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CHAPTER ONE

Introduction

1.1. M alignant Glioma and Glial Cells

The mammalian central nervous system (CNS) is comprised primarily of two 

different cell populations: neurons and glia. While the function of the neurons is to transmit 

signals along the nervous system, the glial cells serve a supportive role and are essential for 

the normal functioning of neurons. Glial cells outnumber neurons in the CNS by 

approximately ten- to fifty-fold and are divided into three subpopulations based on 

morphology and function: astrocytes, oligodendrocytes and microglia (Louis et al., 2001). Of 

all the glial cells, the astrocytes are the most abundant and serve several important functions 

including the regulation of synapse formation and synapse transmission (Hansson and 

Ronnback, 1994; Nakanishi et al., 1994).

Neoplasms of the CNS that arise from the glial cells are called gliomas, and these 

tumours comprise nearly 60% of all human CNS malignancies (Dai and Holland, 2003). 

According to the World Health Organization (WHO), there are three main types of gliomas 

which are distinguished by their histological features and probable cell-type of origin: 

astrocytomas, oligodendrogliomas, and mixed oligoastrocytomas. The WHO has also 

developed a four point grading scheme according to tumour anaplasia, ranging from the 

most benign (grade I) to the most malignant (grade IV). Commonly, low-grade gliomas are 

classed as WHO grades I and II, while high-grade gliomas are WHO grades III and IV 

(Behin et al., 2003). Astrocytomas, the most common form of gliomas in humans, include 

pilocytic astrocytoma (grade I), diffuse astrocytoma (grade II), anaplastic astrocytoma (grade

III), and glioblastoma multiforme (GBM; grade IV).

1
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The grades III and IV astrocytomas are commonly referred to as malignant gliomas 

(MGs), and these are the most common and most aggressive human brain tumours. Despite 

advances in treatment (surgery, radiation therapy, and/or chemotherapy) the median survival 

for patients diagnosed with GBM remains less than 1 year and approximately 2-3 years for 

those patients diagnosed with anaplastic astrocytoma. In addition, the fate of most low 

grade astrocytomas is to eventually undergo malignant transformation to a high grade 

astrocytoma. Low-grade astrocytomas that have progressed to MG are termed secondary 

MG, while tumours that present as MG at first diagnosis are called primary MG. The dismal 

failure of traditional treatment for patients with MG has prompted many studies to examine 

the molecular genetics of these tumours, and significant progress has been made in this area.

1.1.1. M olecular B iology o f M alignant Glioma

Several genetic alterations have been identified in human MG tumours, most of 

which are associated with two important cellular processes: signal transduction and cell cycle 

arrest. In GBM, loss of heterozygosity (LOH) has been detected on chromosomes 6, 9, 10, 

13, 17, 19, and 22, as well as amplification of parts of chromosomes 1, 5, 7, 8, 11 and 12 

(reviewed in Benjamin et al, 2003). Therefore, numerous genes are likely involved in the 

initiation and/or progression of MG. Of particular note, Kleihues and Ohgaki (1999) have 

reported that inactivation of TP53 and overexpression of PDGFR play a crucial role in the 

initial steps of the evolution to secondary MG. Also, Signer and coworkers (1988) 

determined that alterations in chromosomes 9p and 19q are significant events in malignant 

progression. Located on 9p is the tumour suppressor p16, a cyclin dependant kinase 

inhibitor that has been implicated in many different tumour types (Kamb et al., 1994).

For both primary and secondary MG, LOH of chromosome lOq is present in 80- 

90% of glioblastomas. Several candidate genes have been identified in this region, including

2
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the PTEN  gene which is mutated in 20-30% of glioblastomas (Zhou et al., 1999). In regards 

to signal transduction, the EGFR gene is amplified in 40-50% and overexpressed in ~80% 

of primary glioblastomas (Libermann et al, 1985), while the PDGFR-a gene is amplified in 

~10% of secondary glioblastomas (reviewed in Benjamin et al, 2003).

One of the main attributes that distinguishes high-grade gliomas from low-grade 

gliomas is the presence of local tissue invasion in high-grade gliomas. In high-grade 

astrocytomas, microscopic evidence of malignant cells can often be found well beyond the 

margins of the tumour (Burger, 1983). The ability of tumour cells to invade into the local 

environment depends on several criteria including their ability to interact with the 

extracellular matrix (ECM), to degrade the ECM through the release of proteolytic enzymes, 

and to migrate through the area of destruction. The matrix metalloproteinases (MMPs) are a 

family of enzymes that degrade a variety of ECM molecules such as proteoglycans, 

glycoproteins, and collagen (Matrisian, 1992). Interestingly, immunohistochemical studies 

performed by Nakagawa and coworkers (1994) have demonstrated that MG tumours express 

MMPs, while normal brain tissue and low-grade astrocytomas do not. Furthermore, several 

researchers have shown that the activity of these MMPs correlate with the destructive and 

invasive properties of these tumours in vitro and in vivo, with MMP-2 being the most 

important in glioma invasiveness (reviewed in Ware et al., 2003). Also, ex vivo data suggest 

that the expression of the tissue inhibitors of matrix metalloproteinases (TIMPs) inversely 

correlate with the invasiveness of astrocytomas (Nakagawa, 1994; Mohanam et al, 1995).

Similar to the MMPs, both the serine protease urokinase-type plasminogen activator 

(uPA) and its receptor (uPAR) display increased expression levels and activity with increasing 

glioma anaplasia (Gladson et al, 1995; reviewed in Rao, 2003). The expression of uPAR in 

MG cell lines has been shown to contribute to their invasive potential and uPAR appears to

3
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be localized to the focal contacts at the leading edges of the tumour (Gladson et al, 1995). 

These features have made the uPA-uPAR interaction a key target for the treatment of MG 

and reports have indicated that the reduced expression of uPA and uPAR leads to tumour 

growth inhibition (Engelhard et al, 1996; reviewed in Rao, 2003).

Recently, the development of the microarray technique has provided a potential 

method for distinguishing different types or grades of tumours through the gene expression 

profiling of tumour tissue. While still in its infancy, this technique has already been used to 

identify distinctive molecular patterns in high-grade and low-grade gliomas (Rickmann et al., 

2001), and could eventually lead to the identification of signature gene sets indicative of a 

specific tumour grade. For instance, using microarray analysis, Wang et al (2003) identified 

an increased expression of insulin growth factor binding protein 2 (IGFBP2) in high-grade 

gliomas (i.e. GBM). Furthermore, these researchers show that IGFBP2 expression enhances 

MMP-2 gene transcription and, in turn, tumour cell invasion.

While there is a correlation between specific genetic alterations with tumour grade (I-

IV) and/or course of MG progression, not all tumours within a category display the same 

genetic changes. Prognostic values for MG based on genetic markers have met with only 

mixed acceptance. For example, some studies correlate EGFR overexpression with poor 

prognosis (Etienne et al., 1998), while others could not substantiate these results (Newcomb 

et al, 1998). To date, the best predictors of survival for MG patients are patient age and 

histologic grade. However, new insights into the parallels between glial differentiation and 

glioma formation indicate that the differentiation machinery is still present in MG tumours, 

and a target for therapy could be the induction of these differentiation pathways. Therefore, 

a better understanding of the mechanisms underlying glial cell differentiation may provide 

valuable information as to how these tumours can be treated more effectively.

4
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1.1.2. R adial M igration and Glial C ell Differentiation

During the development of the CNS, the primary function of glial cells is to provide 

a scaffold for the directed migration of neurons (reviewed in Hatten, 1999). In fact, in vitro 

(Edmunson and Hatten, 1987) and in vivo (Gao and Hatten, 1993, 1994) studies indicate that 

80-90% of the billions of neuronal precursor cells migrate along radial glial fibers. To 

perform this function, the radial glial cells, identified by their expression of brain-fatty acid 

binding protein (B-FABP) (Feng et al., 1994) and antigens recognized by RC1 (Edwards et al, 

1990) and RC2 (Misson et al, 1988a), extend processes that span the wall of the developing 

neural tube (reviewed in Hatten, 1999). Postmitotic neurons utilize these radial glial 

processes for migration (Rakic, 1971, 1972). Therefore, for the neurons to become fully 

differentiated, they must first initiate a differentiation program that allows for cell 

movement, and secondly, as the neurons migrate along the radial glial scaffold, they must 

undergo the final steps of differentiation (reviewed in Hatten, 1999).

The neuronal migration program appears to be regulated, at least in part, by 

members of the EGF family of growth and differentiation factors called neuregulins 

(NRGs). NRGs are expressed and secreted mostly by the differentiating neurons (Corfas et 

al, 1995) and bind to the erbB receptors on the radial glial cells (Anton et al., 1997). Glial 

growth factor (GGF), a soluble NRG, has been shown by Anton and coworkers (1997) to 

participate in the induction of the radial glial cell morphology, possibly through the activated 

expression of B-FABP. In vitro studies suggest that B-FABP is essential for the 

establishment and maintenance of radial glial fibers during neuronal migration and that B- 

FABP may also play a role in neuronal differentiation (Feng et al, 1994; Kurtz et al., 1994; 

Feng and Heintz, 1995). Similar to the role of NRGs in stimulating the radial glial specific 

phenotype, glia-derived signals have been proposed to regulate neuronal differentiation. For
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example, Toresson and colleagues (1999) have shown that retinoic acid produced by radial 

glial cells in the lateral ganglionic eminence can influence the differentiation of neurons 

migrating into the developing striatum. Thus, the neuron-glia relationship is very important 

in both neuronal migration and the differentiation of both of these cell types.

The classical view of glial cell differentiation holds that both the astroglial and 

neuronal cell lineages diverge early in development, prior to neuronal migration, from the 

multipotent, self-renewing neuroepithelial stem cells (NSC) (Levitt and Rakic, 1980). While 

it is still uncertain how astrocytes and neurons arise from NSCs, it is generally accepted that 

NSCs first produce neuronal precursors (Figure 1.1; Gage, 2000; Okano-Uchida, 2004). 

Whether these neuronal precursors, which are highly proliferative, give rise directly to the 

glial lineage, or whether the glial lineage arises from the NSCs or another precursor cell type 

remains controversial. Okano-Uchida and coworkers (2004) have shown that granule cell 

precursors, a neuronal precursor, can be induced to differentiate into astroglial cells in vitro. 

However, studies by Rao and Mayer-Proschel (1997) have shown a direct lineage 

relationship between NSCs and glial restricted precursor cells (reviewed in Lee et al., 2000). 

Regardless of the origin of the glial cell lineage, the classical view of glial cell differentiation 

holds that after migration is complete, the radial glial cells transform into mature astrocytes 

through the generation of intermediary transitional astroglial forms (Schmechel and Rakic, 

1979; Culican et al., 1990).

However, this strict view of radial glial differentiation into astrocytes is not held by 

all researchers. Alvarez-Buylla and colleagues (1990) suggest that mitotically active radial glia 

may also give rise to neurons (reviewed in Pamavelas and Nadarajah, 2001). In support of 

this theory, radial glia have been shown to display characteristics unique to precursor cells, 

including the ability to undergo interkinetic nuclear migration (Misson et al., 1988b). Also,
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Figure 1.1 - Classical and proposed glial and neuronal cell differentiation pathways. 

The classical view (solid black arrows) holds that neuroepithelial stem cells (NSC) produce 

two separate pools of committed progenitor cells, glial and neuronal, each of which further 

differentiate to produce the mature astrocytes and neurons, respectively. However, more 

recently, it has become generally accepted that the NSCs first give rise to neuronal 

precursors (red dotted lines). It is not clear whether the neuronal precursors differentiate 

into glial cells, but in vitro data suggest that it is possible. Other proposed pathways (black 

dotted lines) suggest that NSCs directly produce radial glial cells, and that these radial glial 

cells can serve as precursor cells and divide asymmetrically to produce neurons, either 

directly or via the neuronal precursors. In mammals, the radial glial cells are believed to 

transform into astrocytes perinatally. This period coincides with neuronal migration (blue 

arrows), whereby postmitotic neurons migrate along radial fibers and differentiate into 

mature neurons. Recently, astrocytes have also been observed to have stem cell 

characteristics in that, prior to the mouse postnatal day 11, they can give rise to neurospheres 

containing multipotential precursors and to radial glial cells. However, this ability is lost in 

adulthood, except in the subventricular zone where astrocytes continue to produce neurons 

and glia.
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radial glia isolated from mouse cortex have the ability to produce both neurons and glial cells 

in vitro (Malatesta et al., 2000), with neurons migrating along their own parent radial glial fiber 

(Noctor et al, 2001). These findings suggest that radial glial fibers have a dual role in the 

development of the CNS: initially, radial glial cells serve to produce neurons (ED 14-16 in 

mouse); by ED 18, radial glial cells provide migration guidance as neurons migrate along their 

own parent radial glial fiber (reviewed in Pamavelas and Nadarajah, 2001). However, these 

studies and others typically identify radial glial cells by their antigenic properties and/or 

bipolar morphology, and it should be remembered that these characteristics are shared by 

both radial glial cells and neuroepithelial cells (Pamavelas and Nadarajah, 2001).

While the pathways of glial cell differentiation are somewhat controversial, there is a 

general consensus that the expansion of the multipotent neuroepithelial stem cells and the 

restriction of cell fate are controlled, at least partly, by soluble factors that regulate gene 

expression (reviewed in Jessell and Melton, 1992; Green, 1994). For instance, Burrows and 

coworkers (2000) have shown that overexpression of EGFR favours astroglial differentiation 

and leads to an increased number of astrocytes. Furthermore, Hunter and Hatten (1995) 

have shown that the transformation from radial glial cell to astrocyte is reversible, and that 

this process is regulated by a soluble, diffusible signal, termed radializing factor (RF60) 

(reviewed in Chanas-Sacre et al, 2000)

1.1.3. M alignant Glioma C ell o f Origin

The bidirectional transformation of radial glial cells to astrocytes provides support 

for the belief that astrocytes are the cell of origin for MG. Although the cellular origin of 

MG is controversial, astrocytomas are believed to arise from astrocytes because they produce 

bundles of glial fibrillary acidic protein (GFAP), a protein specifically associated with 

astrocytes (Eng, 1980; Gottschalk and Szymas, 1987). As the cell of origin of MG, a mature
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astrocyte would have to dedifferentiate into a neoplastic version of an immature glial cell 

(reviewed in Linskey and Gilbet, 1995). Therefore, if mature astrocytes can readily 

dedifferentiate under normal physiological conditions in response to extrinsic signals, it is 

even more plausible that they can dedifferentiate during neoplastic transformation.

Although the majority of astrocytomas express GFAP (Gottschalk and Szymas, 

1987), it is not universally believed that this is a definitive sign that the astrocytoma arose 

from an astrocyte. Several investigators have reported that neural stem cells either express, 

or have expressed GFAP at some point in development (Zhou et al, 2001; Imura et al, 

2003). Also, recent studies indicate that GFAP expression does not necessarily correlate 

with that of other markers of astrocytic differentiation or function, including the 

Ca2+-binding protein SlOOp (discussed in Goldman, 2003; Barres, 2003). In fact, Goldman 

(2003) has proposed that it may be more accurate to view GFAP as a protein expressed in 

immature progenitor cells of the CNS, as well as in mature astrocytes. This concept 

underlies a second hypothesis for the cell of origin of MG, which postulates that there 

remains present, in the adult CNS, a pool of dormant, undifferentiated stem cells. With the 

onset of cancer, these undifferentiated stem cells differentiate into a neoplastic version of a 

glial precursor cell with an unlimited proliferative capacity (reviewed in Linskey and Gilbert,

1995).

As a third hypothesis, one can envision MG arising from the intermediary 

transitional glial forms generated when radial glial cells differentiate into mature astrocytes 

(Hunter and Hatten, 1995). These cells are not fully differentiated, and already display 

several characteristics necessary for malignancy, including high proliferative and migratory 

capabilities. Also, since these cells are in the process of differentiating into mature 

astrocytes, it is likely that they would express GFAP.
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While each of these three hypotheses for the cell of origin is valid, it is important to 

recall that astrocytes are the most abundant cell population in the CNS, and thus a very 

probable candidate for the cell of origin of MG.

1.2. Glial Fibrillary Acidic Protein (GFAP)

The glial fibrillary acidic protein (GFAP) is an intermediate filament (IF) protein that 

was initially purified by Eng and colleagues from multiple sclerosis brain tissue (1970) and 

fibrous astrocytes (1971). On the basis of their tissue-restricted distribution and sequence 

identity, IF proteins have been divided into five main classes, type I — V (reviewed in Fuchs,

1996). The type I and type II IF proteins are the keratins, type IV are the neurofilaments, 

and the type V IF proteins are referred to as lamins. GFAP is a member of the type III IF 

proteins, a group that also includes: desmin, peripherin, nestin, and vimentin. While GFAP 

is found almost exclusively in differentiated astrocytes of the mature CNS, several studies 

have also documented its expression in other cell types such as radial glial cells of cerebellum 

(Bergmann glia) (Eng et al., 2000), neural stem cells (Zhou et al., 2001; Imura et al., 2003), and 

the majority of MG tumours (Gottschalk and Szymas, 1987).

Similar to all other members of the IF superfamily, GFAP consists of an a-helical 

rod domain flanked by a non-helical head (N-terminal) and tail (C-terminal) domain (Reeves 

et al., 1989). The highly conserved structure of the rod domain allows the IF proteins to 

intertwine in a coiled-coil fashion to generate the dimer subunit structure of the 8-10 nm 

filaments (reviewed in Fuchs and Weber, 1994). With the exception of the keratins, it is 

typically homodimers that are formed through this interaction, but heterodimers have also 

been observed (Quinlan et al., 1986). These dimers associate in an antiparallel fashion to 

form tetramers with staggered ends. At this stage in IF assembly, it has been shown that the 

non-helical end domains are necessary for the tetramers to form higher-order structures
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(Kaufmann et al, 1985; Quinlan et al., 1989). More specifically, in regards to GFAP, it has 

been shown that an intact head domain and all but the C-terminal one fifth of the tail 

domain are necessary for GFAP self-assembly and for GFAP-vimentin co-assembly (Chen 

and Liem, 1994a).

To generate the higher-order IF structures, the tetramers link together in a head-to- 

tail fashion to create protofilaments, two protofilaments intertwine to form a protofibril, and 

four protofibrils intertwine to generate the 10 nm filament (reviewed in Fuchs, 1996). These 

10 nm IFs, along with the micro tubules and micro filaments, are then organized into a 

tridimensional scaffold in the cytoplasm where they are believed to provide mechanical 

stability. In addition, due to their diverse pattern of expression, it is speculated that 

specialized functions are still to be defined for many IF proteins (reviewed in Fuchs, 1996). 

In support of this theory, the expression of vimentin and GFAP is tightly regulated during 

development (Lazarides, 1982). Vimentin is expressed in radial glial cells and immature 

astrocytes, but as astrocyte differentiation takes place, its expression is replaced by GFAP 

(Dahl et al, 1981; Bignami et al, 1982). This switch from one type III IF to another suggests 

a specific role for each in astrocyte differentiation. In an attempt to determine specialized 

roles for the GFAP genes, several studies have been performed examining their molecular 

structure.

1.2.1. M olecular A spects o f GFAP

GFAP is present as a single copy in the human genome, located on chromosome 

17q21. The sequence of the human GFAP gene shows strong homology (~85%) to that of 

other species including: mouse, rat, and pig (Geisler and Weber, 1983; Balcarek and Cowan, 

1985; Reeves et al., 1989; Brenner et al., 1990; Isaacs et al. 1998). In addition, intron sizes and 

the 5'-flanking sequence (i.e. promoter region) are similar in mouse and human GFAP
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(Isaacs et al. 1998). While nearly all studies thus far examining transcriptional regulation and 

function have explicitly measured the dominant GFAP isoform, GFAPa (typically referred 

to as GFAP), four other GFAP transcripts have been identified: GFAP-fi, -y, -6, -s. Each of 

the GFAP transcripts appears to be generated by the usage of alternative transcriptional start 

sites and/or differential splicing (discussed in Condorelli et al., 1999; Nielsen et al, 2002).

The transcriptional start site of GFAPa is located 14 bp upstream of the translation

start site. The GFAPa transcript is 2.9 kb long and produces a 432-amino acid-long

polypeptide of 55 kDa (Brenner et al, 1990). This transcript is encoded by 9 exons spread 

over a 10-kb genomic region (Isaacs et al, 1998). The GFAPfi transcript is similar to the 

GFAPa transcript except its transcriptional start site is located 169 nucleotides upstream to 

that of GFAPa (Feinstein et al., 1992). Zelenika et al. (1995) identified the third transcript of

2.4 kb, called GFAP/, which lacks all of exon I but contains the last 126 nucleotides of 

intron I linked to the remaining 8 exons. The fourth GFAP transcript (GFAPS), generating 

a mRNA of 4.2 kb, is the product of alternative splicing of a novel exon (VII+) located in 

intron VII of GFAP (Condorelli et al., 1999). Similar to GFAPS, the most recently identified 

GFAP transcript (GFAPe) is also alternatively spliced to include a novel exon (Vila) located 

in intron VII (Nielson et al, 2002). Flowever, inclusion of exon Vila results in the 

replacement of exon VIII and IX with 42 amino acids encoded by exon Vila, generating an 

mRNA of 1.8 kb (Nielson et al., 2002).

The astrocyte-specific GFAP isoform (GFAPa) represents the dominant form of 

GFAP in the human CNS. In fact, to date, the GFAP-fi, -y, and -8 transcripts have only

been reported in the rodent CNS, where the mRNA is present at extremely low levels

relative to GFAPa. In addition, no studies have examined whether a functional GFAP
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protein is expressed from these three GFAP transcripts, and quantitative reverse 

transcription-polymerase chain reaction (RT-PCR) or northern blot analysis indicates that 

they may be more prominent outside the CNS (discussed in Condorelli et al, 1999). 

However, human GFAPs transcript and protein has been identified in the CNS, although 

mRNA levels were 20-fold lower than that of GFAPa (Nielsen et al., 2002).

The GFAPs iso form was identified due to its ability to interact with presenilin-1 (PS- 

1), a protein that has been shown to interact with cytoskeletal proteins (Zhang et al, 1998; 

Johningh et al, 2000) and has been found to have increased expression in astrocytomas 

(Miake et al, 1999). Interestingly, GFAPs has a unique tail domain that shows little 

homology to GFAPa or any other IF protein, and this tail is indispensable for PS-1 binding 

and cannot be replaced by the tail of GFAPa (Nielsen et al, 2002). These findings suggest 

that it may be relevant to study the GFAPs isoform in regards to MG; however, the studies 

presented here will examine only GFAPa expression in MG, and this isoform will be 

referred to as GFAP. Also, the transcriptional regulation studies reported in this thesis will 

not distinguish between the different forms of GFAP mRNA, primarily because the 

mechanisms involving alternative splicing and alternative transcription start site usage have 

not been elucidated.

1.2.2. GFAP Gene Regulation and Function

Several studies have focused on examining the regulatory mechanisms underlying 

astrocyte-specific gene expression in the hope that a cassette could be identified that would 

drive astrocyte-specific transcription. Miura and coworkers (1990) were the first group to 

study the GFAP promoter, and since this time many other studies have contributed to our 

current understanding of GFAP gene regulation (Figure 1.2). Experiments using the mouse
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Figure 1.2 -  Potential as-  and tens-elements responsible for regulating GFAP 

promoter activity. Genomic organization of the GFAP gene is diagrammed at the top. 

Black boxes, white boxes, and the black hatched box indicate exons, introns, and 3’ 

untranslated region, respectively. CA-elements are shown for both the -1980/-1489 and - 

155/-79 regions. The binding sites include NFI (red), AP-1 (green hatched), AP-2 (blue), 

Spl (purple), STAT3 (brown), CRE (green). Negative ai-elements (gray boxes) are shown 

and include: a negative CRE (- CRE), a neuronal-specific element, and a glial-specific 

element. The positions of the hgcs sequences (yellow) are also shown. (A) In nonneural 

tissues it has been proposed that a ubiquitous repressor (UbR) that is expressed in nonneural 

tissues, but not in neural tissues, binds to the neural-specific element to repress GFAP 

expression (Kaneko et al., 1993). (B) The ubiquitous repressor is absent, but neural stem 

cells that differentiate to neuronal cell types may synthesize a negative factor (neuronal 

downstream repressor, NDR) that binds to the glial-specific element to repress GFAP 

transcription (Kaneko et al., 1993). Also, low cAMP levels permit a repressor (CR) to bind 

to the —CRE element (Kaneko et al, 1994). (C) As cells progress down the glial lineage 

cAMP levels rise and CR no longer binds to —CRE. Instead, CREB is able to bind to the 

CRE. Glial specific cells do not produce either the UbR or NDR, or they produce other 

factors that inhibit the repressors from functioning (Kaneko et al., 1993). Thus, the 

neuronal- and glial-specific elements are free of repressors. Potential /ra«j-activating factors 

including NFI, AP-1, AP-2, and STAT3 may bind to their ar-elements to activate 

transcription. Also, the hgcs sequences may serve to bring the regulatory regions close to 

one another for efficient activation (Besnard et al, 1991).
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GFAP promoter by Miura et al (1990) demonstrated that, in relation to the transcription 

start site, there are at least two negative regulatory regions located at -2567/-1980 and 

-681 /-155, and two positive regulatory regions located at -1980/-1489 and -155/-79. These 

results were confirmed for the human GFAP promoter (Besnard et al, 1991), which also has 

a basal promoter region at -30/+47 that is important for efficient transcription (Nakatani et 

al., 1990a,b).

Upon further analysis of the -155/-79 region, Miura and coworkers (1990) 

characterized several ar-acting elements, including binding sites for activator protein-2 (AP- 

2), nuclear factor I (NFI), and cAMP-responsive element binding protein (CREB). Mutation 

studies revealed that the NFI binding site was the most critical cis element for efficient 

activation of GFAP expression from the -155/-79 region (Miura et al, 1990). Interestingly, 

NFI binding sites have also been identified in the promoters of other glial specific genes 

such as myelin basic protein (MBP) (Tamura et al., 1988), which is one of the best 

characterized marker proteins for oligodendrocytes (Shiota et al., 1989). For MBP 

transcription regulation, it has been proposed that the ability of NFI to activate transcription 

is modulated by cAMP (Zhang and Miskimins, 1993) and that NFI-B may be the primary 

NFI protein involved in activating MBP expression (Inoue et al, 1990).

Since the NFI binding site in the -155/-79 region of the GFAP promoter is flanked 

by a cAMP-responsive element (CRE) binding site, it is reasonable to expect that GFAP 

transcription activation is also regulated by cAMP. In support of this theory, Kaneko and 

colleagues (1994) have reported a functional positive CRE within the -170/-110 region that 

corresponds with the CRE motif identified by Miura et al. (1990). However, Kaneko and 

colleagues (1994) also identified a functional negative CRE motif within the -240/-170 

region. These researchers have hypothesized that when cAMP levels are low, a repressor
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binds to the -240/-170 region to maintain GFAP expression at a minimal level. Then, 

during astrocytic differentiation when extracellular signals have been proposed to upregulate 

cAMP levels (Vallejo and Vallejo, 2002), a cAMP-modulating factor (non cell-type specific) 

inactivates the repressor and a positive regulatory factor (glial cell-type specific) binds to the 

positive CRE motif. Thus, GFAP expression is only activated in glial cels, and not in the 

neuronal cells that are present in the same microenvironment. In this model, one can 

speculate that a specific NFI protein expressed in glial cells, but not neuronal cells, may 

serve as the positive regulatory factor. Furthermore, in support of the concept of cell-type 

specific positive regulators, much evidence now suggests that even in different populations 

of astroglial (i.e. midbrain vs cerebellar), distinct as- and /ra/w-acting factors differentially 

regulate GFAP expression (discussed in de Oliveira et al., 2004).

More recent analyses of the role of cAMP in the regulation of the GFAP gene have 

identified an alternative mechanism of activation via the interleukin-6 (IL-6) family of 

cytokines (Takanaga et al., 2004). In these studies, cAMP was shown to activate IL-6 

expression in rat C6 glioma cells. The autocrine IL-6 signal then induced these cells to 

activate signaling pathways leading to the activation of a downstream transcription factor, 

STAT3 (signal transducer and activator of transcription 3). STAT3 has previously been 

shown to activate transcription of the GFAP promoter from a STAT3 binding element 

located at -1518/-1510 (Nakashima et al., 1999). Binding of STAT3 appears to be mediated 

by the regulated methylation of lysine residues on histone H3 at the STAT-binding site 

(Song and Ghosh, 2004). In support of this cAMP/ STAT3-mediated GFAP activation 

pathway, several reports have demonstrated the ability of members of the IL-6 family to 

induce GFAP expression through STAT3 (Yanagisawa et al., 1999; Ochiai et al, 2001).
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In addition to the STAT3 binding element at -1518/-1510, the -1980/-1489 region 

also has two DNase I footprints located at -1634/-1614 and -1596/-1543 (Besnard et al., 

1991). Within the -1634/-1614 footprint lie potential binding sites for Spl and NFI, while 

the -1596/-1543 footprint has potential binding sites for activating protein-1 (AP-1), AP-2, 

and NFL Masood and coworkers (1993) have shown that the AP-1 site in the -1596/-1543 

region is the most potent activator of transcription in the GFAP promoter; however, they 

suggest that for glial-specific activation the cooperative interactions of multiple factors are 

likely necessary. These authors speculate that the neighboring NFI and AP-1 binding sites 

cooperatively regulate GFAP expression, and note that several genes in the CNS have 

flanking AP-1 and NFI sites (Amemiya et al., 1992; Masood et al., 1993).

While at first glance the spacing between regions -1634/-1489 and -155/-79 appears 

insignificant, it is likely to have a functional role in GFAP regulation since there is evidence 

for its active maintenance. For example, the human, but not the mouse, GFAP gene 

contains an alu insertion at bp -291 (Schmid and Jelinek, 1982). Compensatory deletions 

have occurred in human to preserve the spacing of this region in the mouse and human 

GFAP promoters (Besnard et al., 1991). A potential reason for this conserved spacing 

emerges upon closer examination of three activating regions of the GFAP promoter: 

-1634/-1614, -1596/-1489, and -155/-79. In each of these activating regions, a novel 12-bp 

motif has been identified which is referred to as the human gfa common sequence (hgcs) 

(Besnard et al., 1991). Interestingly, a related motif has also been recognized in another 

astrocyte specific marker protein, S100|3 (Allore et al., 1990). In the GFAP promoter, 

Besnard et al. (1991) have proposed that the hgcs element participates in interactions 

between the cis regulatory elements. For instance, they speculate that the main function of
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the -1634/-1614 region may be to position the -1596/-1489 activating region close to the 

-155/-79 activating region.

The identification of GFAP promoter elements that serve as astrocyte-specific 

regulatory elements remains controversial. The first region claimed to be necessary for 

astrocyte-specific expression was identified as the 256 bp directly upstream of the 

transcription start site (Miura et al., 1990). However, Masood and colleagues (1993) contend 

that the -1596/-1489 region contains the astrocyte-specific transcription activation elements. 

The difference in these two reports may simply be that one study examined the human 

GFAP promoter, while the other the rat GFAP promoter. Other studies by Kaneko and 

coworkers (1993) contradict both of these views, and present evidence that the astrocyte- 

specific elements he downstream of the GFAP transcription start site. They claim there is a 

neural-specific expression element located in a 2.7-bp region that spans exon I-V of the rat 

genome and a glial-specific element located 1.7 kb downstream of the rat GFAP 

polyadenylation site (Figure 1.2; Kaneko et al., 1993).

Several studies have focused on understanding the role of GFAP in astrocytes. For 

example, GIvlP-null mice (GFAP-/-) have been used in an attempt to determine the 

function of GFAP. Surprisingly, these mice have provided litde insight as they are viable, 

and have a normal life span, reproduction capacity, and gross motor behaviour (reviewed in 

Messing and Brenner, 2003). One explanation for this is that vimentin, the IF typically 

expressed in radial glial cells and immature astrocytes, has at least some degree of functional 

overlap with GFAP and can substitute for its loss. This hypothesis is supported by gene 

knock-out (KO) studies that have shown that astrocytes in mice deficient for both GFAP 

and vimentin (GFAP-/-vimentin-/-) cannot form IFs, but GFAP-/- or vimentin-/- mice are 

still able to form IFs (Pekny et al, 1999). A closer examination of astrocyte morphology in
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GFMP-null mice has been difficult due to the absence of the traditional marker (GFAP) used 

in immunohistochemical experiments. However, the loss of GFAP does appear to impair 

blood-brain barrier maintenance (Pekney et al., 1998), myelination (Liedtke et al., 1996), and 

synaptic transmission (Shibuki et al., 1996). Also, it has been demonstrated that the absence 

of GFAP leads to subtle changes in astrocyte processes (reviewed in Messing and Brenner, 

2003).

GFAP is believed to be involved in the extension of glial processes (Weinstein et al., 

1991; Chen and Liem, 1994b; Linksey and Gilbert, 1995), but to inhibit neurite extension 

(Menet et al, 2000). The loss of GFAP expression in astrocytes enhances neurite outgrowth 

in neurons grown on these astrocytes (Menet et al., 2000). These findings have led to the 

hypothesis that the absence of GFAP, typical of radial glial cells, is permissive to the 

adhesion of immature neurons to radial glial cells and subsequent neurite extension (Gasser 

and Hatten, 1990). In addition, others have shown, using the U373 MG cell line, that 

transfections of antisense GFAP constructs leads to reduced GFAP expression and 

increased cell motility (Murphy et al., 1998; Zhou and Skalli, 2000). This suggests that GFAP 

is not essential for the migratory capacity of normal radial glia, but that its loss may be 

instrumental to MG progression. Overall, to date, the specific function of GFAP remains 

unclear, but general roles in cytoskeletal organization have been observed, mostly through 

the study of MG cell lines.

1.2.3. GFAP and Malignant Glioma

Tumour cell transformation involves several phenotypic alterations which include 

increases in proliferation, cell motility and invasiveness, the loss of anchorage-independent 

growth and cell adhesion, and changes in cell shape. As expected for an astrocytic 

differentiation marker, there is an inverse correlation between GFAP expression and the
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degree of MG anaplasia, with the more malignant tumours expressing lower levels of GFAP 

than the benign tumours (Eng and Rubinstein, 1978; van der Meulen et al., 1978; Velasco et 

al, 1980). This reduced GFAP expression in MG has been suggested to play a direct role in 

the establishment of tumour cell transformation. In vitro studies transfecting antisense 

GFAP cDNA into the GFAP-positive MG cell line, U251, led to a loss in the ability of these 

cells to form long complex processes (Weinstein et al., 1991). These phenotypic alterations 

could be reversed by reexpression of GFAP (Chen and Liem, 1994b). In addition, cells 

transfected with the antisense GFAP construct displayed a greater degree of cell crowding 

and piling at confluence, had a 2-3 fold increase in proliferation rate, formed larger and more 

numerous colonies in soft agar (a test for anchorage-independent growth), and were more 

invasive as determined by their ability to penetrate Matrigel-coated filters (Rutka et al., 1994). 

