium of the blood-brain-barrier. Mfsd2a has been proposed to play an 

essential role in the uptake of LysoPtdCho-DHA across the luminal plasma membrane of 

brain microvessel endothelial cells (Alakbarzade et al., 2015; Guemez-Gamboa et al., 

2015). Mfsd2a knockout mice have a 50% decrease in brain DHA content compared to 

wildtype mice (Nguyen et al., 2014). Mfsd2a also shows some affinity for other esterified-

DHA, such as lysophosphatidylethanolamine-DHA (LysoPtdEtn-DHA and 

lysophosphatidylserine-DHA (LysoPtdSer-DHA) (Nguyen et al., 2014)  

 In contrast to Mfsd2a which functions as a DHA transporter, ACSL6  converts non-

esterified DHA into DHA acyl-CoA in neurons and astrocytes (Soupene and Kuypers, 

2008). DHA acyl-CoA can be further re-esterified to a lysophospholipid and re-

incorporated into the cell membrane phospholipid bilayer (Kornberg and Pricer, 1953). 

ACSL6 is highly abundant in the brain (Fujino and Yamamoto, 1992) and has a substrate 

preference for DHA compared to other PUFAs, MUFAs and SFAs (Van Horn et al., 2005). 

Brain DHA-containing lipids are decreased by 22–71% in ACSL6-/- mice, along with 

accompanying increases in AA-containing lipids (Fernandez et al., 2018). Besides ACSL6, 

the other predominant ACSL isoforms expressed in the brain are ACSL3 and ACSL4 

(Pelerin, Jouin et al. 2014). ACSL3 has high substrate preference for ALA, LA, and AA 

(Van Horn, Caviglia et al. 2005, Fernandez and Ellis 2020). ACSL4 was reported to be 

important for neuronal differentiation in the brain and shows preference for AA in brain 

neuronal cells (Shimshoni, Basselin et al. 2011, Cho 2012, Kuwata and Hara 2019). 
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1.3.2 PUFA metabolism in the brain and their roles in GBM 

1.3.2.1 PLA2-mediated PUFA membrane turnover 

 Unlike other PUFAs (such as LA, ALA and EPA) which quickly undergo β-oxidation, 

DHA and AA are converted into fatty acid acyl-CoA, and then esterified into membrane 

phospholipids. There are 2 stereo-specifically numbered (sn) carbon positions in the 

glycerol backbone of phospholipids, sn-1 and sn-2. The sn-1 position fatty acids (typically  

saturated fatty acids) can be de-esterified by phospholipase A1 (PLA1), whereas the sn-

2 position fatty acids (typically unsaturated fatty acids including DHA or AA) are de-

esterified by phospholipase A2 (PLA2) (Bazinet and Laye, 2014). Several different PLA2 

enzymes have been characterized in the brain and neuronal tissue, and are classified 

into two subtypes, calcium-dependent and calcium-independent, based on their catalytic 

dependence on calcium (Farooqui et al., 1997). For example, Ca2+-dependent cytosolic 

PLA2 (cPLA2) triggers AA hydrolysis from the sn-2 position of phospholipids (Alonso et 

al., 1986; Mouchlis et al., 2018), but rarely hydrolyses DHA (Mouchlis et al., 2018). In turn, 

DHA is mainly hydrolysed by Ca2+-independent PLA2 (iPLA2) (Strokin et al., 2003).  

 cPLA2 knockout mice are characterized by reduced AA incorporation rates into 

brain ethanolamine glycerophospholipid and choline glycerophospholipid from both the 

plasma non-esterified-AA and brain AA acyl-CoA pools (Rosenberger et al., 2003). AA 

and AA-derived eicosanoids have been widely investigated for their pro-inflammatory 

roles in many neurodegenerative diseases as well as GBM (Dennis et al., 2011; Farooqui 

et al., 1997; Sun et al., 2010). Recent studies revealed that high expression of cPLA2 is 

associated with poor prognosis and chemotherapy resistance in GBM patients (Wu et al., 

2019; Yang and Zhang, 2018). Inhibition of brain cPLA2 pathways reduces AA-related 
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neuroinflammation (Tajuddin et al., 2014) and therapeutic resistance in GBM (Bhave et 

al., 2013).  

 Apart from AA, cPLA2 catalysis also generates lysophosphatidylcholine (LPC). 

LPC can be subsequently converted to lysophosphatidic acid (LPA) by autotaxin (ATX), 

an enzyme with lysophospholipase D activity. ATX is widely overexpressed in GBM tissue, 

which contributes to GBM tumour migration/invasion (Hoelzinger et al., 2008; Kishi et al., 

2006). Emerging evidence points to inhibition of ATX and LPA playing a role in sensitizing 

GBM to radiation therapy and attenuating GBM cell migration/invasion (Bhave et al., 

2013). 

 In normal rat brain, iPLA2 mRNA levels are significantly higher than cPLA2 mRNA 

levels in all brain regions (Ong et al., 2010). Six isoforms of iPLA2 (group VI) has been 

identified in humans (Vasquez et al., 2018), with two iPLA2-hydrolyzing DHA isoforms 

found in brain, iPLA2β and iPLA2γ (Strokin et al., 2007). In neuronal cells, inhibition of 

iPLA2γ can selectively reduce ATP-induced DHA release (Strokin et al., 2004). Using in 

vivo quantitative autoradiography to image DHA incorporation from plasma into brain, 

iPLA2β was found to be critical for brain DHA metabolism and neurotransmission 

pathways (Rapoport et al., 2011). There appears to be a direct link between brain DHA 

content and iPLA2 levels, with rats fed an ω-3 PUFA-deficient diet showing up-regulation 

of iPLA2 protein levels (Rapoport et al., 2007). Another study showed dietary DHA can 

selectively reverse iPLA2β inhibition in mice (Mazzocchi-Jones, 2015).  

  In addition to cPLA2 and iPLA2, Ca2+-dependent secretory phospholipase A2 

(sPLA2) has also been identified in the brain, which suggests that sPLA2 may also play 

some role in PUFA metabolism (Sun et al., 2010). In a rat brain AA metabolism study, 
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both cPLA2 and sPLA2, as well as AA and PGE2 were upregulated upon 

lipopolysaccharide–activated neuroinflammation (Rosenberger et al., 2004). Furthermore, 

a study using human astrocytoma cells demonstrated that cPLA2 was involved in 

inflammatory induction of sPLA2 (Hernandez et al., 1998). Because sPLA2 shows very 

low affinity towards phosphatidylethanolamine (Singer et al., 2002), the main DHA-

incorporated phospholipid pool,  sPLA2 may only play a small role in brain DHA 

metabolism.  

 Crosstalk between sPLA2, cPLA2 and iPLA2 is an important characteristic of this 

protein family (Sun et al., 2010). In an in vivo brain PUFA metabolism study, 

downregulation of iPLA2 activity was accompanied by increased cPLA2 and sPLA2 

activities, reflecting elevated brain ω-6 PUFA turnover upon graded dietary ω-3 PUFA 

deprivation (Kim et al., 2011). In iPLA2β-deficient mice, brain DHA metabolism could not 

be totally abolished, which suggests that other PLA2’s such as iPLA2γ contribute to DHA 

membrane release (Rapoport et al., 2011). These findings support a homeostatic 

relationship between PLA2-mediated membrane turnover of ω-3 PUFAs and ω-6 PUFAs 

in the brain.  

  After release from membrane phospholipids, brain AA and DHA are quickly re-

esterified into phospholipids via acyl-CoA synthetases ACSLs. ACSLs are responsible for 

the phospholipid re-incorporation of 90% of membrane released PUFAs (Chen et al., 

2008; Robinson et al., 1992). This PUFA recycling pathway is called Land’s cycle, which 

is believed to be key to maintaining the high levels of PUFAs in brain (Lands, 1958). As 

for the PUFAs that are released into the cytoplasm, most are converted into lipid 

mediators (also called lipid derivatives) in brain cells. The enzymes involved in PUFA 
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metabolism pathways include cyclooxygenases (COXs), lipoxygenases (LOXs) and 

cytochrome P450 (CYP450). These enzymes reside mainly in ER and have been widely 

studied in many CNS physiological conditions, neurological diseases and cancers (Iliff et 

al., 2010; Montecillo-Aguado et al., 2020; Tassoni et al., 2008). 

 

1.3.2.2 Cyclooxygenases  

 COXs, or prostaglandin-endoperoxide synthases (PTGS), catalyze the first 

committed step of the conversion of AA into prostaglandins (PGs) and thromboxanes. 

Different from the constitutive expression of COX-1 in most brain tissues for normal 

physiological functions, COX-2 levels are specifically elevated in cortical and 

hippocampus neurons undergoing normal synaptic activities (Yamagata et al., 1993), as 

well as in microglial cells in response to pathological inflammatory conditions (Minghetti, 

2004; Yang and Chen, 2008). COX-2 has been implicated in the pathogenesis of 

neurodegenerative diseases, traumatic brain injury and brain tumours (Hewett et al., 2006; 

Hickey et al., 2007; Minghetti, 2004; Pan et al., 2016). PGs include different biologically 

active compounds (e.g. PGD2, PGE2, PGI2) (Minghetti, 2004), with PGE2 being the 

principal metabolite of AA in COX-2-driven tumour progression, including GBM (Jiang et 

al., 2017; Wang and Dubois, 2010). 

 There is extensive data demonstrating COX-2 expression in human gliomas. COX-

2 and its main metabolite PGE2, are expressed at higher levels in high-grade gliomas, 

and have been proposed to facilitate tumorigenesis, inflammation, invasion and tumour 

recurrence in GBM (Joki et al., 2000; Lalier et al., 2007; Shono et al., 2001). 

Immunohistochemical analysis of 66 GBM tumour specimens revealed that high COX-2 
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expression correlates with clinical aggressiveness and poor survival in GBM patients 

(Shono et al., 2001).  

 Inhibition of COX-2 by its selective inhibitor NS398 has been shown to inhibit the 

growth of human GBM cell lines (Bernardi et al., 2006; Joki et al., 2000; Matsuo et al., 

2004). In a recent study, Lombardi et al. collected extracellular vesicles released from 

NS398-treated GBM neurospheres. They found that these vesicles had significant 

inhibitory effects on GBM cell migration (Palumbo et al., 2020). Our lab previously showed 

that FABP7/AA-mediated U87 GBM cell migration is dependent on activation of COX-2 

(5-fold increase) and PGE2 production (>6-fold increase) (Mita et al., 2010). NS398 

treatment significantly reduced PGE2 levels and FABP7/AA/COX-2-mediated migration 

in our GBM cell lines (Mita et al., 2010). 

 In the last 20 years, many case-control studies and cohort studies have been 

conducted to investigate the association between the use of COX inhibitors and the risk 

of glioma/GBM [e.g., nonsteroidal anti-inflammatory drugs (NSAIDs) and the selective 

COX-2 inhibitor Celecoxib] (Daugherty et al., 2011; Gaist et al., 2013; Sivak-Sears et al., 

2004). However, inconsistent results from these clinical studies have reduced the 

prospect of using COX-2 inhibitors as a direct therapeutic target for GBM (Qiu et al., 2017). 

As the COX-2 tumour-promoting pathway is widely up-regulated in GBM, either upstream 

diet intervention (e.g., reduced ω-6 PUFA dietary uptake) (Montecillo-Aguado et al., 2020) 

or the use of downstream PGE2 synthases/receptors (Jiang et al., 2017) may represent 

alternative therapeutic targets for GBM. 
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1.3.2.3 LOXs metabolism pathways  

 LOXs are a group of iron-containing lipid-peroxidation enzymes that catalyze the 

peroxidation of different PUFAs, such as LA, AA and DHA. There are six LOX genes in 

the human genome, with three LOX genes expressed in the brain, including 5-LOX, 12-

LOX, 15-LOX (Phillis et al., 2006). The main lipid substrates for LOXs in the brain are AA 

and DHA that are released from plasma membrane phospholipids by PLA2 enzymes 

(Bazinet and Laye, 2014).  

 LOXs show different positional specificity for AA oxygenation (Kuhn and Thiele, 

1999). The catalytic products of AA by LOXs are hydroperoxyeicosatetraenoic acids 

(HpETEs), which are subsequently converted into pro-inflammatory lipid mediators such 

as hydroxy-eicosatetraenoic fatty acids (5-,12- and 15-HETEs) and 4-series leukotrienes 

(LTB4, LTC4, and LTD4) (Hanna and Hafez, 2018). These AA derivatives can be further 

metabolized into lipoxins in inflammatory diseases and cancers (Janakiram et al., 2011; 

Weylandt et al., 2007). Various AA derivatives from LOX-mediated pathways have been 

identified in the brain (Bazinet and Laye, 2014; Bosetti, 2007). 5-LOX expression has 

been associated with increased proliferation in human GBM and poor prognosis in GBM 

patients (Nathoo et al., 2006; Wang et al., 2015b). Furthermore, many in vitro studies 

have found that 5-LOX inhibitors (e.g., MK886) and 15-LOX inhibitors [e.g., luteolin and 

nordihydroguaiaretic acid] exhibit potent inhibitory effects on GBM cell 

proliferation/migration (Lim et al., 2010; Souza et al., 2020; Wang et al., 2016; Woo et al., 

2013).  

 Compared to the pro-inflammatory effect of AA derivatives, DHA-derived bioactive 

mediators [e.g., neuroprotection D1 (NPD1), resolvins D (RvDs), and maresin1 (MaR1)] 
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are characterized as specialized pro-resolving mediators (SPMs), which exhibit anti-

inflammatory/pro-resolving effects in various neurological diseases and cancers 

(Lacombe et al., 2018; Laye et al., 2018). In an Alzheimer’s disease in vitro model that 

uses primary neural cell cultures, SPMs can reduce pro-inflammatory gene expression 

and promote neural cell survival (Lukiw et al., 2005; Zhu et al., 2016).  

 Even though there are no published studies investigating the effect of SPMs on 

GBM tumour growth, recent work on other cancers indicate that RvDs exhibit many anti-

tumorigenic effects and enhance benefits from cancer therapy (Moro et al., 2016). In a 

prostate cancer cell-macrophage co-culture system, RvD1 and RvD2 reduced cell 

proliferation by inhibiting tumour‑associated macrophage (TAM) polarization (Shan et al., 

2020). Another critical mechanism for RvDs is to stimulate macrophage phagocytosis in 

cancer (Serhan, 2014). In a Lewis lung carcinoma animal model, RvD treatment (e.g., 

RvD1, RvD2 and RvE1) stimulated macrophage phagocytosis of tumour debris resulting 

from chemotherapy (Sulciner et al., 2018). This combined evidence points to a potential 

anti-tumorigenic role for LOX-derived DHA metabolites, such as RvD, mediated through 

macrophage function.  

 

1.3.2.4 CYP450 metabolism pathways  

 Cytochromes P450 (CYP450) are a superfamily of enzymes that function as 

monooxygenases. CYP450 metabolize PUFAs to either hydroxy-PUFAs (with 

hydroxylase activity) or Ep-PUFAs (epoxygenase activity). Both AA and DHA have been 

shown to be substrates for CYP450 metabolism pathways in human (Konkel and Schunck, 

2011). CYP450 enzymes with epoxygenase activity (mainly CYP2C and CYP2J) 
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generate AA-derived Ep-PUFAs (epoxy-eicosatrienoic acids (EETs)) and DHA-derived 

Ep-PUFAs (epoxy-docosapentaenoic acid (EDPs)) (Spector and Kim, 2015). CYP450 

enzymes with hydroxylase activity (mainlyCYP1A and CYP2E) hydroxylate AA at the 

terminal methyl group to produce 20-HETE (Chuang et al., 2004; Spector and Kim, 2015). 

All of the major AA-metabolizing CYP450 enzymes can metabolize ω-3 PUFAs, such as 

EPA and DHA as efficient alternative substrates to AA,,generating products with different 

catalytic activities from those derived from AA (Fer et al., 2008; Konkel and Schunck, 

2011) 

 A few CYP450 enzymes have been reported to regulate GBM tumour growth. In 

U251 GBM cells, overexpression of CYP4A1 increases the production of AA-derived 20-

HETE (by 60-fold), which stimulates in vitro cell proliferation and in vivo orthotopic tumour 

growth (Guo et al., 2008). CYP2J2 overexpression increases production of AA-derived 

EETs and enhances cancer cell migration in different cancer types (Jiang et al., 2007). A 

recent study shows that CYP2J2 knockdown reduces the production of AA-derived 11,12-

EET in a U87 orthotopic xenograft mouse model, through inhibition of microglia M2 (pro-

immunosuppressive) polarization (Lei et al., 2020). CYP2J2’s higher metabolizing activity 

towards EPA (by 9-fold) and DHA (by 4-fold) compared to AA (Arnold et al., 2010) 

suggests a potential anti-tumorigenic effect of pro-resolving DHA-derived lipid mediators 

on GBM tumour growth (Elsherbiny et al., 2013). 
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1.3.3 Roles of PUFAs in GBM  

1.3.3.1 GBM risk and dietary intake of PUFAs  

  The right amounts and a balanced ratio of dietary ω-3 and ω-6 PUFAs are 

required for optimal brain health, since it is widely accepted that ω-3 and ω-6 PUFAs 

have opposing metabolic functions. AA-derived eicosanoids are generally pro-

inflammatory, pro-tumorigenic, and are involved in various pathological processes in the 

CNS system, including neural trauma, neuroinflammation and brain tumours (Iliff et al., 

2010; Montecillo-Aguado et al., 2020; Tassoni et al., 2008). On the other hand, DHA-

derived metabolites (e.g., RvDs and neuroprotection NPD1) are predominantly anti-

inflammatory, anti-tumorigenic, and have neuroprotective and therapeutic effect in some 

neurological diseases (Li et al., 2020; Serhan and Levy, 2018; Serhan and Petasis, 2011). 

For example, many epidemiological studies in the past 30 years have shown that dietary 

intake of ω-3 PUFAs is inversely correlated with the prevalence of neurodegenerative 

diseases (e.g., Parkinson’s disease and Alzheimer’s Disease) (Abbott et al., 2003; Huang 

et al., 2005; Kalmijn et al., 1997). Based on these findings, numerous clinical trials have 

investigated the effect of ω-3 PUFA-enriched diets on the prevention/occurrence of 

neurodegenerative diseases (Avallone et al., 2019).   

 GBM is the most aggressive type of primary brain tumour. Both in vitro and in vivo 

studies support potential therapeutic effects of ω-3 supplements in GBM (Montecillo-

Aguado et al., 2020). Recent meta-analyses of both case-control and cohort studies 

indicate that high consumption of fish may be associated with lower risk of brain cancer 

(Lee et al., 2020; Lian et al., 2017). These studies included 4428 brain cancer cases and 

501,617 participants and spanned 20 years (from 1986 to 2006). In 2020, a summary 
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study which included 57 meta-analyses demonstrated that brain cancer is one of four 

cancer types (along with liver cancer, breast cancer and prostate cancer) that showed an 

association between ω-3 PUFA dietary intake and lower risk of cancer (Lee et al., 2020). 

In the context of GBM, emerging studies now focus on the effect of ω-3 PUFAs on GBM 

immune environment modulation, inhibition of infiltrative/invasive properties and 

mitochondrial function regulation (detailed below).  

 

1.3.3.2 Effects of PUFAs on GBM infiltrative/invasive properties 

 GBM is characterized by highly infiltrative/invasive properties (Aum et al., 2014; 

Vehlow and Cordes, 2013). The diffuse infiltration of GBM to neighboring brain 

parenchyma contributes to surgical escape, resistance to GBM standard therapies and 

tumour recurrence (Osuka and Van Meir, 2017). Several studies have shown that PUFAs 

contribute to GBM infiltrative/invasive properties. For example, AA-derivatives (e.g., PGs 

and LTs) are pro-tumorigenic, promoting GBM tumour infiltration and invasion (Jiang et 

al., 2017; Nathoo et al., 2004). Furthermore, activation of the AA/COX-2/PGE2 pathway 

stimulates the migration and invasion of U87 and U251 cells (Chiu et al., 2010; Wang et 

al., 2015a). Ferreira et al. reported increased prostaglandin D2 (PGD2) production in GBM 

tumour samples compared to lower grade gliomas (Ferreira et al., 2018). More recently, 

Leukotriene B4 (LTB4) receptor 1 has been reported to be highly expressed in a subset 

of GBM cell lines, and inhibition of the AA/15-LOX/leukotriene-pathway reduced A172, 

U87 and U251 cell migration (Souza et al., 2020). With regards to DHA, our lab previously 

showed that DHA inhibits the migration of FABP7-expressing GBM cells (Mita et al., 2010), 

with Ruan et al. also showing inhibition of GBM cell migration by DHA (Ruan et al., 2019).  
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 Nasrollahzadeh et al. have shown that intravenously-injected radioactively-labeled 

fatty acids or dietary PUFA supplements can be incorporated into intracranially-implanted 

rat C6 glioma tumour tissue (Nasrollahzadeh et al., 2008). Although no animal study has 

been published regarding PUFAs’ effects on GBM tumour infiltration/invasion, some 

studies have shown opposing roles for ω-6 and ω-3 PUFAs on melanoma brain 

metastasis using both melanoma cell lines and patient-derived xenografts (PDX). Denkins 

et al. demonstrated that AA/COX-2/PGE2 activation promotes melanoma metastasis to 

the brain, whereas DHA and EPA supplementation abolished this effect (Denkins et al., 

2005). More recently, Zou et al. reported that astrocyte-mediated PPARγ activation 

promotes melanoma metastasis to the brain in an AA-enriched tumour microenvironment 

(Zou et al., 2019). Interestingly, a higher content of AA has been detected in peritumoral 

astrocytes compared to metastatic melanoma cells, suggesting that surrounding 

astrocytes could be an alternative target of dietary PUFAs (Zou et al., 2019). As GBM 

tumours also have a highly heterogeneous microenvironment, PUFAs could potential 

affect tumour cells and peritumoral cells to influence GBM growth properties. 

 

1.3.3.3 Effects of PUFAs on GBM mitochondrial function 

 In the adult brain, the main source of ATP is from glucose oxidation, with a 

secondary source of ATP being fatty acid β-oxidation (Schonfeld and Reiser, 2013). The 

oxidization of long chain fatty acids for energy production is known to enhance 

mitochondrial reactive oxygen species (ROS) production in the normal brain (Schonfeld 

and Reiser, 2013, 2017). Thus, it is hypothesized that the low levels of fatty acid β-
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oxidation in the brain protects against increased oxidative stress (Schonfeld and Reiser, 

2017). 

 In contrast to brain, the ω-6 PUFA, LA, has been shown to increase mitochondrial 

oxygen consumption rate in primary GBM cultures under serum-free conditions, 

suggesting dysregulated fatty acid metabolism in GBM cells compared to normal brain 

(Lin et al., 2017). A recent study further shows that elevated levels of FABP7 in GBM 

neural stem-like cells are associated with increased mitochondrial oxidative 

phosphorylation and ATP production (Hoang-Minh et al., 2018). Therefore, it will be very 

interesting to investigate how FABP7’s ligands, especially DHA, affects mitochondria 

function in GBM cells.  

 In addition to a possible role in mitochondrial respiration, DHA may also affect 

mitochondrial function by altering the fatty acid composition of GBM cell membranes. 

Emerging data from cardiomyocytes and colon cancer cells indicate that DHA 

incorporates into cardiolipin (Hofmanova et al., 2017; Raza Shaikh and Brown, 2013). 

Cardiolipin is a mitochondrial-specific phospholipid located at the inner mitochondrial 

membrane which functions as a platform for anchoring and clustering mitochondrial 

proteins (e.g., cytochrome C) (Dudek, 2017). In some cancer cells, DHA-rich cardiolipin 

has been shown to alter mitochondrial membrane lipid organization, enhance 

mitochondrial oxidative stress, and trigger cytochrome-C release and apoptosis 

(Hofmanova et al., 2017; Ng et al., 2005).  
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1.4 GBM membrane lipid remodelling  

1.4.1 Plasma membrane lipid order and nanoclusters 

 Plasma membranes are composed of heterogeneous mixtures of lipids, proteins, 

and carbohydrates. The different biophysical properties of saturated lipids and 

unsaturated lipids allows separation of  plasma membranes into two distinct liquid phases, 

highly condensed/rigid liquid-ordered (Lo) domains (also called membrane rafts), and 

disordered/fluid liquid-disordered (Ld) domains (Kaiser et al., 2009). Lo 

domains/membrane rafts which are enriched in cholesterol, sphingolipids and saturated 

phospholipids, have been postulated to drive the formation of functionally important and 

relatively ordered membrane nanodomains (10-200 nm in diameter) that recruit other 

lipids and proteins (Pike, 2006; Simons and Ikonen, 1997). In contrast to Lo domains, Ld 

domains are enriched in unsaturated lipids.  

 Regional enrichment of hydrophobic components with distinct physical properties 

(i.e., increased lipid packing and lipid order), allows the formation of functional platforms 

for the regulation of cellular processes (Lingwood and Simons, 2010). The first evidence 

of heterogeneity within membranes came from the separation of differentially solubilized 

membrane lipid fractions by detergents in the 1970s (Yu et al., 1973). Using biochemical 

tools, plasma membranes were later separated into distinct fractions, containing 

detergent-soluble membranes and detergent-insoluble membranes (Hanada et al., 1995; 

Schroeder et al., 1994). However, experimental variations in plasma membrane 

fractionation and inconsistencies in protein composition of membrane fractions (Schuck 

et al., 2003), resulted in unresolved controversies regarding Lo and Ld domains in 

membranes (Klotzsch and Schutz, 2013).  
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 Emerging biophysical technical approaches (e.g. mimetic membranes such as 

giant plasma membrane vesicles, lipophilic probes such as DiO, DiI and DiD and lipid 

environment-sensitive probes such as Laurdan and di-4-ANEPPDHQ) (Sezgin et al., 

2017) provided strong support for the presence of Lo domain/membrane rafts on plasma 

membranes. The use of combined biomimetic membranes and lipophilic probes clearly 

demonstrated that certain lipids interact preferentially with one another, and generate 

large scale lateral domains as a consequence of phase separation (Simons and Vaz, 

2004). However, the lack of a live cell environment and disruption of cytoskeleton actin 

scaffold remained the main weaknesses of these methods. 

 Imaging of membrane lipid packing state in phospholipid bilayers using Laurdan 

probe has been widely applied to investigate membrane heterogeneity in live cells and 

tissues (Owen et al., 2011). There is a shift in the emission spectra of membrane-bound 

Laurdan depending on the polarity of the phospholipid environment, with shorter emission 

wavelengths observed when there is a lower aqueous content (i.e., membrane Lo 

domain). Thus, by ratiometrically calculating alterations in Laurdan intensity at both 

ordered phase and disordered phase, it is possible to quantitate the extent of plasma 

membrane lipid order (Owen et al., 2011).  

 Although membrane domains can be defined as lipid clusters, in most 

physiologically states, they also contain proteins. In addition to the membrane lipid and 

protein components, cortical actin cytoskeleton is also an important factor in Lo 

domain/membrane raft maintenance and lipid remodelling (Honigmann et al., 2014b; 

Saha et al., 2015). The most well-studied membrane lipid-anchored proteins are RAC1 

and RAS, which are capable of binding directly to actin and forming nanoclusters (Nan et 
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al., 2015; Remorino et al., 2017). The molecular machinery that generates actin-based 

nanoclusters and associated membrane Lo domains has not been identified, and further 

study is required to understand the functional significance of these processes. 

 Super-resolution microscopy, including photoactivated localization microscopy 

(PALM), stimulated emission depletion (STED) microscopy and stochastic optical 

reconstruction microscopy (STORM), all allow images to be taken at resolutions below 

the diffraction limit (~250 nm), enabling the direct observation of membrane rafts/Lo 

domains (Sezgin, 2017). Both PLAM and STORM use mathematical models to 

reconstruct super-resolution images form diffraction limited images. STED microscopy 

creates super-resolution images by the selective deactivation of fluorophores using 

depletion lasers, thereby enhancing the achievable resolution to 70-90 nm (Vicidomini et 

al., 2018). When STED is combined with deconvolution processing or fluorescence 

correlation spectroscopy (FCS), the resolution of nanoclusters can reach ~30-60 nm, 

which further reveals underlying nanoscopic features of the plasma membrane (Eggeling 

et al., 2009).  