In contrast, the expression of GFAP in GFAP-deficient MG cell lines inhibited their growth 

and resulted in the formation of stellate processes that are indicative of differentiated 

astrocytes (Rutka and Smith, 1993; Toda et al., 1994). More recently, in vivo experiments 

performed by Toda and coworkers have confirmed these in vitro observations (Toda et al., 

1999). These researchers found that the tumour growth of GFAP-transfected rat 

astrocytoma C6 cells injected into mice was significantly reduced when compared to that of 

the control C6 cells.

The inverse correlation of GFAP levels and MG anaplasia suggests that the loss of 

GFAP may represent a progression event from lower to higher grade gliomas. However, the 

loss of GFAP could simply represent the secondary loss of an astrocytic differentiation 

factor. In support of the latter, Wilhelmsson and colleagues (2003) have demonstrated, by 

crossing p53-negative (p53-/-) with GFAP-negative (GFAP-/-) mice, that the loss of GFAP 

does not contribute to the development or progression of astrocytomas. When the p53-/-
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mice, which frequently develop astrocytomas, were crossed with GFAP-/- mice or 

GFAP+/+ controls, approximately the same percentage of mice in each group developed 

tumours (41% and 34%, respectively) and the age of onset, tumour histology, and tumour 

progression were similar for both groups. To reconcile this finding with the in vitro data that 

suggest that the loss of GFAP provides cells with a proliferative advantage over GFAP- 

positive cells, Wilhelmsson et al. (2003) postulate that the absence of GFAP may cause an 

increase in proliferation by increasing the accessibility of cell cycle components to kinases. 

This is supported by the fact that the phosphorylation of IFs during depolymerization 

requires some of the same kinases involved in the cell cycle (Tsujimura et al., 1994). Thus, 

cultured cells devoid of GFAP, and the GFAP-negative cells in an astrocytoma would divide 

more rapidly, while the absence of GFAP in vivo would not result in an increased malignant 

potential.

Regardless of whether the loss of GFAP expression directly contributes to tumour 

progression or whether it is a secondary consequence, the reexpression of GFAP and/or 

other genes involved in glial differentiation may represent a novel method of treating 

gliomas. Towards this purpose, and to study the regulatory elements important for 

astrocyte-specific gene expression, Brenner and colleagues (1994) designed a GF-AP-la.cZ 

transgene that has the bacterial lacZ reporter gene linked to a 2.2 kb 5’-flanking sequence 

derived from upstream region of the human GFAP gene. This construct has provided a 

wealth of information regarding astrocyte differentiation and several groups have used this 

GFAP promoter construct for glioma gene therapy studies (Andas et al, 2001; Zamorano et 

al, 2003). Although still in its infancy, differentiation therapy may represent a promising 

approach for glioma treatment. One potential candidate for such differentiation therapy is 

B-FABP, which is a member of the fatty acid-binding protein (FABP) family and a potential
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regulator of cell growth and differentiation. It has been shown that B-FABP, normally 

found in the radial glial cells of the developing CNS, is co-expressed with GFAP in MG cell 

lines (Godbout et al, 1998).

1.3. Fatty Acid Binding Proteins (FABPs)

The uptake and utilization of long-chain fatty acids (LCFAs) is an essential 

requirement for most mammalian cells. LCFAs serve many diverse functions including 

precursors for signaling molecules, metabolic substrates, membrane phospholipid 

constituents, and mediators of gene expression. However, since fatty acids (FAs) have a low 

aqueous solubility they require specific and efficient transport mechanisms within the cell 

(reviewed in Glatz and Storch, 2001). The cytoplasmic fatty acid-binding proteins (FABPs) 

have been postulated to play a pivotal role in FA uptake and intracellular trafficking, and 

have been implicated in modulating signal transduction, gene transcription, cell growth and 

differentiation (reviewed in Zimmerman and Veerkamp, 2002). FABPs are members of the 

intracellular lipid-binding protein (iLBP) family, which also includes the cellular retinol- 

binding protein (CRBP) and the cellular retinoic acid-binding protein (CRABP). Thus far, 

the expression of this gene family, which dates back to one billion years ago, seems to be 

confined to the animal kingdom (Schaap et al., 2002).

The first FABP was discovered by Ockner and coworkers (1972) as a cytosolic 

protein that is capable of binding LCFAs (Cjg-C^ with high affinity. Subsequent studies 

have revealed a large family of FABP genes that encode at least nine distinct proteins which 

are named after their first tissue of identification (Table 1.1). Members of this family are 14- 

to 15-kDa proteins that have a highly conserved three-dimensional structure despite an 

amino acid sequence similarity ranging from 22-73% (reviewed in Zimmerman and 

Veerkamp, 2002). All FABPs are composed of 10 antiparallel (3-strands (|3A-|3J) that form a
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Table 1.1 - Characteristics of FABPs, their ligands and distribution.

Gene3
(Locus0) Protein Name Ligand(s) Tissue Occurrence15

FA8P1 
(2d 11)

Liver (L)-FABP LCFA, cholesterol hem e fiver, intestine, kidney, 
stom ach

FA8P2
(4q28-q31)

intestinal (l)-FASP LCFA intestine, stom ach

FASP3
(1p32-p33)

Heart (H)-FABP or Mammary 
Derived Growth inhibitor (MDG!)

LCFA heart, kidney, skeletal muscle, 
adrenals, placenta, brain, testes, 
lung, mam m ary gland, stom ach, 
aorta, ovary

FABP4
(8q21)

Adipocyte (A)-FABP LCFA. retinoic acid adipose

FABPS
(15o12-q24.3)

Epidermal (E)-FABP or 
cutaneous t'O-FABP

LCFA. eicosanokis skin, brain, tens, capillary, 
retina, endothelium

FABPS
(5q23-q35)

Steal (iL)-FABP LCFA, bile salts intestine, ovary, adrenals, 
stom ach

FABP7
;6c22-c23.

Brain (B)-FABP or retinal (R)-FABP LCFA brain, retina

FABPS
(8q21-q22)

Myelin (M)-FABP LCFA, retinoiods peripheral nervous system

FA8P9
(8q21)

Testicular (T)-FABP ? tes ies

*Gene ncvnenctature according to human genome database conventions. 'Chromosome ideation according to lot us in human genome 
'The presence o' a FA8P t'l a specific tissue type does no* mean it is present in aii ceii types of tnat essue Expression may be limited u> 
specific developmental periods antitei ceJt types

T  able ad ap ted  from  Schaap et al. (2002) a n d  Z im m erm an  an d  V eerkam p (2002).
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P-barrel, and 2 a-helices that form a helix-tum-helix motif that serves as a lid to the P-barrel 

(reviewed in Coe and Bernlohr, 1998). The P-barrel forms a large, water-filled cavity that is 

capable of binding specific ligands based on the amino acid sidechains buried within the 

cavity. For instance, in intestinal (I)-FABP, the positively charged arginine residue at 

position 106 has been shown to interact with the carboxyl group of the FA to provide 

binding specificity (Jakoby et al, 1993). It is hypothesized that FABPs have developed these 

distinct binding sites to allow them to perform specific functions within the different tissues 

in which they are expressed.

1.3.1. FABPs o f  the Central Nervous System

To date, three FABP types have been detected in the central nervous system: heart 

(H)-FABP, epidermal (E)-FABP, and brain (B)-FABP (Heuckeroth et al, 1987; Bennett et al., 

1994; De Leon et al., 1996). These three FABPs and myelin (M)-FABP, a peripheral nervous 

system FABP, share the highest amino acid sequence similarity of any in the family, with 

approximately 70% identity (Veerkamp and Zimmerman, 2000).

Despite this strong identity, Lipidex assay experiments have shown that the binding 

affinity for each CNS FABP varies with different FAs. H-FABP has a strong affinity for 

oleic acid (Cl8:1) and arachadonic acid (C20:4), but not palmitic acid (Cl6:0), while B-FABP 

has a strong affinity for all three FAs and E-FABP has a lower affinity for all three 

(Veerkamp and Zimmerman, 2000). Additional experiments have shown that B-FABP 

preferentially binds polyunsaturated LCFAs. Xu and colleagues (1996) demonstrated that 

bacterially produced B-FABP readily bound unsaturated FAs such as oleic acid and 

arachadonic acid, but failed to bind the saturated FAs palmitic acid and arachidinic acid 

(C20:0) with high affinity. Furthermore, B-FABP has been shown to bind docosahexaenoic 

acid (DHA; C22:6) with the highest affinity yet reported for any FABP-ligand pair (Xu et al,
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1996; Balendiran et al, 2000). This high affinity suggests that DHA is an endogenous ligand 

for B-FABP and is supported by the fact that DHA is enriched in the developing brain. 

Thus, it is possible that by binding different ligands, each FABP type in the brain may have 

distinct functions.

In support of the possibility that each CNS FABP has a specific function in the 

developing and mature brain, Owada et al. (1996) have shown a spatiotemporal differential 

expression pattern of these FABPs. In the rat brain, H-FABP expression is localized to 

neurons and is first detected at ED19. H-FABP expression then increases until postnatal 

day (P)14 and remains abundant in the adult brain (Sellner et al., 1995; Owada et al, 1996). 

E-FABP is also expressed in neurons, but at an earlier stage than H-FABP, with highest 

expression levels in the prenatal and perinatal rat brain (Owada et al, 1996; Liu et al, 1997). 

B-FABP expression is primarily restricted to radial glial cells in the developing rat and mouse 

embryo (detailed below), but is also present at low levels in the neuroepithelial precursor 

cells of the developing brain and immature astrocytes (Feng et al, 1994; Kurtz et al, 1994; 

Owada et al, 1996).

Feng and coworkers (1994) found that murine B-FABP mRNA levels in the CNS 

rose from ED12-14, peaked from ED14 to P0/P5, and then decreased to undetectable levels 

in the adult cerebral cortex. Interestingly, this elevated B-FABP expression pattern coincides 

with neuronal migration along radial glial fibers. Postnatally, B-FABP expression is localized 

to astrocytes which typically derive from radial glial cells. Although not as extensively 

characterized as mouse, human B-FABP mRNA has been detected in both the fetal and 

adult brain, as well as in fetal retina (Shimizu et al., 1997; Godbout et al., 1998).

In regards to the function of each FABP in the CNS, B-FABP expression is required 

for glial cell differentiation and neuronal migration (Kurtz et al, 1994; Liu et al., 2000). The
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addition o f  anti-B-FABP antiserum to primary cerebellar cell cultures blocks the extension 

of radial glial cell processes thereby inhibiting neuronal and glial cell differentiation (Feng et 

al, 1994). E-FABP and H-FABP have both been implicated in neurite outgrowth, 

neurogenesis, and neuronal migration (Owada et al., 1996; Liu et al., 1997, 2000). However, 

only E-FABP has been shown to have a direct effect on these processes in the brain. In 

fact, depletion of E-FABP abolishes neurite outgrowth in PC 12 cells (Allen et al., 2000) and, 

in mature neurons, E-FABP expression is up-regulated during axon regeneration after nerve 

damage, but H-FABP is not (De Leon et al, 1996; Owada et al, 1997). From these data, it 

can be hypothesized that, in neurons, E-FABP is the main FABP involved in neuronal 

migration and initiating neurite outgrowth and neurogenesis, while H-FABP plays more of a 

maintenance/maturation role.

1.3.2. FABP Involvement in Growth and Differentiation

For the most part, the specific functions of FABPs remain unclear; however, it is 

generally accepted that FABPs are involved in intracellular lipid metabolism. Such a role is 

supported by the fact that FABPs are involved in FA uptake and storage, as well as by FABP 

knockout mice which show abnormalities in FA uptake, transport, and metabolism resulting 

in altered FA oxidation, fuel selection, and metabolic homeostasis (reviewed in 

Zimmermann and Veerkamp, 2002). As an example, Schaap and coworkers (1999) have 

demonstrated that H-FABP-auB. mice display reduced uptake and oxidation of palmitate in 

resting and contracting cardiomyocytes.

In addition to their roles in lipid metabolism, several FABPs have been implicated in 

modulating cell growth and differentiation, and their actions tend to be both FABP-type and 

cell-type specific. An example of FABP-type specificity is demonstrated by the effect of H- 

FABP and adipocyte (A)-FABP expression in L6 muscle cells. Transfection of L6 muscle
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cells with H-FABP had no effect on their proliferation, while A-FABP transfection led to an 

increase in proliferation (Prinsen and Veerkamp, 1998). Thus, different FABPs can generate 

a different growth response in the same cell line, likely due to their ligand specificty. In 

regards to cell-type specifity, L-FABP has been shown to increase the proliferation rate of 

rat liver cells (Keler et al, 1992), but decrease the proliferation rate of mouse embryonic stem 

cells (Schroeder et al. 2001). A possible explanation for these opposite effects is that L- 

FABP expression in liver cells increases the efficacy of the utilization of unsaturated FAs 

leading to an increase in proliferation, while in embryonic stem cells L-FABP acts as a 

differentiation factor, thereby inhibiting proliferation (reviewed in Zimmermann and 

Veerkamp, 2002).

Other FABPs that have been implicated in differentiation include H-FABP, E- 

FABP, and B-FABP. While the roles of E-FABP and B-FABP in differentiation have 

mainly been speculative based on their spatiotemporal distribution patterns in the CNS (i.e. 

B-FABP in radial glial cells), H-FABP has actually been purified as a differentiation factor 

called mammary derived growth inhibitor (MDGI) (Bohmer, 1984). MDGI has been shown 

to inhibit proliferation and to cause the functional and morphological differentiation of 

mouse mammary gland explants (Yang et al., 1994).

The finding that FABPs can induce differentiation or serve as differentiation markers 

has led to the suggestion that they could also be used as tumour markers (reviewed in 

Zimmermann and Veerkamp, 2002). In support of this theory, the level of L-FABP and I- 

FABP have been found to decrease with the dedifferentiation and progression of human 

colon carcinoma (Davidson et al, 1993). Similar findings have been observed for H-FABP 

in ductal mammary gland carcinoma (Huynh et al, 1995) and A-FABP in bladder transitional 

cell carcinoma (Celis et al, 1996). Furthermore, while B-FABP has not been directly
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correlated 'with tumour progression, it has been found to be co-expressed with GFAP in 

MG cell lines, and when GFAP is absent, B-FABP expression is also lost (Godbout et al., 

1998).

1.3.3. FABPs: Membrane Interactions and Gene Transcription

It has been postulated that the ability of FABPs to mediate growth and 

differentiation likely lies in their ability to strictly regulate the uptake and transport of specific 

FAs to specific cellular locations (reviewed in Storch and Thumser, 2000). In this regard, 

while LCFA uptake into a cell can occur via passive diffusion (Hamilton and Kamp, 1999), 

recent studies have suggested the need for a protein-mediated uptake component (Abumrad 

et al., 1999; reviewed in Kleinfeld, 2000). In support of protein-mediated LCFA uptake, 

integral membrane proteins, such as fatty acid translocase (FAT/CD36), have been shown to 

increase the rate of FA uptake (Baillie et al., 1996; reviewed in Abumrad et al., 1999). With 

these protein-mediated uptake systems, it is possible to hypothesi2e that cells may be able to 

selectively regulate their FA content. Also, specific FABPs may be able to directly interact 

with the plasma membrane to assist in the uptake of specific FAs (reviewed in Glatz and 

Storch, 2001).

For FA transport within the cell, two different mechanisms of FA transfer to and 

from membranes have been proposed to date: aqueous solubility (diffusion) and collisional 

transfer (reviewed in Storch and Thumser, 2000). The aqueous solubility mechanism 

involves FA transfer from a FABP to an acceptor membrane by dissociation of the FA from 

the FABP followed by aqueous diffusion. Collisional transfer involves a direct interaction 

between the FABP and the membrane, resulting in an increased rate of FA transfer. The 

majority of the FABPs studied (A-, I-, H-, and M-FABP) are able to perform collision- 

mediated FA transfer (Kim and Storch, 1992a; Wootan et al, 1993; Hsu and Storch, 1996).
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For these FABPs, the FA transfer rate was shown to increase when membranes contained 

anionic phospholipids, thus indicating that positively charged residues on the FABP surface 

are likely involved in the membrane interaction (Wootan and Storch, 1994; Smith and 

Storch, 1999).

The helix-turn-helix motifs of A-, I, H, and M-FABP display a net positive potential. 

When a lysine residue located within the helix-turn-helix domain (Lys21) of H-FABP and A- 

FABP was either mutated or neutralized by acetylation, collision-mediated transfer was 

abolished (Herr et al., 1996; Liou and Storch, 1998). Thus, the helix-turn-helix motif is likely 

involved in FABP-membrane interactions. Interestingly, the helix-turn-helix motif of L- 

FABP has a net negative charge and this is the only FABP shown to transfer FAs entirely by 

aqueous solubility (Kim and Storch, 1992b). These results suggest that, in contrast to L- 

FABP, most FABPs may target FAs to anionic membranes or protein domains.

Many genes in mammals are regulated by specific LCFAs in an either positive or 

negative manner (reviewed in Zimmermann and Veerkamp, 2002). FABPs have been 

implicated in specifically modulating the effects of LCFAs on gene transcription by 

delivering specific FAs to the nucleus or by trafficking ligands to peroxisome proliferator- 

activated receptors (PPARs) (reviewed in Duplus et al., 2000). PPARs are a family of three 

(PPAR-a,-P,-y) nuclear hormone receptors that heterodimerize with the retinoid X receptor 

(RXR) to exert their transcriptional control over genes containing PPAR-response elements 

(PPREs). Importantly, FABPs localize to both the cytoplasm and nucleus, and therefore 

may function in translocating specific FAs to the nucleus, and delivering these ligands to 

PPARs via direct interaction between the FABP and PPAR. However, to date, only L-FABP 

and PPARa/y, and A-FABP and PPAR(3/y, have been shown to directly interact (Wolffum 

et al., 2001; Tan et al., 2002). None of the CNS FABPs, including B-FABP, have been
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directly implicated in delivering specific FAs to the nucleus. Therefore, the CNS FABPs 

may have a more general role in regulating gene expression, possibly by passively modulating 

unbound FA levels.

1,3.4. B-FABP Function

A function for B-FABP was first proposed twenty years ago by Bass and colleagues 

(1984). These researchers proposed that FABPs isolated from the rat brain served as a FA 

sink to protect synaptosomal trans-membrane proteins {i.e. Na+-dependent uptake systems) 

from inhibition by these FAs. Since brain-isolated FABPs were shown to relieve the 

inhibition of neurotransmitter amino acid uptake, it was suggested that B-FABP may 

potentially regulate synapse function. However, more recent experiments have localized B- 

FABP to the radial glial cells of the developing brain, not to neurons where B-FABP would 

be required to perform this function (Feng et al., 1994; Kurtz et al., 1994). Thus, this 

function may be more applicable to FABPs expressed in neurons, such as E-FABP and H- 

FABP.

Since 1984, numerous studies have implicated FABPs in FA metabolism and FABP 

knockout mice have specifically identified L-, E-, I-, A-, and H-FABP as being intimately 

involved in this process (reviewed in Zimmermann and Veerkamp, 2002; Martin et al., 2003). 

However, since the primary source of energy in the brain is glucose, B-FABP is unlikely to 

serve as important a role in the energy requirement of the cell as other FABPs expressed in 

tissues where FAs are the primary source of energy, such as adipose tissue and 

cardiomyocytes.

New potential functions for B-FABP were formulated in 1994. The first was based 

on a study by Sellner and coworkers (1994) who proposed that R-FABP, the chicken 

ortholog of B-FABP, was involved in enriching developing and mature retinal membranes
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with polyunsaturated FAs (PUFAs). From ED6-9, the chick retina undergoes enormous 

growth and there is a great expansion in membrane area (Prada et al., 1991) producing a need 

for large amounts of PUFAs. Sellner et al (1994) proposed that R-FABP acts as a storage 

depot for these PUFAs thereby facilitating the incorporation of PUFA into the rapidly 

expanding embryonic CNS. This hypothesis is consistent with the fact that the retina and 

brain are both enriched in PUFAs (Fliesler and Anderson, 1983) and that B-FABP does 

predominandy bind PUFAs (Xu et al, 1996). Also, our lab has identified high levels of R- 

FABP, nearly 1% of total cytosolic protein, in the chick retina and brain as early as ED3.5, 

suggesting a role in early retinal differentiation (Godbout, 1993).

A second role for B-FABP, introduced in 1994 and still widely accepted, stipulates 

that B-FABP is involved in the establishment and maintenance of the radial glial fiber system 

(Feng et al, 1994). Feng and coworkers (1994) found that the addition of B-FABP 

antibodies to mixed neuronal-radial glial primary cell cultures from mice prevented both glial 

and neuronal differentiation. It was proposed that the effects of B-FABP on neuronal 

differentiation were a secondary consequence of the prevention of glial process formation 

and differentiation. Since Feng and coworkers (1994) identified B-FABP in the tissue 

culture media in which these cells were grown, they concluded that B-FABP functions as an 

extracellular signaling molecule in establishing the radial glial fiber system. While this is the 

best characterized function of B-FABP to date, how it mediates these effects is still 

unknown. However, to this day, B-FABP remains one of the most potent differentiation 

markers of radial glial cells.

1.3.5. B-FABP and Malignant Glioma

Our lab was first to demonstrate the presence of B-FABP in human MG cell lines 

(Godbout et al, 1998). In these studies, both B-FABP and GFAP expression was analyzed
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in a panel of fifteen MG cell lines. Of these cell lines it was found that five expressed high 

levels of both B-FABP and GFAP mRNA, eight expressed neither B-FABP nor GFAP, and 

two expressed very low levels of B-FABP mRNA and no GFAP mRNA. The co-expression 

of B-FABP and GFAP in these cell lines is interesting because in vivo these proteins are 

normally only expressed together in very select cell types including: cerebellar Bergmann 

glial, radial glia of the hippocampal dentate gyrus, and gomori-positive astrocytes (Kurtz et 

al, 1994; Young et al, 1996). Generally, it is believed that in the transition from the radial 

glial cell type to the mature astrocyte, B-FABP-postive/GFAP-negative radial glia become 

B-FABP-negative/GFAP-positive astrocytes (Hatten, 1999). Co-expression of these 

proteins in MG suggests the following possibilities: i) MG tumours may arise from cells that 

express both of these proteins, ii) MG tumours may arise from cells that are in transition 

between radial glial cells and astrocytes, and/ or iii) the expression of the B-FABP and GFAP 

genes may be mediated by similar Ac-acting elements and tram-acting factors.

1.3.6. B-FABP Gene Regulation

The differential spatiotemporal distribution of B-FABP in the developing CNS has 

fueled an interest in its gene regulation. Sequence analysis of B-FABP orthologs from 

mouse (Kurtz et al, 1994; Feng and Heitz, 1995), human (Godbout et al., 1998) and chick 

(Bisgrove et al, 1997) indicate that the murine and human promoter regions are highly 

conserved and thus it is likely that their regulatory elements are also conserved. However, 

the chick R-FABP and mammalian B-FABP promoters have diverged significantly. The 

chick promoter region contains a G-C rich region, in contrast to mammalian B-FABP genes. 

Since the chick R-FABP 5’-flanking sequence has diverged from that of the human and 

mouse genes, only the mammalian B-FABP regulatory elements will be discussed here.
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Feng and coworkers (1995) were the first to show that B-FABP transcription in vivo 

involves multiple regulatory elements and that the 1.6 kb of sequence upstream of the B- 

FABP transcription start site is sufficient for correct spatiotemporal distribution. They 

identified the following regulatory elements: a silencer element [dorsal spinal cord silencer 

(DSCS)] located at -1.6 to -1.2 kb, a positive element [dorsal root ganglion enhancer 

(DRGE)] located at -1.2 to -0.8 kb, and a radial glial enhancer (RGE) that was localized to 

the -0.8 to -0.3 kb region. The DSCS element was found to repress transcription in cells of 

the dorsal spinal cord, while the enhancer elements, DRGE and RGE, directed B-FABP 

expression in the dorsal root ganglion cells and radial glial cells (including Bergmann glia), 

respectively. Transgenic mice carrying the -300/+72 bp B-FABP/lacZ reporter construct 

did not express the reporter gene, indicating that this region is not sufficient for correct 

spatiotemporal expression. In contrast, a -800/+72 B-I'ABP/hc'Z reporter construct 

directed reporter gene expression in radial glial and Bergmann glial throughout the 

developing CNS. This finding suggests that while B-FABP expression in the developing 

CNS involves multiple elements, radial glial expression is determined by a single radial glial 

cell specific element, RGE. Further characterization of the DSCS, DRGE, and RGE 

elements has not been reported.

Josephson and colleagues (1998) performed a more in depth analysis of the proximal 

promoter region (-800 to +72 bp) identified by Feng et al. (1995) as being sufficient for radial 

glial expression. They identified three DNA binding sites within the region by deletion 

analysis, DNase I footprinting and in vitro gel shift assays. These sites corresponded to a 

POU protein (Brnl and Bm2) binding site located between -370 to -362 bp, a paired box 

protein (Pbx-1) binding site overlapping the same region, and a hormone response element 

(HRE) located at -286 to -275 bp. Analysis of transgenic mice carrying various mutant B-
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FABP/lacZ reporter constructs demonstrated that both the POU binding sites and HRE are 

functional since mutation of these sites led to reduced lacZ expression in the CNS, 

particularly in the telencephalon. However, deletion of the Pbx site (leaving the POU site 

intact) had no effect on lacZ expression. The presence of a POU binding site in the 

B-FABP promoter is particularly interesting since POU family members have been 

implicated in neuronal cell type specification and/or cell survival (Xiang et al., 1996). While 

the role of the POU binding site in B-FABP expression in the developing CNS has not been 

further characterized, it is noteworthy that a POU binding domain is also observed in the 

chick R-FABP promoter (Bisgrove et al, 1997).

Our lab is the only group to date that has characterized the cis- and trans-acting 

elements that regulate the expression of the human B-FABP gene (Bisgrove et al., 2000). 

These studies have revealed that the human B-FABP transcription start site is located 81 bp 

upstream of the translation initiation codon and that there is a putative TATA box at 

-22/-28 bp relative to the transcription start site. Furthermore, through the use of 

sequencing, DNase I footprinting and in vitro gel shift assays, two NFI-binding sites have 

been identified in the B-FABP promoter located between at -54/-40 bp and -257/-243 bp. 

A third potential NFI-binding site was identified at -171/-157 bp; however, this region failed 

to bind NFI when used in gel shift assays.

While NFI proteins from both B-FABP-positive (U251) and B-FABP-negative (T98) 

MG cell lines were able to bind to the -54/-40 and -2S7/-243 NFI-binding sites, the NFI 

proteins in the B-FABP-positive cell lines appeared hypophosphorylated in relation to those 

in T98. Thus, it has been postulated that the hyperphosphorylated form of NFI may be 

unable to activate B-FABP transcription. In support of a role for phosphorylation in 

regulating NFI-mediated transactivation, Yang et al. (1993) have shown that phosphorylated
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forms of NFI are able to transactivate NFI-dependent promoters less effectively than 

dephosphorylated forms. Our data indicate that B-FABP expression is regulated by NFI; 

however, which of the NFI proteins mediate its transactivation has yet to be elucidated.

1.4. Nuclear Factor I (NFI)

The CCAAT transcription factor/nuclear factor I (CTF/NFI) family was initially 

identified as two separate entities (NFI and CTF) from human HeLa cell nuclear extracts, 

but Jones and coworkers (1987) later determined that these proteins were identical. In 

addition, the TGGCA protein identified in chicken (Nowock and Sippel, 1982) was also 

found to substitute for NFI proteins and has since been classified as a homologous NFI 

protein (Leegwater et al, 1986). NFI was originally isolated as a protein that assisted in the 

formation of a covalent complex between the adenovirus terminal protein (pTP) and dCMP, 

a key step in adenovirus DNA replication (Nagata et a l 1982). In contrast, the CCAAT- 

binding protein (CTF) was purified as the result of in vitro transcription studies of the 

herpesvirus thymidine kinase gene Jones et al. (1985). However, it has since been discovered 

that NFI/CTF proteins do not bind the CCAAT sequence (Zorbas et. al, 1992), but rather 

bind the DNA sequence t /cTGGa/c(N5)GCCAA with high affinity and individual half sites 

(TTGGC or GCCAA) with somewhat reduced affinity (Meisterernst et al, 1988a).

Through the isolation of NFI-encoding cDNAs from rat (Paonessa et al, 1988), 

human (Santoro et al., 1988), hamster (Gil et al, 1988), mouse (Inoue et al, 1990) and pig 

(Meisterernst et al, 1988b, 1989) four closely related genes have been identified [NFI-A, -B, 

-C, and -X  ( also called -D)]. The four NFI genes are distributed across three chromosomes 

in both the human and mouse genomes, with NFI-C and -X  on the same chromosome in 

humans and NFI-X  and -B on the same chromosome in mice (Figure 1.3; Qian et al., 1995; 

reviewed in Gronostajski, 2000). These genes generate multiple alternatively spliced
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Figure 1.3 - Domains and alternative splicing of human and mouse NFI. Shown on 

top is a schematic diagram of the general organization of the NFI transcription factor. 

Numbers above the schematic are approximate amino acid positions and those below are 

exon numbers. The general gene structure consists of 11 exons (boxes) with the DNA- 

binding and dlmerization domain encoded predominantly by exon 2 (gray box). Within 

exon 2 there are four conserved cysteine residues (labeled in red with amino acid position 

below) required for DNA-binding and redox regulation of binding that lie within a 

sequence-specific DNA-binding region (labeled Site-specific DNA binding). Also, there is a 

basic alpha-helical domain within exon 2 (labeled Basic helix) that functions in non-specific 

DNA interactions. The C-terminal region of NFI encodes the transactivation/repression 

domain. Within this region there is a specialized proline-rich activation domain (labeled 

Proline-rich). For each gene (NFI-A, -B, -C, and -X), both the human and mouse 

chromosome locations are shown below the gene name (right). Of note, in the human 

genome the NFI-C and NFI-X  genes are located on the same chromosome, while in the 

mouse the NFI-A and NF1-B genes are on the same chromosome. Isoforms generated by 

alternative splicing are shown for each species (h, human; m, mouse). An alternative 

polyadenylation site between exons 2 and 3 of NFI-B (labeled Ter) yields the short human 

NFI-B3 protein (hB3). Alternative first exons (Elb, Elc) are shown by boxes or lines 

connected to exon 2. The heptamers above NFI-A and NFI-C are regions homologous to 

the C-terminal domain (CTD) repeat of RNA polymerase. N: amino terminus; C: carboxy 

terminus.
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mRNAs that encode proteins ranging from 52-66 kDa (reviewed in Gronostajski, 2000). 

While each of the four NFI genes is highly conserved across vertebrate species, the four NFI 

genes differ significantly from each other with only ~61% sequence similarity (Meisterernst 

et al, 1989; reviewed in Gronostajski, 2000). In particular, while the N-terminal DNA 

binding domain is well-conserved in all four NFI genes (~91%), the C-terminal 

transactivation domain is highly variable (~39%) (reviewed in Gronostajski, 2000).

1.4.1 N FI Structure/Function Studies 

DNA Binding:

Gronostajski (1986, 1987) has performed several studies on the DNA binding 

properties of NFI proteins and has identified strong, weak, and non-binding sequences. The 

strongest binding sequence was identified as t /cTGGa/c(N5)GCCAA where even the 

addition or subtraction of 1 bp from the 5 bp internal spacer drastically reduced NFI binding 

affinity. Within the internal (N5) spacer, stronger binding was observed when the second 

residue was a C or G and the last residue was a G or T. Weak NFI binding sequences 

typically had a G or T in the last position before the internal spacer (Gronostajski, 1987) and 

it has been postulated that the exclusive presence of G-C base pairs within the internal 

spacer disrupts NFI binding (Gronostajski et al., 1985). Furthermore, DNase I protection 

studies suggest that the important DNA-protein contacts probably occur 5’ to the final two 

A residues, and features other than sequence alone likely affect NFI binding (Gronostajski et 

al., 1985).

The DNA binding domain (DBD) of NFI proteins is located at the N-terminus and 

displays little sequence similarity to any other transcription factor DBD and therefore may 

be structurally distinct (reviewed in Gronostajski, 2002). By over-expressing various parts of 

human NFI-C cDNAs in bacteria, Mermod and coworkers (1989) have shown that the N~
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terminal 220 amino acids of NFI are sufficient for the DNA binding activity and the 

stimulation of adenovirus DNA replication. However, data from Meisterernst et al. (1989) 

indicate that the N-terminal 257 amino acids are required for full NFI binding activity. 

Closer examination of this region using NFI-A and NFI-C deletion mutants has revealed 

that the first 11 amino acids are dispensible (Meisterernst et al, 1989; Gounari et al., 1990). 

Thus, the functionally active DNA binding domain of NFI appears encompass amino acids 

11-257, the most highly conserved region amongst the NFI family.

Additional work detailing the functional aspects of the DNA binding domain of NFI 

has led to the identification of two subdomains within this region: a highly basic region 

(amino acids 1-78) and a NFI sequence-specific DNA binding region (amino acids 75-236) 

(Dekker et al, 1996). The highly basic region appears to fold into a stable a-helical structure 

to provide a low-affmity interaction with the DNA in a non-sequence-specific manner. The 

sequence-specific region, which contains four highly conserved cysteine residues (cys-95, 

-111, -148, and -154) (Novak et al. 1992), increases the binding affinity of NFI to their 

consensus sites by ~100-fold when fused to the highly basic region (Dekker et al, 1996). 

Deletion analysis of the four cysteine residues have shown that the cys-95, -148, and -154 are 

required for DNA binding, while cys-111 is not required but renders NFI proteins sensitive 

to oxidative inactivation (Bandyopadhyay and Gronostajski, 1994). It has been proposed 

that the highly basic region interacts with the phosphates of the DNA providing a weak 

interaction. When the sequence-specific region encounters an NFI consensus site, the 

protein forms a high-affinity interaction with the DNA (Meisterernst et al, 1989). 

Dimerization:

As with most transcription factors, NFI proteins bind to DNA as dimers (and exist 

in solution as dimers). The dimerization domains of the NFI proteins lie within the N-
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terminal DNA binding domain and are therefore highly conserved (Mermod et al, 1989). As 

demonstrated by in vitro transcription/translation experiments, the NFI proteins can form 

either homodimers or heterodimers; however, NFI proteins need to be cotranslated in order 

to form heterodimers (Kruse and Sippel, 1994). The mixing of pre-formed homodimers 

does not result in the formation of heterodimers. The potential formation of heterodimers 

increases the complexity of transcriptional control mediated by NFI proteins since the 

heterodimers may have a different transactivation potential relative to the homodimers. In 

support of this theory, Chaudry and colleagues (1998) co-transfected an NFI-X expression 

plasmid with increasing amounts of an NFI-C expression plasmid and found that 

transcription activation decreased with increasing NFI-C. This decrease in transcription 

activation was not observed when NFI-C or NFI-X were separately transfected. Thus, the in 

vivo situation is most likely very complex considering the presence of four distinct NFI genes 

and the numerous NFI splice forms generated by alternative splicing. 

Transactivation/Repression:

The transactivation/repression function of NFI transcription factors resides within 

the C-terminal half of the protein. To date, only a fraction of the numerous NFI splice 

forms has been tested for functional activity. One of the more interesting functional aspects 

of the NFI transactivation domain is the presence of a proline-rich (~25% proline) 

activation domain (amino acids 399-499) (Figure 1.3). This region was characteri2ed by 

Mermod and coworkers (1989) through the use of deletion mutants. These researchers 

discovered that the removal of the C-terminal 62 amino acids reduced NFI transactivation 

capacity and the removal of 100 residues completely abolished activity. In addition, when 

this proline-rich activation domain was linked to heterologous DBDs {i.e. Spl) a strong 

induction of reporter gene expression was observed (Mermod et al, 1989; Seipel et al., 1992).
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Further support for this proline-rich domain being an activation domain comes from Gerber 

and colleagues (1994) who showed that homopolymeric stretches of proline are sufficient to 

cause transactivation.

However, others have postulated that the proline-rich region may simply serve as a 

flexible linker for the real transactivation regions encoded by exons 4-6 (domain I) and exons 

10-11 (domain II) (Altmann et al., 1994). Through the use of an NFI-C cDNA that lacks 

exons 7-9 (Figure 1.3, hC7), these investigators have found that hC7 has a higher 

transactivation capacity than full length NFI-C (exons 1-11). Thus, removal of the proline- 

linker and the increased proximity of domains I and II leads to an increase in transactivation.

NFI proteins have also been implicated in the repression of transcription from 

several promoters (reviewed in Gronostajski, 2000), but this function is poorly characterized. 

Repression domains have been localized to amino acids 318-509 of rat NFI-A (Osada et al., 

1997) and amino acids 190-280 of rat NFI-X (Nebl and Cato, 1995). However, there is no 

apparent sequence similarity between these domains which suggests that repression may be 

mediated through a different mechanism for each of these NFIs. Importantly, both 

repression and activation by NFI proteins is cell-type and promoter specific indicating that 

other cis- and /ra/n-acting factors may be involved (reviewed in Gronostajski, 2000).

While the mechanism of NFI activation or repression remains poorly understood, 

three prevalent mechanisms have been postulated (reviewed in Gronostajski, 2000). The 

first mechanism suggests that NFI proteins serve to recruit co-activators, co-repressors, or 

RNA polymerase components upon binding to their consensus site. In support of this 

theory, NFI-A and NFI-C contain a copy of the heptapeptide repeat found in the C-terminal 

domain (CTD) of RNA polymerase II (Figure 1.3). This domain has been shown to interact 

with human transcription factor IIB (TFIIB) to activate transcription (Kim and Roeder,
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1994). The second mechanism of NFI function suggests that specific NFI proteins, and 

splice forms, are recruited to promoters by proteins bound to sites adjacent to NFI 

consensus sites. These cooperative interactions would allow cell-specific proteins to 

cooperatively recruit specific NFI proteins and thereby mediate NFI activation or repression 

of promoters in a cell-specific manner. Finally, NFI proteins may displace activators, 

repressors or nucleosomes upon binding to generate an overly positive or negative 

environment for transcription.

1.4.2. N F I Expression and CNS Specific Gene Regulation

In the developing and mature mouse CNS, the expression of NFI proteins appears 

to be both spatially and temporally regulated (Chaudhry et al., 1997). At EDI 1.5 in mouse 

embryos, NFI-A, -B, and -X are expressed in the neocortex region of the telencephalon, and 

NFI-B and -X are highly expressed in the cerebral cortex, while NFI-C is ubiquitously 

expressed at very low levels. Postnatally, NFI-X is expressed primarily in the grey matter of 

the cerebral cortex, whereas NFI-A and -B are concentrated in the white matter. This 

pattern of expression suggests a glial distribution for NFI-A and -B, and a neuronal 

distribution for NFI-X. In contrast, NFI-C is expressed at low levels in a more ubiquitous 

manner throughout the mature mouse brain. The spatiotemporal expression patterns of 

NFI proteins in the human CNS has not been determined, but studies by Krebs and 

coworkers (1996) suggest that NFI-A is expressed in glial cells and that it has a greater 

transactivation potential than the ubiquitously expressed NFI-C. In addition, through the 

use of human fetal glial cells and HeLa cells, Sumner et al. (1996) have postulated that NFI-X 

levels are elevated in glial cells.

The localization of specific members of the NFI family to glial cells is not surprising 

since these transcription factors have been implicated in regulating the expression of several
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genes in a glial cell-lineage specific manner, including human JC papovavims genes 

(Amemiya et al., 1992), MBP (Tamura et al, 1988), GEAP (Miura et al, 1990; Besnard et al., 

1991), and most recendy, B-FABP (Bisgrove et al., 2000). Interestingly, while NFI-B has 

been implicated in the transcriptional activation of the MBP gene in oligodendrocytes (Inoue 

et al, 1990), NFI-A has been proposed to regulate GFAP expression. Recent studies have 

demonstrated that GFAP levels, but not SI00(3 levels, are reduced in N FI-A-/- mice (das 

Neves et al., 1999). This reduction in GFAP has been speculated to lead to abnormal 

development of midline glial structures due to the inability of astrocytes to adequately extend 

their processes (Shu et al., 2003).

It is likely that the spatiotemporal distribution of the different NFI proteins is one of 

the more important mechanisms underlying activation or repression of NFI-responsive 

genes. However, cell-specific co-factors are also important. For instance, NFI-X represses 

PDGF basal transcription by binding to an NFI binding site in the PDGF promoter, but 

NFI-X can also repress Spl-induced PDGF transcription activation by interacting with Spl 

and preventing its binding to the PDGF promoter (Rafty et al, 2002). In regards to glial cell 

differentiation, this is particularly interesting because PDGF signaling is known to promote 

oligogliogenesis (Calver et al, 1998). Thus, a better understanding of the transcription 

factors mediating glial-specific gene expression may provide greater insight into glial-cell 

differentiation and the malignancies that arise within the CNS.

1.5. Research Objectives

Chapter 3: Characterization ofB-FABP and GFAP transcriptional regulation by  NFI 
proteins.

In light of the evidence that NFI family members (NFI-A, -B, -C, and —X) display 

distinct spatiotemporal distribution patterns in the developing and mature CNS, and the fact
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that specific NFI proteins have been implicated in the regulation of glial cell-specific genes, 

we hypothesize that B-FABP and GFAP transcription is regulated by specific NFI proteins. 

We also contend that in MG the loss of GFAP and B-FABP expression may correlate with 

the altered expression of one of more NFI family members. Here, we study the expression 

patterns o f the four NFI genes in both B-FABP/GFAP-positive and B-FABP/ GFAP- 

negative MG cell lines. In addition, we characterize the ability of each NFI protein to bind 

to NFI consensus DNA binding sites located in both the B-FABP and GFAP promoters 

and use the CAT reporter system to assess the biological activity of each NFI.

Chapter 4: Effects ofB-FABP and/or GFAP expression in malignant glioma cell 
lines.

Previous work in our lab has led to the identification of a glial cell differentiation 

factor, B-FABP, that is co-expressed with GFAP in MG cell lines. While several groups 

have characterized the effects of GFAP expression in MG and glial cell differentiation, B- 

FABP expression in MG has not been examined. To address this issue, we expressed B- 

FABP and/or GFAP in two B-FABP/GFAP-negative MG cell lines, T98 and U87. Stable 

transfectants have been examined for proliferation rate, morphology, anchorage- 

independent growth, and invasion. To further examine the role B-FABP expression in MG, 

the RNA interference approach was used to reduce B-FABP expression in the B- 

FABP/GFAP-positive cell line, U251. Transfectants were examined for proliferation rate, 

morphology, anchorage-independent growth, and invasion. Although the abnormalities 

within MG are unquestionably complex and multiple, we hope that studying B-FABP and 

GFAP expression in these tumours will lead to new approaches for the treatment of MG, 

possibly by inducing their terminal differentiation.
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CHAPTER TWO

Materials and Methods

2.1. General Tissue Culture and Molecular Biology Techniques

2.1.1. Cell Lines and Culture Conditions

AH human malignant glioma cell lines (T9 8, U251MG, and U87MG) were obtained
x

from Drs. Rufus Day III and Joan Turner, Department of Oncology, University of Alberta 

and Cross Cancer Institute. The source of these cell lines are: T98 (Walter Nelson-Rees, 

Naval Biomedical Research Station, Oakland, CA, USA); U87MG and U251MG (Jorgen 

Fogh, Sloane Kettering Institute, Rye, NY, USA). Unless otherwise stated, each cell line was 

grown as monolayers and passaged every 4 d in culture medium (DMEM supplemented with 

10% FCS (GibcoBRL), 100 U/ml penicillin and 100 pg/ml streptomycin). The cell lines 

were grown in a humidified environment containing 5% C 0 2 at 37°C.

2.1.2. Calcium Phosphate Transfection

AH transfections of the maHgnant ghoma ceU lines were performed using the calcium 

phosphate DNA precipitation method as described by Graham and van der Eb (1973). 

Briefly, 10 pg of plasmid DNA for single transfectants and between 15-20 pg of total 

plasmid DNA for double transfectants were used for each 100-mm tissue culture dish 

(Sarstedt). The DNA in 250 mM CaCl2 was mixed with an equal volume of 2X HEPES 

solution (50 mM HEPES, 280 mM NaCl, 1.5 mM NaH2P 0 4; pH 7.12) with constant 

bubbHng. The precipitate was aUowed to form over a period of 30 min and then added 

evenly to the 100-mm tissue culture dish containing approximately 2 x 106 ceUs that had 

been plated the previous day. After a 16 h incubation, the DNA precipitate was removed, 

the ceUs were washed twice with PBS (137 mM NaCl, 2.7 mM KC1, 4.3 mM Na2H P 04 • 7
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H20 , 1.4 mM KH2P 0 4), and 10 ml of fresh culture medium was added. The cells were then 

incubated at 37°C for 48 h and either harvested for whole cell extract, nuclear extract or 

CAT analysis, or drug selected to obtain stable transfectants.

2.1.3. Whole Cell Extract Preparation

Near confluent 100-mm tissue culture plates were washed twice with 10 ml PBS, 

trypsinized, and resuspended in 10 ml of culture medium to inactivate the trypsin. Cell 

pellets were obtained by centrifugation at 1400 rpm for 7 min at RT. The pellets were 

washed twice with PBS and stored at -80°C overnight. The whole cell extracts were 

prepared on ice. Briefly, the cell pellet was resuspended in an equal volume (i.e. 50-100 pi) of 

buffer A (10 mM HEPES-NaOH pH 7.9,1.5 mM MgCl2, 10 mM KC1, and freshly added 0.5 

mM DTT and 0.5 mM PMSF). An equal volume of 50 mM Tris-HCl pH 8.0/1% SDS 

solution was then added and the cells were syringed with a 23-gauge needle until the solution 

reached a viscosity that could be pipetted. 1-2 pi of extract was quantified using the 

Bradford assay (Bradford, 1976) and extracts were stored at -20°C or used immediately for 

western blot analysis.

2.1.4. Plasm id DNA Preparation

In all instances, except when the plasmid DNA was required for transfections, 

plasmid DNA was prepared using a protocol similar to the lysis by boiling method described 

by Sambrook et al. (1989). Briefly, 5 ml LB cultures were inoculated from a single bacterial 

colony and grown overnight at 37°C in a shaking incubator. Cultures were centrifuged at 

2000 rpm for 10 min at 15°C and the bacterial pellet was resuspended in 700 pi of lysis 

buffer (8% sucrose, 0.5% Triton® X-100, 5 mM EDTA pH 7.5, 50 mM Tris-HCl pH 7.5). 

Lysozyme was then added to a final concentration of 1.5 pg/pi and the cells were vortexed 

briefly and incubated for 5 min at RT. To lyse the cells, the samples were boiled for 50 sec
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and then centrifuged for 10 min at RT. The DNA in the supernatant was precipitated in 700 

pi of cold isopropanol, pelleted at 11000 rpm for 10 min at 4°C and washed with 75% 

ethanol. The pellet was resuspended in 100 pi TE followed by the addition of 100 pi of 7.5 

M N H 4oAc and 500 pi of 100% ethanol. The centrifugation and 75% ethanol wash were 

repeated and the pellets were dried in a SpeedVac® (Savant Instruments Inc.) and 

resuspended in 80 pi of TE.

2.1.5. Cesium Chloride Plasmid DNA Preparation

All DNA to be used for transfections was generated using a method similar to that 

described by Sambrook et al. (1989) whereby lysis by alkali was used in conjunction with 

equilibrium centrifugation in CsCl-EtBr gradients. A 330 ml LB culture inoculated with 200 

pi of a log phase bacterial culture was grown overnight at 37°C with shaking. Bacterial cells 

were pelleted at 7000 rpm for 15 min at 4°C in a GS-3 rotor (Sorvall) and the bacterial pellet 

was resuspended in 30 ml of cold TEG buffer (25 mM Tris-HCl pH 7.5, 10 mM EDTA, 50 

mM glucose). Lysozyme was added to a final concentration of 2 mg/ml and incubated at 

RT for 10 min. To lyse the bacteria, 67 ml of lysis buffer (0.2 M NaOH, 0.1% SDS) was 

added with intermittent swirling on ice for 10 min. The bacterial DNA, high-MW RNA, and 

membranes were then precipitated by adding 50 ml of 3 M KoAc (adjusted to pH 4.8 with 

glacial acetic acid), inverting several times, and incubating the tube on ice for 15 min. The 

lysed bacterial solution was pelleted at 8000 rpm for 20 min at 4°C and the supernatant was 

poured through a gauze filter into a 500 ml centrifuge bottle. 100 ml of cold isopropanol 

was added and the solution was placed at -20°C for at least 1 h. Precipitated plasmid DNA 

was pelleted by centrifugation at 8000 rpm for 20 min at 4°C and the pellet was resuspended 

in 3.8 ml TE. 7.8 ml of CsCl saturated TE and 0.38 ml of EtBr (10 mg/ml) were then added 

to obtain a final CsCl density of 1.55 g/ml (refractive index = 1.393). The DNA/CsCl
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solution was centrifuged at 60000 rpm for 20 h at 20°C in a Sorvall T-127 rotor and the 

plasmid DNA band was collected using a pasteur pipette and subjected to a second round of 

CsCl purification. The twice-purified band was collected using a pasteur pipette and the 

ethidium bromide removed by extraction with 1-butanol. CsCl was removed by dialysis 

(MW cut off of 12000-14000 Da) with four changes of TE (pH 8.0) over a period of a least 4 

h. The OD260 was measured and the DNA was diluted to ~1 pg/ pi and stored in aliquots at 

-20°C.

2.1.6. Restriction Endonuclease Digestions

Plasmid DNA was analyzed by restriction endonuclease digestion. Generally, each 

digest contained ~1 pg of DNA, a 3-fold molar excess of restriction enzyme(s), the 

appropriate digestion buffer, and, if required, BSA in a total volume of 20 pi. Reactions 

were incubated at 37°C for at least 1 h. After the digestion, 3 pi of loading dye (50% sucrose 

in TE with 0.3% BPB) was added to each reaction and, if necessary, 50 ng/ pi RNase A was 

added to degrade any residual RNA. The digests were then run on a 1% agarose gel in 

Howley buffer (40 mM Tris, 33 mM NaoAc, 1 mM EDTA; pH 7.2 with glacial acetic acid) 

and stained with ethidium bromide for visualization on a UV light box. Photographs of gels 

were taken using Alpha Imager™ 2000 (Alpha Innotech Corporation).

2.1.7. DNA Insert and Oligonucleotide Purification by Electroelution

For insert purification, 25-100 pg of plasmid DNA was digested with an appropriate 

restriction endonuclease(s) and purified by electroelution. For the purification of double

stranded oligonucleotides, the entire solution of annealed product (see 2.3.1) was purified by 

electroelution. The DNA was loaded onto a polyacrylamide gel in TBE (4.5 mM Tris, 3.5 

mM boric acid, 4 mM EDTA; pH 8.1) and electrophoresed for ~3 h at 170V in TBE. 

Bands of interest were visualized under UV light, excised, and electroeluted in TBE using
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dialysis tubing with a MW cut-off of 12000-14000 Da (3500 Da for oligonucleotide 

purification). Following electroelution, the DNA was collected by rinsing the inside of the 

dialysis tubing with ~2 ml of TE. This volume was transferred to a polypropylene tube, a 

1/10 volume of 5 M NaCl was added, and the DNA was extracted with equal volumes of 

organic solvents (i.e. IX chloroformdsoamyl alcohol (24:1), IX phenol, IX 

chloroform:isoamyl alcohol (24:1), and IX ether). To precipitate the DNA, 2.5 volumes of 

100% ethanol were added and the tube was incubated overnight at -20°C. The DNA was 

then pelleted by centrifugation at 8000 rpm for 30 min at 4°C and the pellet was washed with 

75% ethanol. Once the pellet was dried, it was resuspended in an appropriate volume of 

HzO or TE and the sample was stored at -20°C. Typically, 50-100 ng was run on an agarose 

gel to verify DNA purity and quantity.

2.1.8. DNA Ligation and Bacterial Transformation

DNA ligations were performed in a total reaction volume of 20 pi consisting of 

ligation buffer (50 mM Tris-HCl pH 7.5, 10 mM MgCl2, 10 mM DTT), 1 mM ATP, 0.1 

pg/pl BSA, a suitable volume of insert DNA, an appropriate volume of digested vector 

DNA*, and 1U of T4 DNA ligase. The reactions were incubated overnight at 16°C. For 

bacterial transformation, 10 pi of the ligation reaction was diluted 1/5 with TE and 100 pi of 

chemically competent DH5a cells (thawed on ice from -80°C) were added to the diluted 

DNA. The mixture was incubated on ice for 20 min and then placed at 37°C for 5 min. 

5 ml of LB was then added and the tube was incubated at 37°C for 30 min with shaking. 

After the incubation, the cells were plated on LB-agar plates containing the appropriate drug 

selection (i.e. ampicillin or kanomycin) and incubated overnight at 37°C.

* Generally, if  the vector backbone DNA was cut with a single restriction endonuclease, the 5’ phosphate 
was removed with calf intestinal alkaline phosphatase to prevent the vector from re-ligating. Briefly, 0.5 pi 
of calf intestinal alkaline phosphatase was added to the digested DNA and incubated for 45 min at 37°C.
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2.1.9. D N A Sequencing

DNA sequencing was performed by capillary gel electrophoresis using the ABI 

PRISM® 310 Genetic Analyzer (Applied Biosystems). The sequencing reactions consisted of 

~500 ng of plasmid DNA, 10 pmol of an appropriate primer, 4 pi of BigDye3™ terminator 

mix, and HaO to a final volume of 10 pi per reaction. The sequencing products were 

generated in a GeneAmp® 2400 thermal cycler (Perkin Elmer). Amplification conditions 

consisted of 25 cycles of 96°C for 10 sec, 50°C for 5 sec, and 60°C for 4 min. Reaction 

products were precipitated by adding 1/10 volume of 3 M NaoAc pH 5.2 and 2.5X volume 

of 100% ethanol for 15 min* at RT. After precipitation, the reactions were centrifuged at 

14000 rpm for 20 min at RT, the pellets were washed twice in 75% ethanol and then dried in 

a SpeedVac®. At this point, samples were either immediately prepared for sequencing or 

stored at -80°C until sequencing was to be performed. To prepare the reactions for 

sequencing, the dried pellets were resuspended in 12.5 pi of formamide (Fluka), boiled for 5 

min, chilled on ice for 10 min, and then transferred to sequencing tubes and loaded on the 

ABI PRISM® Genetic Analyzer. Sequence data were collected with the ABI PRISM® 310 

Collection Software (version 3.0.0), and were subjected to BLAST analysis 

(www.ncbi.nlm.nih.gov/BLAST) to verify conformity with published sequence data.

2.1.10. RNA Preparation and Northern Blotting

RNA was prepared from frozen cell pellets. Briefly, the frozen pellets were 

resuspended in 500 pi of 50 mM NaoAc pH 5.2. To extract the RNA, 6 ml of 50 mM 

NaoAc/1% SDS and 6 ml 60°C phenol (equilibrated with 50 mM NaoAc pH 5.2) were 

added to the tube and vortexed. The tube was then incubated at 60°C for 15 min with

* Longer incubations should be avoided as it will lead to the precipitation o f unincorporated dye terminator 
nucleotides.
* The RNA and northern blots were kindly prepared by Dr. Roseline Godbout.
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frequent inversion, and placed on ice for 5 min. Organic and aqueous phases were separated 

by centrifugation at 3000 rpm for 10 min at 4°C and the phenol was removed. The aqueous 

phase was re-extracted with phenol followed by extraction with chloroformdsoamyl alcohol 

(24:1). The aqueous phase was then brought to a final concentration of 0.5 M NaCl and the 

RNA was precipitated with two volumes of 100% ethanol. After overnight incubation at 

-20°C, the RNA was pelleted at 3000 rpm for 50 min at 4°C. The supernatant was removed 

and the pellet was dried at RT. Poly(A)+ RNA was purified by oligo dT-cellulose 

chromatography and stored at -80°C.

To generate the northern blots, 2 pg of poly(A)+ RNA for each sample were 

resuspended in sample buffer (Cf of 50% formamide, 17.5% formaldehyde, and IX MOPS). 

Prior to loading, RNA samples were heat-shocked at 65°C for 15 min and then 3 pi of 

loading buffer (IX MOPS, 50% glycerol, and 0.1% BPB) was added. The RNA samples 

were loaded in a 1.5% agarose gel prepared in MOPS buffer (20 mM MOPS, 5 mM NaoAc, 

1 mM EDTA; pH 7.2) with 6.3% formaldehyde. Gel electrophoresis was performed for 3-4 

h at 40 mA in IX MOPS. The RNA was transferred to a nitrocellulose membrane by 

capillary action for 20 h in 20X SSC. After transfer, the membrane was washed in 2X SSC, 

air-dried, and baked in a vacuum oven at 80°C for 2.5 h.

2.1.11. H ybridization o f  Northern Blots and Probe Preparation

Northern blot filters were incubated at 42°C for 4-16 h in pre-hybridization buffer 

(50% formamide, 5X SSC, 5X Denhardt’s*, 50 mM NaH2P 0 4 pH 6.5, and 125 pg/ml 

denatured salmon sperm DNA). The DNA probe was radiolabeled by nick translation. 

Briefly, a 25 pi nick translation reaction was set up on ice by combining ~500 ng of DNA, 

dGAT (Cf of 0.08 mM for each nucleotide), 7 pi of [a-32P]dCTP (800 Ci/mmol, Amersham),

* A 100X Denhardt’s stock solution contains 2 g o f PVP, 2 g of BSA, and 2 g o f Ficoll® in 100 ml o f H20 . 
This solution is filter sterilized prior to use.
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DNase I (Cf of 0.016 ng/pl) and 7.5U of Kornberg DNA polymerase (Boehringer 

Mannheim) all in NT buffer (5 mM Tris-HCl pH 7.2, 10 mM MgS04, 0.1 mM DTT, 50 

pg/ml BSA). The reaction was incubated for 30 min in a 16°C water bath and then 

terminated by adding 10 pi of stop buffer (125 mM EDTA, 10 mM Tris-HCl pH 7.5, 0.1% 

SDS, 10 pg/ml salmon sperm ssDNA and 0.1% phenol red). The probe was then heat- 

shocked at 65°C for 10 min and loaded onto a Bio-Gel® A-1.5m Bead Slurry (Bio-Rad) 

column to separate the radiolabeled probe from the unincorporated nucleotides. The probe 

was collected into a tube containing 150 pi of salmon sperm DNA (10 mg/ml), boiled for 10 

min, and then put on ice for at least 5 min. The denatured probe was then combined with 

10 ml hybridization mix for a final concentration of 50% formamide, 5X SSC, 3X 

Denhardt’s, 20 mM NaH2P 0 4 pH 6.5, and 10% dextran sulfate. This mixture was inverted 

thoroughly and added to the blot. Filters were hybridized overnight at 42°C and then 

washed in 0.1% SDS, 2X SSC at RT followed by high stringency washes in 0.1% SDS, 0.1X 

SSC at 55-60°C. The blot was then dried and exposed to film. If the blot was to be 

re-probed, the membrane was stripped using 0.05X Thomas buffer (10X Thomas buffer: 0.5 

M Tris-HCl pH 8.0, 20 mM EDTA, 5% Na2H2P20 7, 0.2% BSA, 0.2% Ficoll®, 0.2% PVP) at 

60°C for 2-3 h.

2.1.12. Western Immunohlotting Protein Detection

SDS-PAGE was performed using the Mini-PROTEAN®II electrophoresis apparatus 

(Bio-Rad). For each gel, 7.5 ml of separating solution containing an appropriate 

concentration (10-15%) of acrylamide:bis (30:0.8) in separating buffer (0.1% SDS, 375 mM 

Tris-HCl pH 8.8, 37.5 pi 10% APS, 3.75 pi TEMED) was poured into the gel casting 

apparatus and overlayed with ~500 pi of isopropanol. The separating gel was allowed to 

polymerize for 30-60 min, the isopropanol was removed, and a 2.5 ml stacking gel consisting
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of 5.5% acrylamide:bis (30:0.8) in stacking buffer (0.1% SDS, 125 mM Tris-HCl pH 6.8, 37.5 

pi 10% APS, 3.75 pi TEMED) was poured on top of the separating gel. Typically, 50 pg of 

whole cell extract or 20-25 pg of nuclear extract were run in each lane. The samples were 

prepared by adding an appropriate volume of loading dye (5X loading dye: 25% glycerol, 

0.5% SDS, 1.25X stacking buffer, 0.0075% BPB, and 125 mM D 'i'i) and boiling the samples 

for ~3 min prior to loading. 10 pi of broad range protein standards (Bio-Rad) were also 

boiled and included in one lane on each gel. The gels were generally electrophoresed at 

120V in Laemmli buffer (25 mM Tris, 192 mM glycine, 0.1% SDS; adjusted to a final pH of 

8.3) until the dye front had run off the bottom of the gel (~2 h). Proteins were transferred 

to a nitrocellulose membrane using the wet-transfer method as described by Sambrook et al. 

(1989). The transfer was performed for 2 h at 150 mA in transfer buffer (20% methanol, 25 

mM Tris, 192 mM glycine; adjusted to a final pH of 8.3). To assess protein transfer, the blot 

was placed in 0.005% CPTS (in 12 mM HC1) for 5 min with shaking to visualize protein 

bands. The membrane was then washed twice in TBS (150 mM NaCl, 50 mM Tris-HCl pH 

7.5) for 10 min and blocked in 10% milk powder (in TBS) for 30 min with shaking.

For immunoblotting, the membrane was placed in a sealed bag with an appropriate 

dilution of antibody in 5 ml of 5% milk powder (in TBS) and the blot was rotated overnight 

at 4°C on a platform shaker. After ~16 h, the membrane was washed 3X for 10 min each in 

TBS with 1% Tween-20 and then IX for 10 min in TBS. To probe the blot with an HRP- 

conjugated secondary antibody, the membrane was placed in 50 ml of 5% milk powder (in 

TBS) containing a suitable secondary antibody diluted 1 /50000. The blot was shaken for 4 

h, the TBS with 1% Tween-20 and TBS washes were repeated, and protein detection was 

performed using the ECL™ western blotting detection reagents (Amersham-Pharmacia).
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2.2. Analysis of the B-FABP  and GFAP promoters

The CAT reporter system (Gorman et al., 1982) was used to examine B-FABP and 

GFAP promoter activity in malignant glioma cells co-transfected with different isoforms of 

NFI.

2.2.1. Cloning o f the B-FABP prom oter

The promoter of the B-FABP gene was cloned into the pCAT-basic vector 

(Promega) as previously described by Godbout et al. (1998) and Bisgrove et al. (2000). 

Briefly, a 3 kbp EcoRl fragment containing 1.8 kb of 5’-flanking DNA, B-FABP exon I, and 

B-FABP exon II was obtained from a human placenta genomic library (Clontech), subcloned 

into pBluescript® (Stratagene), and sequenced to generate pBluescript/B-FABP. A series of 

pCAT-basic/B-FABP constructs were then generated by linking different amounts 

5’-flanking DNA to the CAT reporter gene. This was performed using a PstI site located 20 

bp downstream of the B-FABP transcription start site and another restriction site upstream 

of PstI. The pCAT/B-FABP-160 construct, containing the 140 bp immediately proximal to 

the B-FABP transcription start site, was generated by restriction endonuclease digestion of 

pBluescript/B-FABP with Xhol and PstI and subcloning into the MCS of pCAT-basic. In a 

similar manner, pCAT/B-FABP-440, with 420 bp of 5’-flanking sequence, was generated by 

digesting the DNA with Eco01091 and PstI digest.

2.2.2. Cloning o f the GFAP Promoter

The GFAP promoter fragments used to generate the pCAT/GFAP-176 and 

pCAT/ GFAP-1716 constructs were obtained through PCR amplification of BAC clone 

RP11-975005 kindly provided by Dr. Stephen Scherer (Center for Applied Genomics, 

Hospital for Sick Children, Toronto, ON). This BAC clone contains human genomic DNA

* The pCAT-basic/B-FABP constructs were generated by Dr. Dwayne Bisgrove.
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corresponding to positions 43414760-43482120 of chromosome 17. The GFAP 

transcription start site lies at position 43453402, so this BAC clone contains approximately 

67 kbp of 5’-flanking DNA and the entire coding sequence for GFAP.

Briefly, the BAC clone was obtained as an agar stab and was streaked on LB plates 

containing 20 pg/ml of chloramphenicol to isolate single colonies. To purify BAC DNA, a 

single colony was used to inoculate 5 ml of LB containing 20 pg/ml chloramphenicol. After 

overnight culture at 37°C with shaking, the bacteria was pelleted at 3000 rpm for 10 min at 

RT, resuspended in 300 pi of chilled PI buffer (15 mM Tris-HCl pH 8.0, 10 mM EDTA, 

100 pg/ml RNase A), and lysed by adding 300 pi of P2 buffer (0.2 M NaOH, 1% SDS). 

Samples were incubated for 5 min at RT, 300 pi of 3 M KoAc pH 5.5 was added, and the 

samples were placed on ice for 5 min. After centrifugation at 14000 rpm for 10 min at RT, 

750 pi of supernatant (containing BAC DNA) was transferred to another tube and BAC 

DNA was precipitated in an equal volume of cold isopropanol. The DNA was then pelleted 

by centrifugation at 14000 rpm for 20 min and resuspended in 30 pi of HzO.

The primers used to generate pCAT/GFAP-176 from BAC clone RP11-975005, in 

relation to the GFAP transcription start site (+1) were: primer 1 (5’-CTGGCTCTGCTGCT 

CGCT-3’) corresponding to positions +8 to -10 and primer 2 (5’-CCTCTGGGCACAGTG 

ACC-3’) corresponding to positions -168 to -150. The PCR amplification using these 

primers generated a 176 bp fragment with 168 bp of sequence upstream of the transcription 

start site. To generate pCAT/GFAP-1716, primer 1 was used along with primer 3 (5’- 

TGGAGTAGGGGACGCTGC-3’) corresponding to positions -1755 to -1728. The PCR 

products were then re-amplified with a nested primer (primer 4) corresponding to positions 

-1708 to -1691 (5’-CCTGAGCTGGCTCTGTGA-3’) and with primer 1. The final PCR 

product was 1716 bp with 1708 bp of sequence upstream of the transcription start site.
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Each GFAP promoter fragment was ligated into the TOPO-TA vector® (Invitrogen) 

directly from the PCR reaction. For each GFAP fragment, a 6 pi TOPO® cloning reaction 

was performed consisting of approximately 25-100 ng of amplified DNA product (typically 1 

pi of the PCR reaction), 0.2 M NaCl, 10 mM MgCl2, and 0.5 pi of pCR®II-TOPO® reagent*. 

The reaction was incubated for 20 min at RT and then placed on ice. For the 

transformation, 2 pi of the ligation reaction was added to 25 pi of TOP10 one-shot 

competent cells (Invitrogen). Cells were thawed on ice for 30 min and then heat-shocked at 

42°C for 30 sec. 250 pi of SOC medium (2% tryptone, 0.5% yeast extract, 10 mM NaCl, 2.5 

mM KC1, 10 mM MgCl2, 10 mM MgS04, 20 mM glucose) was then added and the cells were 

incubated at 37°C for 1 h with shaking. After the incubation, half the cells were plated on 

LB/AMP plates (100 pg/ml AMP) coated with 3 ml of 1% top agar containing X-gal (0.3 

mg/ml) and IPTG (0.3 mg/ml) for colour selection. The plates were incubated overnight at 

37°C and the next day white colonies were selected, and plasmid DNA was prepared and 

sequenced to ensure that there were no mutations introduced during PCR amplification. 

Each GFAP promoter fragment was then subcloned into the multiple cloning site of the 

pCAT-basic vector.

2.2.3. Transfection and Harvesting o f the Malignant Glioma Cell Lines

Transfections were performed using the calcium phosphate DNA precipitation 

protocol (see 2.1.2). For each transfection, 10 pg of the appropriate CAT vector (pCAT- 

basic, pCAT/B-FABP-160, pCAT/B-FABP-440, pCAT/GFAP-176, or pCAT/GFAP- 

1716) was used along with 0.5 pg of a specific NFI construct (pCHNFI-A, -B, -C, or -X) or 

control (pCH). The pCHNFI expression plasmids express HA-tagged mouse NFI-A 1.1,

The pCR®II-TOPO® reagent contains 10 ng/pl o f  linearized, topoisomerase-linked, pCR®II-TOPO® 
plasmid DNA in 50% glycerol, 50 mM Tris-HCl pH 7.4, 1 mM EDTA, 1 mM DTT, 0.1% Triton X-100, 
100 pg/ml BSA.
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NFI-B2, NFI-C2, and NFI-X2 (kindly provided by Dr. R.M. Gronostajski, Lerner Institute, 

Cleveland, OH, USA). Transfected cells were harvested by scraping in PBS and 

centrifugation at 1400 rpm for 7 min at RT to pellet. Pelleted cells were resuspended in 2 ml 

of PBS and divided into two aliquots: a 1.6 ml aliquot for the CAT assay and a 400 pi aliquot 

for Hirt DNA purification (Hirt, 1967).