 By using STED microscopy, several plasma membrane proteins (e.g., TrKB) 

(Angelov and Angelova, 2017) and mitochondrial proteins (e.g., Tom20) (Singh et al., 

2012) were found to be distributed as nanoscale clusters. Furthermore, STED microscopy 

also allows the visualization of the plasma membrane and other organelles in live cells. 

For example, by combining FCS with STED microscopy, sphingolipids and 

glycosylphosphatidylinositol-anchored proteins associated with membrane raft domain 

formation were found to be transiently trapped in cholesterol-mediated molecular 

complexes within a nanoscale area (~30 nm) (Eggeling et al., 2009). Future critical 
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developments in the field of super-resolution microscopy will involve enhanced use of 

lipophilic probes and lipid environment-sensitive probes. 

 

1.4.2 Membrane lipid remodelling in GBM  

 The membrane lipid composition of cancer cells is dramatically altered compared 

to that of normal cells, which is driven by dysregulated lipid metabolism pathways. Cancer 

cell membrane lipids are characterized by an increased degree of saturation and a 

relatively lower content of polyunsaturated lipids, which protects cancer cells from 

oxidative stress-induced cell death (Rysman et al., 2010). Membrane rafts/Lo domains, 

which are enriched in cholesterol and saturated phospholipids, play essential roles in 

cancer cell migration, invasion and metastasis pathways, and many proteins involved in 

these processes are localized in membrane rafts, such as tyrosine kinase receptor 

families. Both EGFR-amplified and EGFR-mutated GBM cells have been shown to 

undergo remarkable alterations in membrane biophysical dynamics and membrane 

phospholipid composition (Bi et al., 2019; Martin et al., 1996). Several membrane lipid 

remodelling processes have been found to promote GBM tumour growth, such as 

increased saturated phospholipids in plasma membranes (Bi et al., 2019) and formation 

of membrane rafts/Lo domains (i.e., caveolin-1 pathway) (Martin et al., 2009).  

 Kambach et al. reported a correlation between upregulation of cholesterol 

biosynthesis and poor survival in GBM patients (Kambach et al., 2017). GBM cells take 

up exogenous cholesterol that is secreted by astrocytes in the tumour microenvironment, 

which can be upregulated by sterol regulatory element-binding protein 1 (SREBP1) 

activation, providing an abundant supply of cholesterol for membrane formation (Griffiths 
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et al., 2013; Guo et al., 2009). The membrane cholesterol content can also regulate GBM 

membrane protein functions. CD44 is a cell surface adhesion molecule, which activates 

RAC1 for actin remodelling and plays an important role in tumour invasion/metastasis 

(Murai et al., 2004). Cholesterol depletion using methyl-β-cyclodextrin (MβCD)/statin 

agents increases membrane rafts/Lo domain-dependent CD44 shedding and suppresses 

GBM cell migration (Murai, 2012; Murai et al., 2011).  

 Activation of the intracellular kinase domain of EGFR upon extracellular ligand 

binding is crucial to oncogenic signalling pathways. EFGR activates de novo fatty acid 

synthesis and increases the content of saturated fatty acids (Guo et al., 2009). On the 

other hand, the EGFR pathway is also affected by the lipid composition of the plasma 

membrane (Arkhipov et al., 2013). For example, EGFR upregulates 

lysophosphatidylcholine acyltransferase 1 (LPCAT1), a key enzyme that is 

overexpressed in GBM and is used for synthesizing saturated PC. Enhanced saturated 

PC content leads to plasma membrane remodelling, which in turn, is required for EGFR-

mediated oncogenic signalling transduction (Bi et al., 2019). Using the Laurdan assay, Bi 

et al. further showed that increased membrane lipid saturation affected the biophysical 

properties of membranes, such as membrane lipid order (Bi et al., 2019).  

 Several membrane proteins localize to membrane rafts/Lo domains and promote 

GBM migration/invasion. One of these, the gap junction protein Connexin 43 interacts 

with caveolin-1 in membrane rafts/Lo domains, promoting invasion of human U251 GBM 

cells (Strale, Clarhaut et al. 2012). As well, transient receptor potential canonical channels 

can localize to membrane rafts/Lo domains at the leading edge of migrating D54MG GBM 
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cells, which is essential for GBM chemotaxis in response to EGF (Bomben, Turner et al. 

2011).  

 

1.4.3 Effect of DHA on GBM membrane remodelling 

 The most common strategy to modify membrane rafts/Lo domain function and 

diminish its downstream migration/invasion signaling pathways is the alteration of 

membrane lipid composition, such as increasing the degree of plasma membrane lipid 

unsaturation (i.e., dietary ω-3 PUFAs, DHA and EPA) and cholesterol depletion (i.e., 

MβCD). As mentioned earlier, membrane rafts/Lo domains are required for efficient 

EGFR signaling. ω-3 PUFA supplementation has been shown to alter the membrane 

localization of EGFR in different cancer models (Fuentes et al., 2018a; Schley et al., 2007). 

More recently, combined biophysical methods [e.g., Förster resonance energy transfer 

(FRET)] and super-resolution microscopy (e.g., dSTORM and STED) revealed that DHA 

supplementation/dietary DHA can induce alterations in membrane rafts/Lo domain-

mediated membrane protein nanoclustering (e.g., KRas, TrkB) in colon cancer and 

neuroblastoma cells (Angelov and Angelova, 2017; Fuentes et al., 2018b; Fuentes et al., 

2021).  

 In further support of DHA altering membrane properties, Fuentes et al. reported 

that DHA can be incorporated into colonic cell phospholipid membranes and increase 

plasma membrane fluidity using di-4-ANEPPDHQ, a lipid environment-sensitive probe 

(Fuentes et al., 2021). These investigators further demonstrated that both DHA treatment 

and cholesterol depletion can significantly decrease EGFR nanocluster formation in 

mouse epithelial colonic cells using STED microscopy (Fuentes et al., 2021). The similar 
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effects of DHA and cholesterol depletion on membrane protein nanodomain 

formation/nanoclustering suggest that DHA and cholesterol possess a mutual aversion to 

each other that induces the lateral segregation of DHA-containing phospholipids into 

cholesterol-free Ld domains (Wassall and Stillwell, 2009). DHA membrane incorporation 

into phospholipid bilayers has been reported in both U87 GBM cells and a GBM mouse 

model (Harvey et al., 2015; Nasrollahzadeh et al., 2008). Thus, it will be very important 

to investigate the effect of DHA and its transporter protein FABP7 on the inhibition of GBM 

migration in the context of GBM membrane lipid remodelling. 

 

1.5 Thesis hypothesis 

 We propose that FABP7 and its PUFA ligands DHA and AA regulate GBM 

migratory properties through multiple mechanisms, including PUFA uptake, plasma 

membrane remodelling and mitochondrial function. 

 

1.6 Thesis objectives 

1.6.1 Chapter 2 

 The goals of Chapter 2 were to examine: (i) the relationship between GBM cell 

migration, plasma membrane lipid order and FABP7/DHA presence, and (ii) the effect of 

DHA supplementation on membrane-localized FABP7 nanoscale domain formation in 

migratory GBM cells. 

 



50 

 

1.6.2 Chapter 3 

 The goals of Chapter 3 were to examine: (i) the difference in fatty acid incorporation 

in GBM neural stem-like cells versus their paired adherent counterparts upon DHA 

supplementation, (ii) the effect of FABP7/DHA on fatty acid incorporation in GBM neural 

stem-like cells, and (iii) the impact of FABP7-facilitated DHA uptake on GBM lipid droplet 

formation and cell migration. 

 

1.6.3 Chapter 4 

 The goals of Chapter 4 were to examine: (i) the effect of FABP7 on mitochondrial 

fatty acid β-oxidation genes and expression of phospholipases in GBM neural stem-like 

cells, (ii) the importance of FABP7 in GBM microtube formation, and (iii) the distribution 

of FABP7 within microtubes.  

 

1.7 Thesis summaries 

1.7.1 Chapter 2  

 Brain fatty acid binding protein (FABP7; B-FABP) promotes glioblastoma (GBM) 

cell migration and is associated with tumour infiltration, properties associated with a poor 

prognosis in GBM patients. FABP7-expressing neural stem-like cells are known to drive 

tumour migration/infiltration and resistance to treatment. We have previously shown that 

FABP7’s effects on cell migration can be reversed when GBM cells are cultured in 

medium supplemented with the omega-3 fatty acid, docosahexaenoic acid (DHA). Here, 

we use super-resolution imaging on patient-derived GBM stem-like cells to examine the 
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importance ofFABP7 and its fatty acid ligands in mitigating GBM cell migration. As FABPs 

are involved in fatty acid transport from membrane to cytosol, we focus on the effect of 

FABP7 and its ligand DHA on GBM membrane remodeling, as well as FABP7 nanoscale 

domain formation on GBM membrane. Using quantitative plasma membrane lipid order 

imaging, we show that FABP7 expression in GBM cells correlates with increased 

membrane lipid order, with DHA dramatically decreasing lipid order. Using super-

resolution stimulated emission depletion (STED) microscopy, we observe non-uniform 

distribution of FABP7 on the surface of GBM cells, with FABP7 forming punctate 

nanoscale domains of ∼100 nm in diameter. These nanodomains are particularly 

enriched at the migrating front of GBM cells. Interestingly, FABP7 nanodomains are 

disrupted when GBM cells are cultured in DHA-supplemented medium. We demonstrate 

a tight link between cell migration, a higher membrane lipid order and increased FABP7 

nanoscale domains. We propose that DHA-mediated disruption of membrane lipid order 

and FABP7 nanodomains forms the basis of FABP7/DHA-mediated inhibition of cell 

migration in GBM. 

 

1.7.2 Chapter 3  

 Glioblastoma (GBM) is an aggressive tumor with a dismal prognosis. Neural stem-

like cells contribute to GBM’s poor prognosis by driving drug resistance and maintaining 

cellular heterogeneity. GBM neural stem-like cells express high levels of brain fatty acid-

binding protein (FABP7), which binds to polyunsaturated fatty acids (PUFAs) ω-6 

arachidonic acid (AA) and ω-3 docosahexaenoic acid (DHA). Similar to brain, GBM tissue 

is enriched in AA and DHA. However, DHA levels are considerably lower in GBM tissue 
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compared to adult brain. Therefore, it is possible that increasing DHA content in GBM, 

particularly in neural stem-like cells, might have therapeutic value. Here, we examine the 

fatty acid composition of patient-derived GBM neural stem-like cells grown as 

neurosphere cultures. We also investigate the effect of AA and DHA treatment on the 

fatty acid profiles of GBM neural stem-like cells with or without FABP7 knockdown. We 

show that DHA treatment increases DHA levels and the DHA:AA ratio in GBM neural 

stem-like cells, with FABP7 facilitating the DHA uptake. We also found that an increased 

uptake of DHA inhibits the migration of GBM neural stem-like cells. Our results suggest 

that increasing DHA content in the GBM microenvironment may reduce the 

migration/infiltration of FABP7-expressing neural stem-like cancer cells. 

 

1.7.3 Chapter 4 

 Chapters 2 and 3 focus on the effects of FABP7 and its PUFA ligands, especially 

DHA, on membrane remodelling (e.g., phospholipid fatty acid composition, plasma 

membrane lipid order and membrane FABP7 nanodomain formation) and the interplay 

between these factors and cell migration, particular in GBM neural stem-like cells. 

Emerging evidence from other labs highlights the roles of FABP7 in regulating lipid droplet 

storage and mitochondrial fatty acid metabolism. GBM neural stem-like cells (GSCs) 

exhibit distinct metabolic profiles compared to the more differentiated adherent GBM cells, 

including upregulated mitochondria ATP production. In Chapter 4, we investigate possible 

mechanisms for increased mitochondrial activity in GBM neural stem-like cells. We 

identify mitochondrial fatty acid β-oxidation genes (e.g., Cpt1c, ACSL6 and ACSBG1) that 

are upregulated in GBM neural stem-like cells compared to their paired adherent 
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differentiated cells. We report that FABP7 depletion down-regulates both Cpt1c and 

ACSL6 expression, along with a reduction in GBM mitochondrial ATP production. Using 

A4-007N, a highly infiltrative/invasive GBM neurosphere culture characterized by the 

formation of long intertumoral connections (i.e., microtubes), we observed FABP7 

localization at mitochondria, with increased localization to mitochondria when cells were 

cultured in DHA-supplemented medium. Intriguingly, we also found abundant FABP7 

localization in mitochondria located in A4-007N microtubes when cells were cultured 

under neurosphere conditions and in vivo using an orthotopic xenograft mouse model of 

GBM. Depletion of FABP7 in A4-007N cells resulted in loss of microtube formation. We 

propose that FABP7 plays an essential role in regulating GBM mitochondria fatty acid β-

oxidation metabolism and may mediate mitochondria intra-tumoral transfer via GBM 

microtubes. The novel observations presented in Chapter 4 may lead to a better 

understanding of how FABP7 and its ligands can be used to inhibit GBM 

infiltration/invasion.
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Chapter 2.  

 

Super Resolution Microscopy Reveals DHA-dependent 

Alterations in Glioblastoma Membrane Remodelling and Cell 

Migration 

 

 

 

 

A version of chapter 2 has been published as Xia Xu*, Yixiong Wang*, Won-Shik Choi, 

Xuejun Sun, Roseline Godbout. Super resolution microscopy reveals DHA-dependent 

alterations in glioblastoma membrane remodelling and cell migration. Nanoscale, (2021) 

Jun 3;13(21):9706-9722. doi: 10.1039/d1nr02128a. *These authors contributed equally to 

this work. I was involved in all experimental aspects of the study, including study design, 

tissue culture, fatty acid treatments, confocal/super-resolution microscopy and writing the 

manuscript. Dr. Yixiong Wang was responsible for the direct conjugation of FABP7 

antibody, image processing, quantification, statistical analysis and writing the manuscript. 

Dr. Xuejun Sun taught me super-resolution microscopy and supervised this aspect of the 

project. Won-Shik Choi did the western blot. Dr. Roseline Godbout was involved in all 

stages of the project and in writing the manuscript.
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2.1 Introduction 

 GBM is the most common and malignant primary brain cancer. Despite aggressive 

treatment and extensive research, GBM remains one of the most deadly cancers, with 

the majority of patients dying within 15 months of their diagnosis (Wen and Kesari, 2008). 

The highly infiltrative/invasive properties of GBM and treatment-resistant cancer stem 

cells are believed to be responsible for the high recurrence rates observed after radiation 

treatment and chemotherapy (Vehlow and Cordes, 2013). Brain fatty acid binding protein 

(B-FABP or FABP7) is normally expressed in neural stem cells during development (Feng 

et al., 1994; Kurtz et al., 1994). FABP7 is also expressed in GBM stemlike cells and is 

preferentially found at the infiltrative edges of GBM tumors (De Rosa et al., 2012; Mita et 

al., 2007; Morihiro et al., 2013). FABP7, whose preferred ligands are polyunsaturated 

fatty acids (PUFAs), has previously been shown to localize to the nucleus of GBM cells 

where its expression is associated with epidermal growth factor receptor (EGFR) (Kaloshi 

et al., 2007) and the transfer of PUFAs to transcription factors such as peroxisome 

proliferator associated receptors (PPARs) (Adida and Spener, 2006). However, FABP7 

is also found in the cytoplasm and plasma membrane of GBM cells (Mita et al., 2010; Mita 

et al., 2007). 

 The main components of the plasma membrane are phospholipids (van Meer et 

al., 2008). The plasma membrane order refers to physical phase segregation of 

phospholipid bilayers, with the liquid-ordered (Lo) phase co-existing with the liquid-

disordered (Ld) phase (Sezgin et al., 2017)  . The ordered lipid domain (Lo phase), also 

referred to as tightly packed membrane nanodomains, is characterized by clustering of 
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membrane proteins and lipids, including sphingolipids, cholesterol and saturated 

phospholipids. However, the presence of unsaturated phospholipids impairs lipid packing, 

resulting in a lower state of lipid order (Ld phase) (Sezgin et al., 2017). In addition to lipid 

composition, plasma membrane order is also determined by actin cytoskeletal activity 

(Gomez-Llobregat et al., 2013). GBM cell migration is accompanied by protrusion and 

retraction of cell membranes, processes that require cytoskeleton remodelling (Prahl et 

al., 2018). Interestingly, FABP7 co-localizes with actin at the edge of lamellipodial 

protrusions in FABP7-expressing GBM cells (Mita et al., 2007). These results, combined 

with the fact that polyunsaturated fatty acids (PUFAs) are the preferred ligands of FABP7, 

suggest that FABP7’s role in promoting GBM cell migration is related to plasma 

membrane order. Relevant to our study, Laurdan (6-dodecanoyl-2-

dimethylaminonaphthalene), a lipid phase sensitive fluorescent probe (Owen et al., 2011), 

reveals increased plasma membrane order resulting from increased lipid saturation in 

GBM cells (Bi et al., 2019). 

 Lipid-mediated protein membrane nanodomain formation is responsible for 

alterations in plasma membrane lipid order (Gomez-Llobregat et al., 2013). However, the 

mechanism behind these changes remained poorly understood until the emergence of 

super-resolution microscopy. Super-resolution microscopy, including direct stochastic 

optical reconstruction microscopy (dSTORM), photoactivated localization microscopy 

(PALM) (Sengupta et al., 2011) and stimulated emission depletion microscopy (STED), 

have allowed visualization and quantification of membrane protein distribution in the 

nanoscale (Sezgin, 2017). In recent years, several membrane lipid-anchored proteins 

have been reported to form nanoscale domains, including PKCα, Ras and Rac1, which 
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play essential roles in membrane protein-initiated signalling pathways (i.e., Ca2+-

dependent signalling, Ras-driven proliferation pathway and Rac1 cell migration pathway, 

respectively) (Bonny et al., 2016; Nan et al., 2015; Remorino et al., 2017). As super-

resolution microscopy overcomes the limitation of conventional optical microscopes, it 

allows direct visualization of membrane-anchored cytoskeletal protein nanodomains 

which is essential to our understanding of the mechanism underlying cell migration 

(Garcia-Parajo et al., 2014; Remorino et al., 2017). 

 Similar to brain, GBM tumors are rich in PUFAs, including ω-6 arachidonic acid 

(AA) and ω-3 docosahexaenoic acid (DHA) (Martin et al., 1996). As both AA and DHA 

are highly hydrophobic molecules, their transport within GBM cells relies on fatty acid 

transport proteins, such as FABP7 (Elsherbiny et al., 2013). DHA, a preferred ligand of 

FABP7, attenuates KRas-driven proliferation in colon cancer cells by altering KRas 

protein membrane nanodomain formation (Fuentes et al., 2018b). FABPs have been 

shown to increase the uptake of fatty acids from the cellular microenvironment (Furuhashi 

and Hotamisligil, 2008). FABP7’s affinity for DHA and AA (Balendiran et al., 2000; Xu et 

al., 1996), combined with its localization at the plasma membrane, cytoplasm and nucleus 

(Mita et al., 2010; Mita et al., 2007), suggest a role for FABP7 in both the uptake of DHA 

and AA from the microenvironment and its subsequent intracellular distribution. In 

agreement with this, using Nuclear Magnetic Resonance (NMR) and Electron Spin 

Resonance (ESR), FABP7 was found to undergo a conformational alteration upon binding 

to fatty acid ligands, resulting in its dissociation from biomimetic model membranes 

(Cheng et al., 2019; Dyszy et al., 2013). Our previous work has shown that DHA inhibits 

GBM cell migration in a FABP7-dependent manner (Mita et al., 2010). With its 6 
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unsaturated bonds and very long carbon chain (Stillwell and Wassall, 2003), DHA’s 

inhibitory effect on GBM cell migration may be a direct consequence of its increased 

FABP7-dependent uptake and incorporation into plasma membrane phospholipids, 

thereby altering plasma membrane lipid order. 

 In this study, we use quantitative plasma membrane lipid order imaging to 

demonstrate an association between FABP7 expression in GBM cells and the formation 

of highly ordered plasma membrane lipid domains. We further show that increased 

plasma membrane lipid order correlates with increased GBM cell migration. DHA 

supplementation in culture medium has a dramatic effect on the plasma membrane lipid 

order of FABP7-expressing, but not non-FABP7-expressing, GBM cells. FABP7 imaging 

using super-resolution microscopy indicates that FABP7 forms nanodomains on the 

membranes of both established GBM cell lines and patient-derived GBM stem-like cells. 

DHA supplementation inhibits cell migration and disrupts these FABP7 nanodomains. 

This is in contrast to AA and saturated stearic acid (SA) which have no effect on FABP7 

nanodomains. Our results suggest that DHA inhibits GBM cell migration by decreasing 

membrane lipid order and disrupting FABP7 nanodomains.
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2.2 Materials and methods  

2.2.1 Cell lines and transfections 

 The established human GBM cell lines have been previously described (Brun et 

al., 2018; Mita et al., 2010). GBM cells (e.g., U251, M049, T98 and A172) were cultured 

in Dulbecco’s modification of Eagle’s minimum essential medium (DMEM) supplemented 

with 10% fetal calf serum (FCS). Clonal populations of U87 cells stably transfected with 

pREP4 vector (U87-Control or U87C) or a pREP4-FABP7 expression construct (U87B or 

U87-FABP7) have previously been described (Mita et al., 2007). Patient-derived GBM 

neurosphere cultures (A4-004N) were prepared by enzymatic and mechanical 

dissociation of GBM tissues and plating the cells in DMEM/F12 medium supplemented 

with B-27 (Life Technologies, Carlsbad, CA, USA), epidermal growth factor (EGF), and 

fibroblast growth factor (FGF). ED501 GBM neurosphere (ED501N) cultures were 

obtained from Drs. Hua Chen and Kenneth Petruk, University of Alberta. GBM tissues 

from patients were consented prior to surgery under Health Research Ethics Board of 

Alberta Cancer Committee Protocol #HREBACC-14-0070. 

 

2.2.2 Fatty acid preparation and treatment 

 Fatty acids (DHA and AA) (Sigma) were dissolved in ethanol, then complexed to 

BSA (Sigma) over a steady stream of nitrogen gas and stored at −80 °C under reducing 

conditions. Both GBM neurosphere cultures and GBM adherent cells were maintained at 

37 °C in a humidified 5% CO2 atmosphere. For fatty acid supplementation, cells (at 60-

70% confluency) were cultured under serum-free conditions and supplemented with BSA 
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(vehicle control), 30 μM or 60 μM DHA, AA, or SA in their regular growth medium 

(neurosphere medium for A4-004N and ED501N and DMEM for U251) for 24 hours. 

 

2.2.3 shRNA knockdown and siRNA knockdown 

 Lentivirus shRNA packaging plasmids and control plasmids were purchased from 

Sigma. The two lentivirus FABP7 shRNA constructs used for our experiments were 

obtained from the University of Alberta RNAi Core Facility, with the following shRNA 

sequences: CCGGGAAACTGTAAGTCTGTTGTTACTCGAGTAACAACAGACTTACAG-

TTTCTTTTTG (shFABP7-1) and CCGGGTGACCAAACCAACGGTAATTCTCGAGAA-

TTACCGTTGGTTTGGTCACTTTTTG (shFABP7-2). Control vector was MISSION 

pLKO.1 (Sigma-Aldrich, SHC002). For virus production, lentiviral plasmids were 

transfected into HEK293T cells along with lentivirus packaging vectors (Sigma Mission), 

and virus-containing supernatant was collected 48 hours after transfection. U251 GBM 

cells were infected with lentivirus overnight and medium was changed after infection. 

Infected cells were selected in 1 μg mL−1 puromycin. GBM neurosphere cultures (ED501N) 

were transfected with 10 nM scrambled siRNA (control) or FABP7 siRNAs (5′-

CAAACCAACGGUAAUUAUCAGUCAA-3′ (NM_001446_stealth_405) and 5′-GCUUU-

CUGUGCUACCUGGAAGCUGA-3′ (NM_001446_stealth_304) (Invitrogen) using 

LipofectamineTM RNAiMAX (Invitrogen). siRNA-transfected cells used for the Laurdan 

assay were seeded onto coverslips 48 hours post-transfection. 
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2.2.4 Western blot analysis 

 Whole cell lysates were prepared as previously described (Liu et al., 2020b). 

Lysates (50 μg per lane) were separated by sodium dodecyl sulfate-polyacrylamide gel 

electrophoresis (SDS-PAGE) and transferred to nitrocellulose membranes. Membranes 

were immunoblotted with rabbit anti-FABP7 (prepared in-house; 1:1000) (Mita et al., 2007) 

and mouse anti-GAPDH (Thermo Fisher Scientific; 1:1000) antibodies, followed by anti-

rabbit or anti-mouse secondary antibodies (Invitrogen, 1:50000). 

 

2.2.5 Quantitative analysis of cell membrane lipid order using Laurdan 

 Quantification imaging of GBM cell membrane lipid order was carried out using the 

Laurdan dye (Thermo Fisher Scientific) as described previously (Owen et al., 2011). GBM 

cells were plated on coverslips in 24-well dishes and cultured to ~70% confluency. The 

Laurdan dye was diluted in serum free DMEM medium to a final concentration of 5 μM. 

Live cells were washed with 1×PBS and stained with 5 μM Laurdan dye in a humidified 

incubator (37 °C with 5% CO2) for 30 minutes. Laurdan-stained cells were then fixed in 

4% paraformaldehyde (PFA) for 10 minutes. For co-immunofluorescence of FABP7 and 

Laurdan dye, fixed cells were labelled with anti-FABP7 antibody (Santa Cruz, 1:400, sc-

374588) and anti-mouse Alexa 647 secondary antibody (1:400, Invitrogen). 

 Images were acquired with a Zeiss LSM 710 confocal microscope (excitation at 

405 nm; emission at 400–460 nm for ordered phase imaging and 470–530 nm for 

disordered phase imaging) with a 40×/1.3 oil-immersion objective as described previously 

(Owen et al., 2011). For co-immunofluorescence of FABP7 and Laurdan dye, a Zeiss 
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confocal 40×/1.3 oil objective and a Leica confocal 100×/1.40 oil objective were used. 

Liquid-ordered and liquid-disordered phase images were acquired and analyzed using 

ImageJ software following published guidelines (Owen et al., 2011). Merged mean 

intensity and rainbow RGB pseudo-colored generalized polarization (GP) images are 

shown. GP values of 8‒10 images (total of 30‒40 cells analyzed) were quantified from 

GP images for generation of GP scatter plot histograms using GraphPad Prism 8 software 

(GraphPad Software, Inc. San Diego, CA, USA). Statistical analyses for the Laurdan 

assay are presented using the merged mean GP values for each image. 

 

2.2.5 Immunofluorescence assay 

 For co-immunofluorescence analysis of FABP7 and cell membrane dye wheat 

germ agglutinin (WGA) Texas Red™, the WGA dye was diluted to 5 μg mL−1 using Hank’s 

balanced salt solution (HBSS). GBM cells adhering to coverslips were incubated in WGA 

dye for 15 minutes at 37 °C. Labelled cells were washed two times with HBSS, then fixed 

with 4% paraformaldehyde (PFA) for 10 minutes at room temperature, followed by 

immunostaining with anti-FABP7 antibody (Santa Cruz, 1:400, sc-374588) and anti-

mouse Alexa 488 secondary antibody (1:400, Invitrogen). 