2.2.4. C A T  Assay

Cells were pelleted at 14000 rpm for 7 min at 4°C and the pellet was resuspended in 

800 pi of TEN buffer (40 mM Tris-HCl pH 7.5, 1 mM EDTA pH 8.0, 150 mM NaCl) and 

incubated at RT for 5 min. The cells were then centrifuged for 2 min at RT and the pellet 

was resuspended in 120 pi of 0.25 M Tris-HCl pH 8.0. Extracts were prepared by subjecting 

the cells to three freeze-thaw cycles using liquid nitrogen and a 37°C water bath. After the 

freeze-thaw cycles, cell extracts were incubated at 60°C for 10 min, centrifuged at 14000 rpm 

for 2 min at RT, and the supernatant was transferred to a 1.5 ml eppendorf tube. To 

perform the CAT assay, 125 pi reactions containing 20 pi of the cell extract, 0.05 mCi/ml 

D-threo-[dichloroacetyl-l,2-14C]-chloramphenicol (57 mCi/mmol, Dupont-NEN), and 0.2 

mg/ml n-butyryl coenzyme A (Sigma) all in 0.25 M Tris-HCl pH 8.0 were incubated at 37°C 

for 3 h*.

2.2.5. Preparation o f  H irt D N A and Southern B lot Analysis

To purify the episomal (Hirt) DNA, the 400 pi aliquot was centrifuged at 14000 rpm 

for 7 min at 4°C and the pellet was resuspended in 200 pi of Hirt buffer (10 mM Tris-HCl 

pH 7.5, 10 mM EDTA, 0.6% SDS). The genomic DNA was then precipitated in 1 M NaCl 

by adding 50 pi of 5 M NaCl and incubating the tube at 4°C overnight. Samples were then

* Incubation times can be adjusted to ensure values obtained are within the linear scale and to avoid CAT 
activity saturation. The CAT assay is linear for up to 20 h for samples with low levels of CAT activity.
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centrifuged at 14000 rpm for 20 min at 4°C and the supernatant (containing the episomal 

DNA) was collected and digested with proteinase K (Cf of 0.8 pg/pi) for 16 h at 37°C. The 

Hirt DNA was then extracted with equal volumes of organic solvents {i.e. IX 

chloroformdsoamyl alcohol (24:1), IX phenol, IX chloroform:isoamyl alcohol (24:1), and IX 

ether) and precipitated with two volumes of 100% ethanol. Hirt DNA was pelleted by 

centrifugation at 14000 rpm for 20 min at 4°C and the pellet was resuspended in 40 pi of 

TE.

For southern blot analysis, 3 pi of the Hirt DNA sample was linearized by restriction 

endonuclease digestion and electrophoresed on a 1% agarose gel for ~3 h at 45V. The 

DNA was transferred to a nitrocellulose membrane by capillary action for 20 h in 20X SSC. 

After transfer, the membrane was washed in 2X SSC, air-dried, and baked in a vacuum oven 

at 80°C for 2.5 h. For plasmid DNA detection, southern blots were probed with 

radiolabeled pCAT-basic vector in a similar fashion as described for the hybridization of 

northern blots (see 2.1.11).

2.3. Electrophoretic Mobility Shift Assay (EMSA)

The mobility shift assay was carried out using a protocol similar to that described by 

O’Brien et al. (1995).

2.3.1. Generation o f Annealed and Radiolabeled Oligonucleotides

Complementary oligonucleotides representing the three consensus NFI binding sites 

in the B-FABP promoter (either bp -62 to -33 [B-FABP promoter NFI binding region 1 (B- 

brl}], bp -174 to -155 [B-br2], or bp -263 to -238 [B-br3]) and the GFAP promoter (either 

bp -126 to -100 [GFAP promoter NFI binding region 1 (G -brl}], bp -1591 to -1564 [G-br2], 

or bp -1639 to -1613 [G-br3]; Figure 2.1) were annealed and radiolabeled. Briefly, 2000 

pmol of each pair of complementary oligonucleotides were incubated in annealing buffer (10
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N FI Consensus Binding 
Site Sequence |TGG§MNKNNGCCAA

A «  . 1 TTA AAT CAC TGG ATT TTT  GCC CJxC C
° “Dri A GTG ACC T&A AAA COG GTG GGA GAA

n  w f  GGC CTS AGC CbA TCA CAA AG
G GAC YOG GTT AG? GTT TC

«  . *  AGC GCC ACT CAT TCC CTO CCG AG
D ‘ D D  GGG TAA CTT .AGO GAC: GGC TCG AAA

B r  u*t CCA TAG CTG GGC TOC GGC CCA AC
GAC CCG ACG CCG GOT TGG GGT

G-br2 CTC Ac c  ‘X'Tk? fi CcG.iT, TG
G AAC C3T GTC TGT CTT ACA AGC C

G-br3 ATT GGG CTG GCC GCC CCC CM? GG
C GAC CC ...............................................

f i - h r t*  CCA TAG C'TA AGC TGC G3C CCA AC
GAT TCG ACS CCG GGT TGG GGT

G -br2*  CTC ACC TTA ACA. CM! ACA CA.A TG
G AAT TGT GIG TGT GTT ACA AGC C

ATT GGG CTC ACC GCC CCC CAC GG
C GAT TGG CGG GGG GTC CCG GAG

ATT TTG GCT TGA AGC CAA TAT G 
TAA ARC CGA ACT TCG GTT ATA C

GAT CGA TCG GGG CGG GGC GAT C 
CTA GCT AGC CCC GCC CCG CTA G

GAT CGA ACT GAC CGC CCG CGG CCC GT
CTA GCT CGA CTG GCG GGC GCC GGG CA

Figure 2.1 - Sequences of synthetic oligonucleotides. Oligonucleotides used to test 
NFI binding are shown. A, NFI binding regions in the B-FABP promoter: B-brlfrom bp 
-62 to -33, B-br2 from bp -172 to -155, and B-br3 from -263 to -238. B, NFI binding 
regions in the GFAP promoter: G-brl from -126 to -100, G-br2 from -1591 to -1564, and 
G-br3 from -1639 to -1613. C, Competitor oligonucleotides including NFI, Spl, AP-2, 
and mutated GFAP NFI binding regions (G-brl*, G-br2*, and G-br3*). The G-brl, 
G-br2, and G-br3 oligonucleotides were also used as competitors in some experiments.
Putative NFI binding sites are shown in red and the mutated nucleotides are shown in
blue.

G-br3*

NTI

Spl

AP-2
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mM Tris-HCl pH 7.5, 2 mM MgCl2, 50 mM NaCl, 1 mM EDTA) at 95°C for 10 min. 

Reactions were then cooled slowly by placing the tubes at 72°C for 7 min followed by RT for 

2 h and then 4°C for 16 h. The annealed oligonucleotides were purified by PAGE and 

electroelution. 4 pmol of this PAGE-purified DNA was used for each 20 pi labeling 

reaction. Labeling reactions were performed in NT buffer (5 mM Tris-HCl pH 7.2, 10 mM 

MgS04, 0.1 mM DTT, 0.05 pg/pl BSA) and contained approximately 500 ng of probe 

DNA, dAGT (Cf of 0.25 mM of each oligonucleotides), 7 pi of [a-32P]dCTP (800 Ci/mmol, 

Amersham), and 2U of Klenow DNA polymerase (Boehringer Mannheim). Each reaction 

was incubated at RT for 15 min, cold chased with dCTP (Cf of 0.25 mM) for 5 min at RT, 

and then quenched by adding 40 pi of TE. The reactions were then loaded onto a Bio-Spin® 

disposable chromatography column (Bio-Rad) containing packed Biogel P-6 to remove any 

unincorporated label. Loaded columns were centrifuged for 4 min at 2600 rpm and the 

flow-through containing the labeled probe was collected. The radiolabeled oligonucleotides 

in the flow-through were precipitated by adding 1/10 volume of 3 M NaoAc pH 5.2 and two 

volumes of 100% ethanol. The next day, the tubes were centrifuged at 14000 rpm for 20 

min at 4°C. The pellet was washed in 75% ethanol, dried, and resuspended in 100 pi TE. 

To estimate the amount of radioactivity incorporated into each probe, 2 pi was added to a 

scintillation vial containing 5 ml of Ready Safe™ Scintillation Cocktail (Beckmann) and 

counted in a scintillation counter. Probes were stored at -20°C.

2.3.2. Nuclear Extract Preparation

Nuclear extracts from T9 8, U251, and T98 cells transiently transfected with 10 pg 

pCH control or pCHNFI-A, -B, -C, or —X expression plasmids were prepared using the 

technique described by Dignam et al. (1983). After transfection, cells were grown to 

approximately 90% confluence in 100-mm tissue culture dishes, washed twice in PBS,
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harvested in a small volume of PBS by scraping with a rubber policeman, pelleted by 

centrifugation at 1400 rpm for 7 min, and stored at -80°C. For nuclear extract preparation, 

all the following steps were performed at 4°C. The cell pellets were thawed on ice and then 

incubated for 10 min in a small volume (100 pi - 250 pi depending on pellet size) of buffer A 

(10 mM HEPES-NaOH pH 7.9, 1.5 mM MgCl2, 10 mM KC1, and freshly added 0.5 mM 

DTT and 0.5 mM PMSF). The cells were then homogenized in a 1 ml dounce homogenizer 

with 15 strokes of a pesde and the mixture was centrifuged at lOOOg for 10 min. The 

supernatant was discarded, and the remaining pellet (i.e. the crude nuclear extract) was 

centrifuged at 25000^ for an additional 20 min. Residual supernatant was removed and the 

pellet was resuspended in a small amount (typically 50 pi) of buffer C (20 mM HEPES- 

NaOH pH 7.9, 25% glycerol, 0.42 M KC1, 1.5 mM MgCl2, 0.2 mM EDTA, and freshly- 

added 0.5 mM DTT and 0.5 mM PMSF). Resuspension took place over a 1 h period with 

periodic (every 10 min) pipetting. The suspension was then centrifuged at 25000o for 30 min 

and the supernatant was collected. Protein concentrations were determined using the 

Bradford assay (Bradford, 1976) by combining 2 pi of nuclear extract, 800 pi of H20 , and 

200 pi of Bradford reagent (Bio-rad), vortexing briefly, and reading OD590 in a DU® 7400 

spectrophotometer (Beckmann) against a programmed standard curve. Nuclear extracts 

were stored at -80°C.

2.3.3. EMSA

Before the addition of labeled oligonucleotides, the nuclear extracts were pre

incubated with 1.25 pg of poly [dl-dC] in binding buffer (20 mM HEPES pH 7.9, 20 mM 

KC1, 1 mM spermidine, 10 mM DTT, 10% glycerol, and 0.1% NP-40) for 10 min at RT. 

For the T98 and U251 nuclear extracts, 4 pg of total nuclear protein was used for the pre

incubation. For the nuclear extracts generated from the T98 cells transiently transfected
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with pCH or pCHNFI expression plasmids, 1 pg of nuclear extract was used. After the pre

incubation, labeled oligonucleotides (approximately 40 fmol in 1-2 pi) were added and 

incubated for 20 min at RT. DNA-protein complexes were loaded onto a pre-run 0.5X TBE 

6% polyacrylamide gel (29:1 acrylamide:bis) and electrophoresed for 100 min at 150V.

2.3.4. Competition and Antibody Supershift Experiments

For competition experiments, a 100-fold molar excess (4 pmol) of unlabeled 

oligonucleotide was added during the pre-incubation stage. Competitor oligonucleotides 

included consensus binding sites for AP-2, NFI, and Spl, as well as, G-brl, G-br2, and 

G-br3 oligonucleotides (Figure 2.1). Mutated G-br oligonucleotides (G-br*) were also used 

as competitors (Figure 2.1). For supershift experiments, 1 pi of anti-HA antibody (clone H7, 

Sigma) was included in the pre-incubation reaction.

2.4. Establishment of sense B-FABP and/or GFAP Stable Transfectants

2.4.1. Cell Lines and Plasmid Constructs

The U87 and T98 human malignant glioma cell lines were derived from glioblastoma 

multiforme tumour tissue (Ponten and MacIntyre, 1968; Stein, 1979). These cell lines lack 

B-FABP and GFAP expression at both the mRNA and protein levels (Godbout et al., 1998). 

The expression vector constructs used to express B-FABP and/or GFAP in these cell lines 

were pREP4/B-FABP, pREP4/GFAP, and pcDNA3/B-FABP*. The pREP4/B-FABP 

expression plasmid carries the gene for hygromycin resistance and a 467 bp insert containing 

the entire human B-FABP coding region. The pcDNA3 /B-FABP construct also contains 

this 467 bp human B-FABP insert, but carries the neomycin resistance cassette. The 

pREP4/GFAP expression vector contains a 2.3 kbp GFAP cDNA insert obtained from 

ATCC (Clone HHCPF23).

* The B-FABP and GFAP expression constructs were generated by Dr. Dwayne Bisgrove.
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2.4.2. Transfection and Colony Selection

Transfections were performed as described earlier (see 2.1.2). When the T98 or U87 

cell lines were transfected with only pREP4/B-FABP or pREP4/GFAP, 10 pg of plasmid 

DNA was used for the transfection. When T98 was co-transfected with pREP4/GFAP and 

pcDNA3/B-FABP, 7.5 pg of each expression plasmid was used. Transfected cells were 

selected in culture medium containing 400 pg/ml hygromycin (Roche), while double 

transfectants were selected in culture medium containing 400 pg/ml hygromycin and 800 

pg/ml Gibco G418 (Invitrogen). After 3 weeks, single colonies containing 250-500 cells 

were trypsinized within a cloning ring and transferred to a single well of a Falcon® 24-well 

plate tissue culture plate (BD Biosciences). Approximately six clones were selected for each 

transfectant. Each colony was expanded as a separate clone in culture medium containing 

hygromycin (200 pg/ml) and/or G418 (400 pg/ml) until two confluent 100-mm plates were 

generated. At this time, each clonal population was frozen in DMEM containing 20% FCS 

and 10% DMSO. Control transfectants for both the T98 and U87 cell lines were generated 

through the transfection of the pREP4 vector.

2.5. RNA Interference Experiments

To reduce the levels of B-FABP in the U251 malignant glioma cell line, the pSUPER 

RNAi system (Oligoengine™) was used to generate stable expression of B-EABP siRNA 

(Brummelkamp et al, 2002).

2.5.1. Generation o f the pSUPER, pSUPERDDXl, and pSUPERB-FABP Constructs

The pSUPER vector was kindly provided by Dr. Gordan Chan (Cross Cancer 

Institute, Edmonton, AB). The general strategy for generating the pSUPER/B-FABP and
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pSUPER/DDXl * constructs involved subcloning a  64 bp inverted repeat into pSUPER 

within the BgM/Hmdlll sites. The 64 bp inverted repeat contained both a sense and anti

sense copy of a 19-nt gene-specific sequence derived from either the B-FABP or DDX1 

coding region. The 19-nt sequences were empirically determined, but are flanked in the 

mRNA with AA at the 5’-end and were analyzed by BLAST searches to verify that they did 

not have any significant sequence homology with other genes. The PAGE-purified 64-nt 

oligonucleotides used to generate pSUPER/B-FABP, with the 19-nt gene-specific sequence 

in bold, were 5’-GATCCCCCCAACGGTAATTATCAGTCTTCAAGAGAGACTGATA 

ATT ACCGTT GGTTTTTGGAAA-3 ’ (forward primer) and 5’-AGCTTTTCCAAAA 

ACCAACGGTAATTATCAGTCTCTCTTGAAGACTGATAATTACCGTTGGGGG-3’ 

(reverse primer). For the pSUPER/DDXl construct, the gene-specific portion of the 64-nt 

primers consisted of 5’-TTGGGTCAGATGGTCTTTG-3’ and 5’-CAAAGACCATCTGA 

CCCAA-3’. The 19-nt gene-specific sequence for the pSUPER/B-FABP 64-nt primers 

corresponds to nucleotides 114-133 of the B-FABP coding region, while the targeted region 

for the pSUPER/DDXl 64-nt primers corresponds to nucleotides 597-616 in the DDX1 

coding region.

To ligate the oligonucleotides into the pSUPER vector, 1 nM of each gene-specific 

oligonucleotide was annealed in 100 mM KoAc, 30 mM HEPES-KOF1 pFI 7.4, 2 mM 

MgoAc in a total volume of 50 pi. Annealing reactions were incubated at 95°C for 4 min, 

70°C for 10 min, and then 4°C overnight. Annealed oligonucleotides were phosphorylated 

by combining 2 pi of annealed oligonucleotides with 1 mM ATP and 1 U T4 PNK (New 

England Biolabs) in T4 PNK buffer (70 mM Tris-HCl pH 7.6, 10 mM MgCl2, 5 mM DTT) 

in a total volume of 10 pi. Reactions were incubated at 37°C for 30 min and heat-inactivated

pSUPER/DDXl is a construct that produces siRNA for the DEAD box 1 (DDX1) gene. In these 
experiments it was used as a control.

66

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



at 70°C for 10 min. For the ligation, 2 pi of the annealed phosphorylated oligonucleotides 

and approximately 500 ng of pSUPER (BgAI/Hmdlll digested) were used. The ligation 

products were transformed into DH5a cells, and vectors containing the 64 bp insert were 

identified by EcoRI/HmdlH restriction enzyme digestion and verified by sequencing.

2.5.2. Cell Lines, Transfection, and Colony Selection

The U251 cell line was derived from a patient with malignant astrocytoma 

(Westermark et al, 1973). This cell line expresses both B-FABP and GFAP at high levels 

(Godbout et al, 1998). To generate stable U251-pSUPER, -pSUPER/DDXl, and 

-pSUPER/B-FABP cell lines, U251 cells were co-transfected with 7.5 pg of one of these 

pSUPER constructs and 7.5 pg of pREP4. Transfected cells were cultured in medium 

containing hygromycin (400 pg/ml) and, after 2 weeks, six colonies for each transfectant 

were selected and expanded as a separate clonal population in culture medium containing 

hygromycin (200 pg/ml).

2.6. Cell Morphology Experiments

Cell morphology was analyzed by phase contrast microscopy using a Nikon Diaphot 

300 microscope and photos were taken using a mounted Nikon F50 camera. Briefly, cells 

were grown to confluence in culture medium containing the appropriate selection drugs (i.e. 

200 pg/ml of hygromycin and/or 400 pg/ml of G418). To allow time for the cells to attach 

to the surface of the plate and develop their phenotypic characteristics, cell lines were 

analyzed for cell morphology 48 h after plating. Morphology was analyzed at various stages 

of confluence and photos were typically taken when the cells had reached 60-80% 

confluence.
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2.7. Proliferation Rate Assay

To measure proliferation rate, cells were grown to confluence on 100-mm tissue 

culture plates in culture medium containing drug selection (200 pg/ml of hygromycin, 400 

pg/ml of G418), and then passaged to new 100-mm tissue culture plates in the absence of 

any drug selection. When the cells reached approximately 80% confluence they were 

trypsinized, resuspended in approximately 8 ml of fresh culture medium, and counted using 

a Coulter Particle and Size Analyzer (Beckman Coulter). For the proliferation rate 

experiments, 15000 cells were plated out in triplicate in 35-mm tissue culture wells for each 

time point (typically 48 h, 96 h, 120 h, 144 h, and 168 h). At the appropriate time points, the 

number of cells in each well was counted using a Coulter Particle and Size Analyzer. The 

triplicate values were averaged* and plotted to generate growth rate curves from which the 

doubling time for each cell line was calculated.

2.8. Analysis of Anchorage-Independent Growth

Anchorage-independent growth was analyzed using the soft agar assay first 

introduced by MacPherson and Montagnier (1964) and described by Freshney (1983). Each 

cell line was tested as early as possible using an aliquot of cells frozen at an early passage. 

After two passages and when the cells reached 80% confluence, the cells were counted using 

a Coulter Particle and Size Analyzer and diluted in culture medium to a concentration of 

2 x 104 cell/ml in a 10 ml volume.

A 1.2% agarose stock was prepared by adding 1.2 g of agarose to 100 ml of H20. 

The 1.2% agarose stock was autoclaved and placed in a 45°C water bath. The 1.2% agarose 

was mixed 1:1 with warmed (45°C) 2X DMEM supplemented with 20% FCS, 200 U/ml

* None of the individual counts at any time point differed significantly from one another within any 
triplicate group, so values were averaged rather than generating error bars on the growth rate curves.
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penicillin and 200 pg/ml streptomycin sulfate. 2 ml of this 0.6% agarose-medium was plated 

into 35-mm Falcon® petri dishes (BD Biosciences) and placed at 4°C for 5 min followed by a 

10 min incubation at 37°C in a CO, incubator. Briefly, 5 ml of a 1 x 104 cell/ml 0.3% 

agarose-medium solution was generated by mixing 2.5 ml of a 2 xlO4 cell/ml cell suspension 

with 2.5 ml of 0.6% agarose-medium and 1 ml of this 1 x 104 cell/ml 0.3% agarose-medium 

solution was layered over the 0.6% agarose-medium basal layer in quadruplicate plates. The 

plates were incubated for 4 weeks and colonies were counted using a Nikon Diaphot 300 

light microscope with a 4X objective. A colony greater than 50 cells* was scored as positive 

and counted. Low magnification photographs were taken using an Olympus OM-4T 

Camera mounted on a Leica MZ95 Dissecting Microscope with a 0.63X objective.

2.9. Matrigel™ Invasion Assay

BD Biocoat™ Matrigel™ invasion chambers (BD Biosciences, Cat. #354480) were 

used to study the invasive potential of malignant glioma parent cell lines and transfectants. 

The protocol was provided by BD Biosciences (www.bdbiosciences.com). Each cell line was 

started fresh from a frozen aliquot. After two passages in culture medium and when the 

cells reached 80% confluence, the cells were counted using a Coulter Particle and Size 

Analyzer. Cells were then diluted in serum-free DMEM to a concentration of 1 x 105 

cell/ml in a 5 ml volume for the matrigel invasion assay.

2.9.1. Invasion Assay for Malignant Glioma Cell Lines

Matrigel invasion chamber inserts (stored at -20°C) were brought to RT by placing 

the inserts in a new 24-well Falcon® tissue culture plate. To rehydrate the matrigel, the 

inserts were transferred to a well containing 0.5 ml of 37°C serum-free DMEM medium and

Typically, a colony o f 50 cells corresponds to about 100 pm. However, the size o f  individual cells 
between each cell line was not identical so an estimation o f the number o f cells in a colony was deemed a 
more accurate method o f scoring colonies.
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0.5 ml o f serum-free medium was added to the upper chamber of the matrigel insert. 

Rehydration took place at 37°C for 2 h in a humidified environment containing 5% C 02. 

After rehydration, the medium in the upper chamber was removed and the insert was 

transferred to a new well containing 750 pi of DMEM with chemoattractant (i.e. 10% PCS). 

250 pi of the 1 x 105 cell/ml cell suspension was immediately added, in triplicate wells, to the 

upper chamber of the matrigel invasion inserts. The inserts were then placed in a C 0 2 

incubator at 37°C for 22 h or 30 h.

2.9.2. Fixation, Staining, and Counting o f  Invasive Cells

To quantify the invasive potential of each cell line, the medium was removed from 

the upper well of each matrigel insert and a cotton-tipped swab moistened with warm serum- 

free DMEM was used to remove any cells in the upper chamber that had not passed through 

the filter. This process was repeated twice with a fresh swab. The insert was then placed in 

a new well containing 1 ml of 100% methanol to fix the cells. After 2 min, the insert was 

transferred to a well with 1 ml of 1% crystal violet stain (prepared in 100% methanol) for 5 

min. The insert was then washed by dipping the insert into a beaker filled with H20 . When 

the residual stain had been washed off the insert, it was placed in an empty well of a 24-well 

plate and allowed to air-dry. Once the insert had dried, a photograph was taken using an 

Olympus OM-4T Camera mounted on a Leica MZ95 Dissecting Microscope with a IX 

objective. The photographs were used to count the number of cells on the insert.

2.6. Immunofluorescence of Transfectants

Immunofluorescence analysis was performed on the T98 and U87 transfectants to 

study the relative levels of B-FABP and/or GFAP in each of the T98 or U87 transfectants 

and to determine the percentage of cells expressing B-FABP and/or GFAP.
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2.10.1. Antibodies

The primary antibodies used in these experiments were a rabbit polyclonal anti-B- 

FABP antibody (produced by our laboratory) and a mouse monoclonal anti-GFAP antibody 

cocktail* (Cat. #6031 ID, PharMingen). The rabbit anti-B-FABP antiserum (batch 2292) was 

prepared by Mary Packer, a technician in our laboratory, using native B-FABP (amino acids 

1-132). The antiserum was affinity-purified by Dr. John Rowe, a research associate in our 

laboratory, using B-FABP recombinant protein and a HiTrap NHS-activated Sepharose 

column. The fluorescent secondary antibodies used included Alexa 488 goat anti-mouse and 

Alexa 555 goat anti-rabbit (Cedarlane Laboratories).

2.10.2. Preparation o f Coverslips and Antibody Staining

Coverslips were seeded with 25000 cells in a single well of a Falcon® 24-well plate 

tissue culture plate in culture medium containing the appropriate selection drugs (i.e. 200 

pg/ml of hygromycin and/or 400 pg/ml of G418). When the cells on the coverslips had 

reached approximately 60-80% confluence, they were washed 2X in PBS, fixed in 1% 

paraformaldehyde in PBS for 10 min, and permeabiJized in 0.5% Triton® X-100 in PBS for 5 

min. The cells were double-stained with rabbit polyclonal anti-B-FABP (1:100) and mouse 

monoclonal anti-GFAP (1:1000) antibodies in blocking buffer (3% BSA in PBS). After a 2 h 

incubation, the coverslips were washed 3X with PBS and then incubated for 2 h with the 

fluorescent secondary antibodies (Alexa 488 and Alexa 555) (1:200). Following three washes 

in PBS, the coverslips were mounted on slides using glycerol containing 1 mg/ ml 

p-phenylenediamine + 1 pg/ml 4’,6-diamidino-2-phenlyindole (DAPI).

* The anti-GFAP antibody cocktail contains a mixture of three monoclonal anti-GFAP antibodies (4A11, 
1B4, and 3E1). Each antibody is at an equal concentration in the cocktail.
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2.10.3. Con focal M icroscopy

Images were collected on a Zeiss LSM 510 confocal microscope. To compare 

B-FABP and/or GFAP expression between each of the transfectants, a 25X/0.8 immersion 

correction lens was used. B-FABP subcellular localization in each of the U87-BFABP 

transfectants was examined using a 40X/1.3 oil immersion lens. Argon and helium (HeNe) 

lasers were used sequentially to scan at wavelengths of 488 nm and 543 nm, respectively. A 

UV laser was used to excite DAPI stained cells. Laser scanning parameters {i.e. laser 

strength, detector gain, amplitude offset, and pinhole size) were kept constant throughout 

the image collection using the 25X/0.8 immersion correction lens to ensure the collected 

images could be compared quantitatively. For the single cell images with the 40X/1.3 oil 

immersion lens, laser scanning parameters were optimized for each image to prevent signal 

saturation.
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CHAPTER THREE

Characterisation of B-FABP and GFAP transcriptional regulation by N FI proteins.

3.1. Expression of N F ImRNA in Malignant Glioma

Members of the NFI family of transcription factors (NFI-A, -B, -C, and -X) are 

expressed in a spatiotemporal dependent manner during CNS development. In postnatal 

mouse, NFI-A and NFI-B are localized primarily to the white matter of the cerebral cortex, 

suggesting a glial distribution, while NFI-C is ubiquitously expressed throughout the mouse 

brain (Chaudhry et al., 1997). In humans, NFI-A and NFI-X are expressed in glial cells 

where these two NFI proteins appear to have a greater transactivation capacity than other 

NFI proteins {i.e. NFI-C) (Krebs et al., 1996; Sumner et al., 1996).

Expression of NFI-A and NFI-X in glial cells may be of significance as NFI family 

members have been implicated in mediating glial cell-specific gene transcription. Of note, 

reduced levels of GFAP have been observed in NFI-A-/- mice, suggesting a role for NFI-A 

in the activation of GFAP transcription (das Neves et al., 1999). Furthermore, studies from 

our lab have shown that NFI proteins are important for the regulation of B-FABP 

expression in MG (Bisgrove et al, 2000). However, the specific NFI proteins that contribute 

to B-FABP and GFAP regulation in MG have not yet been identified. We therefore 

screened five B-FABP/GFAP-positive and five B-FABP/GFAP-negative MG cell lines 

(Godbout et al, 1998; Bisgrove et al, 2000) to determine if quantitative or qualitative 

differences in NFI could account for the pattern of B-FABP and GFAP expression in these 

cell lines.

A northern blot loaded with RNA prepared from B-FABP/GFAP-positive (M016, 

M049, M103, U251 and U373) and B-FABP/GFAP-negative (A172, CLA, M021, T98 and
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U87) MG cell lines was sequentially hybridized with radiolabeled probes for NFI-A, -B, -C, 

-X, B-FABP, GFAP and actin. As shown in Figure 3.1, M016, M049, M103, U251 and 

U373 expressed both B-FABP and GFAP mRNA, with B-FABP being highest in Ml 03 and 

U251 and GFAP being highest in M103. A172, CLA, M021, T98, and U87 produced 

neither B-FABP nor GFAP mRNA.

Analysis of NFI-A, -B, -C and -X  mRNA did not reveal a direct correlation with B- 

FABP and/or GFAP expression (Figure 3.1). All four NFI genes were typically expressed in 

the MG cell lines, albeit at different levels. NFI-B and NFI-C were expressed in all the MG 

cell lines analyzed. NFI-A was primarily expressed in M049 and Ml 03, while NFI-X  was 

predominant in Ml 03 and M021. Overall, levels of NFI-A, NFI-X  and possibly NFI-B were 

higher in the B-FABP/GFAP-positive cell lines compared to the B-FABP/GFAP-negative 

cell lines. Interestingly, the M l03 cell line, which expressed the highest levels of both B- 

FABP and GFAP, also expressed the highest levels of NFI-A and NFI-X.

As antibodies specific to each NFI protein are not yet available, we were not able to 

corroborate our northern blot results by western blot analysis. From the mRNA data, we 

hypothesize that factors or events other than the presence or absence of NFI proteins are 

likely involved in the regulation of B-FABP and GFAP in MG. These factors/ events may 

include the post-translational modification of NFI proteins, including phosphorylation 

and/or glycosylation (Jackson and Tjian, 1988; Jackson et al, 1990). In support of this 

concept, our lab has previously shown that the NFI proteins in B-FABP/ GFAP-positive 

MG cell lines are hypophosphorylated in comparison to the NFI proteins in the B- 

FABP/GFAP-negative MG cell lines (Bisgrove et al., 2000). In addition, other researchers 

have speculated that NFI-C binds to the promoter of the carboxyl ester lipase (CEL) gene as 

a phosphoprotein (Kannius-Janson et al., 2002).
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Figure 3.1 - Northern blot analysis of 10 MG cell lines. A northern blot was prepared 
by transferring 2 }ig of poly(A)+ RNA derived from five B-FABP/GFAP-negative (A172, 
CLA, M021,T98, and U87) and five B-FABP/GFAP-positive (MO 16, M049, M103, U251, 
and U373) MG cell lines onto nitrocellulose. The blot was sequentially hybridized with 
32P-labeled DNA probes specific for NFI-A, -B, -C, -X, B-FABP, GFAP, and actin. After 
each hybridization, the blot was stripped as described in Materials and Methods. Two 
different size GEAP transcripts are indicated with arrowheads.

* Preliminary data shown for NFI-B were obtained using an oligonucleotide specific for NFI-B rather than 
a cDNA probe. We are in the process of preparing a cDNA probe for NFI-B to confirm these data.
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3.2. Protein Binding to the Putative NFI-Binding Sites in the GFAP promoter

Previous studies from our lab characterizing the as- and trawr-acting elements that 

regulate the expression of the human B-FABP gene have led to the identification of two 

NFI-binding sites located at -54/-40 bp and -257/-243 bp in relation to the transcription 

start site (Bisgrove et al., 2000). A third NFI-like binding site at -171 /-157 bp failed to bind 

NFI when used in gel shift assays. Similarly, three putative NFI binding sites have been 

identified in the human GFAP promoter, located at -120/-106 bp, -1585/-1571 bp and 

-1633/-1619 bp (Besnard et al., 1991). While each of these putative NFI-binding sites 

corresponds to a site of DNA-protein interactions based on DNase I footprinting studies 

(Besnard et al., 1991), experiments have not been performed to definitively prove that these 

footprints were formed as the result of NFI-DNA interactions.

To determine whether the putative NFI-binding sites in the GFAP promoter are 

able to bind NFI, we used the electrophoretic mobility shift assay (EMSA). Double

stranded oligonucleotides were generated for each of the GFAP promoter NFI-binding 

regions (G-brl, G-br2 and Gbr3). The oligonucleotides consisted of the putative NFI- 

binding site as well as ~6 bp of sequence on each side of the NFI site. The double-stranded 

oligonucleotides synthesized are shown in Figure 2.1 and include: bp -126 to -100 (G-brl), 

bp -1591 to -1564 (G-br2), and bp -1639 to -1613 (G-br3). These oligonucleotides were 

radiolabeled and used as probes in the EMSAs. In addition to these oligonucleotides, 

competitor oligonucleotides were generated and are shown in Figure 2.1. Competitor 

oligonucleotides included unlabeled G-brl, G-br2 and G-br3, as well as consensus binding 

sites for AP-2, NFI, and Spl. Mutated G-br oligonucleotides (G-br*) were also used as 

competitors for their respective G-br to verify that mutations in the NFI-binding site would 

eliminate the DNA-protein interaction. For the EMSAs, nuclear extracts from either B-
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FABP /  GFAP-negative T98 cells or B-FABP/GFAP-positive U251 cells were pre-incubated 

alone or with a 100-fold excess of unlabeled G-brl, Gbr2, Gb3, Spl, NFI, AP-2 or the 

appropriate G-br*. After this pre-incubation period, each reaction was incubated with 

radiolabeled oligonucleotides corresponding to G-brl, G-br2 or G-br3.

Results from these experiments are shown in Figure 3.2. One major DNA-protein 

band was obtained when G-brl, G-br2 or G-br3 was used as the 32P-labeled probe with the 

T98 nuclear extract (Figure 3.2, panel A). This complex was specifically competed out by 

unlabeled G -brl, G-br2, G-br3 and NFI oligonucleotides, but not by Spl, AP-2 or G-brl*, 

indicating that the protein that bound G-brl, G-br2 and G-br3 is NFI or NFI-like. 

Although all the cold competitors (G-brl, G-br-2 and G-br3) were effective in reducing the 

intensity of the protein-DNA band, optimal competition was observed when competitor and 

probe oligonucleotides were of the same species.

Interestingly, the DNA-protein complex in the lane with no competitor was more 

intense than the lane where G-brl*, G-br2* or G-br3* was used as a competitor. This was 

especially apparent for G-br3 and suggests that either NFI proteins are able to bind to the 

mutated NFI site with low affinity or that there are other proteins in the T9 8 nuclear extract 

that are able to bind to the G-brl, G-br2 and G-br3 oligonucleotides. In support of the 

latter, the G-brl, G-br2, G-br-3 or NFI cold competitors were not always able to completely 

eliminate the DNA-protein complex. In addition, the intensity of the complex obtained 

with G-br3 was reduced upon the addition of Spl and AP-2 competitor oligonucleotides. 

Results obtained with the G-br3 probe can be partially explained by the presence of Spl- 

and AP-2-like sites in the G-br3 oligonucleotide (Besnard et al, 1991).

When the G-brl and G-br2 probes were used in gel shift experiments with the U251 

nuclear extract, one major DNA-protein band was observed (Figure 3.2, panel B). This
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Figure 3.2 - Binding of NFI to G-brl, G-br2 and G-br3. Gel shifts were carried out by 
pre-incubating T98 (panel A) or U251 (panel B) nuclear extracts alone or with a 100-fold 
excess of unlabcled competitor oligonucleotides for G-brl, G-br2, G-br3, Spl, NFI, AP-2 or 
the appropriate G-br*. The reactions were then incubated with radiolabeled G-brl, G-br2 or 
G-br3 oligonucleotides. DNA binding reactions were electrophoresed in a 0.5X TBE 6% 
polyacrylamide gel to separate unbound (free) DNA and DNA-protein complexes.
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band was specifically competed out by G-brl, G-br2, G-br3 and NFI, indicating that both 

G-brl and G-br2 oligonucleotides can bind NFI or NFI-like proteins. In addition, two 

minor DNA-protein complexes were observed with the G-br2 probe (Figure 3.2, blue 

arrowheads). These complexes were competed out by G-br2* and G-br2 only, suggesting 

that the minor bands are not simply different phosphorylation states of NFI proteins since 

they were not competed out by consensus NFI oligonucleotides. Instead, it is possible that 

other proteins bind G-br2, such as AP-1 whose binding site is immediately upstream of the 

NFI binding site and which is not affected by mutation of the NFI site.

In contrast to the single band observed when the G-br3 probe was incubated with 

the T98 nuclear extract, three distinct DNA-protein complexes were observed with the 

U251 nuclear extract (Figure 3.2, panel B). Only one of these three bands was specifically 

competed out by G-brl, G-br2, G-br3 and NFI (indicated with a red arrowhead). The 

intensity of this band did not change upon addition of G-br3* competitor, suggesting that it 

represents a bona fide NFI-DNA complex. The other two bands were competed out with 

G-br3*. These data demonstrate that members of the NFI family are able to bind to G-br3; 

however, other proteins are also able to interact with G-br3. Of note, both AP-2 and Spl 

competitor oligonucleotides were able to compete with the fastest migrating DNA-protein 

complex, suggesting that AP-2 and Spl are able to bind G-br3. As mentioned earlier, a 

similar effect was observed when the G-br3 probe was incubated with T9 8 nuclear extract in 

the presence of excess G-br3*, Spl or AP2 competitor oligonucleotides. In support of Spl 

binding to G-br3, Besnard and coworkers (1991) have shown that the NFI site in G-br3 

overlaps with a Spl site. As for AP-2, the N5 spacer region of the NFI-binding site in G-br3 

consists exclusively of G-C base pairs. Since AP-2 consensus binding sites are G-C rich {i.e.
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5'-GCCCACGGCCC-3'), this G-C rich spacer region represents a potential AP-2 binding 

site.

The results obtained from these gel shift experiments demonstrate that NFI and 

probably other transcription factors such as AP-1, AP-2 and Spl, likely interact with the 

GFAP promoter to mediate transcription. Importantly, NFI is able to bind each of the three 

consensus NFI-binding sites in the GFAP promoter. However, one of the most interesting 

features of our gel shift experiments is the difference in the migration of the protein-DNA 

complexes obtained with the T98 versus U251 nuclear extracts. As shown in Figure 3.2, 

complexes formed in the presence of T98 nuclear extracts migrated at much slower rate than 

those formed in the presence of U251 nuclear extracts. These differences in gel shift 

patterns suggest differences in the type or nature of NFI proteins expressed in these cells. 

Previous results from our lab have demonstrated that the NFI proteins that regulate B- 

FABP expression in T98 cells are hyperphosphorylated in comparison to those in U251 

cells, thereby causing them to migrate at a slower rate (Bisgrove et al., 2000). Similarly, 

phosphorylation likely accounts for the difference in migration observed for the NFI 

proteins that bind to the GFAP promoter in T98 versus U251 cells. In combination, our 

results indicate that the transcriptional activation of both B-FABP and GFAP is mediated by 

hypophosphorylated forms of NFI proteins.

3.3. Binding of Specific NFI Proteins to the NFI Sites in the B-FABP and GFAP 
promoters

Our results indicate that each of the NFI-binding sites in the GFAP and B-FABP 

promoters are able to bind NFI proteins, and NFI genes (NFI-A, -B, -C, and -X) are widely 

expressed in MG cell lines. We therefore sought to determine whether specific NFI proteins 

preferentially bind to the NFI-binding sites in the GFAP and B-FABP promoters. The
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hypothesis underlying these experiments is that since different NFI proteins have been 

shown to have different transactivation capabilities, specific NFI proteins will bind to these 

sites better than others to mediate GFAP and/or B-FABP transcription. In support of this 

hypothesis, other researchers have recently shown that NFI-C2 has a higher affinity for NFI- 

binding sites in the CEL promoter than NFI-A 1, and that NFI-C2 is the specific NFI 

protein responsible for CEL promoter activity (Kannius-Janson et al., 2002). Thus, through 

these studies we hope to identify the specific NFI proteins responsible for GFAP and/or B- 

FABP transcriptional activation.

To address our hypothesis, we transfected T98 cells with expression vectors 

containing HA-tagged mouse NFI cDNAs (pCHNFI-A, -B, -C or -X) as well as empty 

vector (pCH). Nuclear extracts were prepared from transfected cells and examined for NFI 

binding activity by EMSA. Because the NFI proteins are highly conserved within 

vertebrates (reviewed in Gronostajski, 2000), we expect the mouse NFI proteins to have the 

same DNA-binding characteristics as their human counterparts. The T98 cell line was 

chosen for these experiments because it has relatively low levels of endogenous NFIs and 

because we found that it can be more efficiently transfected than other MG cell lines such as 

U251 and U87.

GFAP promoter studies:

To ensure that the transfected cells produced similar amounts of exogenous NFI 

proteins, 10 pg of nuclear extracts were run on SDS-PAGE gels and immunostained with 

anti-HA antibody. As shown in Figure 3.3 (panel A), there was some variation in NFI signal 

intensity in each of the nuclear extracts prepared from the T98 cells transfected with the 

NFI-A, -B, -C or -X expression plasmids. Compared to NFI-B and NFI-X which were of 

equal intensity, NFI-C produced a slightly stronger signal, while the NFI-A signal was 2 to 3-
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Figure 3.3 - NFI-A, -B, -C and -X binding to G-brl, G-br2 and G-br3. Nuclear extracts 
were prepared from T98 cells transfected with control (pCH) or NFI expression constructs 
(NFI-A, -B, -C or -X). A, 10 Jig of nuclear extracts were analyzed by western blot using anti- 
HA and anri-PCNA antibodies. B, gel shift assays were carried out with radiolabeled G-brl, 
G-br2 and G-br3 oligonucleotides and ~1 pg of the nuclear extracts. DNA binding reactions 
were electrophoresed in a 0.5X TBE 6% polyacrylamide gel to separate unbound (free) DNA 
and DNA-protein complexes. A supershift experiment was peformed by incubating anti-HA 
antibody (Ot-HA) with the nuclear extract prepared from T98 cells transfected with NFI-X. 
The red arrowhead shows the supershifted complex.
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fold weaker. An equal amount (~1 pg) of each of these extracts was used to study NFI- 

binding to G-brl, G-br2 and G-br3.

NFI-A and NFI-X showed the highest level of binding to the G-brl-, G-br2 and G- 

br3 oligonucleotides (Figure 3.3, panel B). Of these two NFIs, NFI-X generated the 

stronger signal; however, in light of the lower abundance of NFI-A in the nuclear extracts, 

we predict that NFI-A and NFI-X may have similar affinities for G-brl, G-br2 and G-br3. 

NFI-C showed weak binding to G-brl and barely detectable binding to G-br3 while NFI-B 

did not appear to bind to either G-brl or G-br3. In contrast, all four NFIs were able to 

bind to G-br2 relatively efficiently.

An antibody supershift experiment was performed to verify that the complexes 

produced in the EMSA experiments did indeed contain NFI. For the supershift experiment, 

nuclear extract obtained from the T98 cells transfected with pHNFI-X was incubated with 

anti-FLA antibody prior to the addition of labeled G-br2 oligonucleotide. As shown in 

Figure 3.3, a supershifted band (indicated by the red arrowhead) was observed.

The enhanced binding properties observed for NFI-A and NFI-X compared to the 

other NFI proteins suggest that NFI-A and NFI-X are the most potent NFIs involved in 

mediating GFAP transcription. In addition, the elevated levels of NFI binding to G-br2 

compared to G-brl and G-br3 indicates that G-br2 represents the most active site for NFI 

binding and possibly for the activation of GFAP transcription. In support of these 

observations, Besnard et al. (1991) have used GFAP promoter deletion constructs to 

demonstrate that the region from which our G-br2 oligonucleotide derives has a high level 

of activator activity, while relatively litde activation was observed from constructs containing 

G-brl and/or G-br3.
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B-FABP promotet studies:

To determine the ability of each NFI protein to bind to the NFI-binding sites in the 

B-FABP promoter, double-stranded oligonucleotides were generated to each of the B-FABP 

promoter NFI-binding regions (B-brl, B-br2 and B-br3). The double-stranded 

oligonucleotides synthesized are shown in Figure 2.1 and include: bp -62 to -33 (B-brl), bp 

-172 to -155 (B-br2), and bp -263 to -238 (B-br3). Of note, B-br2 was included in this 

analysis even though previous studies from our lab have failed to demonstrate NFI binding 

activity in this region (Bisgrove et al., 2000). Our goal was to substantiate our previous 

results using individual NFI proteins.

As shown in Figure 3.4 (panel A), the amount of NFI protein in each of the nuclear 

extracts used for the EMSA experiments was nearly identical. EMSA analysis using 

radiolabeled B-brl, B-br2 and B-br3 revealed significant differences in the level of NFI 

binding (Figure 3.4, panel B). All four NFI proteins were able to bind to B-brl, with NFI-C 

and NFI-X binding at the highest level. As expected based on previous results, none of the 

NFI proteins were able to bind B-br2. A wide variation in signal intensity was observed with 

B-br3, with the strongest signal obtained with NFI-X followed by NFI-C. NFI-A and 

NFI-B displayed very low levels of binding to B-br3. These results suggest that the NFI-C 

and NFI-X proteins bind to the NFI-binding sites in the B-FABP promoter more readily 

than NFI-A and NFI-B. In addition, since all four NFI proteins bind to B-brl, this region 

appears to represent the most active site for NFI binding and possibly for the activation of 

B-FABP transcription. In support of this, our lab has previously shown by mutation of the 

NFI-binding site located at -54/-40 bp that this NFI-binding site is essential for B-FABP 

promoter activity (Bisgrove et al., 2000).
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Figure 3.4 - NFI-A, -B, -C and -X binding to B-brl, B~br2 and B-br3. Nuclear extracts 
were prepared from T98 cells transfected with control (pCH) or NFI expression constructs 
(NFI-A b- -C or -X). A  ^0 1% of nuclear extracts were analyzed by western blot using anti- 
HA and anti-PCNA antibodies. B, gel shift assays were carried out with radiolabeled B-brl, 
B-br2 and B-br3 oligonucleotides and ~ 1 JLtg of the nuclear extracts. DNA binding reactions 
were electrophoresed in a 0.5X TBE 6% polyacrylamide gel to separate unbound (free) DNA 
and DNA-protein complexes.
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3.4. Transcriptional Activation of B-FABP and GFAP by Specific NFI Proteins

Having determined the in vitro ability of each NFI protein to bind to the NFI 

elements in both the B-FABP and GFAP promoters, we next analyzed the transactivation 

capacity of each NFI protein on these promoters using a reporter gene assay in cultured 

cells. For this work, we tested CAT reporter constructs containing different amounts of B- 

EABP and GFAP 5'-flanking DNA (Figure 3.5, panel A and B). Each of the CAT 

constructs (pCAT/B-FABP-160, pCAT/B-FABP-440, pCAT/GFAP-176 or pCAT/GFAP- 

1716) or pCAT-basic was co-transfected into T98 cells along with pCH or an NFI 

expression plasmid (pCHNFI-A, -B, -C or -X). Transfection efficiency from plate to plate 

was determined by southern blot analysis of Flirt DNA. Shown in Figure 3.6 is the Flirt 

DNA analysis results from a single set of transfections (three sets of independent 

transfections were performed). Importantly, Hirt DNA analysis revealed no significant 

differences in transfection efficiency. Of note, the amount of pCAT construct transfected 

was 20X higher than the amount of the pCHNFI expression constructs (red and blue arrows 

in Figure 3.6). This ratio was determined by titrating the amount of pCHNFI used to 

transfect the cells. At levels higher than 1 pg, non-specific inhibition of CAT activity was 

observed, likely due to the presence of elevated levels of a potent transcription factor.

As shown in Figure 3.5 (panel C), the basal level of transcription {i.e. without 

exogenous NFI expression) for each of these constructs differs significantly. A 1.5-fold and

3.5-fold increase in CAT activity was observed for the pCAT/B-FABP-160 and pCAT/B- 

FABP-440 constructs, respectively. For the pCAT/GFAP-176 and pCAT/ GFAP-1716 

constructs, a 12-fold and 13.5-fold increase in CAT activity was observed, respectively. Of 

note, there was little difference in basal CAT activation between the two GFAP CAT 

constructs. This is interesting because we have shown that NFI proteins bind with high
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Figure 3.5 - Analysis B-FABP and GFAP promoter activity. Schematic diagrams of 
the B-FABP (panel A) and GFAP (panel B) CAT reporter constructs arc shown 
indicating the transcription start site (arrow), exon I (black filled box), and the locations 
of the NFI-binding regions (B-FABP: B-brl, B-br2, and B-br3 or GFAP: G-brl, G-br2 
and G-br3; red filled box). In relation to the transcription start site, the B-FABP CAT 
constructs extend from +20 bp to -140 bp (pCAT/B-FABP-160) or +20 to -420 bp 
(pCAT/B-FABP-440), while tine GFAP CAT constructs extend from +8 bp to -168 bp 
(pCAT/ GFAP-176) or +8 to -1708 (pCAT/GFAP-1716). 10 fig of pCAT-basic,
pCAT/B-FABP-160, pCAT/B-FABP-400, pCAT/GFAP-176, or pCAT/GFAP-1716 
were co-transfected with 0.5 (ig of pCH into T98 cells. Extracts prepared from 
transfected cells were assayed for CAT activity by monitoring the level of 
[14 C|chloramphetii coi butyrylation. The results shown are an average of at least three 
independent experiments with standard deviation indicated by the error bars.
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Figure 3.6 - Southern blot analysis of Hirt DNA from T98 cells transfected with 
the CAT reporter constructs. Whole cell extracts were prepared from T98 cells co
transfected with the CAT reporter constructs (pCAT-basic, pCAT/B-FABP-160, 
pCAT/B-FABP-440, pCAT/GFAP-176 or pCAT/GFAP-1716) and pCH or the
pCHNFI expression constructs (NFI A. -B, -C or -X). Hirt DNA was prepared from 
a set fraction (one fifth) of the whole cell lysate from each plate of cells. The DNA 
was restriction enzyme digested and electrophoresed in a 1% agarose gel, transferred 
to nitrocellulose, and probed with radiolabeled plasmid DNA. The band indicated by 
the red arrow represents the CAT construct. The band indicated by the blue arrow 
represents the pCH or NFI expression plasmid.
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levels to the G-br2 region that is present in pCAT/GFAP-1716 but absent in pCAT/ GFAP- 

176. In addition, Besnard and coworkers (1991) have shown that when introduced into 

U251 cells, a CAT construct containing -1660 bp of GFAP 5'-fla.nking DNA generates a 15- 

fold increase in activity compared to a construct containing -210 bp of GFAP 5'-flanking 

DNA. These differences can be explained by our observation that NFIs in U251 cells are 

hypophosphorylated and active, whereas in T98 cells the hyperphosphorylated NFIs are 

inactive (Bisgrove et al. 2000). Thus, in T98 cells we would not expect to observe a large 

difference in CAT activity between pCAT/GFAP-176 and -1716 or between pCAT/B- 

FABP-160 and -440 when no exogenous NFIs are present.

In Figure 3.7, the level of CAT activity generated when each B-FABP or GFAP CAT 

construct was co-transfected with pCHNFI-A, -B, -C or -X is represented as a fold increase 

over its respective basal CAT activity {i.e. co-transfection with pCH). With the pCAT/B- 

FABP-160 construct, NFI-A and NFI-X expression generated a 5.8-fold and 11.6-fold 

increase in CAT activity, respectively, while NFI-B and NFI-C had a negligible (2-fold and

2.5-fold increase, respectively) effect on CAT activity. Similar values were observed with the 

pCAT/B-FABP-440 construct except that the increase observed with NFI-X expression 

dropped to 6.1-fold. These data suggest that NFI-A and NFI-X ate involved in the 

transactivation of B-FABP. In addition, it appears that the NFI-binding site located at 

-257/-243 bp (B-br3) is not essential for the transcriptional activation caused by NFI-A and 

NFI-X. Instead, possibly by acting as a repression element or as a sink for NFI-X, the NFI- 

binding site at -257/-243 bp reduces B-FABP transactivation. These results support our 

previous conclusion that the NFI-binding site located at -54/-40 bp (B-brl) is the essential 

NFI-binding site for B-FABP promoter activity (Bisgrove et ai, 2000).
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pCAT/GFAP-1716) and 0.5 jig of pCH or NFI expression plasmids (NFI-A, -B, -C or -X). Extracts prepared from transfected 
cells were assayed for CAT activity by monitoring the level of [,4C]chloramphenicol butyrylation. The results shown are an average 
of at least three independent experiments with standard deviation indicated by the error bars. The fold increase in CAT activity7 is 
represented relative to the basal CAT activity shown in Figure 3.5 for each CAT construct.



The pattern of CAT activation observed for the pCAT/GFAP-176 construct was 

nearly identical to that of the B-FABP CAT constructs. NFI-A and NFI-X expression 

generated a 4.2-fold and 7.4-fold increase in CAT activity, respectively, while NFI-B and 

NFI-C had a lesser effect (Figure 3.7). However, a drastic increase in CAT activity was 

observed for each NFI construct with the pCAT/ GFAP-1716 construct. This is not 

surprising since it has been postulated that the -1612/-1489 bp region of the GFAP 

promoter is the most important for GFAP transcriptional activation (Besnard et a l 1991). 

Overall, our results suggest that the NFI site within this region is primarily responsible for 

the dramatic increase CAT activity observed here and reported by Besnard and coworkers 

(1991).

Unlike the other CAT constructs which displayed CAT activation only upon NFI-A 

and NFI-X expression, all four NFIs activated transcription from pCAT/GFAP-1716 

(Figure 3.7). This is interesting because NFI proteins have been implicated in both 

transcriptional activation and repression (reviewed in Gronostajski, 2000). However, our 

results indicate that for the GFAP gene, each NFI protein appears to activate transcription. 

Of note, a reduction in transcriptional potential was never observed upon transfection of 

T98 cells with any of the NFI expression constructs. Therefore, it is possible that all four 

NFI proteins serve to activate GFAP transcription, but due to DNA-binding affinities and in 

vivo expression patterns (discussed earlier) only certain NFIs have actually mediate B-FABP 

and/or GFAP transcription in vivo.
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CHAPTER FOUR 

Effects of B-FABP and/ or GFAP expression in malignant glioma cell lines.

Malignant gliomas (MGs) are the most common and most aggressive human brain 

tumours. Despite advances in treatment, the prognosis for patients with these tumours 

remains dismal. The failure of traditional therapy for patients with MG has prompted many 

studies to examine the mechanisms of glial cell differentiation in the hope that it will lead to 

the development of novel therapies designed to induce MG tumour cells to undergo 

differentiation. MGs are believed to arise from the astrocyte lineage because they express 

glial fibrillary acidic protein (GFAP), a cytoskeletal protein expressed specifically in mature 

astrocytes. Interestingly, there is an inverse correlation between levels of GFAP and 

malignancy, with the number of GFAP positive cells decreasing with increased malignancy 

(van der Meulen et al, 1978). Furthermore, Rutka and coworkers (1993) have shown that 

the introduction of GFAP expression constructs into the GFAP-negative MG cell line SF- 

126 results in decreased cell proliferation and growth in soft agar.

We have recently identified another marker of glial cell differentiation, brain-fatty 

acid binding protein (B-FABP), that is co-expressed with GFAP in MG cell lines (Godbout 

et al., 1998). B-FABP is normally expressed in the radial glial cells that form the fiber 

network that guides the migration of neurons in the developing brain. Members of the 

FABP family (Table 1.1) are involved in the uptake, storage and/or delivery of fatty acids 

(FAs) and have been implicated in modulating cell growth and differentiation. FABPs 

function in both a cell-type and FABP-type specific manner to exert their effect on 

proliferation and differentiation. For example, L-FABP has been shown to increase the 

proliferation rate of rat liver cells (Keler et al., 1992), but decrease the proliferation rate of
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mouse embryonic stem cells (Schroeder et al., 2001). In addition, FABPs have recently been 

shown to serve as markers for certain cancers. For example, L-FABP and A-FABP are 

expressed at higher levels in lower grade colon carcinoma and bladder carcinoma, 

respectively, compared to their higher grade counterparts (reviewed in Zimmerman and 

Veerkamp, 2002).

Since B-FABP is co-expressed with GFAP in MG cell lines and since the levels of 

other FABPs have been shown to correlate with tumour progression, we were interested in 

determining if B-FABP expression in MG cell lines is associated with a less aggressive 

phenotype. Here, we describe the effects of B-FABP expression on proliferation, cell 

morphology, anchorage-independent growth, and invasion in two B-FABP/GFAP-negative 

MG cell lines (T98 and U87) that have been stably transfected with a B-FABP expression 

plasmid. In addition, we examine growth properties of a B-FABP/GFAP-positive MG cell 

line (U251) after reduction of B-FABP levels by RNA interference (RNAi).

4.1. Isolation of the B-FABP and/or GFAP Stably Transfected T98 and U87 
Malignant Glioma Clones

The T98 MG cell line was transfected with the following B-FABP and/or GFAP 

expression constructs: pREP4 (control), pREP4/B-FABP, pREP4/GFAP, or both 

pREP4/GFAP and pcDNA3/B-FABP. The U87 MG cell line was transfected with pREP4 

or pREP4/B-FABP. Transfected cells were selected in culture medium containing 

hygromydn and/or G418 and at least six independent clones were isolated and expanded for 

each construct. To verify that the clones expressed the appropriately transfected gene(s), 

western blot analysis was performed using whole cell extracts prepared from each 

transfectant (data not shown).
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T98 transfectants:

For T98, we selected the three transfected clones expressing the highest levels of B- 

FABP and/or GFAP, as well as three control (pREP4) transfected clones. These clonal 

cultures were labeled: T98-B-FABP-1, -2 and -4; T98-GFAP-1, -2 and -3; T98-B/G-1, -6 

and -8 (B-FABP/GFAP transfectants); and T98-pREP4-4, -5 and -6. Western blot analyses 

of the B-FABP transfected clones revealed that B-FABP levels were highest in clones 1 and 

2, with approximately 2-fold lower levels in clone 4 (Figure 4.1). No GFAP expression was 

detected in these three clones. In the GFAP transfectants, GFAP expression was highest in 

clone 3 followed by clone 2, with clone 1 having the lowest levels. B-FABP was not 

detected in these clones. All three double transfectants showed high levels of GFAP 

(generally higher than that observed in GFAP transfected cells). Flowever, B-FABP 

expression was highly variable in the double transfectants with elevated B-FABP levels in 

clone 1 and barely detectable levels in clones 6 and 8. The B-FABP/GFAP-positive MG cell 

line (U251) and B-FABP/GFAP-negative parent T9 8 cell line are shown for comparison. 

Of note, B-FABP and GFAP levels in the transfectants were lower than those observed in 

U251.

U87 transfectants:

For U87, we analyzed B-FABP levels in seven B-FABP transfected clones and found 

that each clone expressed B-FABP at much higher levels than the T98 B-FABP 

transfectants. Of these seven U87-B-FABP clones, the five transfectants expressing the 

highest levels of B-FABP (U87-B-FABP-1, -2, -3, -5, -7) were selected for further studies. In 

addition, we selected four control clones (U87-pREP4-l, -3, -6, -7). For the five U87- 

B-FABP clones, highest levels of B-FABP were observed in clones 3 and 7, intermediate 

levels in clones 1 and 2, and lowest levels in clone 5 (Figure 4.2). Consistent with the
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Figure 4.1 - Western blot analysis of B-FABP and GFAP in the T98 
transfectants. Whole cell extracts were prepared from the MG cell lines U251 and 
T98, B-FABP transfectants (B-FABP-1, -2, and -4), B-FABP/GFAP transfectants 
(B/G-l, -6, and -8), and GFAP transfectants (GFAP-1, -2, and -3). Equal amounts of 
protein (50 jig) were loaded in each lane and electrophoresed in a 15% SDS-PAGE 
gel. Proteins were transferred to nitrocellulose, blocked and incubated sequentially 
with anti-B-FABP, anti-GFAP and anti-actin antibodies. The arrowheads denote the 
position of the bands representing B-FABP and GFAP immunoreactivity.
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previous results in T98, GFAP expression was not detected in the U87-B-FABP 

transfectants. These results indicate that B-FABP, while often co-expressed with GFAP in 

MG, does not by itself play a role in regulating GFAP expression.

4.2. Immunofluorescence Analysis of B-FABP and/or GFAP in the T98 and U87 
transfectants

Some of the transfected clones had low B-FABP and/or GFAP levels which might 

mean that either a low percentage of cells within these clones express the transfected gene(s) 

or a high percentage of cells express the gene(s) but at low levels. To address these two 

possibilities, immunofluorescence analysis was performed on each of the T98 and U87 

transfectants previously discussed (T98-B-FABP-1, -2 and -4; T98-GFAP-1, -2 and -3; T98- 

B/G -l, -6 and -8; and U87-B-FABP-1, -2, -3, -5 and -7). In addition, one control for each 

set of transfectants (T98-pREP4-4 and U87-pREP4-7) was analyzed. The goals of these 

studies were twofold: i) to examine the relative levels of B-FABP and/or GFAP in each of 

the transfectants and, ii) to determine the approximate percentage of cells expressing B- 

FABP and/or GFAP.

For these experiments, each transfectant was plated on coverslips and grown to 

~ 60-80% confluence. Cells were double-stained with anti-B-FABP and anti-GFAP primary 

antibodies followed by fluorescent secondary antibodies and visualized using a confocal 

microscope. To determine the percentage of cells expressing B-FABP and/or GFAP, a total 

of four images were collected for each transfectant. Importantly, laser scanning parameters 

were kept constant for all images to ensure that the data collected could be compared 

quantitatively. To calculate the percentage of cells expressing B-FABP and/or GFAP, the 

total number of cells expressing B-FABP and/or GFAP was divided by the total number of 

cells as determined by DAPI staining to identify each cells nucleus. A representative image
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Figure 4.2 - Western blot analysis of B-FABP and GFAP in the U87 
transfectants. Whole cell extracts were prepared from the MG cell lines U251 
and U87, and B-FABP transfectants (B-FABP-1, -2, -3, -5 and -7). Equal amounts 
of protein (50 Jig) were loaded in each lane and electrophoresed in a 15% SDS- 
PAGE gel. Proteins were transferred to nitrocellulose, blocked and incubated 
sequentially with anti-B-FABP, anti-GFAP and anti-actin antibodies. The 
arrowhead denotes the position of the band representing GFAP irnmunoreactmty.

97

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



for each T98 B-FABP and/or GFAP transfectant is shown in Figure 4.3 and for each U87 

B-FABP transfectant in Figure 4.4.

T98 transfectants:

For the T98 transfectants, B-FABP expression was observed in 100% of the cells for 

T98-B-FABP-1, -4 and T98-B/G-1 (Figure 4.3). The remaining B-FABP and B- 

FABP/GFAP transfectants showed a slight reduction in the percentage of cells expressing 

B-FABP at 96%, 92% and 85% for T98-B-FABP-2, T98-B/G-6 and -8, respectively. Thus, 

the percentage of cells expressing B-FABP in each clone likely has little to do with the 

difference in B-FABP levels observed by western blot analysis. Interestingly, while B-FABP 

expression appeared to be almost absent in the T98-B/G-6 and -8 clones by western blot 

analysis, it was easily detected by immunofluorescence. This is most probably due to the 

increased low-signal sensitivity of the immunofluorescence technique compared to western 

blotting. In agreement with the western blot data, the most intense B-FABP 

immunofluorescence signal was observed in T98-B/G-l, followed by the three T98-B-FABP 

transfectants. A less intense B-FABP immunofluorescence signal was observed in the T98- 

B/G-6 and -8 clones. Overall, these data suggest that the differences in B-FABP expression 

observed by western blot were due to low intracellular B-FABP expression levels rather than 

a low percentage of cells expressing B-FABP.

Of note, differences in B-FABP levels are difficult to assess in Figure 4.3 since the 

laser scanning parameters in this experiment were optimized to analyze the percentage of 

cells expressing B-FABP and/or GFAP rather than to quantitate protein levels. When laser 

scanning parameters were adjusted for quantitative measurement, by appearance, protein 

levels were found to correlate with the pattern observed by western blot analysis (data not 

shown).
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Figure 4.3 - Immunofluorescence analysis of B-FABP and/or GFAP in the T98

transfectants. Each transfectant was plated on coverslips, grown to 60-80% confluence, 

fixed, permeabilized and double-stained with rabbit anti-B-FABP and mouse anti-GFAP 

antibodies. Fluorescent secondary antibodies [Alexa 488 (anti-mouse) and Alexa 555 (anti

rabbit)] allowed image collection using a confocal microscope. Laser scanning parameters 

were kept constant to ensure that the images could be quantitatively compared. Four images 

were collected for each transfectant and a representative image is shown. A) B-FABP (Alexa 

555; green) and DAPI (white) channels are shown for T98-B-FABP-1 (Bl), -2 (B2), and -4 

(B4). B) GFAP (Alexa 488, red) and DAPI channels are shown for T98-GFAP-1 (Gl), -2 

(G2), and -3 (G3). C) B-FABP, GFAP and DAPI channels are shown for T98-B/G-1 

(B/G-l), -6 (B/G-6), and -8 (B/G-8). D) B-FABP and DAPI channels are shown for T98- 

pREP4-4 (pREP4). No GFAP signal was detected in the T98-pREP4-4 and T98-B-FABP 

transfectants. Similarly, no B-FABP signal was detected in the T98-GFAP transfectants. 

The name of the cell line is indicated in the top left corner. The antibody or nuclear stain 

(DAPI) used for image collection is indicated in the bottom left comer. The percentage of 

cells expressing B-FABP or GFAP is indicated in the bottom right corner. Of note, 

immunofluorescence analysis with secondary antibody alone produced a background signal 

similar to that of T98-pREP4 in panel D.
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Figure 4.4 - Immunofluorescence analysis of B-FABP in the U87 transfectants. Each transfectant was plated on coverslips, grown to 60- 
80% confluence, fixed, permeabilized and double-stained with rabbit anti-B-FABP and mouse anti-GFAP antibodies. Fluorescent secondary 
antibodies [Alexa 488 (anti-mouse) and Alexa 555 (anti-rabbit)] allowed image collection using a confocal microscope. Laser scanning parameters 
were kept constant to ensure that the images could be quantitatively compared. Four images were collected for each transfectant and a 
representative image is shown for each transfectant: U87-B-FABP-1 (Bl), -2 (B2), -3 (B3), -5 (B5), -7 (B7) and U87-pREP4-7 (pREP4-7). The 
B-FABP (green) and DAPI (white) channels are shown for each image. No GFAP signal was detected for any image collected. The name of 
the cell line is indicated in the top left comer. The antibody or nuclear stain (DAPI) used for image collection is indicated in the bottom left 
corner. The percentage of cells expressing B-FABP or GFAP is indicated in the bottom right comer.



In contrast to the results obtained for B-FABP, a relatively low percentage of cells in 

the T98-GFAP-1, -2, -3 transfectants expressed GFAP (~35%, 47% and 57%, respectively). 

GFAP signal intensity in T98-GFAP-1 was lower than that observed in T98-GFAP-2 and -3. 

These patterns correspond to the data obtained by western blot, suggesting that the low 

levels of GFAP expression in the T98-GFAP clones is due to both low GFAP levels and a 

relatively low percentage of GFAP-expressing cells. A correlation with western blot data 

was also observed for the T98-B/G clones, with 94%, 85% and 82% of cells expressing 

GFAP in T98-B/G-1, -6 and -8, respectively. In addition, GFAP expression in the double 

transfectants appeared to be slighdy higher than that observed in the T98-GFAP clones. 

The latter was determined by adjusting the laser scanning parameters to eliminate 

immunofluorescence signal saturation (data not shown).

U87 transfectants:

A B-FABP signal was observed in ~100% of the cells in the clones expressing the 

highest levels of B-FABP (U87-B-FABP-3 and -7), whereas ~83%, 92% and 87% of the 

cells in the U87-B-FABP-1, -2 and -5 clones, respectively, were B-FABP-positive (Figure 

4.4). Although most of the cells in each clone were B-FABP-positive, the percentage of cells 

expressing B-FABP in each clone may partly explain the western blot data showing lower 

levels of B-FABP in the U87-B-FABP-1, -2 and -5 clones compared the U87-B-FABP-3 and 

-7 clones. However, significant differences in the intensity of the B-FABP signal were also 

observed by immunofluorescence with the strongest signal in U87-B-FABP-1, -3 and -7, a 

significantly weaker signal in U87-B-FABP-2, and the weakest signal in U87-B-FABP-5. 