 To enhance the FABP7 cell membrane nanoscale domain immunofluorescence 

signal for super-resolution microscopy imaging, we used glyoxal to fix cells along with 

fluorophore-conjugated primary antibody, as described (Richter et al., 2018). Cells were 

cultured on high performance coverslips (D = 0.17 mm ± 0.005 mm, Carl Zeiss) for 

analysis using the STED microscope. The coverslips were coated with laminin (50 μg 
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mL−1, Sigma- Aldrich) to improve attachment of cells cultured under neurosphere 

conditions (Rahman et al., 2015). GBM cells were fixed in 3% glyoxal pH 4 (Sigma-Aldrich) 

for 30 minutes on ice, followed by 30 minutes at room temperature. Fixation was then 

quenched with 100 mM NH4Cl for 20 minutes, and cells were blocked with 2.5% BSA in 

1× PBS for 15 minutes. Cells were then incubated with Atto 550-conjugated affinity-

purified rabbit primary anti-FABP7 antibody (1:20; conjugation was with the Atto 550 

Protein Labeling Kit from Sigma-Aldrich) or Alexa 546-conjugated primary anti-FABP7 

antibody (1:20; Santa Cruz, sc-374588) for 60 minutes. For EGFR detection, U251 cells 

were immunostained with anti-EGFR antibody (Cell signalling, 1:400, #4267) and anti-

rabbit Alexa 555 secondary antibody (1:400, Invitrogen). Cells were washed in high-salt 

PBS (500 mM NaCl), then 1× PBS, and embedded in Prolong Diamond Antifade 

Mountant (Thermo Fisher Scientific). The cells were imaged using a STED microscope. 

 For co-staining of FABP7 and mitochondria, live cells were stained with 200 nM 

MitoTracker® Deep Red FM (Thermo Fisher Scientific) for 30 minutes at 37 °C, followed 

by 4% PFA or 3% glyoxal pH 4 fixation and quenching with 100 Mm NH4Cl as described 

(Richter et al., 2018). Cells were permeabilized in 2.5% BSA and 0.1% Triton-X 100 in 1× 

PBS for 15 minutes and labelled with Atto 550-conjugated primary anti-FABP7 antibody 

(1:100, conjugation was with the Atto 550 Protein Labeling Kit from Sigma-Aldrich) for 60 

minutes for dual-color STED microscopy imaging or Zeiss confocal microscopy imaging. 

For quantitative analysis upon BSA control/DHA treatment, raw images (n = 15, 70–80 

cells) were acquired using a Zeiss LSM 710 confocal microscope with a 40×/1.3 oil-

immersion objective. The average mitochondrial FABP7 intensity of each image and 

quantitative analysis were carried out using ImageJ software. 



64 

 

 

2.2.6 STED microscopy imaging and data analysis 

 A Leica TCS SP8 Falcon STED microscope was used for our experiments. The 

inverted microscope was operated with a 100×/1.40 oil objective (HC Plan APO CS2). 

Quantitative imaging was achieved using Leica HyD detectors HyD 562 nm–648 nm and 

HyD 660 nm–768 nm. For single-color STED imaging, a laser wavelength of 557 nm was 

used for excitation of the Atto 550 or Alexa 546-conjugated primary anti-FABP7 

antibodies and the depletion laser was set at a wavelength of 660 nm. For dual-color 

STED imaging (FABP7 co-stained with MitoTracker® Deep Red), MitoTracker® Deep 

Red images were scanned first (excitation laser wavelength 660 nm, depletion laser 

wavelength 775 nm), followed by acquisition of FABP7 images with Atto 550-conjugated 

primary anti-FABP7 antibody (excitation laser wavelength 557 nm, depletion laser 

wavelength 660 nm). Images with a pixel size set to 23.75 nm were scanned at 100 Hz. 

For each image data set, a 100 nm Z-stack (at 20 nm intervals) was collected and 

processed with the LAS X Lightning package for deconvolution to reduce out-of-focus 

signal and to enhance the signal-to-noise ratio of the final images. 

 ImageJ software was used for quantitative analysis of FABP7 cell membrane 

nanoscale domain size, density, intensity, shape, and inter-domain distance. For intensity 

statistics, maximum intensity projections of the deconvolved images were exported to 

ImageJ software. Thirty to forty images of 100 pixels × 100 pixels were randomly selected 

from each image and exported to ImageJ. The pixel intensity of the images had a range 

of 0–255 (pixel intensity) and the number of pixels at each intensity level was counted. 
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The intensity of each STED image is represented by the average pixel count at each 

intensity level. Ten images from each of 3 independent experiments were analyzed.  

 For nanoscale domain size quantification, the maximum intensity projections of the 

deconvolved images were exported and thresholded for particle analysis. A threshold was 

established for each cell line based on the most accurate representation of the 

immunostained images. The threshold established for each cell line was used for all 

treatment conditions. Images were saved and processed with ImageJ software. The 

Nearest Neighbour Distance (NND) ImageJ plugin script was used for inter-domain 

distance calculation (Mao, 2016). Statistical analyses for inter-domain distance and 

nanodomain density are presented using the average mean values of each image for 

comparison. ImageJ particle analyzer was used for nanoscale domain distribution and 

shape analysis (an area with more than 2 pixel2 was counted as a particle). Frequencies 

with different interdomain distance and size were summarized. Both circularity and solidity 

of the nanodomains measured with ImageJ particle analyzer are based on differences in 

nanodomain shape. Circularity is defined as the degree to which the particle is similar to 

a circle (ranges from 0 to 1, with 1 indicating a perfect circle). Solidity measures overall 

concavity of a particle (ranges from 0 to 1, with 1 indicating a solid particle with regular 

boundary). The average particle circularity and solidity values for each image were used 

for comparison.  
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2.2.7 Transwell and scratch assays for isolating migratory GBM cells 

 We used a previously published method to isolate migratory GBM cells (Adamski 

et al., 2017). Briefly, GBM cells were trypsinized and counted (Coulter Counter). Twenty-

five thousand cells in serum-free DMEM (U251 cells) or in DMEM/F12/B-27/EGF/FGF 

(A4-004N cells) were seeded in Transwell inserts (pore size: 8 μm; Falcon Cell Culture 

Inserts) placed in a 24-well plate. Cells were allowed to migrate through the Transwell 

membrane towards the bottom reservoir containing DMEM or DMEM/F12/B-27/ 

EGF/FGF supplemented with 10% FCS. Cells that remained in the top chamber after 20 

hours were considered to be nonmigratory, whereas cells that had migrated across the 

membrane were considered to be migratory. Non-migratory and migratory cells were 

removed from two different reservoirs, using a Q-tip to discard the migratory and non-

migratory cells, respectively. The remaining cells (top chamber in one case and bottom 

chamber in the other case) were stained with Laurdan dye and fixed with 4% PFA for 

quantitative membrane lipid order staining as described above. Transwell membranes 

(top membranes for non-migratory cells and bottom membranes for migratory cells) were 

released from the inserts using a scalpel. Released membranes were mounted onto glass 

slides and covered with coverslips for imaging.  

 The scratch assay (Liang et al., 2007) was used to study FABP7 plasma 

membrane nanoscale domain formation in GBM migratory cells versus non-migratory 

cells. Previous work from other labs has shown that cells that migrate away from the 

scratch margin into the cell-free scratch zones are migratory, whereas cells found farthest 

from the scratch margins are non-migratory (Yang et al., 2012). FABP7 

immunofluorescence analysis was carried out using STED microscopy. U251, ED501N 
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and A4-004N cells were cultured on high performance laminin-coated cover glasses (D = 

0.17 mm ± 0.005 mm, Carl Zeiss) until they reached 70%–80% confluence. A top-to-

bottom scratch was introduced in the middle of the coverslip with a P20 pipet tip, and cells 

were incubated for an additional 24 hours. Cells were washed with 1× PBS and fixed in 

glyoxal using the immunostaining method described in above. For FABP7 membrane 

nanoscale domain analysis, images of cells in the migratory zones and non-migratory 

zones were collected using a Leica TCS SP8-gated STED microscope. Quantitative data 

analysis was as described above. 

 

2.2.8 Statistical analysis 

 Two-tailed unpaired t-test was used to assess the significance of differences 

between two experimental groups. If more than two experimental groups are present in a 

graph, either multiple t-test with Holm-Sidak method (alpha = 0.05) or one-way ANOVA 

with Dunnett multiple comparisons test was used to evaluate the statistical significance 

depending on the experimental design. The exact statistical methods used for each 

experiment is indicated in the figure legends. Prism 8 (GraphPad Software, Inc. San 

Diego, CA, USA) was used for statistical analysis of data. A p-value or adjusted p-value 

of <0.05 was considered significantly different. All experiments were done in triplicate 

(technical replicates) and were repeated at least three times (biological replicates). All 

imaging data analysis was based on an average of eight to ten images for each 

experiment.
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2.3 Results 

2.3.1 FABP7 expression increases GBM cell membrane lipid order 

 We have previously reported correlation between FABP7 expression and 

increased migration in GBM cells (Mita et al., 2007). Others have shown that the leading 

edge of migrating cells has high membrane order regions based on quantitative 

membrane lipid order analysis (Aranda et al., 2011; Golfetto et al., 2013). To examine the 

lipid packing state, an indication of hydration level, in GBM cell membrane phospholipids, 

we used the Laurdan dye. Ratiometrically measured alterations in membrane-bound 

Laurdan dye intensity at two different spectral channels (liquid-ordered (Lo) channel and 

liquid-disordered (Ld channel)), represented by the generalized polarization (GP) value, 

was used to quantitate plasma membrane lipid order (Owen et al., 2011). We first 

examined the effect of FABP7 expression on GBM membrane lipid order. For these 

experiments, we used our previously described U87 stable transfectants (Mita et al., 2007) 

(U87-Control and U87-FABP7 cell lines) (Figure 2.1A). The GP distribution obtained for 

each cell line is represented as pseudo-colored images, normalized histograms and 

average GP index values. Our results show that U87-FABP7 cells have a higher plasma 

membrane order (right shifting of GP histograms and higher GP index values) compared 

to U87-Control cells (Figure 2.1B-D). These results indicate that FABP7 expression 

promotes highly ordered/rigid plasma membrane formation in GBM cells. 

 We also carried out Laurdan experiments with U251 control cells (U251-shControl) 

which naturally express FABP7 and U251 cells depleted of FABP7 using lentiviral shRNA 

constructs (U251-shFABP7) (Figure 2.1A). Consistent with our U87 data, FABP7-



69 

 

depleted U251 cells (U251-shFABP7-2) have a lower plasma membrane order (left 

shifting of GP histograms and lower GP index values) compared to U251-Control cells 

(Figure 2.1B-D). No significant effect was observed with U251-shFABP7-1, in keeping 

with the lower FABP7 knockdown efficiency observed in these cells.  

 Patient derived GBM cells cultured under conditions that promote the growth of 

cells with neural-stem like properties express high levels of FABP7 (Morihiro et al., 2013). 

When we repeated our Laurdan experiments with FABP7-expressing patient-derived 

ED501N GBM neurosphere cells, we observed similar results as with our U87 and U251 

cell lines, with ED501N siControl cells showing a higher plasma membrane order 

compared to FABP7-depleted ED501N cells (both ED501N siFABP7-1 and siFABP7-2) 

(Figure 2.1B-D). These combined results are particularly noteworthy in the context of 

FABP7 localization to cell protrusions in migratory cells and suggest a link between 

FABP7- induced ordered plasma membrane and GBM cell migration. 
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Figure 2.1 FABP7 increases membrane lipid order in GBM cells and neurosphere 

cultures. 

(A) Western blot analysis showing FABP7 expression in stable U87-Control and U87-

FABP7 transfected cells, stable U251-shControl and U251-shFABP7-1 & U251-

shFABP7-2 transfected cells, and transient ED501N control and siFABP7-1 and 

siFABP7-2 transfected cells. (B) Laurdan imaging analysis of membrane lipid order in 

U87 and U251 stable transfectants, and ED501N transient transfectants. Representative 
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merged pseudo-colored GP images are shown, with color range indicated by the color 

bar. Purple-red colors (arrows point to plasma membrane) indicate high membrane order 

and lower fluidity, whereas green-blue colors indicate low membrane order and increased 

fluidity. Scale bars = 20 μm. (C) Distribution of the GP index values in GBM cells 

described in A and B. The histograms for U87-FABP7 cells are shifted to the right (higher 

GP value) compared to U87-Control cells. FABP7-depleted U251 and ED501N cells are 

shifted to the left (lower GP value). (D) Average GP index values in GBM cells were 

calculated from several images including the ones shown in panel B (n = 7–10). Statistical 

analysis of U87 was performed using the two-tailed unpaired t-test. Statistical analysis of 

U251 and ED501N was performed with one-way ANOVA and Dunnett multiple 

comparisons test. Center line, median; box limits, 25th and 75th percentiles; whiskers, 

minimum to maximum with all points shown. ** indicates p < 0.01, *** indicates p < 0.001, 

**** indicates p < 0.0001, and ns indicates p > 0.05. GP, generalized polarization.
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2.3.2 Migratory GBM cells have higher membrane lipid order 

 A previous study using the Laurdan assay showed an association between cell 

migration in HeLa cells and membrane lipid order (Aranda et al., 2011). To address 

whether this also applies to GBM cells, we used Transwell inserts to separate migratory 

cells from non-migratory cells using FABP7-expressing U251 and A4-004N cells. Of note, 

migratory GBM cells have already been shown to express high levels of GBM neural stem 

cell-like markers compared to their non-migratory counterparts (Adamski et al., 2017). 

 Cells (25 000 per well) were seeded in Transwell inserts and allowed to migrate 

across the porous membrane towards the bottom reservoir containing 10% FCS over a 

period of 20 hours. After removal of either the non-migratory (retained on top of the 

membrane) or migratory cells (located at the bottom of the membrane) from duplicate 

inserts, the remaining cells (bottom membrane representing migratory cells in one case 

and top membrane representing non-migratory cells in the other case) were stained with 

the Laurdan dye. Our results indicate that migratory GBM cells have a higher plasma 

membrane order (higher GP value) compared to non-migratory cells. This was observed 

for both U251 and A4-004N cells (Figure 2.2A-C). Increased migration therefore 

positively correlates with a more rigid and less fluid plasma membrane in FABP7- 

expressing GBM cells. 
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Figure 2.2 Migratory GBM cells have a higher membrane order. 

Laurdan imaging analysis of membrane lipid order in migratory U251 and A4- 004N cells 

(bottom of Transwell inserts) and their non-migratory counterparts (top of Transwell 

inserts). (A) Representative merged pseudo-colored GP images are shown, with the color 

range indicated by the color bar. Scale bars = 20 μm. (B) Distribution of GP index values 
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in GBM cells described in panel A. The histograms of migratory U251 and A4-004N cells 

are shifted to the right (higher GP value), whereas their non-migratory counterparts are 

shifted to the left (lower GP value). (C) Average GP index values in migratory and non-

migratory GBM cells were calculated from several images including the ones shown in 

panel a (n = 6). Statistical analysis was performed using the two-tailed unpaired t-test. 

Center line, median; box limits, 25th and 75th percentiles; whiskers, minimum to 

maximum with all points shown. ** indicates p < 0.01. GP, generalized polarization. 

 

2.3.3 DHA decreases membrane lipid order in FABP7-expressing GBM cells 

 A defining property of membrane liquid-ordered domains is their tight packing of 

lipids which is usually associated with high levels of tightly-stacking saturated fatty acids 

and cholesterol (Sezgin et al., 2017).  In contrast, fatty acids with multiple double bonds 

reduce the tight interaction between phospholipid tails, thereby increasing the fluidity of 

the plasma membrane. Thus, the fatty acid composition of plasma membrane 

phospholipids can dramatically alter cell membrane order/fluidity as well as membrane-

localized growth factor receptor activity and signal transduction (Bi et al., 2019). 

 We have already shown that DHA inhibits GBM migration in a FABP7-dependent 

manner (Mita et al., 2010). Furthermore, DHA is rapidly incorporated into cell membrane 

phospholipid bilayers in DHA-supplemented cells, thereby disrupting saturated 

lipids/cholesterol-dependent lipid domains (Wassall and Stillwell, 2009). In light of 

FABP7’s affinity for DHA and likely role in DHA uptake from the extracellular 

microenvironment, we examined the impact of FABP7 on DHA-mediated changes in 
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membrane lipid order. For these experiments, we used the following pairs of established 

GBM cell lines: U251-shControl and U251-shFABP7; U87-Control and U87-FABP7. Cells 

were cultured in 60 μM DHA for 24 hours and stained with the Laurdan dye. DHA 

supplementation decreased membrane lipid order (i.e., reduced membrane GP index 

value) in FABP7-expressing GBM cells (U251-shControl and U87-FABP7); however, little 

effect on lipid order was observed in FABP7-depleted and negative cells (U251-

shFABP7-2 and U87-Control) (Figure 2.3A–C). 

 To further document the role of FABP7 in DHA-mediated changes in GBM 

membrane lipid order, we carried out the Laurdan assay on additional established GBM 

cell lines (unmanipulated FABP7-expressing U251 and M049; unmanipulated FABP7-

negative T98 and A172) as well as patient-derived FABP7-expressing neurosphere 

cultures (ED501N and A4-004N, both of which naturally express high levels of FABP7). 

Similar to what was observed in our paired U87 and U251 cell lines, DHA supplementation 

significantly decreased membrane lipid order (i.e., decreased GP index value) over the 

entire cell membrane and abolished high-GP regions in all FABP7-expressing GBM cell 

lines/neurosphere cultures, but had little effect on FABP7-negative GBM cells (Figure 

S2.1A–C). Thus, our results support a role for FABP7 in increasing the incorporation of 

DHA in membrane phospholipids, thereby disrupting GBM plasma membrane rigidity and 

ability to migrate. 

 Like DHA, AA is a PUFA, but with only four double bonds compared to DHA’s six 

double bonds. As FABP7 can also bind AA, albeit with lesser affinity than DHA, and AA 

is generally associated with pro-tumorigenic properties, we were particularly interested in 

whether AA can also alter GBM plasma membrane lipid order. For these experiments, we 
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analysed FABP7-expressing U251 cells cultured in 60 μM AA, compared to BSA control 

or 60 μM DHA. In contrast to DHA supplementation, AA supplementation had no effect 

on membrane GP values in GBM cells, generating results similar to BSA control cells 

(Figure S2.2A-C). 
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Figure 2.3 DHA decreases membrane lipid order in FABP7-expressing GBM cells. 

(A) Laurdan imaging analysis of membrane lipid order in U87 and U251 stable 

transfectants (U87-Control & U87-FABP7, U251-shControl & U251-shFABP7) treated 

with BSA control or 60 μM DHA for 24 hours. Representative merged pseudo-colored GP 

images are shown, with color range indicated by the color bar. Scale bars = 20 μm. (B) 

Histograms of FABP7-expressing GBM cells (U87-FABP7 and U251-shControl) are 

shifted to the left (lower GP value) upon DHA treatment, whereas histograms of FABP7-

depleted GBM cells (U87-Control and U251-shFABP7) show no shift upon DHA treatment. 

(C) Average GP index values were calculated from several images including the ones 

shown in panel A (n = 6–10). Statistical analysis was performed with multiple t-test using 

the Holm-Sidak method, with alpha = 0.05. Center line, median; box limits, 25th and 75th 

percentiles; whiskers, minimum to maximum with all points shown. * indicates p < 0.05, 

** indicates p < 0.001, **** indicates p < 0.0001, and ns indicates p > 0.05. GP, 

generalized polarization. 

 

2.3.4 FABP7 localizes to the highly ordered lipid regions of GBM plasma membrane 

 FABP7 co-localizes with actin at the leading edge of GBM cells cultured in AA-rich 

medium, suggesting a role for FABP7 in cell migration (Mita et al., 2007). Unliganded 

FABP7 has been shown to directly associate with the plasma membrane (Cheng et al., 

2019; Dyszy et al., 2013). Once bound by fatty acids, FABP7 dissociates from the plasma 

membrane, presumably to take its cargo inside the cell (Cheng et al., 2019; Dyszy et al., 

2013). We therefore used the Texas Red-conjugated Wheat Germ Agglutinin (WGA) 
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membrane marker to investigate whether FABP7 is located at the plasma membrane. Co-

staining U251 cells with WGA-Texas Red and anti-FABP7 antibody revealed FABP7 at 

the leading edge of membrane protrusions (filopodia and lamellipodia; indicated by 

arrows). As well, FABP7 was observed in the cytoplasm, nucleus and perinuclear region 

(Figure 2.4A).  

 Actin accumulation at cell membrane protrusions is tightly associated with 

membrane bound protein distribution, and activation of cytoskeleton remodelling proteins 

as well as cell signaling pathways (Mattila et al., 2016). The Laurdan assay has already 

been used to confirm that cytoskeleton remodelling proteins preferentially localize to 

highly ordered membrane regions with a high GP value in cancer cells (Aranda et al., 

2011; Chichili and Rodgers, 2009). To pursue the relationship between FABP7 located at 

the leading edge of membrane protrusions and membrane order, we stained U251 cells 

with anti-FABP7 antibody and the Laurdan dye. Confocal images show that FABP7 

accumulates at highly ordered plasma membrane regions (with a high GP values) (Figure 

2.4B). 
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Figure 2.4 FABP7 localizes to highly ordered regions of GBM plasma membrane. 

(A) U251 cells were co-stained with anti-FABP7 antibody (detected with Alexa 488 anti-

mouse secondary antibody) and plasma membrane marker WGA-Texas Red. Arrows 

point to plasma membrane regions. Scale bar = 20 μm. (B) U251 cells were co-stained 

with anti-FABP7 antibody (detected with Alexa 647 anti-mouse secondary antibody) and 

Laurdan dye. Images were taken using either a Zeiss confocal microscope (40× oil lens) 

or a Leica confocal microscope (100× oil lens). Representative merged pseudo-colored 

GP images are shown for the Laurdan assay. The color range is indicated by the color 

bar. Arrows point to FABP7 located at highly ordered plasma membrane regions. Scale 

bars = 10 μm. 
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2.3.5 FABP7 forms membrane nanoscale domains in GBM cells 

 Membrane liquid-ordered domains are believed to be nanoscale domains (<200 

nm), thus conventional optical microscopy cannot be used to directly investigate 

nanoscale domain structures because of the limit of its resolution (∼250 nm) (Sezgin et 

al., 2017). To overcome this limitation, several super-resolution optical tools have been 

developed to address membrane lipid-mediated protein nanoscale organization (Sezgin, 

2017). Using these new tools, actin cytoskeleton protein (i.e., Rac1) has been shown to 

form nanoscale domains at the plasma membrane in migrating cells (Maxwell et al., 2018; 

Remorino et al., 2017).  

 To address the nanoscale distribution of membrane-localized FABP7, we used 

STED super-resolution microscopy in conjunction with fluorophore-conjugated antibodies 

which allows a spatial resolution of 30–60 nm with deconvolution. U251 cells were 

cultured on high-performance coverslips, and immunostained with Atto 550- or Alexa 546-

conjugated primary anti-FABP7 antibodies. The localization of FABP7 on the basal 

surface (closest to the coverslip) of cell membrane protrusions was examined by Z-stack 

scanning (∼100 nm stack thickness) with deconvolution. Our results indicate that FABP7 

forms nanoscale domains on the plasma membrane in the submicron range (with 

diameters ranging from 50–150 nm) (Figure S2.3). 

 

2.3.6 DHA disrupts FABP7 nanoscale domain formation in GBM cell membrane 

 DHA supplementation affects membrane-associated protein organization and 

downstream signaling pathways based on super-resolution microscopy. For example, 
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DHA has been shown to alter KRas and neurotrophin receptor TrkB nanoscale 

distribution by re-arranging or disrupting membrane protein nanoscale domains (Angelov 

and Angelova, 2017; Fuentes et al., 2018b).When FABP7 binds to its preferred ligand 

DHA (Balendiran et al., 2000; Xu et al., 1996), it undergoes a conformational change that 

causes it to dissociate from the plasma membrane (Cheng et al., 2019; Dyszy et al., 2013). 

We were therefore interested in investigating the effect of DHA on the nanoscale domain 

properties of membrane FABP7, including size, density, inter-domain distance, intensity 

and shape.  

 FABP7-expressing U251, ED501N and A4-004N cells were cultured in 60 μM 

(U251 cells) or 30 μM (ED501N and A4-004N neurosphere cultures) DHA, AA or 

saturated stearic acid (SA) for 24 hours, with BSA serving as the fatty acid treatment 

control. Our results revealed reduced FABP7 nanoscale domain formation when the three 

cell lines were cultured in DHA-supplemented medium compared to BSA-, AA- or SA-

supplemented medium (Figure 2.5A). The sizes of the majority of FABP7 nanoscale 

domains ranged from 0.01–0.015 μm2 (100 nm in diameter) when cells were cultured in 

their normal (non fatty acid-supplemented) growth medium (DMEM for U251 cells and 

DMEM/F12/B-27/EGF/FGF neurosphere medium for ED501N and A4-004N). However, 

upon DHA supplementation, a decrease in membrane FABP7 nanoscale domain size 

was observed in all three GBM cell lines compared to BSA control. While AA- and SA- 

supplementation also resulted in a decrease in FABP7 nanodomain size in U251 cells, 

this decrease was of much lower magnitude compared to that observed with DHA 

supplementation (Figure 2.5B).  
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 In addition to a reduction in size, we observed a significant reduction in the average 

density of membrane FABP7 nanoscale domains upon DHA supplementation (6-fold 

decrease in U251 cells, 10-fold decrease in both ED501N and A4-004N) (Figure 2.5C). 

To gain more insight into the spatial distribution of membrane FABP7, we calculated the 

distance between nearest nanoscale domains using a nearest neighbour distance (NND) 

analysis algorithm. The overall FABP7 interdomain distance distribution (Figure 2.4A) 

and the average interdomain distance (Figure 2.5D) were significantly increased in DHA-

supplemented U251, ED501N and A4-004N cells compared BSA-supplemented cells. 

Quantitative analyses revealed a >2-fold increase in the average interdomain distance of 

FABP7 (500–600 nm) upon DHA treatment compared to ∼200–250 nm in BSA-

supplemented cells (Figure 2.5D). Again, the strongest effects were observed in ED501N 

and A4-004N cultures. Neither AA- nor SA- supplementation affected the FABP7 

interdomain distance of FABP7-expressing U251, ED501N and A4-004N, with the 

exception of SA-supplementation in U251 cells which increased the FABP7 interdomain 

distance to ∼150 nm (Figure 2.5D). Similarly, quantitative analysis of FABP7 nanoscale 

domain intensity also showed attenuation in all three cell lines upon DHA supplementation 

compared to BSA control based on immunofluorescence intensity scores (Figure S2.4B). 

AA and SA supplementation had no effect on FABP7 nanoscale domain intensity.  

 Finally, we studied the circularity and solidity of membrane FABP7 nanoscale 

domains in GBM cells cultured in BSA (control) versus DHA supplemented medium. The 

latter induced a more circular and solid FABP7 membrane distribution pattern compared 

to control cells. In particular, DHA supplementation increased average FABP7 

nanodomain circularity and solidity in ED501N by 7% and 10%, respectively, and in A4-
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004N cells by 19% and 14%, respectively, compared to BSA control. In comparison, there 

was no change in circularity and solidity upon AA and SA supplementation in ED501N 

and A4-004N cells (Figure S2.4C-D). In contrast to neurosphere cultures, DHA, AA and 

SA supplementation in U251 cells all had effects on the circularity and solidity of FABP7 

nanoscale domains, although effects were strongest with DHA supplementation. Regions 

selected for shape analysis are shown in Figure S2.5. Our results indicate an important 

role for DHA in the disassembly of FABP7 nanodomains which has broad implications for 

the regulation of GBM cell migration.  

 EGFR is a well-characterized protein expressed in GBM cells that forms well-

defined membrane nanodomains (Boyd et al., 2016). We next asked whether other 

membrane-associated proteins are also affected by DHA supplementation in GBM cells. 

For this experiment, we cultured U251 cells in serum-free DMEM supplemented with 60 

μM DHA for 24 hours. We then immunostained the cells with anti-EGFR antibody. STED 

microscopy showed that DHA supplementation did not disrupt EGFR nanodomain 

organization, indicating that not all membrane proteins are susceptible to DHA-mediated 

disruption of nanodomains (Figure S2.6). 
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Figure 2.5 DHA disrupts FABP7 membrane nanoscale domains in GBM cells. 

U251, ED501N and A4-004N GBM cells were supplemented with BSA (Control), 60 μM 

or 30 μM DHA, AA, or SA for 24 hours, then labelled with Atto 550-conjugated primary 

anti-FABP7 antibody for STED microscopy. Images were taken in Z-stack mode and 

processed using deconvolution. Maximum intensity projections are shown for the different 

fatty acid treatment conditions. (A) Membrane FABP7 nanoscale domains in GBM cells 

show reduced density distribution upon DHA treatment compared to BSA control and 

supplementation with AA or SA. Scale bars = 1 μm. (B) The size distribution of membrane 

FABP7 nanoscale domains are significantly decreased upon DHA supplementation 

compared to BSA control, and supplementation with AA or SA (p < 0.0001, n = 6 to 8 for 

all three GBM cell lines tested). Statistical analysis was performed with multiple t-test 

using the Holm-Sidak method, with alpha = 0.05. Error bars represent standard deviation. 

(C) The membrane FABP7 nanoscale domain average density in DHA-supplemented 

cells is significantly decreased compared to BSA control and supplementation with AA or 

SA (p < 0.0001, n = 6 to 8 for all three GBM cell lines tested). Nearest neighbour distance 

analysis (NND) was performed to determine the distance between a FABP7 nanoscale 

domain and its five nearest neighbors. (D) DHA supplementation increases the average 

distance between FABP7 nanodomains compared to BSA control and supplementation 

with AA or SA (p < 0.0001, n = 6 to 8 for all three GBM cell lines tested). Statistical analysis 

of (C) and (D) was performed with one-way ANOVA and Dunnett multiple comparisons 

test. Center line, median; box limits, 25th and 75th percentiles; whiskers, minimum to 

maximum with all points shown. * indicates p < 0.05, ** indicates p < 0.01, *** indicates p 

< 0.001, **** indicates p < 0.0001, and ns indicates p > 0.05. 
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Figure 2.6 FABP7 nanoscale domains on GBM membranes are differentially 

distributed in migratory and non-migratory cells. 

U251, ED501N and A4-004N were cultured on high-performance coverslips, and the 

scratch assay carried out to separate GBM migratory cells (migrating fronts) from non-

migratory cells (control areas). Cells were then immunostained with Atto 550-conjugated 

primary anti-FABP7 antibody for STED microscopy. Images were taken in Z-stack mode 

and processed using deconvolution. Maximum intensity projections are shown for 

migratory cells and non-migratory cells. Scale bars = 1 μm. (A) Membrane FABP7 

nanoscale domains in migratory GBM cells show a more condensed distribution 

compared to cells in control regions. (B) The size of membrane FABP7 nanoscale 

domains increases in cells located in the migrating front compared to control regions (n = 

10 for all three GBM cell lines tested). Statistical analysis was performed with multiple t -

test using the Holm-Sidak method, with alpha = 0.05. Error bars represent standard 

deviation. (C) The membrane FABP7 nanoscale domain average density in migratory 

cells is significantly increased compared to cells located in control regions (p < 0.0001, n 

= 10 for all three GBM cell lines tested). Nearest neighbour distance analysis (NND) was 

performed to determine the distance between a FABP7 nanoscale domain and its five 

nearest neighbors. (D) The average inter-domain distance is decreased in migratory cells 

compared to cells located in control regions (p < 0.0001, n = 10 for all three GBM cell 

lines tested). Statistical analysis of (C) and (D) was performed with two-tailed unpaired t- 

test. Center line, median; box limits, 25th and 75th percentiles; whiskers, minimum to 

maximum with all points shown. ** indicates p < 0.01, *** indicates p < 0.001, and **** 

indicates p < 0.0001. 
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2.3.7 Migratory GBM cells show increased FABP7 membrane nanoscale domain 

formation  

 Migrating/motile cancer stem cells define a subgroup of cells with properties 

associated with a more invasive/metastatic phenotype (Brabletz et al., 2005). Notably, 

stem cell markers (CD44 and ALDH1) are expressed at elevated levels in the cells located 

at the leading edges of invasive breast cancer tumors (Pan et al., 2015a; Yang et al., 

2019), as well as migrating front of breast cancer cells using the in vitro scratch assay 

(Saha et al., 2014). Similar to CD44 and ALDH1 in breast cancer, FABP7 can be found 

at the leading edge of GBM tumors (Mita et al., 2007). As our results indicate that FABP7 

forms nanoscale domains at the GBM plasma membrane, we next investigated whether 

there was a correlation between FABP7 membrane distribution and GBM cell migration. 

U251, ED501N and A4-004N cells were cultured on high performance cover glass and a 

scratch introduced pre-confluency. Cells were allowed to migrate into the scratch over a 

period of 24 hours. Cells were then fixed, immunostained with anti-FABP7 antibody and 

super-resolution STED microscopy carried out at both the migrating front and control 

areas. STED deconvolution images showed higher expression of FABP7 (right shifting of 

intensity score curve) at the migrating front compared to control areas for all three GBM 

cell lines (Figure S2.7A). We also found that migratory GBM cells have a higher density 

of FABP7 nanodomains which are also larger compared to those observed in non-

migrating cells in all three GBM cell lines (Figure 2.6A-B). The increase in FABP7 

average nanodomain density at migrating fronts ranged from 2.5× for U251 and 5× for 

ED501N, to 16× for A4-004N (Figure 2.6C). Consistent with our density analysis, there 

was also a significantly decreased inter-domain distance, ranging from ∼35–50%, 
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between FABP7 nanodomains in the migrating fronts of all three GBM cell lines based on 

NND analysis (Figure 2.6D and Figure S2.7B). Interestingly, migratory cells also showed 

less circular FABP7 membrane signals compared to non-migrating cells (∼6% and 13% 

decreases in ED501N and A4-004N cells, respectively), in agreement with highly 

migratory GBM cells forming more condensed, and thus more irregular FABP7 nanoscale 

domains at plasma membranes associated with migrating fronts (Figure S2.7C-D).
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Figure 2.7 FABP7 localizes to the mitochondria of GBM cells.  

Dual-color STED microscopy shows cytoplasmic FABP7 (detected with Atto 550 

conjugated primary anti-FABP7 antibody) co-compartmentalizes with mitochondria 

(MitoTracker® Deep Red) in U251, ED501N and A4-004N cells. Scale bars = 5 μm. 



92 

 

2.3.8 FABP7 translocates from plasma membrane to mitochondria upon DHA 

supplementation 

 Similar to DHA-treated cells, non-migratory GBM cells form fewer FABP7 

nanodomains compared to cells cultured in DHA-poor medium. To address whether 

reduced FABP7 nanodomain formation is the result of reduced overall FABP7 levels or 

redistribution of FABP7 within the cells, we examined the overall levels of FABP7 in U251, 

ED501N and A4-004N cells cultured for 24 hours in DHA-supplemented medium. DHA 

supplementation had no effect on FABP7 protein levels based on western blot analysis 

of whole cell lysates (Figure S2.8A-C), consistent with our published data in U87-FABP7 

cells (Mita et al., 2010). 

 FABPs are lipid chaperones that not only facilitate lipid uptake but transport lipids 

to different sites within the cell including mitochondria, ER and nucleus (Furuhashi and 

Hotamisligil, 2008). We still have a poor understanding of the role of fatty acid ligands in 

regulating the subcellular localization of FABPs. When we used confocal microscopy to 

visualize U251 cells immunostained with anti-FABP7 Atto 550-conjugated primary 

antibody, we observed a punctate immunostaining pattern throughout the cytoplasm that 

was reminiscent of mitochondria staining (Figure S2.9). To further address the 

localization of FABP7 in the cytoplasm of GBM cells, we carried out co-staining analysis 

of U251, ED501N and A4-004N cells with Atto 550-conjugated primary anti-FABP7 

antibody and MitoTracker® Deep Red followed by STED microscopy. As we were 

particularly interested in the possible localization of FABP7 to the mitochondria, we fixed 

the cells with glyoxal to maximize the preservation of mitochondria (Richter et al., 2018).  
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 Images acquired by dual-color STED microscopy showed FABP7 co-

compartmentalization with MitoTracker® Deep Red in all three GBM cell lines (Figure 

2.7). For quantification analysis, we acquired confocal microscopy images at lower 

magnification using a 40×/NA1.3 oil lens in order to capture more representative pictures. 

FABP7 signal was quantified with masks selected by MitoTracker® Deep Red staining 

pattern in ImageJ (Figure 2.8A). We found that FABP7 intensity increased ∼1.5 to 2-fold 

in all three DHA-supplemented GBM cell lines compared to control cells (Figure 2.8B). 

Thus, a preferred site for DHA intracellular transport by FABP7 is mitochondria.
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Figure 2.8 DHA supplementation relocates FABP7 to mitochondria in GBM cells. 

(A) Confocal images of FABP7 and MitoTracker® Deep Red co-staining in U251, ED501N 

and A4-004N cells cultured under BSA Control or DHA 60 μM (U251)/30 μM (ED501N 

and A4-004N) supplemented conditions. Scale bars = 20 μm. (B) Quantification analysis 

of mitochondrial FABP7 average intensity in U251 cells, ED501N and A4-004N cells 

cultured under control (BSA) or DHA 60 μM (U251)/30 μM (ED501N and A4-004N) 

supplemented conditions. Statistical analysis was performed with two-tailed unpaired t-
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test. Center line, median; box limits, 25th and 75th percentiles; whiskers, minimum to 

maximum with all points shown. **** indicates p < 0.0001.
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2.4 Discussion 

 High membrane lipid order and nanoscale domain formation are tightly associated 

with increased cell migration and infiltrative properties in different cancer types, including 

GBM (Bi et al., 2019; Erazo-Oliveras et al., 2018). Plasma membrane components 

assemble into well-defined nanoscale domains at the leading edges of cells, with the 

migrating front exhibiting distinct biophysical properties (i.e., increased membrane rigidity) 

and cytoskeleton remodelling (Gomez-Llobregat et al., 2013), key determinants of tumor 

migratory/infiltrative signalling events (Erazo-Oliveras et al., 2018). FABP7 is an important 

marker of poor survival in GBM patients (Kaloshi et al., 2007) (Hoang-Minh et al., 2018; 

Liang et al., 2005) and is preferentially expressed at sites of infiltration in GBM tumors 

(Mita et al., 2007). FABP7 drives cell migration in GBM cells, a property that can be 

reversed by supplementing the culture medium with DHA (Mita et al., 2010). Previously 

described roles for FABP7 include cytoplasmic lipid droplet formation (Bensaad et al., 

2014) and activation of nuclear receptors (Adida and Spener, 2006; Mita et al., 2010). 

Here, we used a combination of Laurdan assay, FABP7 manipulation and super-

resolution microscopy to show that FABP7 expression is associated with increased lipid 

membrane order, with FABP7 forming nanodomains at the membrane protrusions of 

GBM cells. By examining migratory versus non-migratory cells, we observed a correlation 

between a highly ordered FABP7 membrane nanoscale assemblies and increased 

migration in GBM cells. These results were observed in both GBM cell lines and patient-

derived GBM cells cultured under conditions that select for neural stem-like cells. 
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 DHA is a very long (22 carbon chain) and flexible (6 double bonds) fatty acid 

(Stillwell and Wassall, 2003). Incorporation of DHA in cell membranes can dramatically 

affect membrane properties, with accompanying effects on membrane protein function 

(Fuentes et al., 2018a). As an example, dietary DHA inhibits oncogenic KRas-driven cell 

proliferation in vivo by rearranging KRas nanoscale domain organization (Fuentes et al., 

2018b).  A striking finding of our study is that DHA supplementation, specifically in FABP7-

expressing GBM cells, caused remodelling of membrane lipids to a less ordered state. 

This membrane lipid remodelling was accompanied by a reduced density of FABP7 

nanoscale domains in the plasma membrane and decreased GBM cell migration. These 

DHA-mediated effects were not observed when cells were cultured in either AA-

supplemented or saturated fatty acid-supplemented medium. Furthermore, DHA-

supplementation of non-FABP7- expressing GBM cells had no effect on either membrane 

lipid order or cell migration. 

 FABP7’s preferred ligands are long chain PUFAs, with an ∼4× stronger binding 

affinity for ω-3 PUFA DHA compared to ω-6 PUFA AA (Balendiran et al., 2000; Xu et al., 

1996). DHA is generally linked to anti-tumorigenic properties (Larsson et al., 2004) 

whereas AA is generally linked to pro-tumorigenic properties (Azrad et al., 2013). For 

example, AA supplementation in vitro induces Rho-GTPase-mediated cytoskeleton 

remodelling and cell migration in metastatic human prostate cancer and melanoma cell 

(Brown et al., 2014; Garcia et al., 2009). In GBM cells, AA supplementation in vitro 

induces cyclooxygenase 2 and the formation of prostaglandin E2, promoting cell 

migration (Mita et al., 2010). The brain is a fat-rich tissue with exceptionally high levels of 

AA and DHA. In adult brain, DHA levels are higher than AA (Owada, 2008). GBM tissue, 
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on the other hand, has higher levels of AA than DHA (Martin et al., 1996). As the 

availability of AA in GBM tumor tissue may be greater than that of DHA, FABP7 may be 

primarily bound to AA in these tumors, a condition that may promote cell migration and 

tumor invasion. It’s already known that DHA can be rapidly incorporated into phospholipid 

bilayers to replace saturated fatty acids and disrupt cholesterol-dependent lipid domains 

(Stillwell et al., 2005; Wassall and Stillwell, 2009). Thus, our results suggest that FABP7, 

when bound to DHA, induces membrane remodelling properties associated with inhibition 

of GBM cell migration. 

 Plasma membranes are composed of a heterogeneous mixture of lipids and 

proteins, which can be organized to form specific nanoscale domains (10–200 nm), 

facilitating cellular signaling transduction (Sezgin et al., 2017). In recent years, increased 

accessibility of super-resolution microscopy has helped to resolve the nanoscale 

organization of a number of membrane proteins, including EGFR and TrkB (Angelov and 

Angelova, 2017; Boyd et al., 2016). Addition of DHA to SH-SY5Y neuroblastoma culture 

medium caused a significant disruption of TrkB receptor nanoscale clusters on the cell 

surface. To the best of our knowledge, no one has studied FABP membrane nanoscale 

distribution to date. Compared to the traditional optical microscope, our STED super-

resolution images combined with directly conjugated primary FABP7 antibodies revealed 

non-uniform distribution of FABP7 on the plasma membrane of GBM cells, with FABP7 

localized to highly ordered irregular nanoscale domains <150 nm in diameter. These 

FABP7 nanoscale domains were most abundant at the basal surface of GBM cell 

membrane protrusions. 
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 Our results indicate that FABP7 nanodomains have increased 

size/intensity/domain density and lower circularity/solidity under low-DHA/high-AA culture 

conditions, suggesting greater FABP7 membrane accumulation as well as coalescing of 

individual FABP7 nanoscale domains into larger domains, particular in more migratory 

GBM cells. In GBM cells cultured in DHA-supplemented medium, we observed notably 

reduced numbers of FABP7 membrane nanodomains as well as reduced membrane 

FABP7 expression (i.e., decreased intensity and size) and increased membrane FABP7 

lateral segregation (i.e., increased inter-domain distance and circularity). These altered 

properties would likely inhibit any FABP7-dependent GBM migration events. In contrast 

to FABP7 nanodomains, EGFR nanodomains were not affected by DHA supplementation, 

indicating a specific role for FABP7 nanodomains in inhibiting cell migration when bound 

to DHA. 

 FABPs not only promote fatty acid/lipid uptake from the microenvironment, but also 

transport lipids to specific compartments within the cell, such as nucleus, ER and 

mitochondria (Furuhashi and Hotamisligil, 2008). For example, both I-FABP and L-FABP 

have been shown to transport their fatty acid ligands to mitochondria (Karsenty et al., 

2009; Schley et al., 2007). In support of FABP7 playing a role in mitochondria, FABP7 is 

expressed at high levels in GBM slow-cycling cells (likely neural stem-like cells) which 

are characterized by increased mitochondria oxidative phosphorylation (Hoang-Minh et 

al., 2018). Our data indicate that, like I-FABP and L-FABP, FABP7 also co-

compartmentalizes with mitochondria. Intriguingly, growth of GBM cells in DHA-

supplemented medium increased the overall intensity of the FABP7 signal localizing to 

mitochondria. These results are surprising as DHA is not normally recognized as a 
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preferred substrate for fatty acid β-oxidation, although there is evidence from the literature 

that DHA can localize to the mitochondria. For example, fluorescent-tagged DHA (DHA-

BODIPY) localizes to mitochondria in lymphoma cells (Raza Shaikh and Brown, 2013; 

Teague et al., 2013). One possibility is that FABP7 and its fatty acid ligands, and 

especially DHA, affects mitochondrial function by altering the composition of fatty acids 

in its membranes. Emerging data from cardiomyocytes and colon cancer cells indicate 

that DHA incorporates into cardiolipin (Hofmanova et al., 2017; Raza Shaikh and Brown, 

2013), a mitochondrial-specific phospholipid located at the inner mitochondrial membrane 

which functions as a platform for anchoring and clustering mitochondrial proteins (e.g., 

cytochrome C) (Dudek, 2017). In some cancer cells, DHA-rich cardiolipin has been shown 

to alter mitochondrial membrane lipid organization, enhance oxidative stress, and trigger 

cytochrome-C release and apoptosis (Hofmanova et al., 2017; Ng et al., 2005).  

 We propose the following model to explain the role of FABP7 in GBM cell migration. 

When GBM cells are cultured under standard conditions or in AA-supplemented medium, 

FABP7 forms nanoscale domains at the plasma membrane, promoting membrane lipid 

order and cell migration. We postulate that FABP7 exists in a primarily unliganded state 

under these conditions, as liganded FABP7 has previously been shown to dissociate from 

biomimetic model membranes (Cheng et al., 2019; Dyszy et al., 2013). When bound to 

AA, FABP7 may be rapidly recycled back to the plasma membrane after releasing AA in 

the cytoplasm for conversion to bioactive metabolites such as prostaglandins (Mita et al., 

2010) that promote GBM cell migration and tumorigenic properties (Figure 2.9 left). In 

contrast to AA, when cells are cultured in DHA-supplemented medium, FABP7 

nanodomains and cell membrane lipid order are disrupted, and cell migration in inhibited. 
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We propose that recycling of DHA-liganded FABP7 is much slower than that of AA-

liganded FABP7 because of FABP7’s greater affinity for DHA (Balendiran et al., 2000; Xu 

et al., 1996). DHA-bound FABP7 relocates to the mitochondria (shown here) and possibly 

other structures in the cell such as the nucleus(Mita et al., 2010) (Figure 2.9 right). 

 In conclusion, we provide evidence that FABP7 expression has a profound effect 

on the biophysical properties of GBM cell membranes. FABP7’s effect on GBM 

membranes is dependent on the relative levels of its preferred fatty acid ligands in the 

extracellular microenvironment. Under non-DHA-supplemented growth conditions, 

FABP7 increases lipid order and formation of nanoscale domains in the plasma 

membrane of GBM cells, processes accompanied by increased cell migration; however, 

lipid order, FABP7 nanodomains and cell migration are all disrupted when cells are 

cultured in DHA-rich medium. These results are observed in both FABP7-expressing 

established GBM cell lines and in patient-derived GBM neurosphere cultures. Intriguingly, 

membrane dissociated FABP7 accumulates at mitochondria when GBM cells are cultured 

in DHA-supplemented medium, suggesting a link between DHA, mitochondria and 

decreased cell migration. Our findings point to FABP7-dependent lipid remodelling as 

being a critically important determinant of cell migration in GBM. Based on our results, 

we postulate that increasing DHA content in the GBM microenvironment is a valid strategy 

for reducing GBM infiltration in brain.
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Figure 2.9 Schematic model showing the effect of DHA on GBM plasma membrane 

remodelling and FABP7 distribution. 

(Left) Under AA-rich culture conditions, FABP7 rapidly cycles between liganded and 

unliganded states, releasing AA in the cytoplasm for conversion to bioactive metabolites 

such as prostaglandins (PGs) or fatty acid β-oxidation. Unliganded FABP7 is found in 

nanoscale liquid-ordered domains, promoting membrane lipid order and cell migration. 

(Right) Under DHA-rich culture conditions, FABP7 binds to DHA, and liganded FABP7 

dissociates from the cell membrane. The high affinity of FABP7 for DHA prevents rapid 

release of DHA and rapid cycling of FABP7 back to the cell membrane, thereby disrupting 

FABP7 membrane nanoscale domains, decreasing membrane lipid order and inhibiting 

GBM cell migration. At least some of the DHA-liganded FABP7 locates to the 

mitochondria, where it may alter mitochondrial membrane properties. Although not tested 

here, DHA-liganded FABP7 may also relocate to the nucleus with DHA then activating 

nuclear factors such as PPARs.
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Figure S2.1 DHA decreases membrane lipid order in FABP7-expressing GBM cells. 

Laurdan imaging analysis of membrane lipid order in 4 GBM cell lines (U251, M049, T98 

and A172) and 2 patient-derived GBM neurosphere cultures (ED501N and A4-004N) 

treated with BSA (control) or 60 M (GBM cell lines)/30 M (GBM neurosphere cultures) 

DHA for 24 hours, respectively. (A) Representative merged pseudo-colored GP images 

are shown, with color range indicated by the color bar. Scale bars = 20 m. (B) 

Histograms of FABP7-expressing GBM cells (U251, M049, ED501N and A4-004N cells) 

are shifted to the left (lower GP value) upon DHA treatment, whereas histograms of 

FABP7-negative GBM cells (T98 and A172 cells) show no shift upon DHA treatment. (C) 

Average GP index from several images similar to the ones shown in panel a (n=6-8). 

Statistical analysis was performed with multiple t-test the Holm-Sidak method, with alpha 

= 0.05. Center line, median; box limits, 25th and 75th percentiles; whiskers, minimum to 

maximum with all points shown.  ** indicates p < 0.01, **** indicates p < 0.001, and ns 

indicates p>0.05. GP, generalized polarization. 
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Figure S2.2 AA has no effect on membrane lipid order in GBM cells. 

Laurdan imaging analysis of membrane lipid order in U251 cells cultured in BSA (control) 

or medium supplemented with different fatty acids (60 M DHA/AA) for 24 hours. (A) 

Representative merged pseudo-colored GP images are shown, with color range indicated 

by the color bar. Scale bar = 20 m. (B) Histograms of U251 cells are shifted to the left 

(lower GP value) in cells cultured in DHA-supplemented medium but show no shift in cells 

cultured in AA.  (C) Average GP index from several images similar to those shown in 

panel A (n=5). Statistical analysis was performed with one-way ANOVA and Dunnett 

multiple comparisons test. Center line, median; box limits, 25th and 75th percentiles; 

whiskers, minimum to maximum with all points shown. ** indicates p < 0.01, and ns 

indicates p>0.05. GP, generalized polarization.
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Figure S2.3 STED images reveal the distribution of FABP7 membrane nanoscale 

domains in GBM cells. 

U251 GBM cells were labelled with either Atto 550-conjugated primary anti-FABP7 

antibody (A) or Alexa 546-conjugated primary anti-FABP7 antibody (B). Images were 

acquired using a Leica confocal microscope, a super-resolution STED microscope and 

STED microscope with deconvolution (Lightning). Images are maximum intensity 

projections of Z-stacks. Scale bars = 1 m. 
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Figure S2.4 DHA disrupts FABP7 membrane nanoscale domains in GBM cells. 

Nearest neighbour distance analysis (NND) was performed to determine the distance of 

an individual FABP7 nanoscale domain to its five nearest neighbors. (A) The NDD 

distribution curve is shifted to the right (increased inter-domain distance) upon DHA 

supplementation for all three GBM cell lines tested. Error bars represent standard 

deviation. (B) Quantitative intensity distribution shows that the FABP7 nanoscale domain 

intensity curve shifts to the left (reduced intensity counts) upon DHA treatment for all three 

GBM cell lines tested. Particle shape analysis shows that DHA-treated FABP7 nanoscale 

domains are more circular (C) and have a significantly higher solidity (D) compared to 

either BSA control or cells cultured in medium supplemented with AA or SA (p < 0.0001, 

n=7 for all three GBM cell lines tested). Each data point in (C) and (D) represents the 

average circularity or solidity value, respectively, of all the particles in one image. 

Statistical analysis of (C) and (D) was performed with one-way ANOVA and Dunnett 

multiple comparisons test. Center line, median; box limits, 25th and 75th percentiles; 

whiskers, min to max with all data points shown; mean values are labelled as "+". * 

indicates p < 0.05, ** indicates p < 0.01, *** indicates p < 0.001, **** indicates p < 0.0001, 

and ns indicates p>0.05.  
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Figure S2.5 Particle analysis of U251 Cells BSA (control) and DHA-supplemented. 

U251 cells were cultured in BSA (control) or medium supplemented with 60 M DHA. 

Images were exported as 16-bit images to Photoshop and thresholded with threshold 

level 2. The thresholded images were then imported into ImageJ for particle analysis. 

Particles are defined as areas with more than two pixels. Scale bars = 1 m.
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Figure S2.6 DHA treatment has no effect on EGFR membrane nanodomains 

distribution in U251 cells. 

U251 GBM cells were immunostained with anti-EGFR antibody, then labelled with Alexa 

555 secondary antibody. Images were acquired using a STED microscope with 

deconvolution (Lightning). Images are maximum intensity projections of Z-stacks. Scale 

bar = 5 m. 
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Figure S2.7 FABP7 membrane nanoscale domains are differentially distributed in 

migratory and non-migratory GBM cells. 

(A) Quantitative intensity distribution of FABP7 nanoscale domain intensity curves show 

a shift to the left (reduced intensity counts) in non-migratory cells compared to migratory 

cells in all three GBM cell lines tested. (B) Nearest neighbour distance analysis (NND) 

was performed to determine the distance between individual FABP7 nanoscale domains 

and their five nearest neighbors. Results show that the NND distribution curves are shifted 

to the right (increased inter-domain distance) in non-migratory cells compared to 

migratory cells. Error bars represent standard deviation. Particle shape analysis shows 

that FABP7 nanoscale domains in migratory cells are significantly less circular (C) and 

have a significantly lower solidity (D) than control area cells (p < 0.0001, n=10) in all three 

GBM cell lines tested. Each data point in (C) and (D) represents the average circularity 

or solidity value, respectively, of all the particles in one image.  Statistical analysis was 

performed with two-tailed unpaired t-test. Center line, median; box limits, 25th and 75th 

percentiles; whiskers, min to max with all data points shown; mean values are labelled as 

"+". *** indicates p < 0.001, **** indicates p < 0.0001.  
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Figure S2.8 FABP7 levels in GBM cells are not altered by fatty acid supplementation. 

U251 (A), ED501N (B) and A4-004N (C) were cultured in control medium (BSA), or in 

medium supplemented with DHA, AA or SA 60 M (U251) or 30 M (ED501N and A4-

004N) for 24 hours. 
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Figure S2.9 FABP7 localizes to mitochondria in U251 cells. 