These results indicate that there is significant cell-to-cell variation in B-FABP levels in the 

different clonal populations.
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4.3. Isolation of U251 Malignant Glioma Clones with Reduced B-FABP Levels

The pSUPER RNA interference (RNAi) technique was used to reduce B-FABP 

levels in the B-FABP/GFAP-positive MG cell line, U251. This technique allows stable 

production of small (21- to 22-nucleotide) interfering RNAs (siRNA) that can mediate a 

strong and specific suppression of gene expression (Brummelkamp et al, 2002). Unlike 

transient siRNA transfection, the pSUPER system generates long-term loss-of-function, 

which typically becomes more pronounced over time due to the persistent intracellular 

synthesis of siRNA (www.oligoengine.coml. In eukaryotic cells, these siRNAs generate a 

response whereby the host cells destroy mRNAs that share the same sequence as the siRNA.

We designed two pSUPER constructs for this work, one that produced siRNA 

specific to B-FABP (pSUPER/B-FABP) mRNA and another that produced siRNA specific 

to DEAD box 1 (DDX1) mRNA (pSUPER/DDXl). The pSUPER/DDXl construct 

served as a control to ensure that any changes observed with pSUPER/B-FABP were caused 

by a specific reduction in B-FABP levels and not by a non-specific effect caused by the 

production of siRNA. In addition, the pSUPER vector (without insert) served as an empty 

vector control. The pSUPER/B-FABP and pSUPER/DDXl constructs were generated by 

inserting a double-stranded 64-nt synthetic oligonucleotide containing two 19-nt reverse 

complement sequences specific to a portion of the target gene. The 19-nt gene-specific 

sequence for pSUPER/B-FABP corresponds to nucleotides 114-133 of the B-FABP coding 

region, while the targeted region for pSUPER/DDXl corresponds to nucleotides 597-616 in 

the DDX1 coding region.

The U251 MG cell line was co-transfected with pSUPER, pSUPER/B-FABP or 

pSUPER/DDXl as well as pREP4, and the cells were selected in culture medium containing 

hygromycin. At least six independent clones were isolated and expanded for each construct.
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To examine the level of gene-specific suppression in each of the clones, western blot analysis 

was performed using whole cell extracts prepared from each transfectant immediately after 

clonal expansion. No reduction in B-FABP levels was observed in any of the U251- 

pSUPER or U251 -pSUPER/DDXl clones. Thus, for each of these transfectants, clones 1, 

2 and 3 were randomly selected for further studies. B-FABP and DDX1 expression in these 

clones is shown in Figure 4.5A. While DDX1 levels were reduced by ~70-80% in U251- 

pSUPER/DDXl-1 and -2, no change in DDX1 levels detected in U251-pSUPER/DDXl-3.

The seven U251-pSUPER/B-FABP clones analyzed showed variable B-FABP 

expression. The clones with the most significantly reduced levels of B-FABP (U251- 

pSUPER/B-FABP-1, -4 and -7) showed a 40-60% reduction immediately after clonal 

expansion (Figure 4.5A). Because loss-of-phenotype is predicted to develop over longer 

periods of time, whole cell extracts were prepared from U251-pSUPER-l, -2 and -3, and 

U251-pSUPER/B-FABP-l, -4 and -7 after an additional six passages (1 passage = 1:6 

dilution every 4 days). As shown in Figure 4.5B, a 90% or greater reduction in B-FABP 

levels was observed in the U87-B-FABP-1, -4 and -7 clones compared to controls. The lag 

in B-FABP suppression may have been due to the high abundance of B-FABP in U251 

and/or protein stability. Regardless, B-FABP levels were sufficiently reduced in the U251- 

pSUPER/B-FABP-1, -4 and -7 clones to allow further characterization of growth and 

invasive properties.

4.4. Morphological Alterations in the Malignant Glioma Clones

The parent MG cell lines (T98, U87, U251) used for these analyses display 

significantly different morphological characteristics. Before confluence, T98 cells (B- 

FABP/GFAP-negative) are typically flat and polygonal-shaped, with smooth boundaries 

(Figure 4.6, top panel). U87 cells (B-FABP/ GFAP-negative) are smaller, stellate-shaped,
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Figure 4.5 - Western blot analysis of B-FABP and DDX1 in the pSUPER, 
pSUPER/B-FABP and pSUPER/DDXl transfectants. Whole cell extracts were 
prepared from the MG cell line U251, U251-pSUPER transfectants (pSUPER-1, -2, and 
-3), U251-pSUPER/B-FABP transfectants (pSUPER/B-FABP-1, -4, and -7), and U251- 
pSUPER/DDXl transfectants (pSUPER/DDXl-1, -2, and -3). Equal amounts of protein 
(50 jig) were loaded in each lane and electrophoresed in a 12% SDS-PAGE gel. Proteins 
were transferred to nitrocellulose, blocked and incubated sequentially with anti-B-FABP, 
anti-DDXl and anti-actin antibodies. A) Whole cell extracts were prepared immediately 
after clonal expansion. B) Whole cell extracts from U251-pSUPER and U251-pSUPER/B- 
FABP transfectants were prepared after an additional six passages compared to (A).
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Figure 4.6 - Morphology of the T98, U251 and U87 MG cell lines. Phase contrast 
microscopy was used to photograph the cell lines when they had reached approximately 
60-80% confluence. T98 cells (top panel) are flat, polygonal-shaped with smooth 
boundaries. U251 cells (middle panel) are similar to T98 in size, but display a stellate- 
shaped morphology and have numerous processes. U87 cells (bottom panel) are 
morphologically similar to U251 cells except they have a slightly smaller cell body and 
fewer processes. All microscopy images were taken using a 10X objective lens.
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and have short but well defined processes (Figure 4.6, bottom panel). U251 cells (B- 

FABP/  GFAP-positive) are morphologically similar to U87 cells, except that they tend to 

have slightly larger cell bodies and more numerous processes (Figure 4.6, middle panel). At 

confluence, all three cell lines display a high degree of cell crowding and piling, especially the 

U87 cell line which typically forms tight balls of cells that are easily shed into the medium. 

T98 transfectants:

As expected, the T98-pREP4 cells were morphologically indistinguishable from the 

T98 cell line (Figure 4.7), indicating that neither transfection nor growth in selection medium 

(hygromycin and/or G418) was sufficient to induce a change in morphology. However, cells 

transfected with B-FABP and/or GFAP displayed significant changes in morphology 

compared to the pREP4 transfectants.

Although there was some variability in the morphology of the T98-B-FABP clones, 

these clones were generally comprised of cells that were more stellate-shaped than the T98- 

pREP4 cells (Figure 4.8). In addition, most of the B-FABP transfected cells no longer had 

smooth cell boundaries and formed thin cytoplasmic processes (as indicated by the arrows in 

Figure 4.8). Before confluence, these processes were abundant (typically 3-5/cell) and often 

quite long, forming lines of contact between numerous cells. At confluence the majority of 

the processes appeared to shorten as the cells packed closer together. The short processes 

were most obvious in the small gaps that the cells tended to leave between each other 

instead of crowding and piling up like the controls. While this is the first report of B-FABP 

inducing process formation in MG cell lines, Feng and coworkers (1994) have shown that B- 

FABP expression is important for the development of glial processes in radial glial cells and 

coincides with radial glial cell differentiation. Thus, it is possible that the formation of 

processes in these MG cell lines is a step towards a more differentiated state.
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Figure 4.7 - Morphology of the T98-pREP4 transfectants. Phase contrast 
microscopy was used to photograph the cell lines when they had reached approximately 
60-80% confluence. The T98-pREP4-4 (top panel), -5 (middle panel), and -6 (bottom 
panel) cells all display a morphology similar to that of the parent T98 cell line. The cells 
are flat, polygonal-shaped with smooth cell boundaries. All microscopy images were 
taken using a 10X objective lens.

108

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 4.8 - Alterations in morphology produced by the expression of B-FABP 

and/or GFAP in T98 cells. Phase contrast microscopy was used to photograph the cell 

lines when they had reached approximately 60-80% confluence. The T98-BFABP-1 (Bl), -2 

(B2), -4 (B4) clones are comprised of cells that are stellate-shaped and have extended thin 

cytoplasmic processes (indicated by arrowheads). Unlike the T98-B-FABP transfectants, the 

T98-GFAP-1 (Gl), -2 (G2), and -3 (G3) clones have an elongated appearance and processes 

fo rmation is absent. There is no predominant morphology for the T98-B-FABP/GFAP-1 

(B/Gl), -6 (B/G6), and -8 (B/G8) clones. The cells within these clones display phenotypes 

similar to that of the T98-pREP4, -B-FABP, and -GFAP transfectants. However, one 

morphological feature common to all the T98-B/G clones is that the cells tend to grow in 

clumps. Also, the T98-B/G clones that express higher levels of B-FABP have more 

pronounced processes. All microscopy images were taken using a 10X objective lens.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



110

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



The most striking difference between the T98-GFAP clones and the T98-B-FABP 

clones was the elongated appearance and the absence of processes in the T98-GFAP 

transfectants (Figure 4.8). This elongated morphology was observed prior to confluence as 

well as at confluence, and seemed to be associated with an increased cytoplasmic:nuclear 

ratio. Since GFAP is a cytoplasmic intermediate filament (IF), its overexpression might be 

expected to change the structure and/or volume of the cytoplasm. Rutka and Smith (1993) 

have observed a similar effect upon transfection of the astrocytoma cell line SF-126 with a 

GFAP expression construct. In accordance with these findings, others have postulated that 

GFAP is involved in maintaining astrocyte cell shape via interactions with the nuclear and 

plasma membranes (Duffy et al., 1982; Goldman and Chiu, 1984). The absence of processes 

in the GFAP transfected cells is not surprising since it has previously been demonstrated 

that GFAP only leads to process formation in astrocytes when these cells are co-cultured 

with neurons (Weinstein et al., 1991; Chen and Liem, 1994).

Of note, there was little clone-to-clone morphological variation for both the T98-B- 

FABP and T98-GFAP transfectants even though B-FABP and GFAP expression was 

variable in these clones. For example, the T98-GFAP-1 clone expressed very low levels of 

GFAP compared to the T98-GFAP-3 clone, yet the cells in these two clonal populations 

were morphologically similar. These results suggest that even low levels of B-FABP or 

GFAP expression are sufficient to mediate the morphological changes observed in the 

transfected T98 cells.

In contrast to the T98-B-FABP and T98-GFAP transfectants, the T98-B/G clones 

did not display a predominant morphology (Figure 4.8). The cells within each clone 

appeared to be a mixture of the phenotypes displayed by the T98-B-FABP and T98-GFAP 

clones. However, the clones in which B-FABP expression could be detected by western blot
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analysis (T98-B/G-1 and -8) did tend to have more processes than did T98-B/G-6. Also, 

the T98-B/G clones tended to grow as clumps, with individual clumps expanding to form a 

monolayer. Since GFAP is expressed at high levels in all three T98-B/G clones compared 

to the T98-GFAP clones, and because GFAP has previously been found to inhibit mobility 

in another MG cell line (U373) (Zhou and Skalli, 2000), we can speculate that this strong 

overexpression of GFAP inhibited the migration of the cells, leading to cell clumping.

U87 transfectants:

Examination of the morphology of the U87-B-FABP clones provided further 

evidence of a role for B-FABP in process formation. In these transfectants, numerous long 

and thin cytoplasmic processes were readily apparent in 4/5 of the U87-B-FABP 

transfectants (U87-B-FABP-1, -2, -3 and -7) (as indicated by arrowheads in Figure 4.9). 

However, these processes were not evident in U87-B-FABP-5 cells. One possible 

explanation for absence of long processes in the U87-B-FABP-5 clone may be the lower 

levels of B-FABP observed in this clone by western blot (Figure 4.2). It is possible that, 

unlike the T98 cell line, relatively high levels of B-FABP are required for the formation of 

processes in U87 cells. Another possibility is that the subcellular localization of B-FABP in 

U87-B-FABP-5 is altered compared to that of the other four clones. As expected, the U87- 

pREP4 clones looked similar to the parent U87 cell line, with a stellate-shaped cell body and 

relatively short cytoplasmic processes (Figure 4.9).

In addition to process formation, a few other morphological changes were observed 

in the U87-B-FABP-1, -2, -3 and -7 clones, but not in U87-B-FABP-5. First, the U87-B- 

FABP-1, -2, -3 and -7 clones showed an increase in cell size compared to the U87-pREP4 

clones. This change in cell size was most evident in those transfectants expressing the 

highest levels of B-FABP (U87-B-FABP-3 and -7) (Figures 4.4 and 4.9). Interestingly,
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Figure 4.9 - Effects of B-FABP expression on the morphology of U87 cells. Phase 

contrast microscopy was used to photograph the cell lines when they had reached 

approximately 60-80% confluence. The morphology of the cells in the U87-pREP4-l (Cl), 

-3 (C3), -6 (C6), and -7 (C7) clones is similar to that observed for the U87 parent cell line. 

These cells are stellate-shaped and extend relatively short processes. U87-B-FABP-5 (B5) 

cells also have this morphology. In contrast, the clones with higher levels of B-FABP, U87- 

B-FABP-1 (Bl), -2 (B2), -3 (B3), and -7 (B7) have a markedly different phenotype. These B- 

FABP transfectants extend very long processes (indicated by arrowheads), some stretching 

over 200 pm, and have an increased cell size. All microscopy images were taken using a 10X 

objective lens.
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both the nucleus and cytoplasm were generally larger in these cells (Figure 4.4), but overall 

an increase in the cytoplasmic:nuclear ratio was evident. Thus, it appears that both GFAP 

expression in T98 cells and B-FABP expression in U87 cells increase the cytoplasmic:nuclear 

ratio in these MG cell lines. Second, at confluence none of the U87-B-FABP-1, -2, -3 and -7 

clones displayed a high degree of cell crowding, and there was no piling up of cells. In 

contrast, the U87-B-FABP-5 and U87-pREP4 clones displayed cell crowding and mild cell 

piling; however, they no longer formed the tight balls of piled up cells observed in the parent 

line. The absence of piled-up cells could be due to the decreased proliferation rate observed 

for the U87-pREP4 clones compared to the parent U87 cell line (discussed in section 4.4). 

U251 transfectants:

Yet additional evidence supporting a role for B-FABP in process formation comes 

from the U251-pSUPER/B-FABP clones, where B-FABP expression was reduced by 

-90%. Lower levels of B-FABP in U251 were generally accompanied by a reduction in the 

number of processes. As shown in Figure 4.10, U251 cells transfected with pSUPER (panel 

A-C) and pSUPER/DDX1 (panel D-F) had a similar morphology as the U251 parent cell 

line. These cells were stellate-shaped and had numerous short cytoplasmic processes. In 

contrast, cells transfected with pSUPER/B-FABP (panel G-I) typically failed to develop 

processes, and displayed fan-like structures (indicated by arrows). One possible explanation 

for this finding is that the reduction in B-FABP expression enhances cell motility since the 

fan-like structures resemble the characteristic structure of the leading-edge in migrating cells. 

At confluence, these fan-like structures disappeared and the U251-pSUPER/B-FABP clones 

looked much like the U251-pSUPER and U251 -pSUPER/DDXl clones. Of note, no 

increase in cell crowding or piling was observed for any of the U251 transfectants at 

confluence.
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Figure 4.10 - Absence of processes in U251-pSUPER/B-FABP clones. Phase contrast 

microscopy was used to photograph the cell lines when they had reached approximately 60- 

80% confluence. The morphology of the cells in the control transfectants U251-pSUPER-l 

(A), -2 (B), and -3 (C) is similar to that observed for the U251 parent cell line. These cells 

are stellate-shaped and have relatively short processes. U251-pSUPER/DDXl-l (D), -2 (E) 

and -3 (F) clones also displayed this morphology. In contrast, the U251-pSUPER/B-FABP 

clones which showed a ~90% reduction in B-FABP levels based on western blotting, exhibit 

drastic morphological alterations. The cells in these pSUPER/B-FABP transfectants 

typically fail to develop processes, and instead display fan-like structures (indicated by 

arrowheads) similar to migratory leading-edge structures. All microscopy images were taken 

using a 10X objective lens.
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4.5. Subcellular Localization of B-FABP in the U87 Transfectants

As mentioned in section 4.4, the morphology of the U87-B-FABP-5 clone was 

different from that of U87-B-FABP-1, -2, -3 and -7. We reasoned that this difference could 

be due to either the lower levels of B-FABP or a difference in the subcellular localization of 

B-FABP in U87-B-FABP-5. To address the latter, confocal microscopy studies were 

performed on each of the U87-B-FABP transfectants. The experimental design was 

identical to that described in section 4.2 except that the laser scanning parameters were 

adjusted between images to prevent signal saturation. Also, a 40X/1.3 oil immersion lens 

was used rather than a 25X/0.8 immersion correction lens to allow a more detailed 

subcellular analysis. We examined a minimum of five images for each of the five 

transfectants. From the images captured, a strong nuclear B-FABP signal was detected in 

U87-B-FABP-1, -2, -3 and -7; however, nuclear B-FABP was virtually absent in U87-B- 

FABP-5 clone. A representative image for each transfectant is shown in Figure 4.11.

These findings suggest that the morphological alterations observed in the U87-B- 

FABP clones may be mediated, at least partly, by a function for B-FABP in the nucleus. In 

support of this idea, other researchers have demonstrated an involvement of FABPs in 

regulating gene transcription and differentiation by delivering FAs to the nucleus and/or by 

interacting with PPARs in the nucleus (reviewed in Zimmermann and Veerkamp, 2000). 

While we have not addressed the role of B-FABP in the nucleus in these studies, our results 

indicate that B-FABP may play a role in mediating cell morphology and probably cell 

differentiation.

4.6. Effects of B-FABP and/or GFAP Expression on Cell Proliferation

To determine the proliferation rate of each of the transfectants and the parent lines, 

15000 cells were plated in triplicate in 35-mm tissue culture plates. At specific time points
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Figure 4.11 - Subcellular localization of B-FABP in the U87 transfectants. Eadi transfectant was plated on coverslips, grown to 60-80% 
confluence, fixed, permeabilized and double-stained with rabbit anti-B-FABP and mouse and-GFAP antibodies. Fluorescent secondary antibodies 
[Alexa 488 (anti-mouse) and Alexa 555 (anti-rabbit)] allowed image collection using a confocal microscope. DAPI was used to stain the nucleus. At 
least five images were collected for each transfectant, U87-B-FABP-1 (Bl), -2 (B2), -3 (B3), -5 (B5), and -7 (B7). A representative image is shown 
for the B-FABP (green) and DAPI (white) channels. Interestingly, the U87-B-FABP clones that displayed distinct morphological alterations (Bl, 
B2, B3, and B5) exhibited a strong nuclear staining pattern for B-FABP, while U87-B-FABP-5, similar in morphology to the controls, showed little 
B-FABP nuclear staining.



the number of cells in each plate was counted to generate a growth rate curve for each cell 

line. The growth rate curves for the T98 transfectants are shown in Figure 4.12, the U87 

transfectants in Figure 4.13, and the U251 transfectants in Figure 4.14. From the growth 

rate curves, the doubling time for each cell line was calculated during a period when the cells 

were undergoing exponential growth. The doubling times calculated for each of the cell 

lines and clones are shown in Table 4.1.

T98 transfectants:

The proliferation rate of the T98-B-FABP transfectants was similar to that observed 

for T98 and the T98-pREP4 transfectants (Figure 4.12), with doubling times of 19 hours for 

T98 and the T98-pREP4 clones, and 20 hours for the T98-B-FABP clones (Table 4.1). 

Thus, B-FABP appears to have very little influence on the proliferation rate of T98 cells. In 

contrast, T98 cells transfected with GFAP demonstrated significant alterations compared to 

the control cells, with doubling times of 24, 25.5 and 27 hours for T98-GFAP-1, -2 and -3, 

respectively. Interestingly, the rate of proliferation inversely correlated with GFAP 

expression in these clones. For instance, the clone with the highest level of GFAP, T98- 

GFAP-3, had the slowest proliferation rate. This is as expected as others have previously 

described an inverse correlation between GFAP expression and proliferation rate (Rutka and 

Smith, 1993; Rutka et al., 1994)

The T98-B/G clones demonstrated an even greater reduction in proliferation rate 

than the T98-GFAP clones, with doubling times of 36 and 55 hours observed for T98-B/G- 

1 and -8, respectively. While much of this effect on proliferation may be mediated by the 

high levels of GFAP in the double transfectants, it is noteworthy that the T98-B/G-6 clone, 

which has levels of GFAP nearly as high as those observed in T98-B/G-1 and -8, but 

undetectable B-FABP, has a proliferation rate similar to that of T98-GFAP transfectants
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Figure 4.12 - Growth rate curves for the T98 B-FABP and/or GFAP transfectants. For the T98 cell line and the T98-pREP4, -GFAP, 
-B-FABP and -B/G transfectants, 15000 cells were plated in 35-mm tissue culture plates in triplicate for each time point shown (48, 96,120,144, 
192, and 216 hours). Cells were counted at each time point and growth rate curves were plotted for each cell line. Error bars depict the standard 
deviation for each count; however, many lie within the time point label and cannot be seen. When compared to the control transfectants (T98- 
pREP4), the growth rate of T98 cells did not appear to be affected by B-FABP cDNA transfection, while GFAP expression significantly reduced 
the proliferation rate of these cells.
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Figure 4.13 - Effect of B-FABP cDNA transfection on U87 M G  proliferation. For the U87 cell line and the U87-pREP4 and U87-B-FABP 
transfectants, 15000 cells were plated in 35-mm tissue culture plates in triplicate for each time point shown (48, 96, 120, 144, 168, and 192). Cells 
were counted at each time point and growth rate curves were plotted for each cell line. Error bars depict the standard deviation for each count; 
however, many lie within the time point label and cannot be seen. When compared to the control transfectants (U87-pREP4), the growth rate of the 
U87-B-FABP-1, -2, 3, and -7 clones is significantly reduced, while that of U87-B-FABP-5 is not. Unexpectedly, the U87-pREP4 clones showed a 
markedly reduced proliferation rate compared to the U87 parent cell line.
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Figure 4.14 - Reduced B-FABP expression in U251 MG does not affect proliferation. For the U251 cell line and the U251-pSUPER, U251- 
pSUPER/B-FABP, and U251-pSUPER/DDXl transfectants, 15000 cells were plated in 35-mm tissue culture plates in triplicate for each time 
point shown (48, 96, 144, and 192 hours). Cells were counted at each time point and growth rate curves were plotted for each cell line. Error 
bars depict die standard deviation for each count; however, many lie within the time point label and cannot be seen. When compared to the 
control transfectants (U251-pSUPER-l, -2, and -3), the growth rate of U251 cells did not appear to be significantly affected by reduced B-FABP 

to or DDX1 expression.



Table 4.1 - Doubling time for the T98, U87 and U251 cell lines and the
transfectants.

B otiM ogT iae
OelUras (hoots)

T98 19.0
T98-pREP4-4 IS.Cr
T9S-pKEP4-5 19,0
T98-pKEP4-6 19 0
T9S-B-FABP-1 20 '
T98-B-FABP-2 21 2
T98-B-FABP-4 :;,o
T9S-GFAF-2 24.0
T98-GFAP-2 25.5
T9S-GFAP-3 2".0
T98-B/G-1 36.0
*T98-B/G-6 2~.0
T98-B/G-S 35.0

0 7 ....... ......... ..... m ........................
U87-pREP4-l 28.0
US7-pREP4-3 325
US7-pREP4-6 31.0
US7-pREP4-7 35.5 •
U87-B-FABP-1 45.0
U87-B-FABP-2 455
U87-B-FABP-3 ” 0
U87 -B-FABP-5 28.0
U87-B-FABP-7 645

U231 26.0
U251-pSUPER-l 23.0
U251-pSUFER-2 24.0
U2Sl-pSrPER-3 23.0
U251-pSUFER/DDXl-l 21.0
U251-pSUPER/DDXl-2 23.5
U251-pSUPER/DDXl-3 20.5
U251-pS tTPER/B -FABP-1 23.0
U231-pSUPER/B-FABP-i 24.0
U 2S1- pSUPER/B -FABP-7 21.0
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expressing low levels of GFAP. Therefore, we speculate that B-FABP expression in the 

T98-B/G-1 and -8 clones may be responsible for the greater reduction in proliferation rate 

observed in these cells. Alternatively, the difference in proliferation rate between the T9 8- 

B/G clones may simply be a function of clonal variation.

U87 transfectants:

In support of a role for B-FABP in mediating the proliferation rate of MG cells, we 

observed a strong reduction in the proliferation rate of U87 cells expressing B-FABP (Figure 

4.13). The U87 cells had a doubling time of 21 hours, while the U87-pREP4 transfectants 

had doubling times of 28, 32.5, 31 and 35.5 hours for U87-pREP4-l, -3, -6 and -7, 

respectively (Table 4.1). Four of the five U87-B-FABP clones had doubling times of 49,

49.5, 77 and 64.5 hours for U87-B-FABP-1, -2, -3 and -7, respectively. Using the average 

doubling time for the controls (~32 hours), we calculated a 1.5-fold increase in doubling 

time for U87-B-FABP-1 and -2, a 2.4-fold increase for U87-B-FABP-3, and a 2.2-fold 

increase for U87-B-FABP-7. The U87-B-FABP-5 clone, with a doubling time of 28 hours, 

did not exhibit any reduction in proliferation. The U87-B-FABP-5 results suggest that either 

there must be a threshold level of B-FABP necessary to generate an effect on proliferation 

or that nuclear B-FABP is required to affect proliferation.

Unexpectedly, the U87-pREP4 control clones showed a markedly reduced 

proliferation rate compared to the U87 parent cell line (Figure 4.13; Table 4.1). This 

observation suggests that clonal selection in hygromycin influenced the growth 

characteristics of the U87 cells. However, since the B-FABP transfectants are always 

compared to the similarly generated control transfectants, this should not affect our overall 

conclusions as to the role of B-FABP in these cells.
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U251 transfectants:

Analysis of the U251 transfectants indicated that even a 90% reduction in B-FABP 

levels did not have an effect on proliferation rate. The U251 cell line and each of the U251- 

pSUPER, -pSUPER/B-FABP and -pSUPER/DDXl transfectants all had similar growth 

rate curves (Figure 4.14) and doubling times (Table 4.1). In explanation of this, it is possible 

that the reduction in B-FABP observed in the pSUPER/B-FABP transfected cells is 

primarily from the cytoplasmic pool of B-FABP, with the nuclear pool remaining intact. 

Extending this explanation further, it could be hypothesized that without a change in nuclear 

B-FABP levels, as was observed for U87-B-FABP-5 where B-FABP was not localized to the 

nucleus, MG cell proliferation is not affected.

4.7. Correlation between B-FABP and/or GFAP Expression and Anchorage- 
Independent Growth

Anchorage-independent growth is one of the most stringent assays used to 

distinguish transformed cells and tumour cells from normal cells (Shin et al, 1975). A 

common method of assessing anchorage-independent growth is to determine the ability of 

cells to form colonies in soft agar. In regards to MG, Bigner and coworkers (1981) 

examined fifteen MG cell lines for several criteria including: cell piling at confluence, 

nuclear:cytoplasmic ratio, percentage of colony formation in soft agar, saturation density, 

population doubling time, and absolute plating efficiency. These researchers found the best 

in vitro correlation for in vivo tumourigenicity was colony formation in soft agar. These 

results have been corroborated by several investigators who have analyzed in vitro (soft agar) 

and in vivo (nude mice) tumourigenic properties of MG cell lines transfected with various 

cancer promoting/inhibiting genes (Huang et al. 1998; Sehgal et al. 1999; Zhang et al., 2002).
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Therefore, soft agar studies represent a valuable in vitro technique to study the tumourigenic 

properties of MG cell lines.

To assess the anchorage-independent growth capacity of our stably transfected 

clones and parent cell lines, each cell line was plated in quadruplicate on 35-mm petri dishes 

containing a 0.6% agarose bottom layer. A cell suspension containing 10000 cells in 0.3% 

agarose was then plated on top of this bottom layer and the plates were incubated for four 

weeks at 37°C. Colonies of greater than ~50 cells (100-250 pm) were scored as positive. 

Colonies were further divided into three groups based on their size: i) 50-100 cells/colony 

(100-250 pm), ii) 100-1000 cells/colony (250-750 pm), and iii) >1000 cells/colony 

(>750 pm). Results are summarized in Table 4.2 and low magnification representative 

photographs are shown in Figures 4.15-4.17. The counts for each individual plate for each 

cell line were nearly identical so the value shown represents the average of the quadruplicate 

plates.

T98 transfectants:

Several trends were detected in the T98 transfectants (Table 4.2; Figure 4.15). First, 

in comparing the control transfectants to the parent T98 cell line, a slight decrease in both 

colony number and colony size was observed for the T98-pREP4 clones. The majority 

(~75%) of colonies in T9 8 had greater than 1000 cells and few colonies were smaller than 

~100 cells. In the T98-pREP4 clones, the majority of colonies had greater than 100 cells 

and an increase was observed in the number of colonies with 50-100 cells. This difference in 

colony formation between T98 and the T98-pREP4 clones may be a consequence of 

growing the T98-pREP4 transfectants in drag selection media and/or clonal variability.

Second, for each of the T98-B-FABP, -GFAP, and -B/G clones a moderate 

reduction in colony number was observed when compared to the T98-pREP4 clones (Table
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Table 4.2 - Colony counting results for the B-FABP and/or GFAP transfectants and the T98 and U87 cell lines.

Cell L ine
2 - 1 0  ce lls/co lon y  T 

50 - 100 |im

Soft Agar (C olon ies/p late  )
30 - 100 ce lls /co lo n y  

100 - 250 pm
100 -1000 ce lls /co lon y  

250 - 750 pm
> 1000 ce lls /co lo n y  

> 750 flrn
Total

T98 0 11 44 165 220
T98-pREP4-4 0 24 64 131 219
T98-pREF4-5 0 28 101 40 169
T98-pREP4~6 0 56 73 18 147
T 98-B -F A B P 4 0 51 9 5 65
T98-B-FABP-2 0 59 17 11 87
T98-B-FABP-4 0 48 43 15 106
T98-GFAP-1 0 34 29 77 85
T98-GFAP-2 0 27 6 1 34
T98-GFAP-3 0 44 18 13 75
T 98-B /G -1 0 61 17 0 T8
T 98-B /G -6 0 27 61 45 133
T 98-B /G -8 0 82 9 3 94

U87 0 0 50 284 334
U 87-pR E P4-l 0 18 127 36 181
U87-pREP4-3 0 47 231 23 301
U87-pREP4-6 0 33 139 30 202
U87-pREP4-7 0 17 28 134 179
US7-B-FABP-1 0 66 8 4 78
U87-B-FABP-2 o 90 38 12 140
U87-B-FABP-3 0 32 3 11 46
U87-B-FABP-5 0 11 17 82 110
U87-B-FABP-7 0 36 6 2 44

U251-pSUPER-2 23 8 0 0 8
U251-pSU PER /B-FA BP-7 271 31 0 0 31
* Hie vdhe shova rspreseats tie v m t g p .  t £  q»«tepiscate ph tet of s siagfe esp«JnMwt
x Clusters of 2 -  19 cels twre act scored 8s icdmy.feotwetetecosSedto ao» ttm iSfieteaee* btsfcnses tie 02Sl-p$tJJ*ER-2 end -pSUffiR*'&..FABP*7 m m f t& s n t s .
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Figure 4.15 - Growth of the T98 B-FABP and/or GFAP transfectants in soft agar. For each 
cell line/clone, 10000 cells were plated in quadruplicate on agarose containing petri dishes. At 
four weeks, colonies were counted and a representative low magnification photograph was taken 
(shown above) for each cell line/clone. The photographs shown include: the T98 cell line (T98), 
die T98-pREP4-4 (C4), -5 (C5), and -6 (€6) transfectants, the T98-B-FABP-1 (Bl), -2 (B2), and 
-4 (B4) transfectants, the T98-GFAP-1 (Gl), -2 (G2), and -3 (G3) transfectants, and the T98- 
B/G-l (B/Gl), -6 (B/G6), and -8 (B/G-8) transfectants. The parent T98 cell line (panel A) 
showed numerous large and well formed colonies. The control transfectants (panel B) displayed 
a slight reduction in colony number and size compared to T98, and the B-FABP and/or GFAP 
transfectants typically exhibited an even greater reduction in colony number and size (panel C). 
A representative colony of 100-1000 cells/colony is indicated with a yellow arrowhead, and a 
colony of >1000 cells/colony with a red arrowhead. Colonies of 50-100 cells cannot be 
distinguished at this magnification.
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4.2; Figure 4.15). For the T98-B-FABP clones this reduction ranged from ~1.7 to 2.7-fold 

with the clones expressing the highest levels of B-FABP (T98-B-FABP-1 and -2) showing a 

more pronounced reduction in colony number. The T98-GFAP clones also showed a 

reduction in colony formation compared to the T98-pREP4 clones with ~2.1 to 5.2-fold 

decreases observed. Interestingly, the T98-B/G clones, which expressed higher levels of 

GFAP than the T98-GFAP clones, had the least dramatic reduction in colony formation, 

ranging from ~1.3 to 2.3-fold. Of note, the T98-B/G-6 clone, in which B-FABP is 

undetectable, formed a similar number of colonies as the control lines. While this may 

simply be a consequence of clonal variability, it suggests that B-FABP has an important role 

in reducing anchorage-independent growth in the double transfectants.

Third, a reduction in colony size was observed in the B-FABP and/or GFAP 

transfectants compared to the controls. Within an individual category {i.e. 50-100, 100-1000 

or >1000 cells/colony), the T98-pREP4 clones consistently displayed the highest number of 

colonies in either the 100-1000 cells/colony or >1000 cells/colony group (Table 4.2). 

However, for the B-FABP and/or GFAP transfectants (except T98-B/G-6), the highest 

number of colonies fell within the 50-100 cells/colony group. This is evident in the low 

magnification images shown in Figure 4.15 where very few colonies of 100-1000 cells (size 

indicated by yellow arrow) and even fewer of >1000  cells (size indicated by red arrow) were 

observed in the T98 B-FABP and/or GFAP transfectants. Although the low magnification 

photograph of T98-pREP4-6 resembles that of T98-B-FABP-4 and T98-GFAP-1, colony 

counts indicate that colonies of greater than 100 cells were more abundant in T98-pREP4-6.