U251 cells fixed with 4% PFA were co-stained with Atto 550-conjugated primary anti-

FABP7 antibody and MitoTracker® Deep Red. Arrows point to mitochondria. Scale bar = 

20 µm.
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FABP7 Facilitates Uptake of Docosahexaenoic Acid in 

Glioblastoma Neural Stem-like Cells 
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3.1 Introduction 

Glioblastoma (grade IV astrocytoma) is the most common primary brain cancer in 

adults (Ostrom et al., 2019; Wen and Kesari, 2008). It is a highly aggressive and deadly 

cancer, with a median survival time of ~15 months despite multimodality therapy (Buckner, 

2003; Stupp et al., 2009). Resistance to treatment is due in part to the invasion of 

surrounding brain parenchyma by GBM cells, suggesting that targeting the infiltrative 

properties of GBM cells might be an effective therapeutic strategy (Vehlow and Cordes, 

2013). In addition to their infiltrative nature, GBMs are highly heterogeneous tumors at 

both the cellular and molecular levels, adding an additional level of complexity to the 

effective targeting of these tumors (Aum et al., 2014; Bonavia et al., 2011). Multi-lineage 

differentiation from GBM neural stem-like cells forms the basis of GBM heterogeneity 

(Lathia et al., 2015; Yi et al., 2016), with GBM neural stem-like cells displaying resistance 

to radiation and chemotherapy, thereby repopulating the tumor (Eramo et al., 2006; Pallini 

et al., 2008). GBM neural stem-like cells exhibit distinct metabolic profiles compared to 

non-stem cell populations, with reduced glycolysis and higher lipid metabolism (Strickland 

and Stoll, 2017; Vlashi et al., 2011; Yasumoto et al., 2016). Dysregulation of lipid 

metabolism has also been associated with maintenance of GBM stemness and poor 

survival (Garnier et al., 2019; Strickland and Stoll, 2017). Important mediators of lipid 

metabolism, such as brain fatty acid binding protein (B-FABP or FABP7) (De Rosa et al., 

2012), fatty acid transporter CD36 (Hale et al., 2014), acyl-CoA-binding protein (ACBP) 

(Duman et al., 2019), and lipid elongation enzyme ELOVL2 (Gimple et al., 2019) have all 

been reported to be highly expressed in GBM neural stem-like cells, highlighting the 

importance of lipid metabolism.  
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The human adult brain is highly enriched in lipids, especially long chain 

polyunsaturated fatty acids (PUFAs) (Bazinet and Laye, 2014; Lacombe et al., 2018). The 

two main types of PUFAs in the brain are ω-6 arachidonic acid (AA) and ω-3 

docosahexaenoic acid (DHA) (Bazinet and Laye, 2014). DHA and AA are believed to 

have opposing roles in cancer (Azrad et al., 2013). AA is the precursor of ω-6 series 

eicosanoids such as prostaglandin E2 (PGE2), which stimulate inflammation, cancer 

growth and invasion (Qiu et al., 2017; Rand et al., 2017; Ricciotti and FitzGerald, 2011). 

In contrast, DHA is the precursor of neuroprotectins and resolvins, which resolve 

inflammation and inhibit cancer growth (Serhan and Levy, 2018; Sulciner et al., 2018; 

Zhang et al., 2017). In healthy adult brain, there is a tightly controlled balance between 

ω-6 and ω-3 PUFAs, with DHA levels exceeding AA levels in both total lipids and total 

phospholipids (Owada, 2008). In human GBM tumor tissue, AA levels remain similar to 

that of healthy brain tissue; however, DHA levels are decreased by 50%, resulting in a 

significantly lower DHA:AA ratio (Marszalek et al., 2010; Martin et al., 1996). DHA 

supplementation in GBM cells inhibits cell proliferation (Harvey et al., 2015; Leonardi et 

al., 2005) and migration (Mita et al., 2010; Ruan et al., 2019), and induces apoptosis 

(Harvey et al., 2015; Kim et al., 2018b; Ruan et al., 2019). Furthermore, DHA sensitizes 

GBM cells to ionizing radiation (Antal et al., 2014), suggesting that DHA supplementation 

may benefit GBM patients. 

Brain fatty acid-binding protein (B-FABP or FABP7) is normally expressed in neural 

stem cells during development (Feng et al., 1994; Kurtz et al., 1994), and is also 

expressed in GBM stem-like cells (De Rosa et al., 2012; Morihiro et al., 2013). FABP7, 

whose preferred ligands are PUFAs (Balendiran et al., 2000), is preferentially found at 
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the infiltrative edges of GBM tumors (De Rosa et al., 2012; Mita et al., 2007) and its 

expression correlates with increased GBM cell migration (Liang et al., 2005). DHA 

treatment has previously been shown to increase DHA content in the total lipids of U87 

GBM cells (Harvey et al., 2015).  Furthermore, C6 glioma cells injected directly into rat 

brain have elevated ω-3 PUFA levels and an increased ω-3:ω-6 ratio when rats are fed 

a DHA-rich diet compared to control diet (Nasrollahzadeh et al., 2008). Based on our 

previous work, DHA inhibits GBM cell migration in a FABP7-dependent manner (Mita et 

al., 2010). However, these results were obtained with well-established cell lines believed 

to represent the more ‘differentiated’ aspect of GBM tumors. As resistance to treatment 

and poor prognosis has been linked to the neural stem-like tumor cell populations (a.k.a. 

brain tumor-initiating cells) in GBM tumors (Chen et al., 2012; Eramo et al., 2006; Osuka 

and Van Meir, 2017; Pallini et al., 2008), it is important to know whether DHA treatment 

will have similar effects on GBM neural stem-like cells.  

Here, we examine the fatty acid composition of patient-derived GBM cells cultured 

in either regular medium (contains fetal calf serum and promotes a generally more 

differentiated phenotype) or neurosphere medium (contains B-27 supplement and growth 

factors and promotes a more neural stem cell-like phenotype) (Lee et al., 2006; Lenting 

et al., 2017). We compare the effects of DHA treatment and FABP7 expression on DHA 

uptake and cell migration in these two types of GBM cells. We also investigate the role of 

FABP7, which is highly expressed in GBM stem-like cells (Morihiro et al., 2013), in the 

uptake of DHA in lipids and phospholipids. Our results indicate that DHA treatment 

increases the DHA content in total lipids and phospholipids of GBM neural stem-like cells, 
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with FABP7 expression facilitating DHA uptake. We also report a correlation between 

increased DHA uptake and decreased cell migration in GBM neural stem-like cells.
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3.2 Materials and methods 

3.2.1 Primary GBM neurosphere cultures 

GBM primary cultures (A4-004, A4-007, A4-011 and A4-012) were prepared by 

enzymatic digestion of GBM biopsies obtained from patients who were consented prior 

to surgery under Health Research Ethics Board of Alberta Cancer Committee approval 

(HREBA.CC-14-0070). GBM cells were plated in either DMEM supplemented with 10% 

fetal calf serum (FCS) (for the generation of adherent cultures with a more differentiated 

phenotype) or DMEM/F12 medium supplemented with 0.5× B-27 (Life Technologies, 

Carlsbad, CA, USA), 20 ng/mL epidermal growth factor (EGF), and 10 ng/mL fibroblast 

growth factor (FGF) (for the generation of neurosphere cultures with a neural stem cell-

like phenotype). ED501 neurosphere cultures and U251 GBM cells have been previously 

described (Xu et al., 2021). 

 

3.2.2 Establishment of stable FABP7-depleted cell lines 

 Lentivirus shRNA packaging plasmids and control plasmids were purchased from 

Sigma. The two lentivirus FABP7 shRNA constructs used for our experiments were 

obtained from the University of Alberta RNAi Core Facility. FABP7 shRNA constructs 

sequences and virus production have been described previously (Xu et al., 2021). The 

MISSION pLKO.1 plasmid (SHC002; Sigma-Aldrich, St. Louis, MO, USA) served as the 

control vector. A4-004N, U251 and ED501N cells were infected with lentivirus overnight 

and the medium changed. Infected GBM cells were selected in 1 μg/mL puromycin. 

 



130 

 

3.2.3 Western blotting 

 For western blot analysis, we loaded 40 μg of whole cell lysates per lane. Proteins 

from whole cell lysates were separated by SDS-polyacrylamide gel electrophoresis and 

transferred to nitrocellulose membranes. Membranes were then immunoblotted with 

rabbit polyclonal anti-FABP7 (prepared in-house; 1:1000) (Xu et al., 2021) and mouse 

anti-GAPDH (1:1000; Thermo Fisher Scientific, Waltham, MA, USA) antibodies, followed 

by horseradish peroxidase-conjugated secondary antibodies (1:50,000; Invitrogen, 

Thermo Fisher Scientific, Waltham, MA, USA) using ECL Western Detection Reagent 

(GE Healthcare Life Sciences, Chicago, IL, USA). 

 

3.2.4 Fatty acid preparation and treatment 

 Fatty acids (DHA and AA) (Sigma-Aldrich, St. Louis, MO, USA) were dissolved in 

ethanol, then complexed to BSA (Roche) over a steady stream of nitrogen gas and stored 

at -80°C under reducing conditions. Both GBM neurosphere and GBM adherent cells 

were cultured at 37°C in a humidified 5% CO2 atmosphere. For fatty acid treatment, A4-

004 neurosphere and adherent cells at 60–70% confluency were cultured in medium 

(neurosphere medium for A4-004N and serum-free DMEM for A4-004Adh) with 30 μM 

BSA (vehicle control), 30 μM DHA, or 30 μM AA for 24 hours. Cells were then collected 

for lipid extraction and fatty acid analysis. Experiments were repeated three times. 
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3.2.5 Lipid extraction and gas chromatography 

Total lipids were extracted with chloroform/methanol (2:1 vol/vol) using a 

modification of the Folch procedure (Layne et al., 1996). Thin layer chromatography on 

silica G plates was used to isolate total phospholipids. Samples were scraped and 

methylated at 110°C with a mixture (1:1) of BF3/methanol reagent (Sigma) and hexane. 

Fatty acid methyl esters were separated and identified by gas liquid chromatography 

(Agilent Model7890A, Agilent Technologies) using a 100 m CP-Sil 88 fused capillary 

column (100 m ×0.25mm, Agilent Technologies, Santa Clara, CA, USA) and STD 502 

(NuChek, Elysian, MN, USA) (Cruz-Hernandez et al., 2013). Fatty acids with a 14 to 24 

carbon chain length were quantified and are presented as % of total fatty acids. 

 

3.2.6 Semi-quantitative RT-PCR 

 RNA was purified from paired patient-derived GBM neurosphere (A4-004N, A4-

007N, A4-011N and A4-012N) and adherent cells (A4-004Adh, A4-007Adh, A4-011Adh 

and A4-012Adh) using the RNeasy Plus Kit (Qiagen, Hilden, Germany), and cDNA was 

generated using Superscript II reverse transcriptase (Life Technologies). The following 

primers were used for semi-quantitative RT-PCR analysis: FABP7 (Forward 5’-

TGGAGGCTTTCTGTGCTAC-3’; Reverse 5’-TAGGATAGCACTGAGACTTG-3’), SOX-2 

(Forward 5’-ACACTGCCCCTCTCACACA-3’; Reverse 5’-CATTTTTTTCGTCGCTT-

GGAG-30), Nestin (Forward 5’-GGAGAAACAGGGCCTACAG-3’; Reverse 5’-

GCAGAGAGAGAGGAGCATC-3’) and β-actin (Forward 5’-CTGGCACCACACCT-

TCTAC-3’; Reverse 5’-CATACTCCTGCTTGCTGATC-3’). 
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3.2.7 Lipid droplet analysis 

 GBM neural stem-like cells (A4-004N and ED501N) were cultured on coverslips in 

neurosphere medium followed by treatment with BSA (vehicle control) or 30 μM DHA for 

24 hours. U251 cells were cultured in serum-free DMEM supplemented with BSA or 60 

μM DHA for 24 hours. Cells were fixed with 4% paraformaldehyde for 5 min at room 

temperature and stained with 1 μg/mL Nile Red for 15 min. Coverslips were mounted with 

Mowiol 4-88 mounting medium containing DAPI and images were acquired using a Zeiss 

confocal microscope. ImageJ software was used for quantitative analysis. We used 

particle analysis to identify the number of nuclei (indicative of number of cells) in each 

image. The images were thresholded so that particles >20 μm2 were identified as nuclei. 

The Nile Red channel was thresholded to minimize background signal and identify 

regions of interest (ROIs). Nile Red total intensity was calculated based on the number of 

pixels under each intensity (0–255) in the ROIs of each image. The average Nile Red 

intensity per cell was calculated based on total Nile Red intensity divided by the number 

of cells in each image. 

 

3.2.8 Transwell assay 

 Directional cell migration was measured using the Transwell cell migration assay. 

Fifty thousand cells in neurosphere medium were seeded in the top chambers of 24-well 

cell culture Transwell inserts (Falcon Cell Culture Inserts, Corning, Glendale, AZ, USA). 

Cells were allowed to migrate through an 8-μm polyethylene terephthalate (PET) 

membrane towards a chemoattractant (DMEM + 10% fetal calf serum) in the bottom 

chamber for 20 hours. Fatty acids were added to culture medium for 24 hours before 
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carrying out the migration assay. Cell fixation, immunostaining and cell counts have been 

previously described (Brun et al., 2018). Three independent experiments were carried out 

for each cell line tested. 

 

3.2.9 Statistical analysis 

 Assessment of the significance of differences between groups was by one-way 

ANOVA followed by post-hoc Tukey’s test (three groups comparison) and student’s 

unpaired t-test (two groups comparison). Microsoft Excel (Microsoft, Redmond, WA, USA) 

and Prism 8 (GraphPad Software, San Diego, CA, USA) were used for statistical analysis 

of data. A p-value < 0.05 was considered statistically significant.
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3.3 Results 

3.3.1 Fatty acid profiles of total lipids extracted from GBM neural stem-like versus 

adherent cells 

 GBM tumor tissues have elevated levels of proteins involved in fatty acid 

metabolism compared to normal brain (Saurty-Seerunghen et al., 2019). Many of these 

proteins (FABP7, FASN and ELOVL2) are upregulated in GBM patient-derived tumor 

stem cell cultures compared to more-differentiated adherent cells cultured in serum-

containing medium (Gimple et al., 2019; Morihiro et al., 2013; Yasumoto et al., 2016). 

Expression of PUFA metabolism genes in GBM neural stem-like cells suggests that it 

may be possible to alter the PUFA content of these cells through manipulation of the lipid 

microenvironment. As our previous results indicate that an increased DHA:AA ratio 

inhibits GBM cell migration (Mita et al., 2010), we compared the fatty acid profiles of GBM 

neural stem-like cells versus GBM adherent cells, and the effect of DHA and AA 

supplementation on their respective fatty acid profiles. 

We established GBM cultures from patients using “neurosphere” medium 

(promotes growth of neural stem-like cells) and “FCS-containing” medium (promotes 

growth of GBM cells with a more differentiated adherent phenotype) (Lee et al., 2006). 

We first examined the expression of FABP7, an established GBM neural stem-like cell 

marker (Morihiro et al., 2013), in our paired GBM cultures using semi-quantitative RT-

PCR. While all eight cultures expressed FABP7, levels were generally higher in the neural 

stem-like cell cultures compared to adherent cultures (Figure 3.1). Similar trends were 

observed when we examined the expression of the well characterized GBM neural stem 
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cell markers, Nestin and SOX-2 (Figure 3.1). These results are consistent with a previous 

report showing higher expression of FABP7 in neurosphere cultures compared to 

adherent cultures, and correlation of FABP7 with Nestin and SOX-2 (Morihiro et al., 2013). 

As the biggest difference in FABP7 levels was observed in A4-004, we used A4-004N 

and A4-004Adh cultures for our fatty acid profiling study.  

Total lipids were extracted from A4-004N and A4-004Adh cells cultured in their 

respective media and fatty acid composition was analysed by gas chromatography (Table 

S3.1). Differences in fatty acid composition were observed for all classes of fatty acids 

(saturated fatty acids (SFAs), monounsaturated fatty acids (MUFAs), and 

polyunsaturated ω-6 and ω-3 PUFAs)) (Table S3.1 and Figure 3.2A). The most 

prevalent ω-3 PUFA in A4-004Adh was DHA (1% of total fatty acids), while DHA was 

virtually undetectable in A4-004N (Figure 3.2C). In A4-004N, the most abundant ω-3 

PUFA was C18:3ω-3 (alpha-linolenic acid (ALA)) (1.79% of total fatty acids) (Table S3.1). 

The most prevalent forms of ω-6 PUFA were C20:2ω-6 (3.25% of total fatty acids in A4-

004N vs 0.95% in A4-004Adh) and C20:4ω-6 (AA) (1.01% in A4-004N vs 3.01% in A4-

004Adh) (Figure 3.2D). The DHA:AA ratio was much lower in A4-004N compared to A4-

004Adh cells (0.14 vs. 0.84), whereas the ω-3: ω-6 ratio showed no difference in A4-

004N compared to A4-004Adh cells (0.42 vs. 0.41) (Figure 3.2E).  

Next, we examined the effect of AA or DHA treatment on the fatty acid composition 

of A4-004N and A4-004Adh total lipids (Table S3.2). Cells were cultured in their 

respective “neurosphere” versus “adherent” media, supplemented with BSA (control), 30 

μM AA or 30 μM DHA for 24 hours before they were harvested for lipid extraction. To 

ensure that BSA itself would not affect our results, we also compared the fatty acid 
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composition of A4-004N and A4-004Adh lipids in BSA (vehicle control) and untreated 

cells. No significant differences were noted between untreated and BSA-treated cells 

(Table S3.3).  

AA treatment increased AA levels, along with its downstream mediators, adrenic 

acid (ADA, C22:4ω-6) and docosapentaenoic acid (DPA, C22:5ω-6) in both A4-004N and 

A4-004Adh cells (Table S3.2). The DHA:AA ratio was decreased ~7-fold and 3-fold upon 

AA treatment in A4-004N and A4-004Adh, respectively (Figure 3.3C), whereas the ω-

3:ω-6 ratio was decreased ~3-fold and 2-fold upon AA treatment in A4-004N and A4-

004Adh, respectively (Figure 3.3D). 

 Strikingly, DHA treatment increased DHA content by more than 100-fold (an 

increase from 0.1% of fatty acids to 11.2% of fatty acids) in A4-004N total lipids compared 

to 8-fold (1.01% to 8.09%) in A4-004Adh (Figure 3.3A). This increase in DHA resulted in 

an ~130-fold increase in the DHA:AA ratio in A4-004N (from 0.07 to 9.65) compared to 

~9-fold in A4-004Adh cells (Figure 3.3C). The overall increase in the ω-3:ω-6 ratio was 

~6-fold and ~4-fold in A4-004N and A4-004Adh DHA-treated cells, respectively (Figure 

3.3D). These results indicate efficient uptake of both AA and DHA in neural stem cell-like 

cultures.
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Figure 3.1 Preferential expression of FABP7 in neurosphere cultures. 

Semi-quantitative RT-PCR analysis of FABP7, SOX-2, and Nestin (NES) in paired 

patient-derived GBM adherent and neurosphere cultures. β-Actin was used as the loading 

control.
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3.3.2 Fatty acid profiles of phospholipids from GBM neural stem-like versus 

adherent cells 

Phospholipids are a major component of cell membranes. PUFA supplementation 

affects membrane phospholipid composition and fatty acid recycling (Fuentes et al., 

2018a; Lands, 1958). In turn, PUFAs in cell membranes affect their properties, including 

fluidity and distribution of membrane-bound proteins (Corsetto et al., 2011; Fuentes et al., 

2018b; Levental et al., 2020; Xu et al., 2021). We therefore examined the fatty acid 

composition of phospholipids from A4-004N and A4-004Adh cells (Table S3.4 and 

Figure 3.2). Trends similar to those observed in total lipids were seen in phospholipids, 

such as increased MUFAs (42.8% vs. 39.2%) and decreased PUFAs (9.9% vs. 14.4%) 

in A4-004N compared to A4-004Adh cells (Table S3.4 and Figure 3.2A). There was less 

ω-6 PUFA incorporated into the phospholipids from A4-004N (7.1%) compared to A4-

004Adh cells (9.9%). Similarly, less ω-3 PUFAs were incorporated in the phospholipids 

from A4-004N (2.9%) compared to A4-004Adh cells (4.6%) (Figure 3.2B). Levels of ω-3 

PUFAs were similar in total lipids and phospholipids of both A4-004N and A4-004Adh 

cells, whereas -6 PUFAs were more abundant in phospholipids compared to total lipids 

in A4-004Adh cells, suggesting preferential incorporation of -6 PUFAs in membrane 

phospholipids of adherent cultures (Figure 3.2B).  

 Similar to that observed for total lipids, AA was the most abundant -6 PUFA in 

A4-004Adh phospholipids (3.8%), whereas C20:2-6 was the most abundant -6 PUFA 

in A4-004N total phospholipids (3.9%) (Table S3.4 and Figure 3.2D). Similar to total 

lipids, ALA (1.6%) was also abundant in A4-004N phospholipids (Table S3.4). Increased 

levels of DHA in both A4-004N and A4-004Adh total phospholipids (0.2% and 1.8%, 
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respectively) compared to total lipids (undetectable and 1%, respectively) were noted, 

suggesting preferential incorporation of DHA in phospholipids when cells are grown in 

their standard culture media (Figure 3.2C). Similar to total lipids, the DHA:AA ratio was 

lower in A4-004N compared to A4-004Adh phospholipids (0.2 vs. 0.5). The overall ω-3:ω-

6 ratio in A4-004N phospholipids was similar to that observed in A4-004Adh (0.4 vs.0.5) 

(Table S3.4 and Figure 3.2E).  

 AA treatment resulted in ~6X and ~2X increases in the AA content of phospholipids 

extracted from A4-004N and A4-004Adh cells, respectively, whereas DHA treatment 

increased the DHA content of phospholipids by ~18X and ~3.8X in A4-004N and A4-

004Adh cells, respectively (Table S3.5). Similar to what was observed in total lipids, AA 

treatment resulted in ~14-fold and ~5-fold increases in the levels of the AA downstream 

product, ADA, in A4-004N and A4-004Adh phospholipids, respectively. In DHA-treated 

cells, the DHA:AA ratio increased by ~21-fold in A4-004N phospholipids, resulting in 

DHA:AA ratio of 4.9 (Figure 3.3G). In comparison, there was a ~3.8-fold increase in the 

ratio of DHA:AA in the phospholipids of DHA-treated A4-004Adh cells compared to BSA 

control cells, resulting in a DHA:AA ratio of 1.8 (Figure 3.3G). The overall increase in the 

phospholipid ω-3:ω-6 ratio was ~3-fold and ~2-fold in A4-004N and A4-004Adh DHA-

treated cells, respectively (Figure 3.3H). Thus, while highly significant, the incorporation 

of DHA into A4-004N and A4-004Adh phospholipids was not as strikingly different as that 

observed for total lipids, suggesting that DHA levels may be relatively more stable in 

phospholipids compared to total lipids in GBM cells.  
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Figure 3.2 Fatty acid composition of total lipids and total phospholipids extracted from A4-004N and A4-004Adh 

cells. 

Total lipids (TL) were extracted and total phospholipids (PL) separated from A4-004N and A4-004Adh and fatty acid 

composition measured by gas chromatography. (A) Percent abundance of saturated fatty acids (SFA), monounsaturated 

fatty acids (MUFA) and polyunsaturated fatty acids (PUFA) in total lipids and total phospholipids of A4-004N and A4-004Adh 
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cells. (B) Percent abundance of ω-3 PUFA and ω-6 fatty acids PUFA in total lipids and total phospholipids of A4-004N and 

A4-004Adh cells. (C) Percent abundance of C20:5ω-3 (EPA) and C22:6ω-3 (DHA) fatty acids in total lipids and total 

phospholipids of A4-004N and A4-004Adh cells. (D) Percent abundance of C20:4ω-6 (AA), C20:2ω-6 and C20:3ω-6 (DGLA) 

fatty acids in total lipids and total phospholipids of A4-004N and A4-004Adh cells. (E) DHA:AA ratio, and ω-3:ω-6 ratios in 

total lipids and total phospholipids of A4-004N and A4-004Adh cells. See Tables S3.1 and S3.4 for comprehensive lists of 

fatty acids in total lipids and phospholipids, respectively. N = 3. * indicates p < 0.05, ** indicates p < 0.01, *** indicates p < 

0.001, and **** indicates p < 0.0001. Abbreviations: DHA, docosahexaenoic acid; AA, arachidonic acid.
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Figure 3.3 Effects of PUFA treatment on AA- and DHA-incorporation in total lipids and total phospholipids from A4-

004N and A4-004Adh cells. 

A4-004N and A4-004Adh culture media were supplemented with BSA (control), 30 μM AA, or 30 μM DHA. Percent 

abundance of DHA (A, E), percent abundance of AA (B, F), DHA:AA ratio (C, G) and ω-3:ω-6 ratio (D, H) in total lipids (A-

D) and total phospholipids (E- H) of A4-004N and A4-004Adh cells. N = 3. Different letters indicate that groups are 

significantly different. See Tables S3.2 and S3.5 for comprehensive lists of fatty acids in total lipids and phospholipids, 

respectively. 
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3.3.3 FABP7 facilitates DHA uptake in GBM neural stem-like cells 

 FABPs play an important role in lipid-mediated biological processes through the 

regulation of fatty acid uptake, storage, and trafficking fatty acids to different locations in 

the cell (Amiri et al., 2018; Furuhashi and Hotamisligil, 2008). PUFAs, especially DHA 

and AA, are preferred ligands for FABP7, with ω-3 DHA having a 4-fold higher binding 

affinity for FABP7 compared to ω-6 AA based on Isothermal Titration Calorimetry and 

Lipidex 1000 (Balendiran et al., 2000; Liu et al., 2010).  

 To gain insight into the role of FABP7 in the uptake of ω-3 DHA or ω-6 AA in GBM 

neural stem-like cells, we investigated the effect of FABP7 knockdown on DHA and AA 

incorporation in the total lipids and phospholipids of GBM neural stem-like cells. FABP7 

was knocked-down in A4-004N cells using lentiviral shRNA constructs (shFABP7-1 and 

shFABP7-2) (Figure 3.4). In A4-004N shControl cells, AA and DHA treatment increased 

the intracellular levels of AA and DHA, respectively, in both total lipid and total 

phospholipid fractions, as described earlier for non-transfected A4-004N cells (Figure 

3.5). Upon FABP7 depletion, however, DHA uptake into total lipids was significantly 

reduced in DHA-treated A4-004N cells (6.4% in A4-004 shFABP7-1 cells and 6.6% A4-

004N shFABP7-2 cells, compared to 12.9% in A4-004N shControl cells) (Figure 3.5A). 

Reduced DHA incorporation also resulted in a decreased DHA:AA ratio and  ω-3:ω-6 ratio 

in total lipids of FABP7-depleted A4-004N cells compared to A4-004N shControl cells 

(Figure 3.5D). Notably, reduced DHA incorporation was not observed in total 

phospholipids of FABP7-depleted cells (Figure 3.5E), nor were the DHA:AA and ω-3:ω-

6 ratios affected by FABP7 depletion (Figure 3.5G-H). Interestingly, even though AA is 

also a ligand for FABP7, FABP7 depletion had no significant effect on the uptake of AA 
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in either total lipids (Figure 3.5B) or total phospholipids (Figure 3.5F). In agreement with 

these data, neither the DHA:AA ratio nor the ω-3:ω-6 ratio was affected by FABP7 

depletion in AA-treated A4-004N cells (Figure 3.5G-H). Our combined FABP7 results 

suggest the presence of a compensatory mechanism for AA uptake in GBM neural stem-

like cells when FABP7 is depleted, and a specialized role for FABP7 in the uptake of DHA 

in total lipids of A4-004N cells.  

 FABPs are responsible for both the uptake and trafficking of their fatty acid ligands 

within cells. FABP7 has previously been shown to increase the formation of lipid droplets, 

an organelle responsible for lipid storage (Hoang-Minh et al., 2018; Islam et al., 2019). 

As our data indicate that FABP7 expression increases the uptake of DHA into total lipids, 

but not phospholipids, we examined whether FABP7 delivers DHA to lipid droplets. We 

observed increased accumulation of lipid droplets when A4-004N shControl cells were 

cultured in medium supplemented with 30 µM DHA (Figure 3.6). Intriguingly, upon FABP7 

depletion, lipid droplet accumulation was significantly reduced, suggesting that DHA may 

be preferentially stored in lipid droplets in FABP7-expressing cells (Figure 3.6A). 

Quantitative analyses revealed a >2-fold decrease in the average intensity of Nile Red 

staining per cell upon FABP7 depletion in DHA-treated A4-004N cells (Figure 3.6B). 

Similar results were observed in U251 cells and ED501N cells, both of which also express 

FABP7 (Figure S3.1) (Xu et al., 2021).
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Figure 3.4 FABP7 levels in lentivirus-infected A4-004N cells. 

Western blot analysis of FABP7 in total lysates prepared from A4-004N cells transfected 

with shControl, shFABP7-1 and FABP7-2 lentiviral constructs. GAPDH was used as the 

loading control. 
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Figure 3.5 Effects of PUFA treatment on the incorporation of AA and DHA into total lipids and total phospholipids from 

A4-004N control and shFABP7 knockdown cells. 

A4-004N shControl, shFABP7-1, and shFABP7-2 were cultured in medium supplemented with BSA (control), 30 μM AA, or 30 μM 

DHA. Percent abundance of DHA, AA, DHA:AA ratio and ω-3:ω-6 ratio in total lipids (A, B, C and D) and total phospholipids (E, F, 

G and H) of A4-004N shControl and shFABP7 cells. ** indicates p < 0.01, *** indicates p < 0.001, and **** indicates p < 0.0001. 

n.s. indicates not significant.
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Figure 3.6 Effect of DHA treatment on lipid droplet formation in A4-004N shControl 

and A4-004N shFABP7 cells. 

(A) A4-004N shControl and shFABP7 cells were cultured in medium supplemented with 

BSA control or 30 μM DHA. Cells were stained with Nile Red and images captured by 

confocal microscopy. DAPI was used to stain the nucleus. (B) Quantification of lipid 

droplets in A4-004N shControl and shFABP7 cells cultured in DHA-supplemented 
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medium. The average intensity of Nile Red staining per cell was measured using raw 

images (n = 8, 15-30 cells/image) taken by confocal microscopy. *** indicates p < 0.001. 

 

3.3.4 DHA-mediated inhibition of GBM neural stem-like cell migration is dependent 

on FABP7 expression 

 We have previously reported that AA promotes, whereas DHA inhibits U87 GBM 

cell migration in an FABP7-dependent manner (Mita et al., 2010). We therefore used the 

Transwell migration assay to examine the effect of DHA and FABP7 expression on GBM 

neural stem-like cell migration. A4-004N shControl cells and A4-004N shFABP7 cells 

were cultured in neurosphere medium supplemented with 30 μM DHA or BSA control for 

24 hours before carrying out the Transwell assay. As previously shown for adherent GBM 

cells, migration rates of FABP7-depleted A4-004N cells were significantly reduced 

compared to A4-004N shControl cells (Figures 3.7A and 3.7B). DHA treatment resulted 

in a >60% decrease in the migration of A4-004N shControl cells compared to BSA control 

(p < 0.05). In contrast, the migration of A4-004N shFABP7 cells was not affected by DHA 

treatment. Our combined results indicate that although DHA uptake is observed in both 

shControl and shFABP7 cells, it is only when FABP7 is present that uptake of DHA leads 

to the inhibition of GBM neural stem-like cell migration.
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Figure 3.7 Effects of DHA treatment on the migration of A4-004N shControl and A4-

004N shFABP7 cells.  

(A) Representative Transwell images of A4-004N shControl and A4-004N shFABP7 cells 

cultured in medium supplemented with bovine serum albumin (BSA control) or 30 μM 

DHA. (B) Quantification of migrating cells described in (A). Differences were assessed for 

significance using the two-tailed unpaired t-test. N = 3; *** indicates p < 0.005.
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3.4 Discussion 

GBM tumors share key features with the development of the central nervous 

system (CNS) (Jung et al., 2019). First, GBM tumors have subpopulations of neural stem-

like cells that express neural stem cell markers, such as Nestin, CD133 and FABP7. 

Second, migration and infiltration of GBM cells share morphologically and structurally 

similar features to those associated with long-distance migration during neurogenesis in 

developing brain. Third, the DHA:AA ratio in GBM tissue is similar to that seen in the fetal 

brain when neural cells are undergoing long distance migrations (Marszalek et al., 2010; 

Martin et al., 1996). Notably, FABP7 is essential for both the maintenance of radial glial 

progenitor cells (Arai et al., 2005) and neuronal cell migration during brain development 

(Feng et al., 1994; Kurtz et al., 1994). In standard GBM adherent cell cultures, 

overexpression of FABP7 increases, whereas knockdown of FABP7 decreases GBM cell 

migration and infiltration (De Rosa et al., 2012; Mita et al., 2007). Moreover, FABP7 is 

highly expressed in GBM neural stem-like cells (Morihiro et al., 2013) and its elevated 

levels are associated with poor clinical outcome (Hoang-Minh et al., 2018). In combination, 

these data suggest that FABP7 may be able to hijack the brain’s normal developmental 

processes for the maintenance of GBM stemness and tumor infiltration in brain 

parenchyma.  

The brain is highly enriched in long chain PUFAs, especially FABP7’s preferred 

ligands, ω-3 DHA and ω-6 AA, which make up 8% and 6% of the dry weight of adult 

human brain, respectively (Elsherbiny et al., 2013; Owada, 2008). FABP7 is found in both 

the cytoplasm and nucleus, as well as at the plasma membrane where it is involved in the 

uptake of PUFAs (Mita et al., 2010; Xu et al., 2021). FABP7 plays different roles in the 
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cell depending on which ligand it is bound to (Elsherbiny et al., 2013; Kagawa et al., 2019; 

Mita et al., 2010). DHA has previously been shown to inhibit the migration of FABP7-

expressing GBM cells (Mita et al., 2010; Ruan et al., 2019), as well as sensitize GBM 

cells to chemotherapy and radiation in vitro (Antal et al., 2014; Harvey et al., 2015; Manda 

et al., 2011; Wang et al., 2011). It is already known that dietary DHA can affect the fatty 

acid composition of lipids in brain tissue (diNicolantonio, 2020; Elsherbiny et al., 2015; 

Lauritzen et al., 2016), opening the door to the possibility that GBM patient outcome could 

be improved by increasing the DHA content in the tumor microenvironment.   

Neural stem-like cells are key players in GBM cellular heterogeneity and therapy 

resistance (Osuka and Van Meir, 2017; Prager et al., 2020). Gene expression profiling 

has revealed significant differences between neural stem-like GBM cells cultured under 

neurosphere conditions and adherent GBM cells cultured in serum-containing medium, 

with the neural stem-like cells more closely mirroring the original tumor (Kim et al., 2018a; 

Lee et al., 2006; Lenting et al., 2017). Furthermore, compared to their matched serum-

differentiated counterparts, GBM neurosphere cultures are enriched in enzymes involved 

in the PUFA synthesis cascade such as ELOVL2 and FASD2 (Gimple et al., 2019). 

Cyclooxygenase 2 (COX-2), which metabolizes AA to its downstream bioactive 

metabolites (e.g. prostaglandins), is preferentially activated in GBM neural stem-like cells 

compared to adherent cells (Wu et al., 2017). We have previously shown that COX-2 is 

upregulated in FABP7-expressing GBM cells cultured in AA-rich medium (Mita et al., 

2010). Interestingly, when patient-derived GBM tumors are sorted into fast- versus slow-

cycling (neural stem-like) cells, the latter not only preferentially express FABP7 but have 

elevated levels of PUFA metabolism intermediates (Hoang-Minh et al., 2018). Thus, there 
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is an emerging link between stemness, FABP7 expression and increased PUFA 

metabolism in GBM.  

PUFA metabolism is gaining recognition as an important contributor to GBM 

tumorigenic properties. However, little is known about the uptake and trafficking of PUFAs 

in GBM neural stem-like cells. To date, the effect of DHA on GBM fatty acid composition 

has only been investigated using established GBM cell lines cultured under adherent 

(differentiation-promoting) conditions (Harvey et al., 2015). By comparing the fatty acid 

composition of patient-derived GBM neural stem-like cells with that of their adherent 

counterparts, we found that DHA treatment effectively increases the DHA content in both 

total lipids and total phospholipids of GBM neural stem-like cells, but especially in total 

lipids. Our results further indicate that FABP7 plays an important role in the efficient 

uptake of DHA in total lipids but not phospholipids. This preferential link between DHA, 

FABP7 and total lipids is particularly interesting in light of our recent finding that DHA 

treatment disrupts FABP7 nanodomains clustered on the surface of GBM neural stem-

like cells and promotes FABP7 localization to mitochondria (Xu et al., 2021). Our previous 

work also shows that DHA treatment in FABP7-expressing GBM cells promotes the 

nuclear localization of FABP7 and induction of PPAR activity (Mita et al., 2010). Thus, 

FABP7’s main role in DHA-supplemented GBM cells may be to facilitate the uptake, 

intracellular transport and utilization of DHA for functions that are unrelated or not directly 

related to phospholipids.  

Along with the decrease in DHA uptake in total lipids observed in FABP7-depleted 

GBM neural stem like cells, we also found that FABP7 depletion decreased the formation 

of lipid droplets in GBM neural stem-like cells cultured in DHA-supplemented medium. 

Associations between FABP7 expression and lipid droplet formation have been 
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previously reported. For example, FABP7 expression is associated with elevated 

numbers of lipid droplets in both astrocytes and GBM cells (Hoang-Minh et al., 2018; 

Islam et al., 2019). Furthermore, up-regulation of FABP7 expression in U87 adherent 

GBM cells cultured under hypoxic conditions was accompanied by increased fatty acid 

uptake and increased formation of lipid droplets (Bensaad et al., 2014). Long believed to 

simply serve as storage sites for fats, lipid droplets are now known to be hubs that 

coordinate a wide range of lipid-related functions ranging from delivery of fatty acids to 

mitochondria, regulation of membrane dynamics, and timed release of bioactive lipids that 

regulate inflammation (Bozza et al., 2011; Petan et al., 2018). DHA has already been 

implicated in the remodeling of lipid droplets in microglia, with a demonstrated effect on 

the inhibition of neuro-inflammation (Tremblay et al., 2016). Based on these combined 

data, one may therefore postulate that FABP7 expression in GBM neural stem-like cells 

has the potential of inducing an anti-tumorigenic response when cells are cultured in a 

DHA-rich microenvironment that promotes the formation of DHA-rich lipid droplets.  

Consistent with the idea that DHA has anti-tumorigenic properties in FABP7-

expressing GBM neural stem-like cells, we found that DHA inhibited the migration of 

FABP7-expressing GBM neural stem-like cells but had negligible effects on their FABP7-

depleted counterparts. These results are consistent with our previous findings using the 

established adherent U87 GBM cell line (Mita et al., 2010), and indicate that the migratory 

properties of FABP7-expressing GBM cells are dependent on the ratio of DHA:AA in the 

tumor microenvironment. Together, our findings suggest that infiltrative FABP7-

expressing GBM neural stem-like cells will be selectively targeted by DHA treatment. 

Thus, while expression of FABP7 may promote GBM growth in an AA-rich tumor 

microenvironment, in a DHA-rich microenvironment, FABP7 may inhibit tumor infiltration 
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as the result of increased DHA uptake and utilization. We thus propose that FABP7 is the 

Achilles’ heel of GBM neural stem-like cells, with the potential of inhibiting the 

migration/infiltration of these cells in a DHA-rich microenvironment. DHA-rich diets have 

already been shown to inhibit breast cancer xenograft tumor growth and metastasis 

(Newell et al., 2019; Yun et al., 2016), delay neuroblastoma cancer progression in 

immunodeficient mice (Barnes et al., 2012), as well as increase the in vitro and in vivo 

efficacy of chemotherapy drugs used for the treatment of colon cancer (Calviello et al., 

2005; Jordan and Stein, 2003; Rani et al., 2014; Vasudevan et al., 2014). It will be 

important to investigate whether DHA supplementation can increase DHA levels in both 

the GBM microenvironment and GBM tissue, thereby paving the way to improved GBM 

patient outcome, by inhibiting the infiltration of FABP7-expressing GBM neural stem-like 

cells into brain parenchyma.
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3.8 Supplementary figures  

 
Figure S3.1 Effect of DHA treatment and FABP7-knockdown on lipid droplet 

formation in U251 and ED501N cells. 

Stable knockdown of FABP7 in U251 GBM adherent cells and ED501 GBM neural stem-

like cells was confirmed as previously described [49]. Cells were cultured in medium 

supplemented with BSA (control), 60 µM DHA (U251 cells), or 30 µM DHA (ED501N cells). 

After 24 hours, cells were fixed and stained with Nile Red. Representative confocal 

images are shown. DAPI was used to stain the nucleus.
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Table S3.1 Fatty acid composition of total lipids extracted from A4-004N and A4-

004Adh cells. 

 

Data are presented as mean ± standard deviation (SD). p-value of <0.05 was considered 

statistically significant. 
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Table S3.2 Fatty acid composition of total lipids extracted from A4-004N and A4-004Adh cells cultured in media 

supplemented with BSA (control), 30 μM AA or 30 μM DHA. 

 

Different letters indicate that groups are significantly different. Differences were assessed for significance using one-way 

analysis of variance followed by post-hoc Tukey’s test. p-value of <0.05 was considered statistically significant. 
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Table S3.3 Fatty acid composition of total lipids and total phospholipids extracted from A4-004N and A4-004Adh 

cells cultured under normal culture conditions (not treated (NT); from Tables S3.1 and S3.4) and in media 

supplemented with 30 μM BSA (from Tables S3.2 and S3.5). 

 

Data are presented as mean ± standard deviation (SD). p-value of <0.05 was considered statistically significant. N = 3.
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Table S3.4 Fatty acid composition of total phospholipids from A4-004N and A4-

004Adh cells. 

 
Data are presented as mean ± standard deviation (SD). p-value of <0.05 was considered 

statistically significant.
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Table S3.5 Fatty acid composition of total phospholipids from A4-004N and A4-004Adh cells cultured in media 

supplemented with BSA (control), 30 µM AA or 30 μM DHA. 

 

Different letters indicate that groups are significantly different. Differences were assessed for significance using one-way 

analysis of variance followed by post-hoc Tukey’s test. p-value of <0.05 was considered statistically significant.
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Chapter 4. 

 

Role of FABP7 in GBM neural stem-like cell lipid metabolism
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4.1 Introduction  

 GBM neural stem-like cells (GSCs) exhibit distinct metabolic profiles compared to 

their differentiated progeny. It has recently been reported that GSCs are less glycolytic 

(e.g., consuming lower levels of glucose) while maintaining higher ATP levels (Strickland 

and Stoll, 2017). Dysregulation of lipid metabolism is associated with maintenance of 

GBM stemness and poor GBM patient survival (Garnier et al., 2019; Strickland and Stoll, 

2017). Genes involved in different lipid metabolism pathways are up-regulated in GBM 

neural stem-like cells, such as FASN, ELOVL2, FABP7 and ACBP, highlighting the 

importance of lipid synthesis, transport and metabolism in GBM (De Rosa et al., 2012; 

Duman et al., 2019; Saurty-Seerunghen et al., 2019). A recent single cell RNA-

sequencing analysis from GBM surgical resections demonstrates specific enrichment of 

lipid metabolism enzymes, such as ELOVL2 and carnitine palmitoyltransferase 1, isoform 

c (CPT1c) and acyl-CoA synthetase bubblegum family, member 1 (ACSBG1) in GBM 

tumours with high tumourigenic potential (Saurty-Seerunghen et al., 2019).  

 Fatty acids pass easily through the blood brain barrier (Hamilton and Brunaldi, 

2007). Emerging evidence shows that fatty acids serve not only as materials for lipid 

membrane synthesis but also as substrates for energy production (Strickland and Stoll, 

2017). In a 2017 study, Lin et al. reported that human primary GBM cells cultured under 

serum-free conditions oxidize fatty acids to maintain both respiratory and proliferative 

activities (Lin et al., 2017). Etomoxir, an inhibitor of CPT1 involved in the rate-limiting step 

of fatty acid β-oxidation, inhibits GBM energy production and cellular proliferation in GBM 

cells (Lin et al., 2017). This study also demonstrated that the serum-free conditions under 

which GBM stem-like cells are cultured can better recapitulate GBM tumour metabolic 
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status than the traditional serum-containing medium used to culture GBM cells. In 2018, 

another study defined and classified GBM neural stem-like cells as slow-cycling cells 

which preferentially utilize mitochondrial oxidative phosphorylation for their functions, 

particularly under glucose-deprivation conditions (Hoang-Minh et al., 2018). Slow-cycling 

cells highly express FABP7, display elevated lipid metabolism levels, show increased lipid 

droplet formation, as well as enhanced tumour invasion and chemoresistance, suggesting 

their important role in tumour recurrence. This study further showed that FABP7 

expression attenuates the effect of glycolysis inhibition on GBM tumour growth in 

mice(Hoang-Minh et al., 2018). These recent findings further suggest an important role 

for FABP7 in regulating GBM mitochondrial fatty acid β-oxidation processes, especially 

in GBM neural stem-like cells. 

  In human brain, long chain fatty acids are converted into fatty acid acyl-CoA by 

long-chain acyl-CoA synthetase, such as ACSL6 and ACSBG1, for further plasma 

membrane fatty acid recycling, mitochondrial fatty acid β-oxidation or phospholipid 

synthesis (Lacombe et al., 2018). Recently, an Acsl6-deficient mouse model study 

showed that ACSL6 promotes brain DHA enrichment (Fernandez et al., 2018). The in 

vivo role of ACSBG1 in brain fatty acid β-oxidation remains unknown (Fernandez and 

Ellis, 2020). Long chain fatty acid acyl-CoA transport from the cytosol into the 

mitochondrial matrix is dependent on CPT1 family members, which are found in the outer 

mitochondrial membrane. Long chain fatty acid acyl-CoA transport is the rate-limiting step 

in fatty acid β-oxidation. The CPT1a and CPT1b isoforms are specific to liver and muscle 

fatty acid β-oxidation, respectively, whereas CPT1c is specifically expressed in brain, as 
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well as some types of cancer (e.g. neuroblastoma, glioblastoma, breast cancer and lung 

cancer) (Price et al., 2002; Reilly and Mak, 2012; Zaugg et al., 2011).  

 Fatty acid recycling pathways (called Lands’ cycle) by phospholipase A2 (PLA2) 

proteins are essential for fatty acid hydrolysis from phospholipids in plasma membrane. 

Elevated levels of PLA2, such as cPLA2 and iPLA2, facilitate the phospholipid membrane 

turnover of brain-enriched AA and DHA, respectively (Bazinet and Laye, 2014). 

Understanding the relationship between PUFA membrane recycling, FABP7 expression 

and presence of FABP7 PUFA ligands DHA and AA in GBM will provide mechanistic 

insight into FABP7-mediated plasma membrane remodelling in GBM.   

 Osswald et al. reported that GBM cells extend ultra-long membrane protrusions, 

called microtubes, that serve as multicellular communicating channels in GBM (Broekman 

et al., 2018; Osswald et al., 2015). Microtubes have been reported in both 2D 

neurosphere cultures and 3D organoid cultures using GBM-patient derived GSCs, as well 

as in xenograft GBM tumours, and patient GBM tissue (Linkous et al., 2019; Osswald et 

al., 2015). Microtubes create tumour-tumour connections as well as tumour-astrocyte 

connections (Formicola et al., 2019), and play an important role in GBM tumour 

progression and resistance to therapy based on experimental models (Linkous et al., 

2019; Weil et al., 2017). It is hypothesized that when tumour tissue is damaged by 

chemotherapy/radiotherapy or surgically removed, microtubes facilitate the shuttling of 

tumour cells to less-damaged sites (e.g. by transporting molecules involved in the 

propagation of calcium flux), resulting in GBM tumour recurrence (Broekman et al., 2018; 

Osswald et al., 2015; Weil et al., 2017). Many organelles have been identified within 

microtubes, such as mitochondria and lysosomes (Formicola et al., 2019; Pinto et al., 
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2021). Other communication channels, called tunnelling nanotubes, have also been 

described in GBM neurosphere cultures generated from the highly infiltrative regions of 

GBM tumours (Pinto et al., 2021; Valdebenito et al., 2020). These authors found a 

correlation between GBM stem cell markers, increased levels of oxidative 

phosphorylation and elevated transfer of mitochondria through tunnelling nanotubes. 

FABP7 is a well-known GBM stem cell marker that is highly expressed in the infiltrative 

regions of GBM tumours (Morihiro et al., 2013). We have found that FABP7 localizes to 

mitochondria in several GBM neurosphere cultures. One of the objectives of Chapter 4 

was therefore to investigate FABP7 in GBM neurosphere microtubes. 
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4.2 Materials and methods  

4.2.1 Quantitative RT-PCR 

 RNA was purified from patient-derived GBM neurosphere cultures (A4-004N, A4-

007N, A4-011N and A4-012N) and their paired adherent culture counterparts (A4-004Adh, 

A4-007Adh, A4-011Adh and A4-012Adh) using the RNeasy Plus Kit (Qiagen) following 

the manufacturer’s protocol. cDNA was transcribed using Superscript II reverse 

transcriptase (Invitrogen) and oligodT. The following primers were used for quantitative 

RT-PCR (RT-qPCR) analysis: CPT1c variant 1 (Forward 5′‑

TCTTCAGTGCCATCCAGCTT ‑3'; Reverse 5′‑ ACAAACACGAGGCAAACAGC ‑3'), 

CPT1c variants 2/3/4 (Forward 5′‑GCTTTCAGCTGGGCTACTCA ‑3'; Reverse 5′‑ 

ACGACATGGCAGTCGACATT ‑3'), ACSBG1 (Forward 5′‑

ACGCAATTCTGGAGCTGGAT ‑3'; Reverse 5′‑ GAGCTCGAGAGCATGGTTCA ‑3'), 

ACSL6 (Forward 5′‑ CTGGGGCTATCCGCTACATC ‑3'; Reverse 5′‑ 

ACTTAATGACCACCCCGCAC ‑3'), GAPDH (Forward 5′‑ ACCAGGGAGGGCTGCAGT ‑

3'; Reverse 5′‑ CAGTTCGGAGCCCACACG ‑3'). RT-qPCR analyses was carried out with 

BrightGreen® qPCR master mix (ABM Scientific). All samples were assayed in triplicate, 

and data were normalized for gene expression using GAPDH as an internal control. 

 

4.2.2 Western blot analysis 

 Whole cell lysates were prepared as previously described (Liu et al., 2020a). 

Whole cell lysates (50 μg per lane) were analysed by sodium dodecyl sulfate-

polyacrylamide gel electrophoresis (SDS-PAGE) followed by electroblotting onto 
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nitrocellulose membranes. For lambda-phosphatase treatment, 10 μg of nuclear lysates 

were incubated with either water (negative control) or 400 units of lambda-phosphatase 

for 1 h at 30°C in the supplied reaction buffer, supplemented with 1 mM MnCl2. 

Membranes were immunoblotted with rabbit anti-cPLA2 (1:1000, abcam 135825), mouse 

anti-group VI iPLA (1:1000, Santa Cruz sc-14463), rabbit anti-phospho-p38-MAPK 

(Thr180/Tyr182) (1:1000, cell signalling #9211), or mouse anti-β-Actin (Thermo Fisher 

Scientific; 1:1000) antibodies, followed by anti-rabbit or anti-mouse secondary antibodies 

(Invitrogen,1:50000).  

 

4.2.3 GBM xenograft mouse brain tissue immunohistochemistry and 

immunofluorescence analysis 

 Animal experiments were reviewed and approved by the Cross Cancer Institute 

Animal Care Committee under protocol AC19249. All animal experiments were in 

accordance with the Canadian Council on Animal Care guidelines. Immunodeficient 8-

week-old male NOD.Cg-PrkdcscidIl2rg (NSG) mice were injected with patient-derived A4-

007N neurosphere cells (Giannini et al., 2005). Mice were fully anesthetized and 

positioned on a stereotaxic apparatus. Local anesthetic bupivacaine was injected at the 

surgical site before intracranial tumour injection. Approximately 5 X 104 cells (in 5 μL) 

were injected into the right frontal cortex at a depth of 2 mm (1.5 mm lateral, 1 mm anterior 

from the bregma). The skin overlying the injection site was stapled and mice allowed to 

recover for 7 days after GBM cell injection, then weighed twice weekly. Mice were 

euthanized upon reaching 20% weight loss. 



176 

 

 Mouse brains were dissected, processed and immunostained as previously 

described for human GBM tissue (Mita et al., 2007). Tissue sections were immunostained 

with rabbit anti-FABP7 (prepared in-house; 1:1000), followed by EnVision+ System anti-

rabbit HRP-labeled polymer (DakoCytomation, Carpinteria, CA, USA). For co-

immunofluorescence analysis, GBM xenograft tissue sections were immunostained with 

anti-human mitochondria primary antibody (Sigma-Aldrich, 1:800, MAB1273) and rabbit 

anti-FABP7 primary antibody, followed by anti-mouse Alexa 647 secondary antibody 

(1:400, Invitrogen) and anti-rabbit Alexa 555 secondary antibody (1:400, Invitrogen). 

Images were acquired with a Zeiss LSM 710 confocal microscope using a 40x/1.3 oil-

immersion objective. 

 

4.2.4 Primary GBM neurosphere cultures and FABP7 depletion 

 The generation of patient-derived GBM cultures under adherent and neurosphere 

culture conditions has been described in Chapters 2 and 3. For FABP7 depletion, 

lentivirus shRNA packaging plasmids and control plasmids were purchased from Sigma. 

The two lentivirus FABP7 shRNA constructs used for our experiments were obtained from 

the University of Alberta RNAi Core Facility. FABP7 shRNA sequences, control shRNA 

sequence and virus production procedures are described in Chapter 2 (Xu et al., 2021). 

The MISSION pLKO. (Sigma-Aldrich, SHC002) served as the control vector. U251 GBM 

and A4-004N cells were infected with lentivirus overnight and the medium changed. 

Infected GBM cells were selected in 1 μg/mL puromycin.  
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4.2.5 ATP assay 

 U251 and A4-004N cells were grown in 12‑well plates (25 000 cells/well) for three 

days. Cells were then trypsinized, resuspended in DMEM, and counted. ATP levels of 

intact cells (in triplicate) were measured using the ATP Determination Kit (Invitrogen, 

Thermo Fisher) following the manufacturer's instructions. ATP levels for each sample 

were normalized to cell numbers obtained using a Coulter Counter. 

 

4.2.6 Immunofluorescence analysis of GBM cells  

 For co-immunofluorescence analysis of cPLA2 and cell membrane dye wheat germ 

agglutinin (WGA) Texas Red™ in U87 GBM cells, the WGA dye was diluted to 5 μg/mL 

using Hank’s balanced salt solution (HBSS). GBM cells were incubated in WGA dye for 

15 minutes at 37°C. Labelled cells were washed two times with HBSS, then fixed with 4% 

paraformaldehyde (PFA) for 10 minutes at room temperature, followed by 

immunostaining with rabbit anti-cPLA2 antibody (Abcam, 1:400, 135825), and anti-rabbit 

Alexa 488 secondary antibody (Invitrogen,1:400). Images were acquired with a Zeiss 

LSM 710 confocal microscope using a 40x/1.3 oil-immersion objective. 

 A4-007N were cultured on high-performance plates (Greiner Bio-One 96-well 

microplate, μclear), then co-(immuno)stained with mouse anti-FABP7 antibody (Santa 

Cruz, 1:400, sc-374588) and lipid droplets marker (rabbit anti-ADRP antibody, 

Proteintech,1:400, 15294-1-AP), or mitochondria marker (Thermo Fisher, 200 nM/mL, 

MitotrackerTM Deep Red FM), or peroxisome marker (rabbit anti-Acox1 antibody, Sigma, 

1:400, HPA021192), followed by (where appropriate) anti-mouse Alexa 555 secondary 

antibody (1:400, Invitrogen) and anti-rabbit Alexa 647 secondary antibody (1:400, 
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Invitrogen). Images were acquired with a Zeiss LSM 710 confocal microscope using a 

40x/NA1.3 oil lens. Co-localization analysis (Pearson’s coefficient and M1 & M2 

coefficient) of FABP7 signal was calculated using colocalization analysis Plugin of ImageJ 

software (version 1.53e, National Institutes of Health, USA).  