While the reduction in colony size for the T98-GFAP and T98-B/G clones can be 

explained, at least in part, by their reduced proliferation rate, this does not explain the 

reduction in colony size observed for the T98-B-FABP clones since the proliferation rate of
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the B-FABP transfected clones was similar to that of the controls. Furthermore, it is 

interesting that of the T98-B-FABP clones and the T98-B/ G clones, those that express B- 

FABP at higher levels are the ones that show the greatest reduction in colony size. Thus, 

while the effect of GFAP on colony size may be primarily due to a reduction in proliferation 

rate, the effect of B-FABP likely has more to do with its ability to reduce the tumourigenic 

properties of these cells. Nevertheless, similar to Rutka and Smith (1993) who demonstrated 

that GFAP expression in the SF-126 MG cell line reduced the colony forming ability of 

these cells, we did observe a decrease in colony formation by the T98-GFAP clones. 

Therefore, our data indicate that both B-FABP and GFAP expression results in a decreased 

capacity for anchorage-independent growth in the T98 cell line.

U87 transfectants:

U87 cells transfected with B-FABP also showed a reduced ability to form colonies in 

soft agar when compared to the U87-pREP4 clones and U87 parent cell line. The colonies 

generated by the U87-pREP4 clones were slightly smaller than those of U87, most probably 

due to the slower proliferation rate of the U87-pREP4 transfectants. However, whereas the 

U87-pREP4 control transfectants formed numerous large colonies (>100 cells) in soft agar, 

the U87-B-FABP clones (U87-B-FABP-1, -2, -3 and -7) had significantly smaller and fewer 

colonies with the exception of U87-B-FABP-5 (Table 4.2; Figure 4.16). As mentioned 

earlier, the results observed for U87-B-FABP-5 may be explained by the lack of B-FABP in 

the nucleus. This possibility is supported by the observation that the T98 transfectants 

expressing much lower levels of B-FABP than seen in U87-B-FABP-5 still showed a 

reduction in colony formation.

Results observed with the U87-B-FABP transfectants (excluding U87-B-FABP-5) 

were similar to those observed for the T98-B-FABP transfectants in that very few colonies
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Figure 4.16 - Colony forming ability of the U87 B-FABP transfectants in soft agar. For
each cell line/done, 10000 cells were plated in quadruplicate on agarose containing petri dishes. 
At four weeks, colonies were counted and a representative low magnification photograph was 
taken (shown above) for each cell line/clone. The photos shown include: the U87 cell line 
(U87), the U87-pREP4~l (Cl), -3 (C3), -6 (C6) and -7 (C7) transfectants, and the U87-B-FABP- 
1 (131), -2 (132), and -3 (B3), -5 (B5) and -7 (B7) transfectants. Both the parent U87 cell line 
(panel A) and the U87-pREP4 control transfectants (panel B) display numerous large and well 
formed colonies. Compared to the control transfectants, the U87-B-FABP clones (panel C) 
exhibit a drastic reduction in colony size and number, with the exception of U87-B-FABP-5. 
Of note, colonies of 50-100 cells cannot be distinguished at this magnification.
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had more than 100 cells, while the majority of colonies observed for the U87-pREP4 clones 

had greater than 100 cells. We can speculate that this reduction in colony size is due, at least 

pardy, to the increased doubling time observed for the U87-B-FABP transfectants, but this 

does not explain the reduction in colony number. Using the average number of colonies for 

the controls (216 colonies), we calculated a 2.8-, 1.5-, 4.7- and 4.9-fold decrease in colony 

number for U87-B-FABP-1, -2, -3 and -7, respectively, compared to controls. Importandy, 

while U87-B-FABP-2 only showed a 1.5-fold reduction in colony number, the colonies were 

much smaller than those of the controls with ~65% having only 50-100 cells/colony. It is 

also interesting that the highest B-FABP expressing clones (U87-B-FABP-3 and -7) 

displayed the greatest reduction in colony number.

U251 transfectants:

U251 cells transfected with pSUPER/B-FABP were also tested for their ability to 

form colonies in soft agar. Since the U251 cell line generated very few colonies in soft agar 

(data not shown), only the U251 -pSUPER-2 and U251 -pSUPER/B-FABP-7 clones were 

analyzed to determine if a decrease in B-FABP expression would permit colony formation. 

Even though very few colonies, 8 and 31, were observed in U251 -pSUPER-2 and U251- 

pSUPER/B-FABP-7, respectively, a reduction in B-FABP levels resulted in a significant 

increase in the presence of small cell clusters (2-10 cells/cluster) (Figure 4.17, red 

arrowhead). We counted an average of 271 cell clusters per plate for the U251-pSUPER/B- 

FABP-7 clone and an average of 23 cell clusters per plate for the U251 -pSUPER-2 clone. 

This indicates that cells in the U251-pSUPER/B-FABP-7 clone underwent one or more cell 

divisions; however, the cells were not able to maintain anchorage-independent growth 

beyond this point. As B-FABP was still present at very low levels in U251-pSUPER/B- 

FABP-7, it is possible that the residual B-FABP prevented the formation of large colonies.
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A.

B.

Figure 4.17 - Reduced B-FABP expression alters the growth of U251 cells in soft
agar. For each transfectant, U251-pSUPER~2 (panel A) and U251-pSUPER/B-FABP-7 
(panel B), 10000 cells were plated in quadruplicate on agarose containing petri dishes. At 
four weeks, colonies were counted and a representative low magnification photograph was 
taken (shown above) for each transfectant. While few colonies were found in either of the 
transfectants, the U251 -pSUPER/B-EABP-7 clone formed numerous small clusters of 2- 
10 cells. These clusters, some of which are indicated with a red arrowhead, are too small to 
be scored as a colony; however, they do indicate that the cells divided one or more times 
after plating.
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4.8. Effects of B-FABP and/or GFAP Expression on the Invasive Potential of 
Malignant Glioma Cells

The invasiveness of the MG stable transfectants was measured using BD BioCoat™ 

Matrigel™ invasion chambers. The matrigel matrix acts as a reconstituted basement 

membrane that is coated over a porous filter (8 pm pore size) at the bottom of an insert 

chamber. This matrix prevents non-invasive cells from migrating through the porous filter. 

Many researchers have successfully used Matrigel™ invasion chambers to study the 

invasiveness of glioblastoma cells in response to various stimuli, including: i) stable 

suppression of MMP-9 (Kondraganti et al. 2000; Lakka et al, 2002), ii) stable suppression of 

uPA (Mohanam et al, 2001), and iii) stable enhanced expression or suppression of GFAP 

(Rutka and Smith, 1993; Rutka et al., 1994). Importandy, the significance of this in vitro assay 

for measuring the invasive properties of malignant cells has been validated by in vivo 

assessment of invasiveness by intracranial implantation (Kondraganti et al., 2000).

T98 transfectants (22 hour time point):

To determine the invasiveness of the T98 transfectants, we initially followed the 

manufacturers' recommended protocol by adding 25000 cells (250 pi of a 1 x 10s cell/ml 

suspension) to the upper chamber of the matrigel invasion inserts and incubating these 

inserts for 22 hours. After 22 hours, a photograph of each insert was taken (Figure 4.18) 

and the number of cells that had passed through the matrigel insert was counted [Table 4.3; 

Trial 1 (22 hour) column]. The T98 B-FABP and/or GFAP transfectants all showed a 

drastic inhibition of invasion when compared to the T98-pREP4 controls.

The percentage of invasive cells for each of the T98 transfected clones is shown in 

Figure 4.19. Percent values are relative to T98-pREP4-5 {i.e. 789 cells set at 100%), which 

had the lowest level of invasion of the three controls tested. Compared to T98-pREP4-5, 

the T98-pREP4-4 and T98-pREP4-6 controls had relative percentage values of 146% and
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Figure 4.18 - Invasion of the T98 transfectants through Matrigel™ after 22 hours. 25000 cells 
were plated in the upper wells of individual transwell inserts containing an 8 pm pore size filter. Cells 
were allowed to invade for 22 h, at which time cells on rhe upper side of the filter were removed 
with a cotton swab and cells on the bottom side were fixed and stained with 1% crystal violet. Inserts 
for die T98-pREP4-4 (C4), -5 (C5) and -6 (C6), T98-B-FABP-1 (Bl), -2 (B2) and-4 (B4), T98-B/G- 
1 (B/Gl), -6 (B/G6) and -8 (B/G8), and T98-GFAP-1 (Gl), -2 (G2) and -3 (G3) transfectants were 
photographed using a dissecting microscope. The B-FABP and/or GFAP transfectants (panel B) 
had reduced invasiveness compared to the T98-pREP4 control transfectants (panel A).
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Table 4.3 - Number of cells that invaded through the Matrigel™ invasion chambers.

Cell Lit*

Matrigel (it cells invaded/insert)
Trial 1 

(22 hour)
Trial 1 

(30 hour)
Trial 2 

(30 hour)
Trial 3 

(30 hour)
T9S-PREP4-4 1156 5254 4386 N/A
T98-pREP4-5 789 3191 2652 N/A
T9S-pREP4-6 1092 751 974 N/A
T98-B-FABP-1 168 66 137 N/A
T 98-B-FAB P-2 317 218 229 N/A
T98-B-FABP-4 427 234 261 N/A
T98-GFAP-1 439 N/A N/A N/A
T98-GFAP-2 254 N/A N/A N/A
T98-GPAP-3 212 240 349 N/A
T98-B/G-1 85 83 71 N/A
T98-B/G-6 214 156 155 N/A
T98-B/G-S 147 256 395 N/A

US7-pREP4-3 N./A 107? 1020 1384
U87-PREP4-6 N/A 1564 1425 1822
US7-pREP4-7 N/A 1188 1412 1636
U87-B-FABP-1 N/A 74 170 304
U87-B-FABP-2 N/A 280 531 383
U87-B-FABP-3 N / A 163 147 103
U87-B-FABP-7 N/A 247 346 226

U251-pSUPER-2 1194 N A I N/A N/A
U2S 1-pSUPER/B-FABP-7 1382 N/A | N/A N/A

-0
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Figure 4.19 - Percentage of invasive cells for the T98 transfectants relative to the T98-pREP4-5 clone. The number of cells 
that passed through the matrigel insert for each T98 transfectant (pREP4-4, -5 and -6 , B-FABP-1, -2 and -4, GFAP-1, -2 and -3, and 
B/G-1, -6 and -8) [Table 4.3; Trial 1 (22 hour) column] were compared with the T98-pREP4~5 clone and the relative percentage of 

oj invasive cells was calculated.



138%, respectively. The relative percentage of invading cells for the T98-B-FABP-1, -2 and 

-4 clones was 21%, 40% and 54%, respectively. Thus, B-FABP expression in T98 cells 

resulted in a decrease in invasiveness. Furthermore, there was an inverse correlation 

between B-FABP levels and the degree of invasiveness, with T98-B-FABP-4 showing the 

lowest levels of B-FABP and the highest percentage of invading cells. Similar results were 

obtained for the T98-GFAP transfectants with values of 55%, 32% and 26% obtained for 

T98-GFAP-1, -2 and -3, respectively. Again, an inverse correlation was noted, this time 

between GFAP levels and the percentage of invading cells. The most dramatic inhibition of 

invasion was observed in the double transfectants, with values of 11%, 27% and 18% for 

T98-B/G-l, -6 and -8, respectively. This greater reduction in invasiveness may be due to the 

higher levels of GFAP in the T98-B/G clones; however, it is of note that the T98-B/G 

clones that also expressed B-FABP (T98-B/G-1) displayed the greatest reduction in 

invasiveness. Thus, expression of B-FABP and GFAP may have a combined effect in 

reducing invasiveness in these clones.

U251 transfectants (22 hour time point):

The effect of reducing levels of B-FABP in U251 was tested using the same 

parameters described in the previous section (25000 cells plated; 22 hour incubation period). 

Comparison of the U251 -pSUPER-2 and U251-pSUPER/B-FABP-7 clones revealed no 

significant differences in invasiveness (Table 4.3; Figure 4.20). A total of 1194 cells passed 

through the matrigel insert for U251 -pSUPER-2 and 1392 cells for U251-pSUPER/B- 

FABP-7. Thus, a ~90% reduction in B-FABP levels resulted in only a ~15% increase in 

invasiveness. The failure of reduced B-FABP levels to affect invasiveness suggests that 

either residual B-FABP levels are still too high to permit invasion or B-FABP has no effect 

on U251 cell invasion.
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1 mm

Figure 4.20 - Reduced B-FABP expression does not alter the invasive 
behaviour of U251 cells. 25000 cells were plated in the upper wells of individual 
transwell inserts containing an 8 pm pore size filter. Cells were allowed to invade 
for 22 h, at which time cells on the upper side of the filter were removed with a 
cotton swab and cells on the bottom side were fixed and stained with 1% crystal 
violet. Inserts for the U251-pSUPER-2 (panel A) and U251-pSUPER/B-FABP-7 (panel 
B) transfectants were photographed using a dissecting microscope. The invasive behaviour 
of each of the transfectants was similar indicating that a -90% reduction in B-FABP levels 
does not affect the invasive properries of U251 cells.
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T98 transfectants (30 hour time point):

Numerous studies have investigated MG cell invasion in matrigel, with invasion 

times typically ranging from 24 hours (Kondraganti et ai, 2000) to 72 hours (Rutka et aL, 

1994). We therefore decided to examine a longer invasion time in order to determine how 

this would affect our relative percentage of invasion values. To ensure that cell division did 

not significantly alter our results, we chose an invasion time of 30 hours. Since Rutka and 

coworkers (1994) have already analyzed the effect of GFAP expression on the invasive 

behaviour of MG tumour cells, we concentrated on the B-FABP transfectants and only 

included our strongest GFAP expressing clone (T98-GFAP-3) in this analysis.

Two individual trials were performed for each transfectant. Photographs of the 

inserts were taken after 30 hours (Figures 4.21-4.22). The number of cells that passed 

through each matrigel insert is indicated in Table 4.3 [Trial 1 & 2 (30 hour) column]. 

Interestingly, while the control transfectants T98-pREP4-4 and -5 exhibited a dramatic 

increase (~4 to 5-fold) in invasion at 30 hours compared to 22 hours, the number of invasive 

cells remained similar for T98-B-FABP-1, -2, -4, T98-GFAP-3, T98-B/G-1, -6 and -8, as 

well as for T98-pREP4-6. Therefore, the 22 hour invasion period appears to have been 

sufficient for the invasion of the B-FABP and/or GFAP transfectants, but not for two of 

the control transfectants. It is possible that through membrane interactions and alterations 

in cytoplasmic architecture, B-FABP and/or GFAP expression may enhance the ability of 

glioma cells to penetrate through the small 8 pm pores in the insert filter. Thus, while B- 

FABP and/or GFAP expression may inhibit ECM degradation and cell migration, 

generating an overall reduction in invasiveness, invasive cells that do reach the filter are able 

to efficiently pass through the filter during the 22 hours permitted. In contrast, the control 

lines may be able to efficiently digest the matrigel and migrate to the filter, but penetration
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Figure 4.21 - Invasion o f  the T98 transfectants through Matrigel™  after 30 hours (Trial 1).
25000 cells were plated in the upper wells o f  individual transwell inserts containing an 8 pm pore size 
filter. Cells were allowed to invade for 30 h, at which time cells on die upper side o f  the filter were 
removed with a cotton swab and cells on the bottom  side were fixed and stained with 1% crystal violet. 
Inserts for the T98-pREP4-4 (C4), -5 (C5) and -6 (C6), T98-B-FABP-1 (B l), -2 (B2) and -4 (B4), T98- 
B /G -l (B /G l), -6 (B /G 6) and -8 (B /G 8), and T98-GFAP-3 (G3) transfectants were photographed 
using a dissecting microscope. The B-FABP and/or GFAP transfectants (panel B) showed reduced 
invasiveness compared to the T98-pREP4 control transfectants (panel A).
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Figure 4.22 - Invasion o f the T98 transfectants through Matrigel™ after 30 hours (Trial 2).
25000 cells were plated in the upper wells of individual transwell inserts containing an 8 pm pore size 
filter. Cells were allowed to invade for 30 h, at which time cells on the upper side of the filter were 
removed with a cotton swab and cells on the bottom side were fixed and stained with 1% crystal violet. 
Inserts for the T98-pREP4-4 (C4), -5 (C5) and -6 (C6), T98-B-FABP-1 (Bl)t -2 (B2) and -4 (BA), T98- 
B/G-l (B/Gl), -6 (B/G6) and -8 (B/G8), and T98-GFAP-3 (G3) transfectants were photographed 
using a dissecting microscope. The B-FABP and/or GFAP transfectants (panel B) showed reduced 
invasiveness compared to the T98~pREP4 control transfectants (panel A).
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through the 8 pm pores is slower than that of the B-FABP and/or GFAP transfectants. 

Thus, the 30 hour invasion period allows a greater number of control cells to pass through 

the pores compared to the 22 hour invasion period.

The percentage of invasive cells for each of the T98 transfected clones is shown in 

Figure 4.23. Percent values are relative to T98-pREP4-6 (set at 100%), which had the lowest 

level of invasion of the three controls tested. The lower value obtained for trial 1 and 2 is 

plotted, and the higher value is indicated by the error bar. Compared to T98-pREP4-6, T98- 

pREP4-4 and T98-pREP4-5 had relative percentage values ranging from 353-700%, while 

invasion for the T98-B-FABP-1, -2 and -4 clones was reduced to ~ 8%, 29% and 31%, 

respectively. Thus, as observed in the 22 hour trial, B-FABP levels inversely correlated with 

the reduced invasive behaviour of the T98 cells. In addition, as described before, the 

invasiveness of T98-GFAP-3 and the T98-B/G-1, -6 and -8 clones were significantly 

reduced compared to the control transfectants. These results strongly support a role for 

both B-FABP and GFAP in reducing the in vitro invasive behaviour of T98 MG cells.

U87 transfectants (30 hour time point):

The ability of B-FABP to reduce invasiveness was also investigated using the U87 

MG cell line and a 30 hour invasion period. Three of our U87 control transfectants (U87- 

pREP4-3, -6 and -7) and four of our U87-B-FABP transfectants (U87-B-FABP-1, -2, -3 and 

-7) were analyzed. U87-B-FABP-5 was not included because B-FABP expression in this 

clone had previously been shown to have no effect on morphology, proliferation, and 

anchorage-independent growth. Experiments were performed in triplicate, a photograph of 

each insert was taken after 30 hours (Figures 4.24-4.26), and the number of cells that had 

passed through each matrigel insert was counted [Table 4.3; Trial 1-3 (30 hour) column].
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Figure 4.23 - Percentage of invasive cells for the T98 transfectants relative to the T98-pREP4-6 clone after 30 hours. The
number of cells that passed through the matrigel inserts for each T98 transfectant (pREP4-4, -5 and -6 , B-FABP-1, -2 and -A, 
GFAP-3, and B /G -l, -6 and -8) [Table 4.3; Trial 1 & 2 (30 hour) column] was compared with that of T98-pREP4-6 and the relative 
percentage of invasive cells was calculated. The lower value obtained from the duplicate inserts for each clone is plotted, and the 

4  ̂ higher value is indicated by the error bar.O J



Figure 4.24 - Invasion o f the U87 transfectants through Matrigel™  after 30 hours (Trial 1).
25000 cells were plated in the upper wells o f  individual transwell inserts containing an 8 pm pore 
size filter. Cells were allowed to invade for 30 h, at which time cells on the upper side o f  the filter 
were removed with a cotton swab and cells on the bottom  side were fixed and stained with 1% 
crystal violet. Inserts for the U87-pREP4-3 (C3), -6 (C6) and -7 { C l ) ,  and U87-B-FABP-1 (Bl), -2 
(B2) and -3 (B3) and -7 (B7) transfectants were photographed using a dissecting microscope. The 
B-FABP transfectants (panel B) had a reduced invasiveness compared to the T98-pREP4 control 
transfectants (panel A).
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Figure 4.25 - Invasion o f the U87 transfectants through Matrigel™  after 30 hours (Trial 2).
25000 cells were plated in the upper wells o f  individual transwell inserts containing an 8 pm pore size 
filter. Cells were allowed to invade for 30 h, at which lime cells on the upper side o f  the filter were 
removed with a cotton swab and cells on the bottom side were fixed and stained with 1% crystal violet. 
Inserts for the U87-pREP4-3 (C3), -6 (C6) and -7 (C7), and U87-B-FABP-1 (B l), -2 (B2) and -3 (B3) 
and -7 (137) transfectants were photographed using a dissecting microscope. The B-FABP 
transfectants (panel B) had a reduced invasiveness compared to the T98-pREP4 control transfectants 
(panel A).
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Figure 4.26 - Invasion o f  the U87 transfectants through Matrigel™  after 30 hours (Trial 3).
25000 cells were plated in the upper wells o f  individual transwell inserts containing an 8 pm pore size 
filter. Cells were allowed to invade for 30 h, at which time cells on the upper side o f  the filter were 
removed with a cotton swab and cells on the bottom side were fixed and stained with 1% crystal violet. 
Inserts for the U87-pREP4-3 (C3), -6 (C6) and -7 (C7), and U87-B-FABP-1 (B l), -2 (B2) and -3 (B3) 
and -7 (B7) transfectants were photographed using a dissecting microscope. The B-FABP 
transfectants (panel B) had a reduced invasiveness compared to the T98-pREP4 control transfectants 

(panel A).
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Each of the U87-B-FABP transfectants showed a dramatic decrease in matrigel invasion 

when compared to the U87-pREP4 controls.

The percentage of invasive cells for each of the U87 transfected clones is shown in 

Figure 4.27. Percent values are relative to U87-pREP4-3 (set at 100%), which had the lowest 

level of invasion of the three controls tested. The lowest value obtained for the three trials is 

plotted, and the highest value is indicated by the error bar. Compared to U87-pREP4-3, the 

relative percentage of invasive cells in the U87-pREP4-6 and U87-pREP4-7 controls ranged 

from 116-179%. The relative percentage of invasive cells for U87-B-FABP-1, -2, -3 and -7 

ranged from 7-30%, 27-52%, 10-16% and 22-34%, respectively. Thus, each of the B-FABP 

transfectants showed a dramatic inhibition of invasion compared to the controls, with U87- 

B-FABP-1 and U87-B-FABP3 showing the greatest reduction. Of note, while invasiveness 

in the T98 transfectants was inversely correlated with B-FABP levels, no such correlation 

was observed for the U87-B-FABP clones. This may be due to the fact that each U87-B- 

FABP clone expressed such high levels of B-FABP that the threshold level for reduced 

invasiveness was reached even in the lowest B-FABP expresser. Thus, the effect of B-FABP 

on invasive behaviour may be related to subcellular localization and functional activity rather 

than absolute expression level. Regardless, each of the U87-B-FABP transfectants did 

exhibit a reduction in invasiveness compared to the control transfectants.
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Figure 4.27 - Percentage of invasive cells for the U87 transfectants relative to the U87-pREP4-3 clone. The number of cells that 
passed through the matrigel inserts for the U87-pREP4-3, -6 and -7 transfectants and U87-B-FABP-1, -2, -3 and -7 transfectants [Table 4. 
3; Trial 1-3 (30 hour) column] were compared with that of U87-pREP4-3 and the relative percentage of invasive cells was calculated. The 
lowest value obtained from the triplicate inserts for each clone is plotted, and the highest value is indicated by the error bar.



CHAPTER FIVE

Discussion

5.1. Regulation of B-FABP and GFAP expression

In the mammalian CNS, B-FABP and GFAP are both expressed in the glial cell 

lineage, but at different developmental stages. B-FABP is typically expressed in radial glial 

cells, the precursor cells of mature astrocytes, while GFAP is specifically expressed in mature 

astrocytes. The expression of both of these proteins in the same cell has been observed in 

only a few cell types in vivo including: Bergmann glia, radial glia of the hippocampal dentate 

gyms and gomori-postive astrocytes (Kurtz et al., 1994; Young et al., 1996). In addition, our 

lab has demonstrated that B-FABP and GFAP are co-expressed in MG cell lines (Godbout 

et al., 1998). As discussed in section 1.3.6, the co-expression of these proteins in MG cell 

lines suggests the following possibilities: i) MG tumours may arise from cells that express 

both of these proteins, ii) MG tumours may arise from cells that are in transition between 

radial glial cells and astrocytes, and/ or iii) the expression of B-FABP and GFAP is mediated 

by similar as- and trans-acting elements. In support of a similar mechanism of B-FABP and 

GFAP gene regulation, the NFI family of transcription factors has been implicated in the 

regulation of glial cell-specific genes. NFI-B has been proposed to regulate MBP expression 

in oligodendrocytes (Inoue et al. 1990) and NFI-A has been associated with the reduced 

expression of GFAP in NFJ-vl-nuU mice (das Neves et al., 1999). In addition, NFI-binding 

sites have been identified in many glial cell-specific genes, including B-FABP and GFAP.

5.1.1. N F I-binding S ites in  the GFAP prom oter

As described in section 1.2.2, Besnard et al. (1991) have identified three putative 

NFI-binding sites in the GFAP promoter located at -120/-106 bp, -1585/-1571 bp and
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-1633/-1619 bp in relation to the transcription start site. In Chapter 3, we demonstrate by 

gel shift assays that these three putative NFI-binding sites (G-brl, G-br2 and G-br3) are 

bound by NFI (Figures 3.2 and 3.3). Thus, each NFI-binding site in the GEAP promoter is 

capable of binding one or more of the NFI family members (NFI-A, -B, -C and -X). We 

propose that the NFI-binding site within G-br3 has the lowest overall affinity for NFI 

proteins since significant binding was only observed with NFI-X and to a lower extent 

NFI-A, while the NFI-binding site within G-br2 has the highest overall affinity for NFI 

proteins. This is supported by the gel shift assays shown in Figure 3.3 where all four NFIs 

were able to bind G-br2 at high levels, but only NFI-X was able to bind G-br3 at high levels. 

Additional support for the G-br3 NFI-binding site having less overall affinity for NFI comes 

from the fact that the N5 spacer in the G-br3 NFI-binding site consists exclusively of G-C 

base pairs. Gronostajski and colleagues (1985) have shown that the exclusive presence of 

G-C base pairs within the internal spacer disrupts NFI binding.

Another possible explanation for the reduced levels of NFI binding observed for 

G-br3 is that Spl and/or AP-2 binding competes with NFI binding. In the GEAP promoter 

an Spl-binding site overlaps the NFI-binding site located at -1633/-1619 bp (Besnard et al, 

1991), and the N5 spacer region of this NFI-binding site is similar to the G-C rich AP-2 

consensus binding sites. Evidence of Spl and AP-2 binding to G-br3 was observed in these 

studies (Figure 3.2) and we predict that this would likely prevent NFI proteins from 

accessing the NFI-binding site. A similar mechanism of regulated DNA binding has been 

suggested for the murine collagen a 1(1) gene whereby Spl-binding interferes with NFI- 

binding and inhibits transactivation (Nehls et al., 1991). Further studies on the collagen al(I) 

gene have revealed that an increase in AP-2 binding to a site adjacent to the NFI-binding site 

leads to the suppression of NFI-dependent gene activation (Chen et al., 1996).
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The high level of NFI binding to the NFI-binding site located at -1585/-1571 bp 

may also be associated with the presence of adjacent transcription factor binding sites, such 

as AP-1 (Besnard et al., 1991). Masood et al. (1993) have proposed that the AP-1 site located 

at -1592/-1586 bp is the most potent activator of GFAP transcription. However, because 

AP-1 is a relatively ubiquitous transcription factor and cell types that do not express GFAP 

have active AP-1 factors, these authors suggest that cooperative interactions of multiple 

transcription factors are likely necessary for the cell-specific transcriptional activation of 

GFAP (Masood et al., 1993). Thus, we can speculate that through cooperative interactions 

between AP-1 and NFI proteins, NFI binding is enhanced at the NFI-binding site within 

G-br2. Additional studies will need to be performed to confirm this hypothesis, especially 

since the AP-1 site in our G-br2 oligonucleotide is not complete and may not even permit 

AP-1 binding; however, it is interesting that neighboring NFI and AP-1 sites have been 

observed in several genes expressed in the CNS (Amemiya et al, 1992).

From our data and studies performed by other researchers, we expect NFI binding 

in the GFAP promoter to be a dynamic event mediated by several other transcription factors 

including AP-1, AP-2 and Spl. Importantly though, we have shown that at least one or 

more of the NFI proteins can bind to each of the NFI-binding sites in the GFAP promoter.

5.1.2. Role o f  N FIproteins in regulating B-FABP and GFAP expression

The transcriptional activation and repression of many ubiquitous and tissue-specific 

genes is mediated, at least in part, by a complex network of specialized transcription factors. 

However, the ability of these transcription factors to relay signals to specific gene targets 

relies on several features such as their differential expression, DNA binding ability, and 

transactivation or repression capacity. The identification of bona fide NFI-binding sites in 

the B-FABP promoter (Bisgrove et al., 2000) and GFAP promoter (discussed earlier), the co-
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expression of B-FABP and GFAP in MG cell lines (Godbout et al, 1998), and the 

observation that specific NFI proteins (NFI-A, -B, -C and -X) have different DNA binding 

and transactivation capacities (Kannius-Janson et al., 2002) suggests that different NFI 

proteins may serve to mediate B-FABP and GFAP expression in a differentiation-dependent 

manner in the glial cell lineage. Differentiation-related changes in NFI proteins have already 

been described for preadipocyte differentiation (Singh et al., 1998) as well as the 

differentiation of hematopoietic cell lines (Kulkami et al, 1996) and the mouse mammary 

gland (Kannius-Janson et al., 2002).

By northern blot analysis we found no definitive correlation between B-FABP or 

GFAP expression with any of the NFI transcripts when we examined five B-FABP/ GFAP- 

positive and five B-FABP/GFAP-negative MG cell lines (Figure 3.1). However, there was a 

general trend towards higher levels of NFI-A and NFI-X  in the B-FABP/GFAP-positive 

lines compared to the B-FABP/GFAP-negative lines. Because even slight variations in the 

presence of a transcription factor can produce a dramatic alteration in the expression profile 

of a cell, the slightly higher level of NFI-A and NFI-X in these MG cell lines may be 

significant. However, it is also possible that factors other than the differential expression of 

NFI proteins govern the ability of specific NFIs to regulate B-FABP and/or GFAP 

expression. These factors may include: i) the presence or absence of co-activator or co

repressor proteins, ii) the binding affinity of each NFI protein for their binding sites in the 

B-FABP and GFAP promoters, iii) the transactivation capacity of each NFI, and/or iv) the 

post-translational modification of NFI.

Interestingly, while it was previously believed that all four NFI proteins had identical 

DNA binding affinities (Goyal et al., 1990; Kruse and Sippel, 1994), more recent studies have 

demonstrated that the DNA binding affinity of each NFI protein can differ (Osada et al.,
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1999). Our results clearly support the latter as we have shown that NFI-A and NFI-X bind 

to the G -brl, G-br2 and G-br3 oligonucleotides at higher levels than NFI-B and NFI-C 

(Figure 3.3). In addition, NFI-C and NFI-X bind to the B-brl and B-br3 oligonucleotides at 

higher levels than NFI-A and NFI-B (Figure 3.4). That there is a difference in DNA 

binding affinity is somewhat surprising since the DNA binding domain of NFI proteins is 

highly conserved (~91% similar). However, Roulet and coworkers (1995) have used 

different alternatively spliced forms of NFI-X to demonstrate the ability of a novel repressor 

domain in the C-terminal region of NFI proteins to inhibit DNA binding in vitro. This 

inhibition was not observed in vivo leading these authors to propose that the repressor 

domain may interact with a regulatory factor that prevents DNA binding inhibition. 

Nevertheless, these studies suggest that it is possible for the highly variable C-terminal 

domain of NFI proteins to contribute to their DNA binding affinity.

In correlation with our DNA binding studies that demonstrate high levels of NFI-A 

and NFI-X binding to the most proximal NFI-binding site (G-brl) in the GFAP promoter, 

the CAT reporter assay experiments reveal that NFI-A and NFI-X are also the most potent 

activators of transcription using the pCAT/GFAP-176 construct which contains only the 

most proximal NFI-binding site (Figure 3.7). Furthermore, the large increase in 

transcriptional activation demonstrated by each of the NFI proteins with the pCAT/ GFAP- 

1716 construct corresponds with our observation that all NFIs are able to bind at high levels 

to the NFI-binding site within G-br2. These results imply that the NFI proteins act as 

transcriptional activators for the GFAP gene. Also, the data indicate that transactivation of 

the GFAP gene may be regulated by the DNA binding affinity of each NFI rather than their 

intrinsic transactivation potential (ITP). This is an interesting observation since it has been 

predicted that the ITP of each NFI will be different due to the low sequence similarity of the
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C-terminal domain (reviewed in Gronostajski, 2000). As well, alternative splicing has been 

postulated to influence the ITP of each NFL As mentioned earlier, it is possible that the C- 

terminal domain plays a role in mediating the DNA binding capacity of NFIs. Thus, one 

could envision that through the association of the C-terminal domain with co-activators or 

co-repressors, different NFI family members may acquire different DNA binding 

capabilities. While this concept is beyond the scope of the work presented in this thesis, it 

would be an interesting avenue to investigate.

While the DNA binding potential of the NFIs appears to play a major role in their 

ability to activate transcription from the GFAP promoter, we cannot completely exclude the 

possibility that the NFIs have differences in their ITP. Firstly, the ability of the NFIs to 

bind the G-br oligonucleotides may differ from their ability to bind the larger promoter 

fragments in the CAT constructs. The larger fragments may provide an environment that is 

more in context with the in vivo situation. Secondly, we did observe differences in NFI DNA 

binding capacity and GEAP transactivation. For example, NFI-B bound to the G-brl and 

G-br2 oligonucleotides at lower levels than NFI-C; however, CAT reporter activity observed 

for NFI-B was higher than that of NFI-C. These results indicate that the ITP of NFI-B is 

greater than that of NFI-C. This is interesting because as the most extensively characterized 

NFI protein, NFI-C has been implicated in the transactivation of many genes (Kane et al., 

2002; Kannius-Janson, 2002; Prado et al., 2002; Elateri et al., 2003). However, to our 

knowledge NFI-C has not been implicated in the transactivation of glial cell-specific genes, 

while NFI-B enhances the activation of the MBP (Inoue et al., 1990), an oligodendrocyte 

differentiation marker.

Similar to GEAP, we propose that both the DNA binding capacity and the ITP of 

each NFI protein contributes to the transactivation of B-FABP. DNA binding studies using
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the B-br oligonucleotides revealed that NFI-C and NFI-X are able to bind to the NFI- 

binding sites in the B-FABP promoter at the highest levels, with NFI-X binding at higher 

levels than NFI-C (Figure 3.4). However, NFI-C did not stimulate CAT activity when co

transfected with either pCAT/B-FABP-140 or -440 (Figure 3.7). These results suggest that 

while NFI-C readily binds to NFI sites in the B-FABP promoter, its ITP on B-FABP is 

negligible. In contrast, NFI-A and NFI-X displayed a strong ITP when co-transfected with 

pCAT/B-FABP-140 or -440 even though NFI-A was only able to bind to B-brl in gel shift 

assays. These results suggest that NFI-A and NFI-X are the most potent NFIs involved in 

mediating B-FABP transcription.