 To quantitate overlapping FABP7 and mitochondria signals upon treatment with 

different fatty acids, raw images were acquired by confocal microscopy (5 images were 

acquired in each of three independent experiments, with an average of 3 neurospheres 

in each image; total of 15 neurospheres). Both FABP7 and MitotrackerTM Deep Red signal 

intensities were calculated for every single pixel. The MitotrackerTM Deep Red signal 

intensity calculation using ImageJ software was as described in our recent publication 

(Xu et al., 2021). For microtube analysis, A4-007N shcontrol cells and shFABP7 cells 

were cultured in 60 mm dishes for 7-10 days until microtube connections/long processes 

had formed. Images were acquired with a MH bright field light microscope using a 10x 

lens. Neurosphere size, processes length and numbers were quantified using ImageJ 

software (version 1.53e, National Institutes of Health, USA). 

 

4.2.7 GBM lipid metabolism gene expression based on RNA-sequencing data 

analysis  

 Upper quantile normalized fragments per kilobase million (FPKM) reads of 27 

different cancers were obtained from open-source Genomic Data Commons (GDC) Data 

Portal. The read data within each cancer type were then merged according to the gene 

names. Within each cancer type, the mean expression levels of each gene across 

different patients were calculated and used as the representation of the gene expression 
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levels in the cancer type. The gene expression levels of the 27 different cancers were 

merged into one file and plotted with plots package in R. 

 

4.2.8 Statistical analysis 

 Assessment of the significance of differences between groups was by student’s 

unpaired t-test (two groups comparison). Microsoft Excel (Microsoft, Redmond, WA, USA) 

and Prism 8 (GraphPad Software, San Diego, CA, USA) were used for statistical analysis 

of data. A p-value < 0.05 was considered statistically significant.
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4.3 Results 

4.3.1 Mitochondria lipid metabolism genes are highly expressed in GBM 

neurosphere cultures  

 Single cell RNA-sequencing data indicate that elevated expression of lipid 

metabolism genes correlates with a high tumourigenic potential (Saurty-Seerunghen et 

al., 2019). Here, we use RNA sequencing data from Genomic Data Commons (GDC) 

database to compare fatty acid metabolism genes expression profiles between GBM and 

26 other cancer types. We focused on the expression profiles of genes involved in 

mitochondrial fatty acid β-oxidation pathways. Our results indicate that the long chain fatty 

acid mitochondrial transporting gene ‘carnitine palmitoyltransferase I isoform c’ (CPT1C) 

and ‘acyl-CoA synthetase long-chain family, member 6’ (ACSL6) and acyl-CoA 

synthetase bubblegum family, member 1’ (ACSBG1), which are key rate-limiting steps in 

mitochondrial fatty acid β-oxidation, are up-regulated in GBM tumour tissues compared 

to other cancer types (Figure 4.1A).  

 We carried out quantitative RT-PCR to compare the expression levels of the 

mitochondrial fatty acid β-oxidation genes, CPT1c, ACSL6 and ACSBG1, as well as 

FABP7 in 10 GBM cell lines cultured in standard serum-containing medium and 8 GBM 

patient-derived neurosphere cultures. Our results show that FABP7-positive GBM cell 

lines and neurosphere cultures have generally higher levels of CPT1c, ACSL6 and 

ACSBG1 mRNA compared to FABP7-negative GBM cell lines (Figure 4.1B). The cell line 

that showed the most dramatic increase in the levels of CPT1c, ACSL6 and ACSBG1 

was A4-007N (Figure 4.1B).  
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 To further assess the effect of culture medium on the expression of mitochondrial 

fatty acid β-oxidation genes, we examined levels of CPT1c, ACSL6 and ACSBG1 mRNA 

in patient-derived GBM neurosphere cultures and their paired counterparts cultured in 

standard serum-containing medium. We found significantly higher levels of fatty acid β-

oxidation in neurosphere cultures compared to their adherent counterparts (Figure 4.1C).  
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Figure 4.1 GBM tissue and neurosphere cultures highly express mitochondrial fatty 

acid β-oxidation genes. 

(A) RNA-sequencing data from 27 different cancers obtained from the open source GDC 

Data Portal. Mitochondrial fatty acid β-oxidation gene expression levels were compared 

across the different cancer types. Our results show that the fatty acid mitochondrial 

transport gene CPT1c, long-chain fatty-acyl-CoA biosynthesis genes, ACSL6 and 

ACSBG1 are particularly up-regulated in GBM tumour tissues compared to other cancer 

types. (B) RT-qPCR shows that CPT1c, ACSL6, ACSBG1 and FABP7 mRNA levels in 5 

FABP7-negative cell lines are generally lower than in 5 FABP7-positive GBM cells and 8 

GBM patient-derived neurosphere. (C) RT-qPCR shows that GBM neurosphere cultures 

generally have higher levels of CPT1c, ACSL6, ACSBG1 and FABP7 mRNA than GBM 

adherent cultures. Statistical analysis of 4 pairs of GBM adherent and neurosphere 

culture RT-qPCR was performed using the two-tailed unpaired t-test. Error bars represent 

standard deviation (SD). N=3. * indicates p < 0.05, ** indicates p < 0.01, *** indicates p < 

0.001, and **** indicates p < 0.0001. n.s., not significant.
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4.3.2 Effect of FABP7 on mitochondrial fatty acid β-oxidation gene expression  

 As FABP7 has been linked to GBM mitochondrial oxidative phosphorylation activity, 

we depleted FABP7 in an endogenously FABP7-expressing cell line (U251 GBM cells) 

and a GBM neurosphere culture (A4-004N cells). FABP7 knockdown efficiency in U251 

and A4-004N cells is shown in Figure 4.2A. RT-qPCR was used to investigate the effect 

of FABP7 on the expression of CPT1c, ACSL6 and ACSBG1. CPT1c and ACSL6 were 

both down-regulated upon FABP7 depletion, while ACSBG1 was up-regulated (Figure 

4.2A).  

 GBM neural stem-like cells which naturally express elevated levels of FABP7, 

show increased lipid metabolism under glucose-deprived conditions. This is indicative of 

increased mitochondrial oxidative phosphorylation in glucose-deprived neural stem-like 

cells (Hoang-Minh et al., 2018). To directly investigate the effect of FABP7 on ATP 

production, we used lentivirus constructs to deplete FABP7 in U251 and A4-004N cells 

and measured ATP production in these cells using the ATP Determination kit. Our results 

indicate that ATP production in FABP7-depleted cells is reduced by about 30-40% 

compared to FABP7-shcontrol cells (Figure 4.2B). 
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Figure 4.2 FABP7 down-regulates mitochondrial fatty acid β-oxidation gene 

expression and ATP production in GBM cells. 

(A) U251 and A4-004N cells were infected with lentivirus control shRNA or FABP7 shRNA 

constructs. Cells were FABP7-depleted by >80%. CPT1c and ACSL6 mRNA levels were 

down-regulated, whereas ACSBG1 were up-regulated in FABP7-depleted GBM cells. (B) 

ATP production was reduced by 30-40% in FABP7-depleted U251 and A4-004N cells 

compared to control cells. ATP levels are based on cell numbers. Statistical analyses 

were carried out using the two-tailed unpaired t-test. N=3. Error bars represent standard 

deviation (SD). * indicates p < 0.05, ** indicates p < 0.01, *** indicates p < 0.001, and **** 

indicates p < 0.0001. n.s., not significant.   
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4.3.3 FABP7 upregulates phospholipase expression  

 When long chain fatty acids are converted into fatty acid acyl-CoA by ACSL6 and 

ACSBG1, they can be used for a number of purposes, including plasma membrane 

phospholipid recycling which is essential for the maintenance of high levels of AA and 

DHA in brain phospholipid membranes (Bazinet and Laye, 2014). In turn, esterified AA 

and DHA in phospholipid membranes can be hydrolyzed by PLA2, as part of the Lands’ 

cycle mentioned in the introduction to this chapter. Calcium-dependent cytosolic PLA2 

(cPLA2), a phospholipase highly expressed in GBM tissues, is responsible for triggering 

the release of esterified AA from membrane phospholipids (Clark et al., 1995). iPLA2 has 

been previously reported to be responsible for the selective hydrolysis of DHA from the 

sn-2 position in phospholipids (Rosa and Rapoport, 2009). We therefore investigated the 

effect of FABP7 and its fatty acid ligands AA and DHA, on the expression levels of cPLA2 

and iPLA2 in GBM cells.  

 The establishment of stable U87 control (U87C) and U87-FABP7 expressing 

(U87B) cell lines has been described in a previous publication (Mita et al., 2007). U87C 

and U87B cells were treated with BSA (control), 60 μM AA or 60 μM DHA for 24 hours. 

Western blot analysis revealed the presence of a slower-migrating band unique to U87B 

cells. This band was observed in U87B control cells as well as U87B cells cultured in AA- 

and DHA-supplemented media (Figure 4.3A). Our results also show that U87B cells have 

higher levels of iPLA2 than U87C cells, with DHA supplementation in U87B cells 

decreasing levels of iPLA2 (Figure 4.3A). The latter suggests that DHA supplementation 

in U87B cells decreases the release of DHA from phospholipid membranes.  
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 We next examined whether the upper cPLA2 band observed in U87B cells 

represents a phosphorylated product of cPLA2. Treatment of lysates with lambda 

phosphatase indicates that the upper cPLA2 band may indeed represent a 

phosphorylated form of cPLA2 (Figure 4.3B). cPLA2 has previously been shown to be 

activated by phosphorylation of serine residues (Pavicevic et al., 2008) When cPLA2 is 

activated, it is translocated from the cytosol to the membrane where its substrate, 

phospholipid, is located (Klapisz et al., 1999). We therefore examined the localization of 

cPLA2 in U87C and U87B cells by immunofluorescence analysis using the WGA-Texas 

Red membrane marker. We observed dramatically increased localization of cPLA2 to 

membranes in U87B compared to U87C cells (Figure 4.3C). 
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Figure 4.3 FABP7 regulates plasma membrane phospholipase expression and 

localization. 

(A) Western blot analysis of cPLA2 and iPLA2 in U87B and U87C cells treated with BSA 

control, 60 μM AA or 60 µM DHA. cPLA2 in U87B cells shows an extra upper band 

compared to U87C cells, with no change in this upper band observed upon AA or DHA 

supplementation. iPLA2 is induced by FABP7 expression, with DHA supplementation 

decreasing iPLA2 protein levels in U87B cells.  β-actin was used as the loading control. 

(B) Treatment of cell lysates with lambda phosphatase indicates that the upper cPLA2 
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band may represent the phosphorylated form of cPLA2 (shown by asterisk). Phospho-p38 

MAPK served as a positive control for the lambda phosphatase assay. (C) U87C and 

U87B cells were co-stained with an antibody to cPLA2 and WGA Texas Red (membrane 

marker). Significant co-localization of cPLA2 and WGA Texas Red was observed in U87B 

but not in U87C cells (shown by arrows). Scale bar = 20 μm. N=3.  

 

4.3.4 FABP7 localizes to A4-007N mitochondria 

 In Chapter 2, we showed that FABP7 localizes to GBM mitochondria in U251, 

ED501N and A4-004N cells. Here, we use the highly-infiltrative A4-007N cell line, which 

expresses abundant FABP7, to further investigate the subcellular localization of FABP7. 

A4-007N cells form neurospheres which gradually adhere to plastic and form 

interconnections between clumps of neurospheres (Figure 4.4A). As mentioned earlier, 

A4-007N expresses elevated levels of FABP7 and mitochondrial fatty acid β-oxidation 

genes CPT1c, ACSL6 and ACSBG1.  

 In addition to mitochondria, peroxisomes and lipid droplets are the main organelles 

involved in lipid metabolism, with roles in long chain fatty acid metabolism and lipid 

storage, respectively (Lodhi and Semenkovich, 2014; Olzmann and Carvalho, 2019). We 

therefore carried out co-(immuno)staining of A4-007N cells with FABP7 antibody and 

organelle-specific markers (ADRP antibody for lipid droplets, ACOX-1 antibody for 

peroxisomes and MitotrackerTM Deep Red for mitochondria) (Figure 4.4B). Co-

localization of organelle markers with the FABP7 signal was determined using Pearson’s 

correlation and ImageJ software. The best correlation was observed between FABP7 and 
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MitotrackerTM Deep Red (r=0.752), followed by the peroxisome marker ACOX-1 (r=0.598). 

The correlation coefficient for FABP7 and ADRP was lowest (r=0.377) (Figure 4.4C).  

 Next, we cultured A4-007N in BSA (control), 30 μM AA, or 30 µM DHA and 

quantified the correlation between FABP7 and mitochondria signals (Figure 4.4D). We 

observed a 2-fold increase in mitochondrial-localized FABP7 signal intensity upon DHA 

treatment (Figure 4.4E). An increase in mitochondria/FABP7 co-localization was also 

observed in AA-supplemented medium, but was of considerably lower magnitude, in the 

range of 15% increase. We then used Mander’s M1 and M2 colocalization coefficients to 

further analyse the correlation between FABP7 and mitochondrial signals. M1 represents 

the FABP7 signal that localizes with the mitochondria signal, whereas M2 represents the 

mitochondrial signal that overlaps with the FABP7 signal. In BSA (control) culture 

conditions, the M2 coefficient showed 49.5% mitochondria/FABP7 colocalization whereas 

the M1 coefficient showed 26.6% FABP7/mitochondria colocalization. Both M1 and M2 

were significantly increased upon DHA treatment, with M1 and M2 coefficients of 39.2% 

and 77.4%, respectively (Figure 4.4E). No increases in M1 and M2 coefficients were 

observed in AA-supplemented culture conditions. The higher colocalization coefficient 

observed for M2 compared to M1 suggests that FABP7 localizes to sites other than 

mitochondria. Part of this difference could be accounted for by FABP7 colocalization to 

peroxisomes, as shown in Figure 4.4B and 4.4C. Together, our results indicate that 

FABP7 predominantly localizes to mitochondria in A4-007N neurosphere cultures, and 

that DHA significantly increases FABP7 localization to mitochondria.  
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Figure 4.4 FABP7 localizes to A4-007N mitochondria. 

(A) A4-007N GBM cells form neurospheres with extended microtubes. Scale bar = 300 

μm. A4-007N cells were co-(immuno)stained with FABP7 antibody and lipid droplet 

marker (ADRP antibody), mitochondria marker (MitotrackerTM Deep Red) or peroxisome 

marker (ACOX-1 antibody). Representative images are shown in (B), and the panels on 

the top-right corner show magnified images. Scale bar = 40 μm. (C) Pearson correlation 

coefficients for FABP7 and organelle markers colocalization analysis. The best correlation 

coefficient was observed for FABP7 and MitotrackerTM Deep Red (r=0.752). (D) A4-007N 

cells were cultured in medium supplemented with BSA (control), 30 μM AA, or 30 µM 

DHA, and then co-stained with FABP7 and MitotrackerTM Deep Red. Representative 

images are shown, and the panels on the top-right corner show magnified images. Scale 

bar = 40 μm. (E) Quantification of mitochondrial and FABP7 average signal intensities in 

A4-007N cells under BSA (control), 30 µM AA or 30 μM DHA culture conditions (left panel). 

Mander’s correlation coefficients (M1 and M2) for FABP7 and mitochondria colocalization 

are shown in the middle and right panels. Both quantitative intensity analysis and 

colocalization analysis indicate that DHA supplementation increases FABP7 localization 

to mitochondria in A4-007N cells. Statistical analysis of signal intensities and M1 and M2 

coefficients was using the two-tailed unpaired t-test. N=3, with 6 representative images 

analyzed for each condition. Error bars represent standard deviation (SD). Center line, 

median; box limits, 25th and 75th percentiles; whiskers, minimum to maximum. * indicates 

p < 0.05, ** indicates p < 0.01, *** indicates p < 0.001, and **** indicates p < 0.0001. n.s., 

not significant.   
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4.3.5 FABP7 localizes to GBM mitochondria in microtubes 

 GBM cells extend long membrane protrusions, called microtubes, which serve an 

intercellular connection channels.  When we stained A4-007N with MitotrackerTM Deep 

Red and FABP7 antibody, we observed abundant mitochondria with high levels of FABP7 

throughout the microtubes (Figure 4.5A). These results suggest intercellular transport of 

FABP7-carrying mitochondria via microtubes.     

 We further investigated FABP7 expression in microtubes using an in vivo model. 

A4-007N cells were intracranially injected into NSG mice to establish GBM xenograft 

tumours. A4-007N formed highly infiltrative tumours in NSG mouse brain, with FABP7 

expressed in both the tumour core and infiltrative regions (Figure 4.5B). Interestingly, the 

infiltrative regions of the tumours expressed high levels of nuclear FABP7, with abundant 

FABP7 found in microtubes (see arrows). In contrast, FABP7 was predominantly found 

in the cytoplasm of tumour cells in the core region. We also co-stained xenograft tumour 

tissue with anti-FABP7 antibody and MitotrackerTM Deep Red, and obtained similar results 

to those observed in vitro, with co-localization of FABP7 and mitochondria in microtubes 

(Figure 4.5C).  
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Figure 4.5 FABP7 localizes to mitochondria in microtubes. 

(A) Co-staining of A4-007N cultures with FABP7 antibody and MitotrackerTM Deep Red 

revealed abundant FABP7 in the microtube mitochondria. Representative images are 

shown, and the panels on the top-right corner show magnified images. N=3. Scale bar = 

40 μm. (B) A4-007N xenograft tumour tissue was immunostained with anti-FABP7 

antibody, followed by EnVision+ System anti-rabbit HRP-labeled polymer. Tumour cells 

in the core region expressed primarily cytoplasmic FABP7, whereas tumour cells in 
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infiltrative regions primarily expressed FABP7 in the nucleus as well as microtubes 

(shown by arrows). Scale bar = 25 μm (C) A4-007N xenograft tumour tissue was co-

immunostained with FABP7 antibody and anti-human mitochondria antibody (detected 

with Alexa 488 anti-rabbit secondary antibody and Alexa 647 anti-mouse secondary 

antibody, respectively) FABP7 was found in both the nuclei and microtube mitochondria 

of tumour cells located in the infiltrative regions (shown by arrows). Scale bar = 10 μm. 

Brain tissues from three A4-007N xenograft mice were analysed, with representative 

images shown.  

 

4.3.6 FABP7 depletion inhibits A4-007N microtube formation 

 GBM microtubes are believed to contribute to tumour invasion/migration, by acting 

as channels for intercellular nutrient exchange or shuttling of tumour cells to tumour cell-

free regions, contributing to GBM tumour recurrence. Although we have shown that 

FABP7 plays an important role in GBM neural stem-like cell migration in vitro, the 

importance of FABP7 in GBM microtube formation is not known. To address this question, 

we depleted FABP7 in A4-007N cells using lentiviral vectors. We then used bright field 

images to quantitate the effect of FABP7 depletion on microtube formation. We observed 

dramatic changes in the appearance of A4-007N neurospheres in cells that were infected 

with lentiviral vectors carrying two different FABP7 shRNAs compared to cells infected 

with a control lentiviral vector (Figure 4.6A). Not only was microtube formation greatly 

reduced, but neurosphere size was reduced as well, suggesting reduced growth of A4-

007N cells (Figure 4.6B).  
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Figure 4.6 FABP7 depletion inhibits GBM microtube formation. 

(A) FABP7 depletion reduces microtube formation in A4-007N cells. Representative 

images of lentivirus-infected A4-007N cells (shControl and shFABP7) were obtained 

using a digital imaging microscope 7-10 days after cell seeding. Scale bar = 300 μm. (B) 

Quantification analysis shows that neurosphere size, the length and the number of 

microtubes, are all reduced in FABP7-depleted A4-007N cells. Neurosphere images 

(neurosphere size, microtube length and number) were analyzed with ImageJ software 

after setting the measurement scale (e.g., microtubes defined as protrusions/processes 

connecting 2 independent neurospheres with length >5 μm). Statistical analysis of 

quantitative data was performed using the two-tailed unpaired t-test. N=3, with 6 

representative images analyzed for each condition in each independent experiment. Error 

bars represent standard deviation (SD). * indicates p < 0.05, ** indicates p < 0.01, *** 

indicates p < 0.001, and **** indicates p < 0.0001. n.s., not significant. 
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4.4 Discussion 

 Human GBM cells have been reported to oxidize fatty acids to maintain 

mitochondrial oxidative phosphorylation activity, particularly under the serum-free 

conditions used to culture GBM neural stem-like cells (Lin et al., 2017). Here we show 

that the following three fatty acid β-oxidation genes are preferentially up-regulated in GBM: 

CPT1c, ACSL6 and ACSBG1. All three genes are involved in key steps in the long chain 

fatty acid β-oxidation pathway in mitochondria, either in long chain fatty acid mitochondrial 

transport or synthesis of long-chain fatty acid acyl-CoA. Expression of these genes also 

correlates with a high tumourigenic potential in GBM (Saurty-Seerunghen et al., 2019). 

 CPT1c is expressed in neurons (Price et al., 2002) and a number of cancer types, 

including breast cancer, lung cancer and glioblastoma (Price et al., 2002; Wakamiya et 

al., 2014). Cancer cells expressing CPT1c show increased fatty acid β-oxidation, ATP 

production and resistance to glucose deprivation (Zaugg et al., 2011). Although CPT1c is 

widely expressed in GBM tumour tissues, its specific role in GBM has yet to be defined. 

We show that GBM stem-like cells express higher levels of CPT1c compared to their 

differentiated counterparts in vitro, suggesting a need for increased long chain fatty acid 

β-oxidation in GBM neural stem-like cells. In support of an upstream role for FABP7 in 

fatty acid metabolism, FABP7 depletion not only reduces CPT1c mRNA levels in GBM 

neural stem-like cells, but also decreases ATP production and lipid droplet formation. 

FABP7 has recently been shown to interact with ATP-citrate lyase (ACLY) in astrocytes, 

an enzyme that converts citrate into acetyl-CoA (Kagawa et al., 2020). Acetyl-CoA is a 

key intermediate that quickly enters the tricarboxylic acid (TCA) cycle for energy 

production, and acetyl-CoA can be produced by both glycolysis and fatty acid β-oxidation 
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in cancer cells (Koundouros and Poulogiannis, 2020). In GBM cells, the uptake of 

exogenous fatty acids has previously been shown to result in accumulation of lipid 

droplets in an FABP3/7 dependent manner (Bensaad et al., 2014). The subsequent 

increase in fatty acid mitochondrial β-oxidation and acetyl-CoA production resulting from 

lipid droplet accumulation could provide a valuable source of ATP for GBM tumour growth. 

Future work will address whether FABP7 is directly involved in long chain fatty acid β-

oxidation and acetyl-CoA production.  

 Non-esterified DHA and AA can be converted to fatty acid acyl-CoAs by long chain 

fatty acid acyl-CoA synthetases, such as ACSL6 and ACSBG1. Human brain RNAseq 

data indicate that ACSL6 and ACSBG1 are the most abundant acyl-CoA synthetases in 

astrocytes (Fernandez and Ellis, 2020). Once converted into acyl-CoA derivatives, DHA 

and AA can then enter various metabolic pathways, including mitochondrial fatty acid β-

oxidation, phospholipid synthesis or plasma membrane fatty acid recycling via Land’s 

cycle (Lacombe et al., 2018). ACSL6 displays a high affinity for DHA and plays an 

essential role in the DHA-rich brain enrichment (Fernandez et al., 2018; Van Horn et al., 

2005). Our data indicate that FABP7 depletion reduces ACSL6 RNA levels, suggesting 

that FABP7-mediated DHA transport may be an important regulator of DHA enrichment 

via ACSL6 in GBM cells. ACSBG1 is another acyl-CoA synthetase which shows 

specificity for long chain fatty acid β-oxidation. The opposite effects observed on ACSL6 

and ACSBG1 expression upon FABP7 depletion may reflect compensatory mechanisms 

to ensure GBM cell survival.  

 The brain is especially enriched in two PUFAs, DHA and AA. Upon entry into the 

brain, both DHA and AA are esterified to phospholipid membranes (Bazinet and Laye, 
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2014). We show that AA and DHA-specific phospholipases, cPLA2 and iPLA2, 

respectively, key to the removal of AA and DHA from membrane phospholipids, are 

activated upon FABP7 expression through either phosphorylation (cPLA2) or up-

regulation (iPLA2). A recent breast cancer study demonstrated that cPLA2 activation (i.e., 

phosphorylation and elevated activity) is directly correlated to increased levels of non-

phospholipid-incorporated AA and its downstream eicosanoids, which enhance 

tumorigenicity (Koundouros et al., 2020). Thus, the cPLA2 activation that we observed in 

FABP7-expressing GBM cells could lead to increased levels of AA and its downstream 

eicosanoid effectors in GBM as well, further promoting tumour growth.  

In addition to cPLA2 activation, we also observed increased iPLA2 levels in FABP7-

expressing U87 GBM cells (control BSA and AA-supplemented) compared to control U87 

cells. Increased iPLA2 can reduce plasma membrane phospholipid DHA content. 

However, removal of DHA from GBM plasma membrane phospholipids by iPLA2 may not 

result in increased levels of DHA metabolites because the GBM microenvironment is AA-

rich. Importantly, our Chapter 3 results indicate that FABP7 expression itself does not 

alter either the AA or DHA content in the phospholipids of GBM cells cultured in AA- and 

DHA-supplemented media. However, FABP7 expression can increase the uptake of AA 

and DHA from the microenvironment. Thus, while our results suggest increased removal 

of AA and DHA from the plasma membrane phospholipids of FABP7-expressing GBM 

cells, these results must be examined in the context of increased uptake of AA and DHA 

in FABP7 expressing cells. We postulate that in the GBM AA-rich microenvironment, 

FABP7 expression promotes formation of non-esterified AA, activation of AA-

metabolizing enzymes and increased production of AA metabolites which enhance GBM 
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cell migration and tumour infiltration. By increasing the DHA content in the GBM 

microenvironment, it may be possible to increase the production of DHA metabolites 

which are generally anti-tumorigenic.  

 Hoang-Minh et al. reported that intracranial xenotransplantation of slow-cycling 

GBM cells (i.e., likely GBM neural stem-like cells) that highly express FABP7 generated 

a network of invasive cells with long processes that are consistent with GBM microtubes 

(Hoang-Minh et al., 2018). Subsequent experiments have revealed the importance of 

availability of long-chain fatty acyl-CoAs to mitochondria and fatty acid oxidation in 

promoting the aggressive properties of GBM neural stem-like cells (Duman et al., 2019). 

In Chapter 2, we first reported that FABP7 localizes to mitochondria in GBM cells cultured 

under neurosphere (serum-free) conditions. In this Chapter, we use highly infiltrative A4-

007N to show that FABP7 is also found in mitochondria located in microtubes that connect 

cells located at long distances from each other. It is already known that mitochondria can 

travel quickly in microtubes (Osswald et al., 2015). Furthermore, it is well-established that 

ATP has limited diffusion capacity in the cytosol and particularly within long neuronal 

processes (Sheng and Cai, 2012). One may therefore postulate that at least one of the 

functions of mitochondria found within microtubes is related to energy production. In light 

of FABP7’s role as a regulator of mitochondrial oxidative phosphorylation and lipid droplet 

formation in slow-cycling GBM cells (Hoang-Minh et al., 2018), we propose that FABP7 

promotes fatty acid β-oxidation within GBM neural stem-like cell microtubes to provide 

sufficient energy for long-distance invasion/migration.  