The transactivation capacity of each NFI protein on B-FABP appears to be mediated 

predominantly through the most proximal NFI-binding site. As mentioned in section 3.4, 

the fold increase in CAT activity observed with the pCAT/B-FABP-160 and -440 constructs 

was nearly identical for each NFI, except for NFI-X where CAT activity decreased by 

approximately two-fold with the larger construct. On the basis of these observations we can 

speculate that the most distal NFI-binding site is not essential for NFI-mediated activation 

of B-FABP transcription. Rather, this NFI site may act as a repression element or a sink for 

NFI-X. In support of this theory, mutation of the NFI-binding sites in the B-FABP 

promoter have shown that the most proximal NFI-binding site is essential for B-FABP 

promoter activity, while the most distal NFI site is not (Bisgrove et al., 2000).

It is plausible that the most distal NFI-binding site in the GFAP promoter (G-br3) 

also acts as a repression element or as a sink for NFI-X. Besnard et al. (1991) have shown 

that this NFI-binding site is not critical for GFAP promoter activity. In addition, we have 

shown that the only NFI that is able to bind to this site is NFI-X. However, due to the
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inability to distinguish between G-br2 and G-br3 in our CAT experiments, our hypothesis 

on the functional aspects of this NFI-binding site remains purely speculative.

Overall, these studies have revealed that for both the B-FABP and GFAP promoters, 

NFI-A and NFI-X are potent activators of transcription. In addition, NFI-B has a very 

strong ITP on the GFAP promoter, but not on the B-FABP promoter. While all the NFI 

consensus sites in the GFAP promoter are able to bind NFI proteins, it is most likely the 

sites located at -120/-106 bp (G-brl) and -1585/-1571 bp (G-br2) that are the most 

important. In contrast, only the NFI-binding site located at-62/-33 bp (B-brl) in the B- 

FABP promoter appears to be involved in the NFI-mediated activation of the B-FABP 

promoter. Although further studies are needed to determine the mechanisms by which NFI 

proteins modulate the transcriptional activation of the B-FABP and GFAP promoters, we 

believe that additional complexity will be imposed by the post-translational modification of 

NFI proteins.

5.1.3. Importance o f N FI Phosphorylation Status

Several independent reports have demonstrated that the activity of NFI is mediated 

by phosphorylation (Jackson et al., 1990; Yang et al., 1993; Cooke and Lane, 1999; Bisgrove et 

al., 2000). These reports have all revealed a similar trend in that an increase in NFI 

phosphorylation results in a decrease in transactivation capacity. Interestingly, no significant 

difference in DNA binding affinity has ever been observed between the dephosphorylated 

and phosphorylated forms of NFI. Thus, phosphorylation appears to mediate its effect on 

NFI-dependent promoters by alterations in the ITP of NFI proteins. Previous studies from 

our lab have revealed that the NFI proteins that activate B-FABP expression in the U251 

B-FABP/GFAP-positive MG cell line are hypophosphorylated compared the NFI proteins 

in the T98 B-FABP/GFAP-negative MG cell line (Bisgrove et al., 2000).

158

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Gel shift experiments described in Chapter 3 reveal a similar trend in the 

phosphorylation status of the NFI proteins that bound to the NFI-binding sites in the 

GFAP promoter (Figure 3.2). NFI proteins in the U251 cells were hypophosphorylated 

compared to those in the T98 cells. In combination with our previous findings (Bisgrove et 

al., 2000), our results suggest that the transcriptional activation of both B-FABP and GFAP 

is mediated by hypophosphorylated forms of NFI proteins. To date, the molecular 

mechanisms underlying NFI phosphorylation have not been elucidated. However, it is 

interesting that the cdc2 kinase, which has been found to phosphorylate NFI proteins in vitro 

(Kawamura et al. 1993), has also been implicated in the phosphorylation of GFAP 

(Tsujimura et al, 1994). Thus, one might speculate that when GFAP is abundant, cdc2 is 

engaged in the phosphorylation of GFAP and the accessibility of cdc2 to NFI proteins is 

reduced. In this scenario, hypophosphorylated forms of NFI would be more available to 

NFI-dependent promoters and genes such as B-FABP and GFAP would be expressed.

With NFI phosphorylation status in mind, we selected the T98 cell line for the CAT 

experiments presented in this report because we wanted to study the ability of the exogenous 

NFI proteins to activate B-FABP and GFAP promoter activity in a MG cell line devoid of 

functional endogenous NFI proteins. Initially, we were concerned that our exogenous NFIs 

would also be rendered inactive by phosphorylation; however, if these NFI proteins are 

phosphorylated, this post-translational modification appears to have been significantly 

delayed so as to allow transcriptional activation upon transfection of NFI expression 

plasmids. Alternatively, it is possible that the exogenous NFI proteins were insufficiently 

phosphorylated and not rendered completely inactive. Previous studies from our lab suggest 

that there is a gradation in NFI phosphorylation whereby a nonphosphorylated NFI protein
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must be phosphorylated at several sites to acquire the hyperphosphorylated status found in 

T98 cells (Bisgrove et al., 2000).

Of note, preliminary CAT studies were performed in the U251 cell line using the 

same conditions described for the CAT experiments presented in this thesis. However, 

these studies yielded insignificant alterations in CAT activity upon transfection of the NFI 

expression plasmids (data not shown). The explanation for this observation is likely twofold: 

i) the endogenous NFI proteins in the U251 cells generate a high level of background CAT 

activity, and ii) the small quantity of NFI expression plasmid used in these experiments 

produced a pool of NFI proteins that represented only a small minority of the active NFI 

proteins present in these cells. Therefore, to observe a significant alteration in CAT activity 

in these cells, it is likely that large quantities of NFI expression plasmid would need to be 

used. However, by titrating the amount of pCHNFI construct used to transfect the T98 

cells, we found that levels of NFI expression plasmid higher than 1 pg produced a non

specific inhibitory effect on CAT activity (data not shown). While titration experiments have 

not yet been performed on U251 cells, we predict that this inhibitory effect will also be 

observed in these cells.

It is not surprising that the transfection of a large quantity of an NFI expression 

plasmid can have a dramatic effect on the cell given the variety of genes that are responsive 

to NFI. Adjustment in the phosphorylation status of NFI proteins likely represents a 

mechanism by which a cell can mediate the activity of NFI proteins to exert global effects on 

gene expression. In regards to the progression of MG, the phosphorylation of NFI proteins 

may result in the decreased activation of glial cell-specific genes such as B-FABP and GEAP 

which, in turn, may lead to decreased cellular differentiation.
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5.1.4. B-FABP and GFAP Regulation in  Glial Cells and Malignant Glioma

Even though B-FABP and GFAP expression appears to be mediated by similar NFI 

family members (i.e. NFI-A and NFI-X), in light of their expression in different glial cell 

types it is difficult to conceive that these genes are regulated solely by NFI transcription 

factors. Rather, the localized expression of NFI-A and NFI-X in glial cells of the human 

CNS (Krebs et al., 1996; Sumner et al, 1996) may contribute to the activation of numerous 

glial cell-specific genes, with other factors specific to each population of glial cells being 

necessary for the activation of specific genes by NFIs. For example, as described in section

1.2.2, the GFAP promoter may only become responsive to specific NFI proteins when 

cAMP levels are elevated (Kaneko et al., 1994; Takanaga et al., 2004), such as has been 

described during astrocyte differentiation (Vallejo and Vallejo, 2002). It has been 

hypothesized that when cAMP levels are low, a repressor binds to the CRE in the -240/-170 

bp region of the GFAP promoter (Kaneko et al, 1994). Then, as cAMP levels increase a 

cAMP-modulating factor (non cell-type specific) inactivates the repressor and a positive 

regulatory factor (glial cell-type specific) binds to the CRE in the -170/-110 bp region of the 

GFAP promoter. In addition, Kaneko and coworkers (1993) suggest that GFAP expression 

is tightly regulated in glial cells by the presence of both a neural-specific expression element 

and a glial-specific expression element.

Cell-specific expression elements have also been identified in the B-FABP promoter 

that may confine B-FABP expression to the radial glial cell population in the glial cell lineage. 

Feng et al. (1995) have identified a single radial glial enhancer (RGE) element that is localized 

to the -800/-300 bp region of the B-FABP promoter. This region was further characterized 

by Josehpson and colleagues (1998) who demonstrated that a POU protein binding site and 

an HRE element may be functionally significant in mediating B-FABP expression. The role
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of these sites has not been further characterized but one could envision a coordinate 

requirement for specific NFI and POU proteins in order to activate B-FABP expression in 

radial glial ceEs. Although we did not previously report a DNA-protein interaction at the 

POU site in the human B-FABP promoter using T9 8 or U251 nuclear extracts (Bisgrove et 

al., 2000), upon closer examination of the DNase I footprint data a protein interaction at the 

POU-binding region was evident. Thus, it is possible that the POU site is essential for 

B-FABP expression in MG.

In regards to the coordinate expression of B-FABP and GFAP in MG, one would 

expect that the factors necessary to permit B-FABP or GFAP expression in separate cell 

populations of the glial cell lineage are present within a single cell in MG. Our northern blot 

data (Figure 3.1) indicate that all four NFI genes were typically expressed in the MG cell 

lines, and that NFI-A and NFI-X  are present at somewhat higher levels in the B- 

FABP/GFAP-positive cell lines compared to the B-FABP/GFAP-negative cell lines. Thus, 

the two NFI proteins that have been implicated in the activation of B-FABP and GFAP in 

this study are also expressed at higher levels in B-FABP/GFAP-expressing cells lines. 

However, since the B-FABP/GFAP-negative lines also express these NFIs, alternate 

mechanisms must be present within these cells to inhibit B-FAJBP and GFAP expression. 

We contend that the coordinate loss of B-FABP and GFAP in MG cell lines is primarily due 

to the phosphorylation of NFI; however, we do not exclude the possibility that other factors 

may also be involved. For instance, the complexity of the role of NFI proteins in vivo is 

likely enhanced by the modulated affinity of NFI proteins for certain promoter contexts (i.e. 

chromatin structure) (Alevizopoulos et al. 1995) and/or the presence of NFI heterodimers 

(Kruse and Sippel, 1994).
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5.2. Role of B-FABP and GFAP in Malignant Glioma

The co-expression of B-FABP and GFAP in MG and their coordinate regulation by 

specific NFI family members implies that the cell of origin of MG may normally express 

both proteins or may be altered as the result of tumor formation. Interestingly, both 

B-FABP and GFAP function as differentiation markers for specific cell types in the glial cell 

lineage. B-FABP is involved in the establishment and maintenance of radial glial cell 

differentiation in the developing brain (Feng et al, 1994), while GFAP is expressed in mature 

astrocytes. It is therefore likely that B-FABP and GFAP expression in MG is indicative of a 

more differentiated state. In support of this idea, several researchers have shown that there 

is an inverse correlation between GFAP expression and the degree of MG anaplasia, with 

the more malignant tumours expressing lower levels of GFAP (Eng and Rubinstein, 1978; 

van der Meulen et al, 1978; Velasco et al., 1980). Furthermore, Rutka and colleagues (1994) 

have shown that the reduction of GFAP in GFAP-positive MG cell lines by overexpressing 

antisense GFAP cDNA generates cells that have an increased growth and invasive potential.

These results indicate that the loss of GFAP may serve as an important event in MG 

progression. Moreover, since B-FABP and GFAP are co-expressed in MG cell lines 

(Godbout et al., 1998), the loss of B-FABP expression may also represent an important event 

in the progression of malignant glioma. Members of the FABP family have been implicated 

in modulating cell growth and differentiation, and their role in these events suggests that 

they could also be used as tumor markers (reviewed in Zimmerman and Veerkamp, 2002).

5.2.1. B-FABP Reduces the Growth and Invasive Potential o f  Malignant Glioma Cells

As described in Chapter 4, we stably transfected the T98 and U87 B-FABP/GFAP- 

negative MG cell lines with B-FABP expression constructs. In contrast to the controls, 

which typically formed large and numerous colonies in soft agar, the B-FABP transfectants
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for both the U87 and T98 cell lines demonstrated a marked reduction in colony size and 

number (Figures 4.15 and 4.16). Of particular note, the level of B-FABP detected by 

western blot analysis tended to correlate inversely with colony formation. The reduction in 

colony size for the U87-B-FABP transfectants can be explained, at least in part, by their 

dramatically reduced proliferation rate (Figure 4.13). However, the proliferation rate of the 

T98-B-FABP transfectants was similar to that of the controls (Figure 4.12), so the reduction 

in colony size observed for T98 is most likely due to a loss in anchorage-independent growth 

capacity. Overall, the decreased ability of the U87 and T87 B-FABP transfectants to grow in 

soft agar suggests that the restoration of B-FABP expression to B-FABP/GFAP-negative 

MG cells reduces their tumourigenicity.

The ability of B-FABP to decrease the proliferation rate of U87 cells, but not T98 

cells, is intriguing. Several researchers have suggested that the function of specific FABPs is 

cell-type specific (reviewed in Zimmerman and Veerkamp, 2002). For example, L-FABP 

expression in hepatoma cells leads to a higher proliferation rate (Keler et al, 1992), while in 

embryonic stem cells L-FABP inhibits proliferation (Schroeder et al., 2001). Since many 

genetic alterations have been associated with MG progression and different MG tumours 

arise via different genetic alterations, it is likely that the ability of B-FABP to mediate 

proliferation in the U87 and T98 MG cell lines may differ based on their molecular genetics. 

Importandy though, we. never observed an increase in proliferation due to B-FABP 

expression, so B-FABP remains, in regards to its affect on proliferation, a good candidate for 

MG therapy.

Our experiments where B-FABP levels were reduced in the U251 B-FABP/ GFAP- 

positive cell line support our suggestion that B-FABP may be a good candidate for MG 

therapy. In the U251 cell line, a ~90% reduction in B-FABP levels did not result in a
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significant change in colony formation or proliferation rate (Figures 4.14 and 4.17). These 

results suggest that even very low levels of B-FABP in U251 are sufficient in maintaining the 

phenotypic characteristics of these cells. Moreover, colony formation in soft agar revealed 

the importance of B-FABP as reduced B-FABP levels allowed the formation of small cell 

clusters. Apparendy the lower levels of B-FABP permitted the cells to divide a few times, 

but ultimately these cells did not become anchorage-independent.

The mechanism through which B-FABP inhibits the growth potential of MG 

tumour cells is unclear; however, other FABPs have also demonstrated an anti-proliferative 

activity in cancer cells (review in Zimmerman and Veerkamp, 2002). For example, the 

expression of heart (H)-FABP is decreased in human breast cancer cells and the transfection 

of H-FABP cDNA into these cells results in a reduction in proliferation (Huynh et al., 1995; 

Wang and Kurtz, 2000). These and other studies (Lehmann et al, 1989; Yang et al, 1994) on 

H-FABP have led to its classification as a tumour suppressor (reviewed in Hohoff and 

Spener, 1998). Further support for H-FABPs classification as a tumour suppressor comes 

from the finding that H-FABP maps to chromosomal position Ip33-p35, which is often lost 

in sporadic breast cancer (Phelan et al., 1996).

Interestingly, several studies on gliomas have reported both genomic losses and 

rearrangements in the long arm of chromosome 6 (Rey et al, 1987; Jenkins et al., 1989; 

Burton et al, 2002; Huang et al., 2003), the region to which the B-FABP gene is maps (6q22- 

23) (Godbout et al. 1998). In fact, Burton and coworkers (2002) have found that 6q loss, lOq 

loss and 19q gain, separately or in combination, are most closely associated with the 

aggressive clinical behaviour of GBM. Furthermore, the recurrent and exclusive loss of 

chromosome 6q in primary ependymomas has led Rearden and colleagues (1999) to suggest 

that a tumour suppressor lies in this region. Taken together, these observations and the
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findings presented here suggest that, similar to H-FABP which serves as a tumour 

suppressor for human breast cancer, B-FABP may serve as a tumor suppressor for MG. 

However, to date, there is no in vivo evidence confirming that the B-FABP gene is one of the 

consequential genes lost within the 6q region.

To further characterize the effects of B-FABP expression in MG cell lines, we 

examined the invasiveness of our B-FABP transfected T98 and U87 cells using Matrigel™ 

invasion chambers. We found that the T98 and U87 B-FABP transfected clones 

demonstrated a significantly decreased invasive potential compared to controls (Figures 4.19, 

4.23 and 4.27). From this work, the mechanism by which B-FABP reduces the invasive 

potential of MG cells is unclear. Tumour cell invasion is a complex process involving 

intricate cell-ECM interactions, ECM degradation, and the migration of cells through the 

degraded ECM. One could postulate that since FABPs have been implicated in mediating 

gene transcription by either directly interacting with PPARs and/or by delivering FA ligands 

to PPARs (reviewed in Duplus et al, 2000; Tan et al, 2002), FABPs may mediate the 

transcription of PPAR-responsive genes. Interestingly, several recent reports have 

demonstrated a reduction in MMP expression by PPARs (Shu et al, 2000; Hetzel et al, 2003; 

Francois et al, 2004), including MMP-9, which has been implicated in glioma invasion 

(reviewed in Ware et al, 2003). Thus, possibly by activating specific PPARs, B-FABP may 

reduce the expression of MMPs in MG tumour cells, in turn decreasing their invasive 

capacity.

Due to the suggested role of FABPs in mediating transcription (reviewed in 

Zimmerman and Veerkamp, 2002) and because B-FABP and GFAP are co-expressed in 

MG, we had initially thought that B-FABP might induce GFAP expression. However, we 

did not detect GFAP in either our T98 or U87 B-FABP transfected clones by

166

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



immunofluorescence or western blot. This result is not surprising as we have since shown 

that B-FABP and GFAP may be coordinately regulated by the NFI family of transcription 

factors (discussed in section 5.1).

5.2.2. GFAP Reduces the Growth and Invasive Potential o f  Malignant Glioma Cells

While this is the first report describing a role for B-FABP in reducing the growth 

and invasive potential of MG cell lines, Rutka and Smith (1993) have reported the inhibitory 

effects of GFAP expression on growth and invasion in the SF-126 astrocytoma cell line. In 

addition, these researchers have discovered that the reduction of GFAP in the U251 MG cell 

line produces cells with enhanced growth and invasive properties (Rutka et al., 1994). While 

the mechanism through which GFAP mediates its effects on proliferation, growth in soft 

agar and invasion was not determined in these studies, it was suggested that alterations in 

cell/cell and cell/ECM interactions were at least partly responsible. As it is well known that 

the plasma membrane receptors that mediate cell/cell and cell/ECM interactions have 

structural links to the cytoskeleton, the authors proposed that the loss of GFAP may lead to 

cytoskeletal collapse and a decreased expression of important cell surface molecules. In turn, 

the loss of these cell surface molecules would promote growth in soft agar and cell piling at 

confluence.

In our study, we investigated the effect of GFAP expression in the T98 

B-FABP/GFAP-negative MG cell line. Complementary to the findings of Rutka and Smith 

(1993), the expression of GFAP in T98 cells led to a reduced growth capacity in soft agar as 

demonstrated by a reduction in colony size and number compared to controls (Figure 4.15). 

Similar to our B-FABP transfected U87 cells, much of the reduction in colony size may be 

due to the anti-proliferative effect of GFAP in these cells (Figure 4.12). However, combined 

with the reduction in colony number, these results suggest that the restoration of GFAP
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expression in T98 cells reduces their tumourigenicity. This conclusion is supported by the 

observation that both colony formation and proliferation rate inversely correlate with GFAP 

levels.

The mechanism whereby GFAP expression reduces the proliferation rate of T98 

cells is unclear. It has been suggested that GFAP expression in MG cell lines may alter the 

proliferation rate of these cells by decreasing the accessibility of kinases to substrates 

involved in the cell cycle (Wilhelmsson et al, 2003). Since IFs are phosphorylated during 

depolymerization (reviewed in Ku et al, 1996), a greater abundance of IFs may require that a 

higher number of phosphorylation events take place prior to cell division. Thus, kinases 

such as protein kinase C and cdc2, which are involved in both cell cycle regulation and the 

phosphorylation of IF proteins (discussed in Wilhelmsson et al, 2003) may be sequestered 

and unavailable for the phosphorylation of cell cycle substrates in cells that overexpress 

GFAP. This would explain the inverse correlation observed between GFAP levels and the 

proliferation rate of the T98-GFAP transfectants, and the even greater reduction in 

proliferation observed with our T98-B/G clones.

In this study, the expression of GFAP in T98 cells resulted in an inhibition of 

invasion compared to the controls (Figures 4.19 and 4.23). Interestingly, several studies have 

shown that IF proteins can contribute to the motility and invasion of different cancer types 

(reviewed in Hendrix et al. 1996; Rutka et al., 1999; Crowe et al., 1999; Singh et al, 2003). Of 

particular note, vimentin has been associated with a dedifferentiated malignant phenotype 

due to its ability to increase cell motility and invasion (reviewed in Hendrix et al, 1996; Rutka 

et al., 1999). Rutka and coworkers (1999) have shown that the co-expression of vimentin 

and nestin in MG cell lines results in enhanced motility and invasion, while MG cell lines 

with high levels of GFAP are less invasive. In addition, it has been shown that a decrease in
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GFAP in U251 cells leads to an increased expression of vimentin (Rutka et al., 1998). From 

these observations, we can hypothesize that overexpression of GFAP in our GFAP 

transfectants may have led to a corresponding decrease in vimentin which, in turn, resulted 

in a reduction in invasive potential.

Even though the role of the each of the type III IF proteins expressed in the glial cell 

lineage (nestin, vimentin and GFAP) is not well understood, it has been postulated that 

vimentin may mediate its effects on invasion through CD44. CD44 is a cell surface adhesion 

molecule that has been implicated in tumour cell invasion and metastasis (reviewed in Jothy, 

2003). Of interest, in antisense GFAP transfected U251 cells, the elimination of GFAP was 

found to correlate with an increase in both vimentin and CD44 (Rutka et al., 1998). These 

results suggest that vimentin, but not GFAP, can mediate invasion via the CD44 receptor. 

With this in mind, it would be interesting to determine whether vimentin and CD44 levels 

are decreased in our GFAP expressing T98 cells.

5.2.3. Alterations in Morphology

The most dramatic alteration observed in our B-FABP-expressing T98 and U87 

clones was the presence of long, thin cytoplasmic processes (Figures 4.8 and 4.9). 

Interestingly, Feng and coworkers (1994) have previously shown that the expression pattern 

of murine B-FABP mRNA in the developing CNS coincides with neuronal migration along 

radial glial fibers and that the addition of B-FABP antibodies blocks the extension of radial 

glial cell processes. From these experiments, the researchers concluded that B-FABP is 

intimately involved in the differentiation of radial glial cells. In fact, to this day, B-FABP 

remains one of the most potent differentiation markers of radial glial cells. Based on these 

results, we hypothesize that the ability of B-FABP to induce process formation in the T98 

and U87 MG cell lines is indicative of a more differentiated phenotype.
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While it has been shown that depletion of B-FABP can impair radial glial cell 

process formation (Feng et al, 1994) and depletion of E-FABP can impair neurite outgrowth 

(Allen et al, 2000), to our knowledge this is the first report to provide evidence that the sole 

expression of an FABP can induce process formation. In support of our conclusion that the 

induction of process formation is due specifically to the presence of B-FABP, we have 

shown that U251 cells with reduced B-FABP fail to develop processes. The mechanism 

through which B-FABP induces process formation in these studies is unclear; however, it is 

possible that a reduction in B-FABP enhances cell motility since the fan-like structures 

present in the B-FABP reduced U251 cells resemble the characteristic structure of the 

leading-edge in migrating cells.

Alternatively, the fan-like structures may not represent the leading-edge of migrating 

cells, but rather an improper maintenance of focal adhesion sites. It is well established that 

focal adhesions are intimately involved in cell spreading and migration (reviewed in Wehrle- 

Ftaller and Imhof, 2002). Focal adhesions provide a physical link between the extracellular 

substrate and the actin cytoskeleton. Within these focal adhesions, Rho-associated kinases 

(ROKs) appear to mediate the reorganization of cytoskeletal proteins (reviewed in Amano et 

al, 2000). Interestingly, various ROKs are also involved in mediating axon outgrowth and 

the control of growth cone dynamics, likely through focal adhesions (Bito et al, 2000). In 

addition, the fatty acid translocase (FAT/ CD36) localizes to areas of cell adhesion (Stomski 

et al, 1992), such as focal adhesions, and the cytoplasmic tail of CD36 has been shown to 

interact with H-FABP (Spitsberg et al, 1995). These findings imply that H-FABP, and likely 

E- and B-FABP due to their sequence similarity with H-FABP, can be directly recruited to 

focal adhesions involved in migration and process/axon formation. At these sites they may 

function to increase FA uptake and transport to either the growing membrane or to the
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smooth endoplasmic reticulum (ER) where the FA can be incorporated into phospholipids. 

In support of this, the presence of smooth ER in growing axons has been reported (Deitch 

and Banker, 1993; reviewed in Futerman and Banker, 1996) and E-FABP has been shown to 

localize to retinal ganglion cell axons during differentiation and axon outgrowth (Allen et al, 

2001). Also, as mentioned in section 1.3.3, H-FABP (and likely E- and B-FABP) has an 

increased rate of FA transfer to membranes due to their ability to deliver FAs to the 

membrane via collision mediated transfer.

In many different cell types, process formation is indicative of a more differentiated 

phenotype (i.e. radial glial cells, neurons and retinal ganglion cells). The ability of specific 

FABPs to promote process formation likely depends on several factors including cell type, 

cellular milieu, extracellular environment and the presence of specific FA ligands. For 

example, while it has been proposed that E-FABP is involved in axon growth in retinal 

ganglion cells (Allen et al., 2001), E-FABP is also expressed in cells that do not develop 

processes, such as fibroblasts. Thus, other differentiation factors must be required to 

promote/inhibit process formation in these cell types. Of particular note, as B-FABP 

expression was able to induce process formation in the T98 and U87 MG cell lines we 

believe that these cells must still retain the differentiation factors and machinery necessary 

for B-FABP to induce differentiation.

In this study we have also examined the effect of GFAP expression on the 

morphology of T98 cells. Compared to the T98 control clones which typically consist of 

flat, polygonal-shaped cells that demonstrate a high degree of cell crowding and piling at 

confluence, the GFAP transfected T9 8 cells have an elongated phenotype and markedly 

reduced levels of crowding and piling at confluence. However, in contrast with Rutka and 

Smith (1993) we did not observe process formation in our GFAP transfected T98 cells. By
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transfecting SF-126 astrocytoma cells with a GFAP expression construct, Rutka and Smith

(1993) found that the stably transfected clones extended abundant, thin cytoplasmic 

processes. The apparent discrepancy in morphology among the GFAP transfected cells in 

the two studies may be related to B-FABP expression in these cell lines. It is possible that 

for GFAP to induce process formation in MG cells, B-FABP must be present for the 

reasons discussed earlier in this section. Unfortunately, the B-FABP expression status of the 

SF-126 astrocytoma cell line is not known so this hypothesis is purely speculative at this 

time. Alternatively, process formation may require a certain threshold of GFAP expression 

which was not reached in our T98-GFAP transfectants.

Our finding that GFAP does not induce process formation in MG cells is also in 

contrast to evidence provided by Liem and colleagues (Weinstein et al., 1991; Chen and 

Liem, 1994). These researchers demonstrated, both by suppressing GFAP expression in 

U251 cells and then by reexpressing GFAP in these GFAP-depleted U251 cells, that GFAP 

is required for the formation of stable astrocytic processes. However, in accordance with 

our suggestion that B-FABP may be required for the induction of process formation by 

GFAP, these researchers performed their experiments using a B-FABP-positive MG cell 

line. Thus, it is possible that simply the presence of B-FABP in this cell line permitted 

GFAP to mediate its effects on process formation. However, we also recognize that these 

experiments were performed by co-culturing U251 cells with neurons. Thus, different 

environmental cues, rather than B-FABP, may have allowed GFAP to induce process 

formation. Importandy though, Rutka and Smith (1993) did not use co-culture experiments 

in their studies and they were able to demonstrate the induction of process formation by 

GFAP.
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5.2.4. Importance o f SubcellulatLocalization

Examination of the subcellulat localization of B-FABP in the U87 transfectants 

revealed that B-FABP was present in the nucleus of each clone that exhibited alterations in 

morphology and reduced growth and invasive properties (Figure 4.11). In contrast, the 

B-FABP transfected clone where B-FABP was excluded from the nucleus (U87-B-FABP-5) 

displayed similar growth and invasive properties as the controls. While the function of 

B-FABP in the nucleus was not addressed in these studies, we postulate that B-FABP is able 

to modulate the effects of FAs on gene transcription by delivering specific FAs to the 

nucleus or by trafficking ligands to PPARs. As a result, B-FABP may actively participate in 

cell differentiation by altering gene transcription in MG cells.

The localization of FABPs to the nucleus has previously been reported for several 

FABPs (reviewed in Zimmerman and Veerkamp, 2002), including L-FABP in liver 

hepatocytes (Bordewick et al., 1989) and B-FABP in gomori-positive astrocytes (Young et al, 

1996). The action of L-FABP in the nucleus has been extensively characterized by several 

researchers (Schroeder et al, 2001; Wolfrum et al., 2001; Huang et al, 2004). Taken together, 

these reports show that in L-FABP expressing cells: i) L-FABP localizes to the nucleus, ii) 

L-FABP is able to interact with PPARa and shuttle FA ligands to this nuclear receptor, iii) 

L-FABP is itself a PPARa-responsive gene indicating that L-FABP is able to regulate its own 

transcription, and iv) L-FABP may affect the transcription of many genes involved in FA 

metabolism and cell differentiation by altering the intracellular distribution of FAs. 

Furthermore, it is interesting that when embryonic stem cells are transfected with either 

L-FABP or I-FABP, only L-FABP displays nuclear localization and induces differentiation 

(Athtaves et al, 1998; Schroeder et al, 2001). In combination with our results, these results 

suggest that the role of FABPs in mediating differentiation is FABP-type specific and for
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some FABPs nuclear localization may be essential to induce differentiation. As no studies 

have addressed the role of B-FABP in the nucleus or its interaction with PPARs, this would 

be an interesting topic for future investigations.

5.3. Future Directions

Future experiments will be required to address several questions that have arisen 

from this work. Of note, in light of the major differences in the effect of B-FABP 

expression in the U87-B-FABP transfectants and the association of these effects with the 

nuclear localization of B-FABP, it will be interesting to further characterize the role of 

B-FABP in the nucleus of MG cells. This work may involve the use of pull-down assays and 

immunoprecipitation experiments to identify specific PPAR family members (PPAR-a, -j3, 

-y) with which B-FABP can interact. Alternatively, confocal microscropy could be used to 

show the co-localization of B-FABP and PPAR in the nucleus. It will also be interesting to 

identify specific FA ligands which B-FABP is able to deliver to the nucleus or to other 

specific subcellular locations. Because B-FABP has such a high affinity for DFLA 

(Balendiran et al., 2000) it may be informative to examine the cellular concentration of 

fluorescent FAs, including DFLA, in the presence and absence of B-FABP. The stable U87 

transfectants generated in these experiments would be ideal cell lines to use for these studies. 

Lastly, it will be important to identify specific gene targets that mediate the differentiation 

effects observed in our B-FABP transfectants. One approach to discover genes that are 

differentially expressed in our B-FABP transfectants compared to our control transfectants 

is microarray analysis. Importandy, this work would likely identify candidate genes involved 

in mediating the reduction in growth and invasive potential observed in the B-FABP 

transfected T98 and U87 cells.
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Another question that needs to be answered is whether or not B-FABP is localized 

to sites of focal adhesion, and if so what role it plays at these sites. The ability of B-FABP to 

induce process formation and the abundance of PUFAs in neural tissue membranes suggests 

that B-FABP may be involved in membrane biogenesis. It is possible that through 

interactions with FAT/CD36 or focal adhesion kinases, B-FABP is localized to sites of focal 

adhesion where it aids in the uptake of FAs and the delivery of FAs to the growing 

membrane. If this is the case, one could hypothesize that B-FABP is involved in cell 

migration. However, the fan-like structures observed in the B-FABP depleted U251 cells 

suggest that the loss of B-FABP results in increased migration and its presence may even 

inhibit migration. To clarify the role of B-FABP in cell motility, videomicroscopy and/or 

wound-healing assays (as described in Etienne-Manneville and Hall, 2001) could be 

performed using the U87 and/or T98 B-FABP transfectants and controls. As for the role of 

B-FABP at sites of focal adhesion, confocal microscopy and co-localization studies may shed 

some light on the involvement B-FABP at these sites.

One assumption that we made in this report was that the exogenous NFI proteins 

present in the nuclear extracts obtained from the T98 cells transfected with the pCHNFI 

expression plasmids were hypophosphorylated. This assumption should be addressed by 

examining the migration of these NFIs in gel shift assays before and after treatment with 

potato acid phosphatase (PAP). Furthermore, we have found that the NFIs that bind to the 

NFI-binding sites in the GFAP promoter are hypophosphorylated in U251 cells compared 

to those in T98 cells. It would be particularly interesting to identify the phosphatase and 

kinase that is responsible for mediating the phosphorylation status of the NFI proteins. One 

way this could be done is to fractionate the nuclear extracts from T98 and U251 cells using 

conventional liquid chromatography, identify the fraction capable of phosphorylating or
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dephosphorylating NFI using gel shift assays, and identify the phosphatase or kinase in this 

fraction by mass spectrometry.

5.4. Concluding Remarks

We have shown in these studies that the three NFI consensus sites in the GFAP 

promoter are able to bind NFI proteins. In addition, it appears that both NFI-A and NFI-X 

are potent activators of B-FABP and GFAP transcription. Thus, it is possible that in MG 

cells decreased levels of these NFIs may lead to lower levels of B-FABP and GFAP. 

Flowever, probably the most important regulatory mechanism mediating the expression of 

B-FABP and GFAP is the phosphorylation status of the NFI proteins. We believe that 

B-FABP and GFAP may be good candidates for differentiation therapy as they both appear 

to reduce the tumourigenicity of MG cells, possibly by inducing differentiation. However, 

we recognize that the phosphatase and/or kinase that acts on the NFI proteins may directly 

or indirectly regulate the expression of numerous genes in MG. Thus, the identification of 

this phosphatase and/or kinase may lead to the identification of novel targets for MG 

therapy and, in turn, improve the treatment of MG.
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