 Another potential role for FABP7 in mitochondria may be through mitochondrial 

phospholipid remodelling. Cardiolipin is a mitochondria-specific phospholipid (~20% of 
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the total phospholipid content) (Daum, 1985). Several mitochondrial protein complexes 

that are essential for mitochondrial energy production, such as respiratory chain 

supercomplexes (Pfeiffer et al., 2003) and the ADP/ATP translocase (Claypool et al., 

2008) require cardiolipin. Interestingly, with the exception of oleic acid (OA), brain 

cardiolipins are mostly made up of long-chain polyunsaturated fatty acids (i.e., AA and 

DHA) compared to other tissues (Oemer et al., 2020). Thus, we postulate that FABP7 

may transport its fatty acid ligands to GBM mitochondrial cardiolipins, thereby facilitating 

mitochondrial oxidative phosphorylation and energy production necessary for tumour 

survival. Our future studies will involve using fluorescently-tagged FABP7 and 

fluorescently-tagged FABP7 ligands to investigate the dynamics of mitochondria 

phospholipid remodelling using super-resolution microscopy. 

 Metabolic reprogramming is becoming a recognized feature of GBM neural stem-

like cells, with the latter using mitochondrial oxidative phosphorylation rather than 

glycolysis for their energy production. Key players in metabolic reprogramming such as 

FABP7 and FABP7-related fatty acid metabolic pathways and lipid metabolites may 

represent therapeutic targets for GBM. We thus propose that a better understanding of 

the role of FABP7 and its ligands DHA/AA in regulating GBM fatty acid metabolism (e.g., 

fatty acid β-oxidation, phospholipid remodelling, oxidative phosphorylation and energy 

production), particularly in GBM neural stem-like cells, will shed light on the development 

of new strategies for mitigating GBM migration/invasion. 
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Discussion and future directions 
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5.1 Discussion 

5.1.1 GSCs at invasive niches, a main obstacle in curing GBM 

 To date, the standard approach to the treatment of newly diagnosed GBM includes 

surgery followed by concurrent radiotherapy with TMZ, and further adjuvant TMZ. In spite 

of decades of innovative therapies and clinical trials, GBM remains the most aggressive 

and incurable malignant disease with the short 5-year patient survival of 5% and a 14.6-

month median survival time (Ostrom et al., 2020). Multiple factors contribute to GBM 

therapeutic resistance and early recurrence, such as a highly infiltrative nature and 

tumour heterogeneity, which attenuates the effectiveness of current therapies. The 

infiltration of GBM into surrounding brain parenchyma beyond the tumour margins 

(Watanabe et al., 1992), and the long-distance tumour migration via intra-tumoral 

connections (e.g., microtubes) (Osswald et al., 2015), makes complete GBM surgical 

resection virtually impossible (Young et al., 2015). 

 GBMs exhibit a diffuse invasion pattern, even in the early disease stage. The 

standard initial management for GBM is maximal safe surgical resection, which allows for 

accurate GBM histological and molecular diagnosis, as well as a reduction in tumour 

volume. Gross total resection is generally recommended, and the extent of resection is 

one of the important predicting factors for progression-free survival (Tan et al., 2020). 

Several fluorescent dyes (e.g., fluorescein sodium) have been developed to improve the 

identification of the tumour edge during surgery, with confirmed safety and feasibility. 

These dyes improve the visualization of the tumour margins during tumour resection 

(Schebesch et al., 2013; Shinoda et al., 2003). In addition to new approaches for 

improving surgical resection margin visualization, GBM radiotherapy protocol applies a 2-
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cm margin beyond the gadolinium-enhanced tumour margin, which is supported by 

patterns of first relapse showing on MRI (Sherriff et al., 2013).  

 A characteristic feature of GBM is its highly heterogeneous nature, and GSCs are 

the main contributors to this heterogeneity (Jin et al., 2017). Different subsets of GSCs 

have been identified in different tumour regions, which is recognized as intra-tumoral 

spatial heterogeneity (Bastola et al., 2020). There are three major GBM microenvironment 

niches, including the necrotic niche, perivascular niche, and invasive niche (Prager et al., 

2020). In addition to GSCs locating at the necrotic and perivascular niches, GSCs located 

at the infiltrating edge of tumours all facilitate the therapeutic resistance of GBM (Bastola 

et al., 2020).  

 It has been reported that cancer stem cells display higher invasive potential 

compared to non-cancer stem cells (Cheng et al., 2011; Inoue et al., 2010). FABP7 is an 

important regulator of GBM infiltrative/invasive properties. It is highly expressed in GSCs 

and is found in cells located at the GBM perivascular niche, invasive niche, and tumour 

migratory leading edge (De Rosa et al., 2012; Mita et al., 2007). During normal brain 

development, FABP7 is expressed in radial glial cells and promotes the formation of the 

radial glia fiber system along which neurons migrate (Feng et al., 1994; Kurtz et al., 1994). 

Studies have shown that depletion of FABP7 in GSCs can reduce GBM tumour growth 

and invasion both ex vivo and in vivo (De Rosa et al., 2012). Our early studies also 

revealed that FABP7 regulates DHA-mediated inhibitory effects in GBM cell migration 

(Mita et al., 2010). Furthermore, the work described in both Chapters 2 and 3 further 

documents the inhibitory effect of DHA on FABP7-expressing GSCs and demonstrates 

that the effect of FABP7/DHA on the inhibition of migration occurs through alteration of 
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GBM membrane properties and distinct GSC lipid metabolism. Therefore, understanding 

the mechanisms underlying GBM migration and infiltration, particularly in FABP7-

enriched GSCs, will most likely shed light on developing new strategies to manage GBM 

therapeutic resistance and recurrence. 

 

5.1.2 Membrane remodeling promotes GBM aggressiveness 

 Phospholipids are the main components of membrane lipids. Many early studies 

have revealed that the lipid composition of the fatty acid acyl chains affects membrane 

properties, such as membrane fluidity (Spector and Yorek, 1985), membrane protein 

clustering and subsequent signaling transduction (e.g., growth factor signaling pathways) 

(Arkhipov et al., 2013; Erazo-Oliveras et al., 2018). In cancer cells, including GBM, the 

membrane phospholipid composition is often dramatically distinct from that of normal cells 

(Fernandez and Ellis, 2020; Martin et al., 1996; Swinnen et al., 2019). A recent study 

clearly demonstrates that increased saturated lipid membrane incorporation can promote 

EGFR-mediated GBM aggressive growth (Bi et al., 2019). Even though the brain has 

limited capacity to synthesize PUFAs de novo, dietary PUFAs are able to cross the blood-

brain-barrier and modulate brain phospholipid composition (Bazinet and Laye, 2014). In 

this thesis, I show that ω-3 PUFA DHA treatment alters the ω-3:ω-6 ratio of GBM neural 

stem-like cell phospholipids, increases membrane fluidity and reduces GBM migration in 

a FABP7-dependent manner. 

In Chapter 2, we show that FABP7 expression results in increased membrane 

rigidity that contributes to FABP7-mediated GBM invasion/migration in GSCs in an AA-

rich/DHA-poor environment. In different cancer models, increased membrane rigidity is 
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tightly correlated with the formation of protrusions/processes during tumour migration 

(Guerra et al., 2016; Schwan et al., 2011). As well, our data support a role for FABP7 in 

promoting GBM neurosphere microtube formation, as shown in Chapter 4. As increased 

aggressiveness in GBM cells has recently been shown to be tightly linked to increased 

incorporation of saturated fatty acids in membranes (Bi et al., 2019), we first hypothesized 

that FABP7-mediated GBM cell migration could also be driven by elevated saturated fatty 

acid content in plasma membrane phospholipids. Interestingly, however, FABP7 

expression does not alter the overall levels of saturated fatty acids in GBM cells (Figure 

5.1, data derived from Chapter 3). 
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Figure 5.1 Effects of PUFA treatment on the incorporation of saturated fatty acids 

(SFA), monounsaturated fatty acids (MUFA) and polyunsaturated fatty acids (PUFA) 

into total phospholipids from A4-004N control and shFABP7 knockdown cells. 

Percent abundance of SFA, MUFA and PUFA in total phospholipids are shown. * 

indicates p < 0.05, ** indicates p < 0.01. ns. indicates not significant. 

 

Different mechanisms other than increased saturated fatty acid content could 

explain the observed FABP7-mediated increased GBM membrane rigidity. First, key 

structural components of liquid-ordered (Lo) domain, cholesterol and caveolin-1, are 

known regulators of plasma membrane fluidity (Abulrob et al., 2004; Murai et al., 2011). 

In this regard, FABP7 has been shown to regulate caveolin-1 function (Kagawa et al., 

2015) and increase acetyl-CoA levels, a key intermediate for cholesterol biosynthesis in 

astrocyte models (Kagawa et al., 2020). Second, actin-cytoskeleton remodeling at the 

submembrane regions also contributes to higher membrane rigidity (Saarikangas et al., 

2010). We have previously shown that FABP7 co-immunostains with cytoskeleton F-actin 

at the leading edge of GBM cells (Mita et al., 2007). These all suggest that FABP7-

mediated alterations in GBM membrane fluidity could occur via different mechanisms. 
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Thus, understanding FABP7 and its direct effects on the formation of highly-ordered 

membranes, as well as the formation of GBM migratory protrusions and microtube 

formation, may lead to the identification of therapeutic targets that directly affect GBM 

migration and infiltration. 

 Even though both DHA and AA are long chain PUFAs, the differences in 

membrane fluidity (shown in Chapter 2) and membrane phospholipid composition (shown 

in Chapter 3) observed between AA- versus DHA-supplemented FABP7-expressing GBM 

cells is another interesting finding. Our results indicate that DHA treatment increased 

GBM membrane fluidity, but AA maintained GBM membrane rigidity (Chapter 2). The gas 

chromatography results described in Chapter 3 (Figure 3) showed that AA 

supplementation increased the AA content in GSC phospholipids by ~6.3-fold and 

decreased the ω-3:ω-6 PUFA ratio by ~2.5-fold; however, DHA supplementation 

increased the DHA content by ~18-fold and the ω-3:ω-6 PUFA ratio by ~8-fold. Although 

these differences between AA and DHA supplementation can be attributed to the virtual 

absence of DHA in neurosphere medium, it is clear that DHA supplementation can 

elevate plasma membrane DHA levels close to the AA levels observed upon AA 

supplementation.  

We propose two possible mechanisms to explain the differences in AA and DHA 

effects on GBM cell membrane biophysical properties and migration. First, this could be 

due to the different properties of AA and DHA-containing phospholipids. For example, 

AA-containing phosphotidylethanolamine (PE) has been shown to be important for the 

function and formation of liquid ordered (Lo) domains (Pike et al., 2002; Rubio et al., 2018). 

In contrast, DHA incorporation in membranes disrupts Lo domain formation (Fuentes et 
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al., 2021; Teague et al., 2013). Our GC data only provide the total content of AA and DHA 

in phospholipids, without showing their nanoscale distribution and domain preference (i.e., 

Lo domain vs. Ld domain) upon phospholipid incorporation. This could be addressed by 

costaining Lo/Ld domain markers with fluorescence labelled DHA or AA. Second, the 

differences observed upon AA versus DHA supplementation could be related to the 

different effects of DHA and AA on actin-cytoskeleton remodeling. Several studies have 

revealed that AA supplementation increases F-actin subplasma membrane localization 

at the cell edges, or induces Rho-mediated cell motility pathways, in breast cancer and 

prostate cancer cells, respectively (Brown et al., 2014; Fiorio Pla et al., 2012). In contrast, 

DHA has been shown to inhibit the expression of actin-binding proteins (profilin 1 and 

cofilin-1) and reduce F-actin content, as well as reduce their localization to the leading 

edges of migratory lung cancer A549 cells and choriocarcinoma cells (Ali et al., 2016; Ali 

et al., 2019). Thus, our future directions will involve analysis of F-actin and actin-binding 

protein expression and studying their localization to the plasma membrane upon DHA/AA 

treatment in migratory FABP7-expressing GSCs.   

 

5.1.3 Metabolic reprogramming in GBM neural stem-like cells 

 GBM cells at the infiltrative leading edge express GBM stem cell markers, such as 

L1 cell adhesion molecule (L1CAM), CD133, SOX-2 and Nestin, supporting the idea that 

these stem cells are indeed responsible for GBM invasion (Alonso et al., 2011; Ardebili 

et al., 2011; Cheng et al., 2011; Ishiwata et al., 2011). In addition to distinct molecular 

phenotypes, GSCs have a unique metabolic landscape, characterized by metabolic 

reprogramming and plasticity (Strickland and Stoll, 2017) so that the cells are less reliant 
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on glycolysis and more reliant on mitochondrial fatty acid β-oxidation (Duman et al., 2019; 

Hoang-Minh et al., 2018; Lin et al., 2017).  

 Several lipid metabolism genes show correlation with elevated mitochondrial 

oxidative phosphorylation (OXPHOS) in GSCs, such as FABP7 which contributes to the 

storage of long chain fatty acids in lipid droplets (Hoang-Minh et al., 2018) and acyl-CoA-

binding protein (ACBP) which facilitates the transport of long-chain fatty acyl-CoAs to 

mitochondria (Duman et al., 2019). Hoang-Minh et al. showed that elevated OXPHOS 

activity in FABP7-expressing slow-cycling GBM populations (i.e., likely GBM neural stem-

like cells) and the inhibition of FABP7 in GSCs prevents their migration and invasion using 

both in vitro assays and a xenograft orthotopic mouse model of GBM (Hoang-Minh et al., 

2018). Lin et al. demonstrated that inhibition of carnitine acyltransferase I (CPT1), which 

is responsible for production of acylcarnitines from long-chain fatty acyl-CoA, using 

etomoxir, can decrease the oxygen consumption rate in GBM primary cultures (Lin et al., 

2017). Duman et al. further showed that etomoxir reduces mitochondrial ATP production 

in GSC cultures and inhibits GBM tumour infiltration in vivo (Duman et al., 2019). These 

publications all support mitochondrial OXPHOS via fatty acid β-oxidation being a 

preferred energy source for GCSs. Thus, analyzing the transcriptional and metabolic 

features of GSCs located in GBM niches associated with infiltration, may provide novel 

strategies for GBM clinical management. 

  GBM tumours are characterized by infiltrative growth along white matter tracts and 

perivascular space (Cuddapah et al., 2014). Compared to the tumour core, we observed 

elevated levels of FABP7 along white matter tracts, surrounding blood vessels and at the 

leading edge of tumours in both GBM patient tissue (Mita et al., 2007) and A4-007N 
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orthotopic GBM xenograft tumours (data not shown). Recently, Bastola et al. used LC-

MS/MS to compare proteins expressed at the GBM core versus infiltrative margin 

(Bastola et al., 2020). These authors found that FABP7 levels are increased ~10-fold in 

infiltrative margins compared to the tumour core. As mentioned earlier, FABP7 is 

important for forming the radial glia scaffold required for long-distance migration of 

neurons (Feng et al., 1994; Kurtz et al., 1994). Thus, thus we propose that GSCs have 

hijacked the FABP7-mediated neuronal cell migration mechanism for driving infiltration in 

GBM tumours.  

 Intriguingly, our data show that FABP7 is highly expressed in GBM microtubes, 

ultralong tubes that connect different parts of the tumour. FABP7 depletion prevents 

microtube formation in A4-007N cultures. These microtubes are reminiscent of the 

“microtube-like” radial glia fibers along which neurons migrate during brain development 

(Feng et al., 1994; Kurtz et al., 1994). Osswald et al. reported mitochondrial travelling 

within GBM microtubes, giving rise to the possibility that the mitochondria in microtubes 

serve as a regional source of energy for long-distance infiltration of GBM cells (Osswald 

et al., 2015). Here, we postulate that FABP7 along with its fatty acid ligands are involved 

in the fatty acid β-oxidation processes within these aggressive microtubes, such as 

elevated acylcarnitine production, mitochondrial OXPHOS and ATP production to support 

the migration/invasion of GBM.  
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5.2 Future Directions 

5.2.1 Effect of FABP7 and its fatty acid ligands on plasma membrane remodeling 

 Plasma membranes are complex assemblies of lipids and proteins, and the 

dynamics and nanoscale distribution of these components have important implications 

for many cellular processes. Our current work has shown a correlation between 

membrane FABP7 nanoscale domain formation and increased GBM migratory properties, 

which can be disrupted upon FABP7-mediated DHA supplementation. However, our 

research to date has not generated mechanistic insight into how membrane FABP7 is 

involved in GBM plasma membrane remodeling, particularly the interaction with tumour 

migration-driven membrane proteins (e.g., Lo domain components and membrane-

anchored cytoskeleton proteins). Future work will involve performing super-resolution 

STED microscopy with fluorescence-conjugated primary antibodies to investigate: (i) 

whether membrane-localized FABP7 interacts with known liquid-ordered (Lo) domain 

components, such as caveolin-1, EGFR and cholesterol (Maekawa et al., 2016), (ii) 

whether this interaction is affected by the presence of serum or different fatty acids 

(AA/DHA), and (iii) interaction between FABP7, GBM tumour processes/protrusions and 

membrane-anchored cytoskeleton proteins such as profilin 1 and cofilin-1. The above-

stated experiments will be performed in non-permeabilized fixed GBM cells.  

 Further spatial and temporal nanoscale dynamics of lipid-protein and protein-

protein interactions during GBM cell migration will be carried out using time-lapse live cell 

STED imaging (Eggeling et al., 2009). For these experiments, we will use fluorescence-

labelled proteins (i.e., GFP-FABP7, GFP-caveolin1 and GFP-EGFR) and fluorescence-

labelled lipids (e.g., Atto647-labelled phospholipid/cholesterol analogues) (Honigmann et 
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al., 2014a). Live-cell STED microscopy usually produces imaging data for structures that 

are moving more slowly than the required acquisition time. We will therefore use 

combined STED microscopy and fluorescence correlation spectroscopy (STED-FCS) for 

our experiments, as this will allow direct visualization of transient lipid-protein and protein-

protein interactions at the nanoscale level (Honigmann et al., 2014a). We can also study 

the diffusion dynamics of FABP7 to further examine membrane-localized FABP7 at highly 

ordered-domains (a process called trapping diffusion) or the compartmentalized 

distribution of FABP7 along the actin cytoskeleton (a process called  hop diffusion) by 

STED-FCS (Sezgin et al., 2019). 

 AA and DHA are highly hydrophobic molecules. Thus, by binding to FABPs for 

transport and conversion into fatty acid acyl-CoA, AA and DHA are solubilized within the 

aqueous intracellular environment and available for metabolic pathways (Bazinet and 

Laye, 2014). The cyclic integration and removal of fatty acids in plasma membranes is an 

essential process for fatty acid acyl-CoA metabolism and is governed by synergistic 

activity of specific phospholipases (PLAs) and lysophospholipid acyltransferases 

(LPLATs) (referred to as the Lands’ cycle) (Lacombe et al., 2018). Both AA and DHA are 

esterified at the sn-2 position of membrane phospholipids and hydrolyzed by 

phospholipases cPLA2 and iPLA2, respectively, to release non-esterified-fatty acids from 

the plasma membrane. To explore the effects of FABP7 expression and AA/DHA 

supplementation on GBM plasma membrane phospholipid remodeling, we can perform 

enzymatic activity assays for cPLA2 and iPLA2 using the Cytosolic Phospholipase A2 

Assay Kit (abcam#133090) and the Calcium-independent Phospholipase A2 ELISA Kit 
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(MBS#7228069). These enzymatic assays could be used to further support our 

observation that FABP7 regulates cPLA2 and iPLA2 expression. 

 AA and DHA acyl-CoAs are reincorporated into membrane phospholipids by 

LPLATs. Lysophosphatidylethanolamine acyltransferase 2 (LPEAT2) is predominantly 

expressed in the brain, and has recently been reported to have high specificity and activity 

towards DHA acyl-CoA based on its membrane incorporation in mouse neuroblastoma 

cells (Eto et al., 2020). In turn, lysophosphatidylcholine acyltransferase 3 (LPCAT3) has 

been reported to facilitate the incorporation of AA into plasma membrane (Hashidate-

Yoshida et al., 2015). Thus, the activity and expression levels of LPLATs can also be 

measured in GBM cells and GBM neural stem-like cultures upon FABP7 expression and 

AA or DHA supplementation, particularly for LPEAT2 and LPCAT3.  

 

5.2.2 FABP7 and its fatty acid ligands effect on GBM energy production 

 In addition to plasma membrane, we are first to report a preferred localization of 

FABP7 to mitochondria in GSCs. Localization to mitochondria is increased upon DHA 

supplementation. We have not yet investigated the sub-mitochondrial localization of 

FABP7. The mitochondrial outer membrane is mainly responsible for critical transport 

functions (e.g., fatty acids and ions), whereas the mitochondrial inner membrane is where 

mitochondrial OXPHOS takes place (Kuhlbrandt, 2015). Fluorescence-labelled DHA (i.e., 

DHA-BODIPY), already shown to localize to the mitochondria of cardiomyocytes and 

lymphoma cells (Raza Shaikh and Brown, 2013; Teague et al., 2013), provides us with a 

real-time fatty acid imaging approach to study the subcellular location of DHA in GBM 

cells. Here, we hypothesize that DHA that is taken up by GBM cells can be transferred to 
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mitochondria for further β-oxidation and energy production. We will first perform STED 

microscopy or STED live-cell microscopy using DHA-BODIPY, fluorescence-conjugated 

primary antibodies/fluorescence-labelled protein for FABP7, mitochondrial outer 

membrane marker (i.e., Translocase of the outer mitochondrial membrane complex 

subunit 20, Tomm20) and/or mitochondrial inner membrane marker (i.e., Cytochrome C 

oxidase subunit 8A, COX8A) to determine the preferred sub-mitochondrial localization for 

FABP7 and DHA in GBM cells and GBM neural stem-like cultures.  

          The mitochondrial outer membrane is important for the exchange of metabolites 

and cations between the cytosol and mitochondria and contains transporter proteins and 

channel proteins (Gellerich et al., 2000). CPT1c is localized to the mitochondrial outer 

membrane, which is responsible for the rate-limiting step of mitochondrial fatty acid β-

oxidation, converting fatty acid acyl-CoA to fatty acid acylcarnitine (Chen et al., 2017b). 

We have shown that CPT1c is highly expressed in GSCs. If we find that FABP7/DHA are 

located on the mitochondrial outer membrane, we will use fluorescence-conjugated 

primary antibodies to CPT1c and FABP7 to investigate whether FABP7 directly interacts 

with the CPT1c acylcarnitine transporter and whether the interaction is affected by DHA 

or AA supplementation. If we find co-localization of FABP7 with CPT1c, we will then 

extract acylcarnitines from our cells, followed by derivatization and LC-MS (Giesbertz et 

al., 2015; Meierhofer, 2019) to identify acylcarnitine species with the goal of quantifying 

production of DHA- or AA- acylcarnitines in FABP7-expressing/depleted GSCs. The 

existence of DHA- or AA acylcarnitines will provide direct evidence that DHA or AA 

undergoes β-oxidation.  
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The mitochondrial inner membrane is mainly loaded with proteins involved in 

electron transport and ATP synthesis. Cardiolipin is a mitochondrial-exclusive 

phospholipid located at the inner mitochondrial membrane, which is involved in the 

organization and proper function of respiratory chain supercomplexes and Complex V 

(ATP synthase). Lipidomic studies have shown that brain cardiolipin has a high 

percentage of AA and DHA (Kant et al., 2020). Cardiolipin has been reported to be a 

preferred phospholipid for DHA incorporation (Raza Shaikh and Brown, 2013). The 

Cardiolipin dye, 10-Nonyl acridine orange (NAO, Thermo Fisher, #A1372) (Garcia 

Fernandez et al., 2004), has recently been demonstrated to be photo-stable with STED 

microscopy (Wolf et al., 2019). If FABP7/DHA are located in the mitochondrial inner 

membrane, future experiments will involve STED live-cell microscopy and/or STED-FCS 

with fluorescence-labelled FABP7, fluorescence-labelled DHA (e.g., DHA-BODIPY), and 

cardiolipin NAO dye to study the sub-mitochondrial localization of FABP7/DHA, and their 

potential interaction with cardiolipin.  

The mitochondrial inner membrane consists of cristae and boundary membranes. 

ATP is produced in mitochondria cristae. We have shown that FABP7-depleted GBM cells 

produce lower levels of ATP compared to control cells. As mitochondrial membrane 

potential (ΔΨm) is the key driver for oxidative phosphorylation (OXPHOS) and ATP 

synthesis, we will co-stain fluorescence-labelled FABP7 and DHA-BODIPY with ΔΨm-

dependent dye tetramethylrhodamine ethyl ester (TMRE, Thermo Fisher, #T669) using 

STED live-cell microscopy and perform quantification analysis (Wolf et al., 2019). Results 

from these experiments may provide us with mechanistic insight into the effect of FABP7 

and DHA on mitochondrial OXPHOS in GBM cells and GSCs. Further experiments can 
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include ATP-linked respiration measurement (using High-Resolution Respirometry; 

Oxygraph-2k) using the inhibitor of CPT, etomoxir, to specifically measure alterations in 

respiration and OXPHOS derived from fatty acid β-oxidation.  

 We also observed abundant FABP7 in A4-007N GBM microtubes, specifically in 

mitochondria. Osswald et al. showed that mitochondria are transported through GBM 

microtubes. So far, we have observed FABP7 in microtubes using fluorescence-labelling 

in fixed A4-007N; however, we still need to see whether FABP7 is bound to its ligands in 

microtubes. Fluorescence-labelled DHA (e.g., DHA-BODIPY) has been shown to have a 

similar distribution pattern as untagged DHA and can be used in both fixed cells and for 

live cell imaging (Teague et al., 2013). Future experiments will involve carrying out the 

immunostaining experiments described above in A4-007N GBM cells to determine 

whether FABP7 and its ligands can be transported across microtubes. A4-007N GBM live 

cell imaging will be performed with fluorescence-labelled FABP7, fluorescence-labelled 

DHA (e.g., DHA-BODIPY) and fluorescence-labelled mitochondria (CellLight 

Mitochondria-GFP, BacMam 2.0, Life Technologies) using STED microscopy to examine 

the importance of FABP7 and its ligands in mitochondria transfer via microtubes.  

 

5.2.3 Quantification of FABP7 PUFA ligand metabolites 

 In additional to mitochondria energy production, DHA and AA can be metabolized 

into bioactive docosanoids/eicosanoids by COXs/LOXs/CYP450 families located in ER, 

which have been shown and notably highlighted for their anti-inflammatory/pro-

inflammatory effects within the brain (Bannenberg and Serhan, 2010). DHA-derived lipid 

mediators are often referred to as specialized pro-resolving mediators (SPMs), such as 
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series DHA-derived resolvins (RvDs), protectin/neuroprotectin (PD/NPD) and maresins 

(MaRs) for their potent neural protective and anti-inflammatory effects (Lin et al., 2017). 

Thus, we will perform LC-MS to identify and quantify AA and DHA mediators upon AA 

and DHA supplementation in FABP7-expressing and FABP7-depleted GBM cells. Then 

we will further assess the effects of identified SPMs on GBM cell migration and aggressive 

properties of GSCs.
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5.3 Significance 

 Glioblastoma is a devastating brain disease. The early stage GBM tumour 

infiltration, aggressive tumour growth and tumour recurrence leads to difficulties in clinical 

management. FABP7 is highly expressed in GBM neural stem-like cells, but its role in 

GBM aggressiveness is not yet clear. In our study, using leading-edge super-resolution 

STED microscopy, we discovered that FABP7 is located at the plasma membrane and 

mitochondria of GBM cells. Using GSCs as our pre-clinical model, we obtained evidence 

that FABP7 may affect GBM migration in a PUFA-dependent manner through several 

potential mechanisms. These include: (i) membrane lipid remodeling through altered 

membrane fluidity and membrane FABP7 nanoclustering, (ii) increased storage of PUFAs 

and utilization of PUFAs for energy production in mitochondria, and (iii) microtube 

formation allowing transport of FABP7 cargo to distantly located cells. Although not 

directly addressed in this thesis, FABP7 may also function through fatty acid-dependent 

activation of nuclear receptors such as PPARγ. Thus, understanding the FABP7/PUFA-

mediated mechanisms in GBM will lead to novel therapeutic strategies for the clinical 

management of GBM. We are proposing that dietary intervention to elevate DHA levels 

in the GBM tumour microenvironment, along with the currently-used therapies, may 

contribute to longer survival time and better quality of life for GBM patients. 
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